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Summary

Primary mediastinal B-cell lymphoma (PMBCL) is a distinct
disease closely related to classical nodular sclerosing Hodgkin
lymphoma. Conventional diagnostic paradigms utilising clin-
ical, morphological and immunophenotypical features can be
challenging due to overlapping features with other B-cell
lymphomas. Reliable diagnostic and prognostic biomarkers
that are applicable to the conventional diagnostic laboratory
are largely lacking. Nuclear factor kappa B (NF-kB) and
Janus kinase/signal transducers and activators of transcrip-
tion (JAK-STAT) signalling pathways are characteristically
dysregulated in PMBCL and implicated in several aspects of
disease pathogenesis, and the latter pathway in host immune
evasion. The tumour microenvironment is manipulated by
PMBCL tumours to avoid T-cell mediated destruction via
strategies that include loss of tumour cell antigenicity, T-cell
exhaustion and activation of suppressive T-regulatory cells.
R-CHOP (rituximab, cyclophosphamide, doxorubicin, vin-
cristine, prednisolone) and DA-EPOCH-R (dose-adjusted
etoposide, prednisolone, vincristine, cyclophosphamide, dox-
orubicin, rituximab) are the most common first-line
immunochemotherapy regimens. End of treatment positron
emission tomography scans are the recommended imaging
modality and are being evaluated to stratify patients for
radiotherapy. Relapsed/refractory disease has a relatively poor
outcome despite salvage immunochemotherapy and subse-
quent autologous stem cell transplantation. Novel therapies
are therefore being developed for treatment-resistant disease,
targeting aberrant cellular signalling and immune evasion.
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Primary mediastinal B-cell lymphoma (PMBCL) is an aggres-
sive B-cell lymphoma that represents 2—3% of non-Hodgkin
lymphoma (NHL) cases. It was considered a subtype of dif-
fuse large B-cell lymphoma (DLBCL) but, due to distinct
clinicopathological features, it was acknowledged as a discrete
entity in the 2008 World Health Organization (WHO) diag-
nostic criteria (Campo et al, 2011). This distinction from
other DLBCL subtypes has been confirmed at a molecular
level using gene expression profiling (Rosenwald et al, 2003;
Manso et al, 2017). In fact, PMBCL is more akin to nodular
sclerosing Hodgkin lymphoma (NScHL) than DLBCL. Both
arise in the mediastinum from thymic B-cells, affect a young
patient cohort and share similar clinicopathological and
genetic features (Rosenwald et al, 2003). There is an interme-
diate between PMBCL and NScHL, known as mediastinal
grey zone lymphoma (MGZL). Distinguishing these overlap-
ping diseases can be challenging but is necessary due to their
differing treatment strategies. Despite highly curative
immunochemotherapy regimens, 10-30% PMBCL patients
have relapsed/refractory (RR) disease and require salvage
therapies, which do not offer satisfactory outcomes. Conse-
quently, novel therapeutic agents are being developed
although with limited efficacy in PMBCL to date.

Clinical features, diagnosis and prognosis

PMBCL typically affects women (3:1 ratio) in their third or
fourth decade of life. This gender preponderance is only seen
in Caucasians; the incidence is similar in African-Americans
(Liu et al, 2016). PMBCL typically presents with compressive
symptoms from the large mediastinal mass, such as cough or
breathlessness. Superior vena cava obstruction is present in
25-30% of patients at diagnosis (Zinzani et al, 2002). Initial
tumour progression tends to be localised although at relapse
the disease can disseminate widely. Central nervous system
(CNS) and bone marrow involvement are uncommon at pre-
sentation, 9% and 5% respectively (Bishop et al, