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Abstract
Primary central nervous system lymphoma (PCNSL) is a highly aggressive, extra-nodal non-Hodgkin lymphoma that is 
confined to the central nervous system (CNS) and the eyes. Most PCNSLs arise in immunocompetent older patients and 
less frequently in immunocompromised patients with Epstein-Barr virus infection. Although a patient’s initial response to 
chemotherapy and radiation therapy is favorable, the clinical outcome of PCNSL remains poor compared to that of systemic 
lymphoma. Radiation-induced neurotoxicity is also a critical problem for patients with PCNSL. Therefore, a novel therapeutic 
strategy is required to overcome these challenges. Recent studies have largely uncovered the genomic landscape and associ-
ated histopathological features of PCNSL. Based on this background, novel therapeutic agents, such as Bruton’s tyrosine 
kinase inhibitors and immune checkpoint inhibitors, have been introduced for patients with PCNSL. Here, we provide an 
overview of the updated histopathological and genomic characterization of PCNSL and summarize the current therapeutic 
strategies. We also review current preclinical PCNSL models for translational research.
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Introduction

Primary central nervous system lymphoma (PCNSL) is 
a highly aggressive, extra-nodal subtype of non-Hodgkin 
lymphoma, which is confined to the central nervous sys-
tem (CNS) and the eyes. PCNSL occurs in immunocom-
petent patients and less frequently in immunocompromised 
patients. Epstein–Barr virus (EBV)-positive PCNSL is com-
mon in immunocompromised individuals. Although the ini-
tial response to chemotherapy and radiotherapy is favorable, 
the clinical outcome of PCNSL is still worse than that of 
systemic lymphoma. Therefore, a better understanding of 
tumor biology and the establishment of novel therapeutic 
strategies are needed for this progressive disease. Here, we 
provide an overview of the histopathological and genomic 
characterization, along with preclinical models of PCNSL. 
We also summarize the current therapeutic approaches, 

including molecular targeted therapy and immunotherapy 
for PCNSL.

Epidemiology

PCNSL accounts for 4–6% of all extra-nodal lymphomas 
and approximately 4% of intracranial neoplasms [1]. The 
incidence of newly diagnosed PCNSL in the United States 
and Japan is approximately 1500 and 200 cases per year, 
respectively, with a high proportion of patients being male 
[1, 27]. Although PCNSL mainly occurs in immunocompe-
tent patients, it is also occasionally found in immunocom-
promised patients. In immunocompetent PCNSL, patients 
aged > 60 years are highly affected, with a peak incidence in 
those aged 70–79 years [42]. Although its incidence is very 
rare, PCNSL has been observed in children with increased 
risk among immunodeficient patients [3]. EBV-associated 
PCNSL commonly occurs in immunocompromised patients 
with human immunodeficiency virus (HIV) infection or 
acquired immune deficiency syndrome (AIDS), organ trans-
plantation, or treatment with immunosuppressive agents 
[23, 27]. The median age of HIV-positive PCNSL patients 
is lower than that of HIV-negative PCNSL patients (37 years 
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and 63 years, respectively). Despite advances in treatment, 
the prognosis of PCNSL remains poor, particularly in HIV-
positive PCNSL patients.

Histopathological characteristics

Most PCNSLs (~ 95%) are classified as distinct subtypes of 
diffuse large B-cell lymphoma (DLBCL). Although the inci-
dence is rare, T cells, Burkitt, lymphoblastic, and low-grade 
lymphomas are occasionally found [4]. Typical histopatho-
logical characteristics include diffuse infiltrative and highly 
proliferating lymphoma cells with angiocentric growth pat-
terns [27]. PCNSL cells invade the neural parenchyma or 
subarachnoid spaces, which resembles encephalitis. EBV-
positive PCNSL tends to contain larger areas of necrosis 
[64]. Immunohistochemical analysis typically demonstrates 
a high Ki-67 labeling index [41]. The pan B-cell markers 
CD19, CD20, and CD79a are universally positive, whereas 
CD3, a pan T-cell marker, is negative in DLBCL. In EBV-
positive PCNSL, in situ hybridization shows positive EBV-
encoded small RNA (EBER) [64]. Latent membrane protein 
1 (LMP1), a major transforming protein of EBV that acti-
vates the nuclear factor kappa B (NF-κB) pathway, is highly 
expressed in EBV-positive PCNSL [66]. Multiple myeloma 
oncogene 1 (MUM-1)/interferon regulatory factor 4 (IRF4) 
plays a role in B-cell differentiation in the terminal stages 
and is used as a marker for late germinal center or early 
post-germinal center B (GCB) cell. Importantly, MUM-1/
IRF4 immunohistochemistry is reportedly highly positive 
(> 80%) in PCNSL. In addition, 35–65% of PCNSL repre-
sents positive immunostaining of B-cell lymphoma 6 (Bcl-
6), which plays a role in regulating the differentiation of 
normal GCB cells and is used as a marker for GCB, whereas 
CD10, which is expressed in pre-B cells and GCB, immu-
nostaining is present in only 2–20% of PCNSL. Based on 
the Hans algorithm using CD10, Bcl-6, and MUM1 immu-
nostaining [33], most PCNSLs are classified as a non-GCB 
subtype (72–96%) [9, 39, 41], which is more frequent in 
PCNSL than in systemic DLBCL [9, 21, 29, 39]. Plasma cell 
markers CD38 and CD138 are absent in PCNSL [39, 41]. 
Collectively, the majority of PCNSL (CD10−Bcl-6+MUM1/
IRF4+ or CD10−Bcl-6−MUM1/IRF4+ immunophenotype) 
originate from the late germinal center to early post-ger-
minal center B cells. In systemic DLBCL, the prognosis 
of the non-GBC subtype is unfavorable compared to that 
of the GCB subtype [33]. On the other hand, the prognos-
tic significance of immunophenotyping and cell of origin 
markers remain unclear in PCNSL, although a prospec-
tive study demonstrated that Bcl-6 expression was associ-
ated with shorter progression-free survival (PFS) [37]. In 
addition to the cell of origin markers, B-cell lymphoma 2 
(Bcl-2) expression, which regulates mitochondrial apopto-
sis, is frequently expressed. Intranuclear p65 staining and 

phospho-p65 expression were also highly positive in patients 
with PCNSL [66]. Recent histopathological studies also 
demonstrated that programmed cell death ligand 1 (PD-L1) 
and PD-L2 expression was low in tumor cells, but high in 
tumor-infiltrating immune cells [22, 63].

Genetic characterization

Recent comprehensive genomic studies have provided 
the mutational landscapes of PCNSL [10, 21, 29, 46, 49]. 
Importantly, either single nucleotide variant (SNV) or co-
SNVs of MYD88L265P (toll-like receptor [TLR] signaling) 
and CD79B (B-cell receptor (BCR) signaling), which are 
involved upstream of the NF-κB signaling pathway, have 
been largely identified in PCNSL. The genomic classification 
system has proposed several genetic subtypes of DLBCL. 
Among them, the MCD subtype [60] and C5 subtype [11], 
which frequently harbor mutations in MYD88L265P and 
CD79B, showed poor prognosis. This underlies the fact that 
common mutations (MYD88L265P and CD79B) may induce 
unfavorable prognosis in PCNSL. In addition, other NF-κB 
pathway-related gene alterations, such as mutations within 
the coiled-coil domain of CARD11 and inactivating lesions 
in TNFAIP3, were also observed in a subset of PCNSL [21, 
29, 46, 49]. These genomic alterations promote constitu-
tive activation of the NF-κB signaling pathway and promote 
tumorigenesis. In addition, the chronic activation of the BCR 
signaling has been shown to upregulate constitutive PI3K/
AKT signaling, and conversely, constitutive activity of PI3K 
and downstream PDK1 promoted the activation of NF-κB 
signaling in activated B-cell (ABC)-like systemic DLBCL 
[13, 34]. Furthermore, the somatic hypermutation (SHM) 
process that targets rearranged immunoglobulin genes also 
aberrantly targets proto-oncogenes. This aberrant SHM, for 
instance, mutations in PIM1 and BTG2, have been widely 
identified in immunocompetent PCNSL patients [21, 49].

In addition to SNVs, gene expression profiling identi-
fied two major subtypes of DLBCL, which are associated 
with the cell of origin: GCB-like and ABC-like subtype. 
Accordingly, the prognosis of ABC-like systemic DLBCL 
is poor [2]. In PCNSL, the ABC-like subtype is high in 
immunocompetent tumors and this subtype commonly har-
bors MYD88L265P and CD79B mutations [23]. In addition, 
we as well as another group also identified MYD88L265P and 
CD79B mutations in PCNSL with GCB immunophenotype 
[21, 66]. Taken together, MYD88L265P and CD79B mutations 
are genetic hallmarks of immunocompetent PCNSL.

Copy number alterations (CNAs) are genomic features 
of immunocompetent PCNSL patients. For instance, the 
loss of chromosome 6p21.33 (HLA-B, HLA-C), 6q21-23 
(TNFAIP3, PTPRK, and PRDM1), 9p21.3 (CDKN2A), along 
with the gain of chromosome 12q (STAT6, MDM2, CDK4) 
and 9p24.1 (JAK2, PD-L1, PD-L2) have been frequently 
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observed [10, 49]. Phylogenetic analysis demonstrated 
the loss of CDKN2A as well as MYD88L265P mutation as 
early clonal events [49]. Intriguingly, genomic characteris-
tics (SNVs and CNAs) in PCNSL are broadly shared with 
those of primary testicular lymphoma [10]. On the other 
hand, in EBV-positive PCNSL, the mutational burden was 
lower than that in immunocompetent PCNSL, mutations in 
MYD88L265P, CD79B, and PIM1 were absent, and the ABC 
subtype was low. Moreover, few CNAs, including the loss of 
HLA class I/II and antigen-presenting or processing genes, 
were observed in EBV-positive PCNSL [23]. These find-
ings indicate a distinct genomic landscape of EBV-positive 
PCNSL from that of immunocompetent PCNSL.

Cytokines for tumor development

Several clinical studies have demonstrated that cerebrospi-
nal fluid interleukin-10 (IL-10) is a useful diagnostic and 
prognostic biomarker in PCNSL [57, 58]. The Janus kinase 
2 (JAK2)/STAT3 signaling pathway is downstream of IL-10 
and is highly activated in PCNSL [43]. This signaling path-
way has been shown to complement the TLR signaling path-
way, which synergizes NF-κB pathway deregulation [51, 65] 
and promotes cell proliferation and survival in ABC-like 
DLBCL [15]. These data suggest that JAK/STAT signaling 
plays a pivotal role in PCNSL. Intriguingly, O’Connor et al., 
found that lymphoma cells entered the normal CNS, but 
quickly exited along an endothelial C-X-C motif chemokine 
ligand 12 (CXCL12) gradient. In contrast, gliosis in the brain 
and astrocyte-derived CCL19, which counteracted CXCL12, 
enhanced CCR7 expressed lymphoma cell retention in the 
CNS and promoted the development of CNSL [52]. These 
findings suggest that the CCL19-CCR7 axis may promote 
PCNSL formation.

Experimental models

To date, only a few PCNSL cell lines (e.g., HKBML and 
JCRB1206 TK) are available for preclinical investigations. 
Notably, HKBML was derived from EBV-positive patients 
with PCNSL, and JCRB1206 TK was derived from a young 
immunocompetent patient (aged 22-years), implying that 
these cell lines may be derived from atypical PCNSL cases. 
Therefore, preclinical PCNSL models that mimic patient 
tumor characteristics are required to uncover its tumor biol-
ogy and explore potential therapeutic targets. Recently, others 
and we have established orthotopic xenograft models derived 
from immunocompetent and immunocompromised (EBV-
positive) PCNSL patients [56, 66]. These xenograft models 
broadly recapitulated the phenotype, genotype, and response 
to chemotherapy in patient tumors (Fig. 1). We confirmed that 
these features were largely retained in serial passages in vivo. 
We also found that xenograft models could be formed not only 

from primary cultured cells but also from frozen cells, indi-
cating the potential of these materials for broad use in future 
preclinical investigations. Pouzoulet et al., demonstrated that 
plasma IL-10 levels paralleled with tumor engraftment and 
therapeutic response [56], suggesting a critical role of IL-10 
in PCNSL development. Using patient tumors and xenograft 
models, we identified that MYD88L265P and CD79BY196 muta-
tions were early genetic events in PCNSL. Importantly, we 
found that these mutations (immunocompetent PCNSL) or 
LMP1 (EBV-positive PCNSL) accelerated the NF-κB canoni-
cal pathway and glycolysis by activating hexokinase 2, which 
indicated high fluorodeoxyglucose uptake on PET imaging, 
and promoted xenograft formation [66]. Using these xenograft 
models, we are now exploring potent therapeutic targets to 
block the canonical NF-κB pathway in PCNSL. Our results 
indicate that these genomic alterations are driver mutations in 
PCNSL. We also found that the overexpression of peptidyl-
prolyl isomerase Pin1, which stabilizes RelA/p65, is crucial 
for xenograft formation [66] (Fig. 2). Unfortunately, we could 
not propagate long-term cultured cells from freshly dissoci-
ated xenografts, except for EBV-positive PCNSL, although 
orthotopic xenograft formation was relatively feasible. Further 
biological and molecular development may allow stable cul-
ture in vitro, which would contribute to the field of PCNSL 
research.

Current therapeutic approach for patients 
with PCNSL

Methotrexate (MTX)

In addition to competitive inhibition of dihydrofolate reduc-
tase and subsequent blocking of DNA synthesis, MTX also 
suppresses the JAK/STAT and NF-κB canonical pathways 
[66, 67]. High-dose methotrexate (HD-MTX) allows pen-
etration of the blood–brain barrier (BBB) when high doses 
of drug (> 1.5 g/m2) are rapidly administered [6]. The intro-
duction of HD-MTX combined with whole brain radiation 
therapy (WBRT) resulted in an overall response rate (ORR) 
of 71%–94% and improved prognosis with a median overall 
survival (OS) of 30–60 months [14, 19]. In addition, a rand-
omized phase 2 trial using HD-MTX plus cytarabine provided 
improved outcomes (ORR, 69%) with acceptable toxicity 
compared to HD-MTX monotherapy (ORR, 40%) [19]. These 
results suggest that HD-MTX-based combination chemother-
apy may be more effective for PCNSL.
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Rituximab; rituximab, methotrexate, procarbazine, 
vincristine (R‑MPV); and high‑dose chemotherapy 
with autologous stem cell transplantation 
(HDC‑ASCT)

Rituximab is a chimeric monoclonal antibody that targets 
CD20 cell surface proteins. In older patients with systemic 
DLBCL, a combination therapy with cyclophosphamide, 
doxorubicin, vincristine, and prednisone plus rituximab 
increased the complete response rate and survival [12]. 
In PCNSL, there is no evidence that rituximab increases 
the severity of toxicity or treatment-related mortality [59]. 
However, a recent randomized phase 3 study did not find 
any benefits of additional rituximab for HD-MTX-based 
chemotherapy (HD-MTX, carmustine, intravenous teni-
poside, and prednisone; MBVP) in PCNSL [7]. On the 
other hand, a subgroup analysis revealed its benefits in 
younger patients with better median event-free survival 
in rituximab (R)-contained regimen (MBVP, 19.7 months 
versus R-MBVP, 59.9 months). Collectively, the evidence 
of rituximab as an additive agent remains inconclusive 
in PCNSL. Of note, Morris et al., demonstrated the effi-
cacy and reduced neurotoxicity of combination therapy 
with rituximab, methotrexate, procarbazine, and vincris-
tine (R-MPV) followed by consolidation reduced-dose 
(rd) WBRT (23.4 Gy) and cytarabine. They reported that 
five–seven cycles of R-MPV with consolidation rdWBRT 
and cytarabine were associated with a high ORR (ORR, 
78%), long-term PFS (median PFS, 7.7 years), and mini-
mal neurotoxicity [44].

High-dose chemotherapy with autologous stem cell 
transplantation (HDC-ASCT) has been performed in 
PCNSL to obtain disease control with tolerable neuro-
toxicity. Omuro et al., reported favorable results using 
R-MPV, followed by HDC-ASCT with thiotepa-based 
regimens and no radiotherapy [53]. The IELSG32 trial 
randomly assigned HIV-negative PCNSL patients (aged 
18–70 years) to receive either (1) HD-MTX and cyta-
rabine; (2) HD-MTX and cytarabine plus rituximab; or 
(3) HD-MTX, cytarabine, and rituximab plus thiotepa 
(MATRix regimen). The complete response rate and 2-year 
PFS were (1) 23% and 36%, (2) 30% and 46%, and (3) 49% 
and 61%, respectively. Importantly, the MATRix regimen 
was associated with significantly improved response and 
survival rates without high rates of severe complications 
[18].

Radiation therapy

Single WBRT has been used to treat newly diagnosed 
PCNSL in the past. Although the ORR had reached 90%, the 
OS was limited to 12–18 months [50, 61]. Patients treated 
with chemotherapy and WBRT significantly contributed to 
prolonged survival, but also induced severe neurotoxicity. 
The neuronal changes are mainly attributed to the synergistic 
toxicity of HD-MTX and WBRT. Neurotoxicity was found 
in up to 40% of all patients with PCNSL treated with chemo-
therapy and 45 Gy of WBRT, and 75% of those over 60 years 
of age [24]. In contrast, reduction of WBRT from 45 Gy to 
30.6 Gy resulted in an increased risk of relapse and short OS 
in younger patients [5]. In the IELSG32 trial, secondary ran-
domization with WBRT and HDC-ASCT as consolidation 
therapy was performed in patients with response or stable 
disease. Accordingly, there was no significant difference in 
the 2-year PFS. Although hematological toxicity was more 
common in the HDC-ASCT group, both consolidation ther-
apies were well tolerated. Importantly, significant impair-
ments in attention and executive functions were observed 
in the WBRT group, whereas the quality of life and most of 
the cognitive functions were improved in the HDC-ASCT 
group [17]. Collectively, these studies suggest that thera-
peutic strategy by intensive chemotherapy with rdWBRT 
or deferred WBRT should be considered in patients with 
PCNSL.

Molecular targeted therapy 
and immunotherapy

Bruton’s tyrosine kinase (BTK) inhibitor

The molecular pathogenesis and genomic landscapes of 
PCNSL have led to the development of novel therapies 
targeting the BCR and TLR pathways, and subsequently, 
the NF-κB pathway. Ibrutinib is the first BTK inhibitor, 
which irreversibly and covalently binds to a cysteine 
residue (C481) at the BTK active site and attenuates its 
downstream signaling. In PCNSL, Grommes et al., inves-
tigated ibrutinib monotherapy for refractory or recurrent 
PCNSL. Overall, 10 of 13 (77%) patients showed clini-
cal response with a median PFS and OS of 4.6 months 
and 15 months, respectively [29]. Soussain et al., also 
investigated ibrutinib monotherapy for r/r PCNSL, result-
ing in a response rate of about 60%; the median PFS and 
OS were 4.8 months and 19.2 months, respectively [62]. 
Although these results indicated a higher response rate 
compared to DLBCL outside the CNS (25% response rate) 
[68], a relatively short PFS suggests the presence of an 
early resistance mechanism. To overcome this issue, Lio-
nakis et al., explored ibrutinib monotherapy followed by 

Fig. 1   Immunohistochemistry of immunocompetent primary central 
nervous system lymphoma (PCNSL) (YML3, left) and Epstein–Barr 
virus (EBV)-positive PCNSL (YML15, right). A CD20 immunostain-
ing and B EBV-encoded RNA (EBER) in-situ hybridization of patient 
tumor (upper) and corresponding xenograft (lower). Bars, 100 µm

◂
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temozolomide, etoposide, liposomal doxorubicin, dexa-
methasone, ibrutinib, and rituximab with intraventricu-
lar cytarabine combination (DA-TEDDi-R). Among 18 
patients, including 13 r/r and 5 treatment-naïve PCNSL, 
94% showed tumor reduction with ibrutinib alone. The 
DA-TEDDi-R regimen resulted in PFS for 15.3 months 
[40]. Another study demonstrated that the combination 
of ibrutinib with HD-MTX and rituximab induced a high 
response rate (ORR 80%) with acceptable toxicity in r/r 
PCNSL patients [31]. In addition to ibrutinib, a second-
generation BTK inhibitor tirabrutinib was investigated in 

r/r PCNSL with an ORR of 64% and PFS of 2.9 months 
[47].

Although CD79B and MYD88 mutations contributed 
to BTK inhibitor’s sensitivity [68], CD79B mutation con-
versely attenuated BTK dependence by activating PI3K/
AKT/mTOR signaling axis, which is independent of BTK/
NF-κB signaling [29]. In addition, it has been demonstrated 
that coiled-coil domain mutations in CARD11 contribute to 
NF-κB activation, which is independent of BTK activation 
[38]. Thus, CARD11 mutation is considered a crucial gene 
alteration for resistance to BTK inhibitors. However, clinical 

Fig. 2   Schematic illustration 
of distinct nuclear factor kappa 
beta (NF-κB) canonical pathway 
activation to induce tumor pro-
gression in immunocompetent 
and Epstein–Barr virus-positive 
primary central nervous system 
lymphoma patients
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studies of PCNSL indicated that the efficacy of BTK inhibi-
tors varied independent of the genomic status, including 
MYD88, CD79B, and CARD11 mutations [29, 47], suggest-
ing that the mechanism of BTK inhibitor resistance may 
be more complicated than the hypothesized mechanism. In 
addition, BTKC481S was identified as an acquired mutation in 
ibrutinib resistance in chronic lymphocytic leukemia [69]. 
This may also induce a short PFS in PCNSL. Further study 
is necessary to determine the predictive biomarker for sen-
sitivity to BTK inhibitors in PCNSL.

Inhibitors for the PI3K/AKT/mTOR pathway

Constitutive activation of the BCR pathway activates the 
PI3K/AKT/mTOR pathway in ABC-like DLBCL [55]. 
PI3K inhibition, particularly of the delta isoform, has 
shown promising clinical results in some B-cell malignan-
cies [8]. Therefore, this signaling pathway is expected to 
be another molecular therapeutic target for PCNSL. Tem-
sirolimus, an mTOR inhibitor, was evaluated in 37 patients 
with r/r PCNSL. The overall response rate was 54%, but 
the median PFS was only 2.1 months [36]. Buparlisib, a 
pan-PI3K inhibitor, resulted in a lower response rate (25%) 
[30]. In a preclinical study, the PI3K/AKT/mTOR signal-
ing pathway contributed to resistance to BTK inhibitors, 
whereas a combination with ibrutinib and a PI3K inhibitor 
(copanlisib) had synergistic effects in vitro [29]. Currently, 
ibrutinib with copanlisib for r/r PCNSL is under investiga-
tion (NCT03581942).

Immunomodulatory imide drugs (IMiDs)

IMiDs have been shown to inhibit NF-κB and PI3K signal-
ing pathways [16, 70]. Lenalidomide, a second-generation 
IMiD combined with rituximab, was investigated in r/r 
PCNSL patients. This combination resulted in an ORR of 
35.6% and a median PFS of 7.8 months [25]. Pomalido-
mide, a higher CNS-penetrating third-generation IMiD, 
combined with dexamethasone resulted in an ORR of 48% 
and a median PFS of 5.3 months [28]. These IMiDs showed 
clinical activity for PCNSL, but their efficacy was limited. 
In contrast, a preclinical study demonstrated that lenalido-
mide synergized with ibrutinib to block IRF4 and kill ABC-
DLBCL cells [70]. Clinical trials of ibrutinib and rituxi-
mab plus lenalidomide (NCT03703167), and rituximab and 
nivolumab plus lenalidomide (NCT03558750) are currently 
in progress.

Immune checkpoint inhibitor

Since genomic investigations revealed a high frequency of 
chromosome 9p24.1 CNAs, high tumor mutational burden, 
and increased PD-L1 expression in patients with PCNSL 

[10, 22, 54, 63], treatment with PD-L1 inhibitor is also 
expected to be a possible therapeutic agent. Notably, a 
study with although a small sample size, but one compris-
ing four patients with r/r PCNSL and a patient with CNS 
relapse of primary testicular lymphoma, showed clinical and 
radiographic responses to nivolumab [48]. Three patients 
remained progression-free at 13–17 months. Additionally, 
pembrolizumab was shown to prolong remissions in three 
of five patients with PCNSL and secondary CNS lymphoma 
(SCNSL) [26].

CAR T‑cell therapy

Chimeric antigen receptor (CAR) T therapy is expected to 
be a novel treatment for B cell malignancies, by incorporat-
ing a domain for CD19 recognition and T-cell activation to 
remove CD19-expressing malignant cells [35]. Intracranial 
injection of anti-CD19 CAR T-cells invaded the tumor and 
induced tumor regression in DLBCL xenograft models [45]. 
In addition, CAR T-cells can penetrate the BBB [32], sug-
gesting a possible future therapeutic strategy for CAR T-cell 
therapy in PCNSL. However, because of strict eligibility 
criteria, patients with PCNSL were excluded from clinical 
trials. Of note, the retrospective study demonstrated that four 
of eight patients with SCNSL who were treated with tisa-
genlecleucel CAR T-cells demonstrated a clinical response, 
and none of the patients experienced grade 1 neurotoxicity 
[20]. A clinical trial of immunotherapy using CAR T-cells to 
target CD19 is currently recruiting eligible PCNSL patients 
(NCT04443829).

Conclusions

The updated histopathological and genomic insights and 
multidisciplinary therapeutic approaches have shed light 
on the clinical course of patients with PCNSL. However, 
despite intensive therapy, the prognosis of PCNSL remains 
unsatisfied. To overcome this issue, large-scale, multi-omics 
studies and translational research using highly reproducible 
PCNSL models are required, which may lead to the develop-
ment of novel therapeutic strategies.

References

	 1.	 (2017) Brain Tumor Registry of Japan (2005–2008). Neurol 
Med Chir (Tokyo) 57: 9–102 https://​doi.​org/​10.​2176/​nmc.​sup.​
2017-​0001

	 2.	 Alizadeh AA, Eisen MB, Davis RE, Ma C, Lossos IS, Rosenwald 
A, Boldrick JC, Sabet H, Tran T, Yu X et al (2000) Distinct types 
of diffuse large B-cell lymphoma identified by gene expression 
profiling. Nature 403:503–511. https://​doi.​org/​10.​1038/​35000​501

https://doi.org/10.2176/nmc.sup.2017-0001
https://doi.org/10.2176/nmc.sup.2017-0001
https://doi.org/10.1038/35000501


180	 Brain Tumor Pathology (2021) 38:173–182

1 3

	 3.	 Attarbaschi A, Abla O, Ronceray L, Bansil S, Bomken S, Bur-
khardt B, Ceppi F, Chiang AKS, Dave H, Fedorova A et al (2019) 
Primary central nervous system lymphoma: initial features, out-
come, and late effects in 75 children and adolescents. Blood Adv 
3:4291–4297. https://​doi.​org/​10.​1182/​blood​advan​ces.​20190​01062

	 4.	 Ball MK, Morris JM, Wood AJ, Meyer FB, Kaszuba MC, Rag-
hunathan A (2020) Ventricle-predominant primary CNS lym-
phomas: clinical, radiological and pathological evaluation of five 
cases and review of the literature. Brain Tumor Pathol 37:22–30. 
https://​doi.​org/​10.​1007/​s10014-​019-​00354-x

	 5.	 Bessell EM, Lopez-Guillermo A, Villa S, Verger E, Nomdedeu 
B, Petit J, Byrne P, Montserrat E, Graus F (2002) Importance of 
radiotherapy in the outcome of patients with primary CNS lym-
phoma: an analysis of the CHOD/BVAM regimen followed by 
two different radiotherapy treatments. J Clin Oncol 20:231–236. 
https://​doi.​org/​10.​1200/​JCO.​2002.​20.1.​231

	 6.	 Borsi JD, Moe PJ (1987) A comparative study on the pharma-
cokinetics of methotrexate in a dose range of 0.5 g to 33.6 g/m2 
in children with acute lymphoblastic leukemia. Cancer 60:5–13

	 7.	 Bromberg JE, Issa S, Bakunina K, Minnema MC, Seute T, Durian 
M, Cull G, Schouten HC, Stevens WB, Zijlstra JM (2019) Rituxi-
mab in patients with primary CNS lymphoma (HOVON 105/
ALLG NHL 24): a randomised, open-label, phase 3 intergroup 
study. Lancet Oncol 20:216–228

	 8.	 Burger JA, Wiestner A (2018) Targeting B cell receptor signal-
ling in cancer: preclinical and clinical advances. Nat Rev Cancer 
18:148–167. https://​doi.​org/​10.​1038/​nrc.​2017.​121

	 9.	 Camilleri-Broet S, Criniere E, Broet P, Delwail V, Mokhtari K, 
Moreau A, Kujas M, Raphael M, Iraqi W, Sautes-Fridman C et al 
(2006) A uniform activated B-cell-like immunophenotype might 
explain the poor prognosis of primary central nervous system lym-
phomas: analysis of 83 cases. Blood 107:190–196. https://​doi.​org/​
10.​1182/​blood-​2005-​03-​1024

	10.	 Chapuy B, Roemer MG, Stewart C, Tan Y, Abo RP, Zhang L, 
Dunford AJ, Meredith DM, Thorner AR, Jordanova ES et al 
(2016) Targetable genetic features of primary testicular and pri-
mary central nervous system lymphomas. Blood 127:869–881. 
https://​doi.​org/​10.​1182/​blood-​2015-​10-​673236

	11.	 Chapuy B, Stewart C, Dunford AJ, Kim J, Kamburov A, Redd 
RA, Lawrence MS, Roemer MGM, Li AJ, Ziepert M et al (2018) 
Molecular subtypes of diffuse large B cell lymphoma are associ-
ated with distinct pathogenic mechanisms and outcomes. Nat Med 
24:679–690. https://​doi.​org/​10.​1038/​s41591-​018-​0016-8

	12.	 Coiffier B, Lepage E, Briere J, Herbrecht R, Tilly H, Bouabdallah 
R, Morel P, Van Den Neste E, Salles G, Gaulard P et al (2002) 
CHOP chemotherapy plus rituximab compared with CHOP alone 
in elderly patients with diffuse large-B-cell lymphoma. N Engl J 
Med 346:235–242. https://​doi.​org/​10.​1056/​NEJMo​a0117​95

	13.	 Davis RE, Ngo VN, Lenz G, Tolar P, Young RM, Romesser PB, 
Kohlhammer H, Lamy L, Zhao H, Yang Y et al (2010) Chronic 
active B-cell-receptor signalling in diffuse large B-cell lymphoma. 
Nature 463:88–92. https://​doi.​org/​10.​1038/​natur​e08638

	14.	 DeAngelis LM, Yahalom J, Thaler HT, Kher U (1992) Combined 
modality therapy for primary CNS lymphoma. J Clin Oncol 
10:635–643

	15.	 Ding BB, Yu JJ, Yu RY, Mendez LM, Shaknovich R, Zhang Y, 
Cattoretti G, Ye BH (2008) Constitutively activated STAT3 pro-
motes cell proliferation and survival in the activated B-cell sub-
type of diffuse large B-cell lymphomas. Blood 111:1515–1523. 
https://​doi.​org/​10.​1182/​blood-​2007-​04-​087734

	16.	 Dredge K, Horsfall R, Robinson SP, Zhang LH, Lu L, Tang Y, 
Shirley MA, Muller G, Schafer P, Stirling D et al (2005) Orally 
administered lenalidomide (CC-5013) is anti-angiogenic in vivo 
and inhibits endothelial cell migration and Akt phosphorylation 
in vitro. Microvasc Res 69:56–63. https://​doi.​org/​10.​1016/j.​mvr.​
2005.​01.​002

	17.	 Ferreri AJ, Cwynarski K, Pulczynski E, Fox CP, Schorb E, La 
Rosée P, Binder M, Fabbri A, Torri V, Minacapelli E (2017) 
Whole-brain radiotherapy or autologous stem-cell transplanta-
tion as consolidation strategies after high-dose methotrexate-
based chemoimmunotherapy in patients with primary CNS lym-
phoma: results of the second randomisation of the International 
Extranodal Lymphoma Study Group-32 phase 2 trial. Lancet 
Haematol 4:e510–e523

	18.	 Ferreri AJ, Cwynarski K, Pulczynski E, Ponzoni M, Deckert 
M, Politi LS, Torri V, Fox CP, La Rosée P, Schorb E (2016) 
Chemoimmunotherapy with methotrexate, cytarabine, thiotepa, 
and rituximab (MATRix regimen) in patients with primary CNS 
lymphoma: results of the first randomisation of the Interna-
tional Extranodal Lymphoma Study Group-32 (IELSG32) phase 
2 trial. Lancet Haematol 3:e217–e227

	19.	 Ferreri AJ, Reni M, Foppoli M, Martelli M, Pangalis GA, Frez-
zato M, Cabras MG, Fabbri A, Corazzelli G, Ilariucci F (2009) 
High-dose cytarabine plus high-dose methotrexate versus high-
dose methotrexate alone in patients with primary CNS lym-
phoma: a randomised phase 2 trial. The Lancet 374:1512–1520

	20.	 Frigault MJ, Dietrich J, Martinez-Lage M, Leick M, Choi BD, 
DeFilipp Z, Chen YB, Abramson J, Crombie J, Armand P et al 
(2019) Tisagenlecleucel CAR T-cell therapy in secondary CNS 
lymphoma. Blood 134:860–866. https://​doi.​org/​10.​1182/​blood.​
20190​01694

	21.	 Fukumura K, Kawazu M, Kojima S, Ueno T, Sai E, Soda M, 
Ueda H, Yasuda T, Yamaguchi H, Lee J et al (2016) Genomic 
characterization of primary central nervous system lymphoma. 
Acta Neuropathol 131:865–875. https://​doi.​org/​10.​1007/​
s00401-​016-​1536-2

	22.	 Furuse M, Kuwabara H, Ikeda N, Hattori Y, Ichikawa T, Kagawa 
N, Kikuta K, Tamai S, Nakada M, Wakabayashi T et al (2020) 
PD-L1 and PD-L2 expression in the tumor microenvironment 
including peritumoral tissue in primary central nervous sys-
tem lymphoma. BMC Cancer 20:277. https://​doi.​org/​10.​1186/​
s12885-​020-​06755-y

	23.	 Gandhi MK, Hoang T, Law SC, Brosda S, O’Rourke K, Tobin 
JWD, Vari F, Murigneux V, Fink L, Gunawardana J et al (2021) 
EBV-associated primary CNS lymphoma occurring after immu-
nosuppression is a distinct immunobiological entity. Blood 
137:1468–1477. https://​doi.​org/​10.​1182/​blood.​20200​08520

	24.	 Gavrilovic IT, Hormigo A, Yahalom J, DeAngelis LM, Abrey 
LE (2006) Long-term follow-up of high-dose methotrexate-based 
therapy with and without whole brain irradiation for newly diag-
nosed primary CNS lymphoma. J Clin Oncol 24:4570–4574

	25.	 Ghesquieres H, Chevrier M, Laadhari M, Chinot O, Choquet S, 
Molucon-Chabrot C, Beauchesne P, Gressin R, Morschhauser F, 
Schmitt A et al (2019) Lenalidomide in combination with intra-
venous rituximab (REVRI) in relapsed/refractory primary CNS 
lymphoma or primary intraocular lymphoma: a multicenter pro-
spective “proof of concept” phase II study of the French Oculo-
Cerebral lymphoma (LOC) Network and the Lymphoma Study 
Association (LYSA)dagger. Ann Oncol 30:621–628. https://​doi.​
org/​10.​1093/​annonc/​mdz032

	26.	 Graber JJ, Plato B, Mawad R, Moore DJ (2020) Pembrolizumab 
immunotherapy for relapsed CNS Lymphoma. Leuk Lymphoma 
61:1766–1768

	27.	 Grommes C, DeAngelis LM (2017) Primary CNS Lymphoma. J 
Clin Oncol 35:2410–2418. https://​doi.​org/​10.​1200/​JCO.​2017.​72.​
7602

	28.	 Grommes C, Nayak L, Tun HW, Batchelor TT (2018) Introduc-
tion of novel agents in the treatment of Primary CNS Lymphoma. 
Neuro Oncol. https://​doi.​org/​10.​1093/​neuonc/​noy193

	29.	 Grommes C, Pastore A, Palaskas N, Tang SS, Campos C, Schartz 
D, Codega P, Nichol D, Clark O, Hsieh WY et al (2017) Ibrutinib 
unmasks critical role of Bruton tyrosine kinase in primary CNS 

https://doi.org/10.1182/bloodadvances.2019001062
https://doi.org/10.1007/s10014-019-00354-x
https://doi.org/10.1200/JCO.2002.20.1.231
https://doi.org/10.1038/nrc.2017.121
https://doi.org/10.1182/blood-2005-03-1024
https://doi.org/10.1182/blood-2005-03-1024
https://doi.org/10.1182/blood-2015-10-673236
https://doi.org/10.1038/s41591-018-0016-8
https://doi.org/10.1056/NEJMoa011795
https://doi.org/10.1038/nature08638
https://doi.org/10.1182/blood-2007-04-087734
https://doi.org/10.1016/j.mvr.2005.01.002
https://doi.org/10.1016/j.mvr.2005.01.002
https://doi.org/10.1182/blood.2019001694
https://doi.org/10.1182/blood.2019001694
https://doi.org/10.1007/s00401-016-1536-2
https://doi.org/10.1007/s00401-016-1536-2
https://doi.org/10.1186/s12885-020-06755-y
https://doi.org/10.1186/s12885-020-06755-y
https://doi.org/10.1182/blood.2020008520
https://doi.org/10.1093/annonc/mdz032
https://doi.org/10.1093/annonc/mdz032
https://doi.org/10.1200/JCO.2017.72.7602
https://doi.org/10.1200/JCO.2017.72.7602
https://doi.org/10.1093/neuonc/noy193


181Brain Tumor Pathology (2021) 38:173–182	

1 3

lymphoma. Cancer Discov 7:1018–1029. https://​doi.​org/​10.​1158/​
2159-​8290.​CD-​17-​0613

	30.	 Grommes C, Pentsova E, Nolan C, Wolfe J, Mellinghoff IK, 
Deangelis L (2016) Phase II study of single agent buparlisib in 
recurrent/refractory primary (PCNSL) and secondary CNS lym-
phoma (SCNSL). Ann Oncol. https://​doi.​org/​10.​1093/​annonc/​
mdw367.​13

	31.	 Grommes C, Tang SS, Wolfe J, Kaley TJ, Daras M, Pentsova 
EI, Piotrowski AF, Stone J, Lin A, Nolan CP et al (2019) Phase 
1b trial of an ibrutinib-based combination therapy in recurrent/
refractory CNS lymphoma. Blood 133:436–445. https://​doi.​org/​
10.​1182/​blood-​2018-​09-​875732

	32.	 Grupp SA, Kalos M, Barrett D, Aplenc R, Porter DL, Rhein-
gold SR, Teachey DT, Chew A, Hauck B, Wright JF et al (2013) 
Chimeric antigen receptor-modified T cells for acute lymphoid 
leukemia. N Engl J Med 368:1509–1518. https://​doi.​org/​10.​1056/​
NEJMo​a1215​134

	33.	 Hans CP, Weisenburger DD, Greiner TC, Gascoyne RD, Delabie 
J, Ott G, Muller-Hermelink HK, Campo E, Braziel RM, Jaffe ES 
et al (2004) Confirmation of the molecular classification of dif-
fuse large B-cell lymphoma by immunohistochemistry using a 
tissue microarray. Blood 103:275–282. https://​doi.​org/​10.​1182/​
blood-​2003-​05-​1545

	34.	 Kloo B, Nagel D, Pfeifer M, Grau M, Duwel M, Vincendeau M, 
Dorken B, Lenz P, Lenz G, Krappmann D (2011) Critical role of 
PI3K signaling for NF-kappaB-dependent survival in a subset of 
activated B-cell-like diffuse large B-cell lymphoma cells. Proc 
Natl Acad Sci U S A 108:272–277. https://​doi.​org/​10.​1073/​pnas.​
10089​69108

	35.	 Kochenderfer JN, Rosenberg SA (2013) Treating B-cell cancer 
with T cells expressing anti-CD19 chimeric antigen receptors. Nat 
Rev Clin Oncol 10:267–276. https://​doi.​org/​10.​1038/​nrcli​nonc.​
2013.​46

	36.	 Korfel A, Schlegel U, Herrlinger U, Dreyling M, Schmidt C, von 
Baumgarten L, Pezzutto A, Grobosch T, Kebir S, Thiel E et al 
(2016) Phase II trial of temsirolimus for relapsed/refractory pri-
mary CNS Lymphoma. J Clin Oncol 34:1757–1763. https://​doi.​
org/​10.​1200/​JCO.​2015.​64.​9897

	37.	 Korfel A, Thiel E, Martus P, Mohle R, Griesinger F, Rauch M, 
Roth A, Hertenstein B, Fischer T, Hundsberger T et al (2015) 
Randomized phase III study of whole-brain radiotherapy for pri-
mary CNS lymphoma. Neurology 84:1242–1248. https://​doi.​org/​
10.​1212/​WNL.​00000​00000​001395

	38.	 Lenz G, Davis RE, Ngo VN, Lam L, George TC, Wright GW, 
Dave SS, Zhao H, Xu W, Rosenwald A et al (2008) Oncogenic 
CARD11 mutations in human diffuse large B cell lymphoma. Sci-
ence 319:1676–1679. https://​doi.​org/​10.​1126/​scien​ce.​11536​29

	39.	 Lin CH, Kuo KT, Chuang SS, Kuo SH, Chang JH, Chang KC, Hsu 
HC, Tien HF, Cheng AL (2006) Comparison of the expression and 
prognostic significance of differentiation markers between dif-
fuse large B-cell lymphoma of central nervous system origin and 
peripheral nodal origin. Clin Cancer Res 12:1152–1156. https://​
doi.​org/​10.​1158/​1078-​0432.​CCR-​05-​1699

	40.	 Lionakis MS, Dunleavy K, Roschewski M, Widemann BC, But-
man JA, Schmitz R, Yang Y, Cole DE, Melani C, Higham CS 
et al (2017) Inhibition of b cell receptor signaling by ibrutinib in 
primary CNS lymphoma. Cancer Cell 31(833–843):e835. https://​
doi.​org/​10.​1016/j.​ccell.​2017.​04.​012

	41.	 Liu J, Wang Y, Liu Y, Liu Z, Cui Q, Ji N, Sun S, Wang B, Wang 
Y, Sun X et al (2017) Immunohistochemical profile and prognostic 
significance in primary central nervous system lymphoma: Analy-
sis of 89 cases. Oncol Lett 14:5505–5512. https://​doi.​org/​10.​3892/​
ol.​2017.​6893

	42.	 Mendez JS, Ostrom QT, Gittleman H, Kruchko C, DeAnge-
lis LM, Barnholtz-Sloan JS, Grommes C (2018) The elderly 
left behind-changes in survival trends of primary central 

nervous system lymphoma over the past 4 decades. Neuro Oncol 
20:687–694. https://​doi.​org/​10.​1093/​neuonc/​nox187

	43.	 Mizowaki T, Sasayama T, Tanaka K, Mizukawa K, Takata K, 
Nakamizo S, Tanaka H, Nagashima H, Nishihara M, Hirose T 
et al (2015) STAT3 activation is associated with cerebrospinal 
fluid interleukin-10 (IL-10) in primary central nervous system 
diffuse large B cell lymphoma. J Neurooncol 124:165–174. 
https://​doi.​org/​10.​1007/​s11060-​015-​1843-9

	44.	 Morris PG, Correa DD, Yahalom J, Raizer JJ, Schiff D, Grant 
B, Grimm S, Lai RK, Reiner AS, Panageas K (2013) Rituximab, 
methotrexate, procarbazine, and vincristine followed by consoli-
dation reduced-dose whole-brain radiotherapy and cytarabine 
in newly diagnosed primary CNS lymphoma: final results and 
long-term outcome. J Clin Oncol 31:3971

	45.	 Mulazzani M, Frassle SP, von Mucke-Heim I, Langer S, Zhou 
X, Ishikawa-Ankerhold H, Leube J, Zhang W, Dotsch S, Svec 
M et al (2019) Long-term in vivo microscopy of CAR T cell 
dynamics during eradication of CNS lymphoma in mice. Proc 
Natl Acad Sci U S A 116:24275–24284. https://​doi.​org/​10.​1073/​
pnas.​19038​54116

	46.	 Nakamura T, Tateishi K, Niwa T, Matsushita Y, Tamura K, 
Kinoshita M, Tanaka K, Fukushima S, Takami H, Arita H et al 
(2016) Recurrent mutations of CD79B and MYD88 are the 
hallmark of primary central nervous system lymphomas. Neu-
ropathol Appl Neurobiol 42:279–290. https://​doi.​org/​10.​1111/​
nan.​12259

	47.	 Narita Y, Nagane M, Mishima K, Terui Y, Arakawa Y, Yonezawa 
H, Asai K, Fukuhara N, Sugiyama K, Shinojima N et al (2021) 
Phase I/II study of tirabrutinib, a second-generation Bruton’s 
tyrosine kinase inhibitor, in relapsed/refractory primary central 
nervous system lymphoma. Neuro Oncol 23:122–133. https://​doi.​
org/​10.​1093/​neuonc/​noaa1​45

	48.	 Nayak L, Iwamoto FM, LaCasce A, Mukundan S, Roemer MG, 
Chapuy B, Armand P, Rodig SJ, Shipp MA (2017) PD-1 blockade 
with nivolumab in relapsed/refractory primary central nervous 
system and testicular lymphoma. Blood 129:3071–3073

	49.	 Nayyar N, White MD, Gill CM, Lastrapes M, Bertalan M, Kaplan 
A, D’Andrea MR, Bihun I, Kaneb A, Dietrich J et al (2019) 
MYD88 L265P mutation and CDKN2A loss are early mutational 
events in primary central nervous system diffuse large B-cell lym-
phomas. Blood Adv 3:375–383. https://​doi.​org/​10.​1182/​blood​
advan​ces.​20180​27672

	50.	 Nelson DF, Martz KL, Bonner H, Nelson JS, Newall J, Kerman 
HD, Thomson JW, Murray KJ (1992) Non-Hodgkin’s lymphoma 
of the brain: can high dose, large volume radiation therapy 
improve survival? Report on a prospective trial by the Radiation 
Therapy Oncology Group (RTOG): RTOG 8315. Int J Rad Oncol 
Biol Phys 23:9–17

	51.	 Ngo VN, Young RM, Schmitz R, Jhavar S, Xiao W, Lim KH, 
Kohlhammer H, Xu W, Yang Y, Zhao H et al (2011) Oncogeni-
cally active MYD88 mutations in human lymphoma. Nature 
470:115–119. https://​doi.​org/​10.​1038/​natur​e09671

	52.	 O’Connor T, Zhou X, Kosla J, Adili A, Garcia Beccaria M, Kot-
siliti E, Pfister D, Johlke AL, Sinha A, Sankowski R et al (2019) 
Age-related gliosis promotes central nervous system lymphoma 
through CCL19-mediated tumor cell retention. Cancer Cell 
36(250–267):e259. https://​doi.​org/​10.​1016/j.​ccell.​2019.​08.​001

	53.	 Omuro A, Correa DD, DeAngelis LM, Moskowitz CH, Matasar 
MJ, Kaley TJ, Gavrilovic IT, Nolan C, Pentsova E, Grommes CC 
(2015) R-MPV followed by high-dose chemotherapy with TBC 
and autologous stem-cell transplant for newly diagnosed primary 
CNS lymphoma. Blood 125:1403–1410

	54.	 Ou A, Sumrall A, Phuphanich S, Spetzler D, Gatalica Z, Xiu J, 
Michelhaugh S, Brenner A, Pandey M, Kesari S et al (2020) Pri-
mary CNS lymphoma commonly expresses immune response bio-
markers. Neurooncol Adv. https://​doi.​org/​10.​1093/​noajnl/​vdaa0​18

https://doi.org/10.1158/2159-8290.CD-17-0613
https://doi.org/10.1158/2159-8290.CD-17-0613
https://doi.org/10.1093/annonc/mdw367.13
https://doi.org/10.1093/annonc/mdw367.13
https://doi.org/10.1182/blood-2018-09-875732
https://doi.org/10.1182/blood-2018-09-875732
https://doi.org/10.1056/NEJMoa1215134
https://doi.org/10.1056/NEJMoa1215134
https://doi.org/10.1182/blood-2003-05-1545
https://doi.org/10.1182/blood-2003-05-1545
https://doi.org/10.1073/pnas.1008969108
https://doi.org/10.1073/pnas.1008969108
https://doi.org/10.1038/nrclinonc.2013.46
https://doi.org/10.1038/nrclinonc.2013.46
https://doi.org/10.1200/JCO.2015.64.9897
https://doi.org/10.1200/JCO.2015.64.9897
https://doi.org/10.1212/WNL.0000000000001395
https://doi.org/10.1212/WNL.0000000000001395
https://doi.org/10.1126/science.1153629
https://doi.org/10.1158/1078-0432.CCR-05-1699
https://doi.org/10.1158/1078-0432.CCR-05-1699
https://doi.org/10.1016/j.ccell.2017.04.012
https://doi.org/10.1016/j.ccell.2017.04.012
https://doi.org/10.3892/ol.2017.6893
https://doi.org/10.3892/ol.2017.6893
https://doi.org/10.1093/neuonc/nox187
https://doi.org/10.1007/s11060-015-1843-9
https://doi.org/10.1073/pnas.1903854116
https://doi.org/10.1073/pnas.1903854116
https://doi.org/10.1111/nan.12259
https://doi.org/10.1111/nan.12259
https://doi.org/10.1093/neuonc/noaa145
https://doi.org/10.1093/neuonc/noaa145
https://doi.org/10.1182/bloodadvances.2018027672
https://doi.org/10.1182/bloodadvances.2018027672
https://doi.org/10.1038/nature09671
https://doi.org/10.1016/j.ccell.2019.08.001
https://doi.org/10.1093/noajnl/vdaa018


182	 Brain Tumor Pathology (2021) 38:173–182

1 3

	55.	 Paul J, Soujon M, Wengner AM, Zitzmann-Kolbe S, Sturz A, 
Haike K, Keng Magdalene KH, Tan SH, Lange M, Tan SY et al 
(2017) Simultaneous inhibition of PI3Kdelta and PI3Kalpha 
induces ABC-DLBCL regression by blocking BCR-dependent 
and -independent activation of NF-kappaB and AKT. Cancer Cell 
31:64–78. https://​doi.​org/​10.​1016/j.​ccell.​2016.​12.​003

	56.	 Pouzoulet F, Alentorn A, Royer-Perron L, Assayag F, Mokhtari 
K, Labiod D, Le Garff-Tavernier M, Daniau M, Menet E, Peyre M 
et al (2018) Primary CNS lymphoma patient-derived orthotopic 
xenograft model capture the biological and molecular character-
istics of the disease. Blood Cells Mol Dis 75:1–10. https://​doi.​org/​
10.​1016/j.​bcmd.​2018.​11.​005

	57.	 Rubenstein JL, Wong VS, Kadoch C, Gao HX, Barajas R, Chen L, 
Josephson SA, Scott B, Douglas V, Maiti M et al (2013) CXCL13 
plus interleukin 10 is highly specific for the diagnosis of CNS 
lymphoma. Blood 121:4740–4748. https://​doi.​org/​10.​1182/​
blood-​2013-​01-​476333

	58.	 Sasayama T, Nakamizo S, Nishihara M, Kawamura A, Tanaka 
H, Mizukawa K, Miyake S, Taniguchi M, Hosoda K, Kohmura E 
(2012) Cerebrospinal fluid interleukin-10 is a potentially useful 
biomarker in immunocompetent primary central nervous system 
lymphoma (PCNSL). Neuro Oncol 14:368–380. https://​doi.​org/​
10.​1093/​neuonc/​nor203

	59.	 Schmitt AM, Herbrand AK, Fox CP, Bakunina K, Bromberg JE, 
Cwynarski K, Doorduijn JK, Ferreri AJ, Illerhaus G, Issa S (2019) 
Rituximab in primary central nervous system lymphoma—A sys-
tematic review and meta-analysis. Hematol Oncol 37:548–557

	60.	 Schmitz R, Wright GW, Huang DW, Johnson CA, Phelan JD, 
Wang JQ, Roulland S, Kasbekar M, Young RM, Shaffer AL et al 
(2018) Genetics and pathogenesis of diffuse large B-cell lym-
phoma. N Engl J Med 378:1396–1407. https://​doi.​org/​10.​1056/​
NEJMo​a1801​445

	61.	 Shibamoto Y, Ogino H, Hasegawa M, Suzuki K, Nishio M, Fujii 
T, Kato E, Ishihara S-I, Sougawa M, Kenjo M (2005) Results of 
radiation monotherapy for primary central nervous system lym-
phoma in the 1990s. Int J Rad Oncol Biol Phys 62:809–813

	62.	 Soussain C, Choquet S, Blonski M, Leclercq D, Houillier C , 
Rezai K, Bijou F, Houot R , Boyle E , Gressin R , Nicolas-Vire-
lizier E , Barrie M, Moluçon-Chabrot C, Lelez ML, Clavert A, 
Coisy S, Leruez S, Touitou V, Cassoux N, Daniau M, Ertault de 
la Bretonnière M, El Yamani A , Ghesquières H, Hoang-Xuan K 
(2019) Ibrutinib monotherapy for relapse or refractory primary 
CNS lymphoma and primary vitreoretinal lymphoma: Final analy-
sis of the phase II ’proof-of-concept’ iLOC study by the Lym-
phoma study association (LYSA) and the French oculo-cerebral 
lymphoma (LOC) network. Eur J Cancer 117:121–130. http://​doi.​
org/​10.​1016/j.​ejca.​2019.​05.​024

	63.	 Sugita Y, Furuta T, Ohshima K, Komaki S, Miyoshi J, Morioka M, 
Abe H, Nozawa T, Fujii Y, Takahashi H et al (2018) The perivas-
cular microenvironment in Epstein-Barr virus positive primary 
central nervous system lymphoma: The role of programmed cell 
death 1 and programmed cell death ligand 1. Neuropathology 
38:125–134. https://​doi.​org/​10.​1111/​neup.​12435

	64.	 Sugita Y, Muta H, Ohshima K, Morioka M, Tsukamoto Y, Taka-
hashi H, Kakita A (2016) Primary central nervous system lympho-
mas and related diseases: Pathological characteristics and discus-
sion of the differential diagnosis. Neuropathology 36:313–324. 
https://​doi.​org/​10.​1111/​neup.​12276

	65.	 Tang D, Su W, Wang X, Chu Z, Zhang L, Zhou J, Zhang Q (2021) 
Clinicopathologic significance of MYD88 L265P mutation and 
expression of TLR4 and P-STAT3 in primary central nervous 
system diffuse large B-cell lymphomas. Brain Tumor Pathol 
38:50–58. https://​doi.​org/​10.​1007/​s10014-​020-​00386-8

	66.	 Tateishi K, Miyake Y, Kawazu M, Sasaki N, Nakamura T, Sasame 
J, Yoshii Y, Ueno T, Miyake A, Watanabe J et al (2020) A hyper-
active RelA/p65-Hexokinase 2 signaling axis drives primary cen-
tral nervous system lymphoma. Cancer Res 80:5330–5343. https://​
doi.​org/​10.​1158/​0008-​5472.​CAN-​20-​2425

	67.	 Thomas S, Fisher KH, Snowden JA, Danson SJ, Brown S, Zeidler 
MP (2015) Methotrexate is a JAK/STAT pathway inhibitor. PLoS 
ONE 10:e0130078. https://​doi.​org/​10.​1371/​journ​al.​pone.​01300​78

	68.	 Wilson WH, Young RM, Schmitz R, Yang Y, Pittaluga S, Wright 
G, Lih CJ, Williams PM, Shaffer AL, Gerecitano J et al (2015) 
Targeting B cell receptor signaling with ibrutinib in diffuse large 
B cell lymphoma. Nat Med 21:922–926. https://​doi.​org/​10.​1038/​
nm.​3884

	69.	 Woyach JA, Furman RR, Liu TM, Ozer HG, Zapatka M, Rup-
pert AS, Xue L, Li DH, Steggerda SM, Versele M et al (2014) 
Resistance mechanisms for the Bruton’s tyrosine kinase inhibitor 
ibrutinib. N Engl J Med 370:2286–2294. https://​doi.​org/​10.​1056/​
NEJMo​a1400​029

	70.	 Yang Y, Shaffer AL 3rd, Emre NC, Ceribelli M, Zhang M, Wright 
G, Xiao W, Powell J, Platig J, Kohlhammer H et al (2012) Exploit-
ing synthetic lethality for the therapy of ABC diffuse large B cell 
lymphoma. Cancer Cell 21:723–737. https://​doi.​org/​10.​1016/j.​ccr.​
2012.​05.​024

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.ccell.2016.12.003
https://doi.org/10.1016/j.bcmd.2018.11.005
https://doi.org/10.1016/j.bcmd.2018.11.005
https://doi.org/10.1182/blood-2013-01-476333
https://doi.org/10.1182/blood-2013-01-476333
https://doi.org/10.1093/neuonc/nor203
https://doi.org/10.1093/neuonc/nor203
https://doi.org/10.1056/NEJMoa1801445
https://doi.org/10.1056/NEJMoa1801445
https://doi.org/10.1016/j.ejca.2019.05.024
https://doi.org/10.1016/j.ejca.2019.05.024
https://doi.org/10.1111/neup.12435
https://doi.org/10.1111/neup.12276
https://doi.org/10.1007/s10014-020-00386-8
https://doi.org/10.1158/0008-5472.CAN-20-2425
https://doi.org/10.1158/0008-5472.CAN-20-2425
https://doi.org/10.1371/journal.pone.0130078
https://doi.org/10.1038/nm.3884
https://doi.org/10.1038/nm.3884
https://doi.org/10.1056/NEJMoa1400029
https://doi.org/10.1056/NEJMoa1400029
https://doi.org/10.1016/j.ccr.2012.05.024
https://doi.org/10.1016/j.ccr.2012.05.024

	Primary central nervous system lymphoma: clinicopathological and genomic insights for therapeutic development
	Abstract
	Introduction
	Epidemiology
	Histopathological characteristics
	Genetic characterization
	Cytokines for tumor development
	Experimental models

	Current therapeutic approach for patients with PCNSL
	Methotrexate (MTX)
	Rituximab; rituximab, methotrexate, procarbazine, vincristine (R-MPV); and high-dose chemotherapy with autologous stem cell transplantation (HDC-ASCT)
	Radiation therapy

	Molecular targeted therapy and immunotherapy
	Bruton’s tyrosine kinase (BTK) inhibitor
	Inhibitors for the PI3KAKTmTOR pathway
	Immunomodulatory imide drugs (IMiDs)
	Immune checkpoint inhibitor
	CAR T-cell therapy

	Conclusions
	References




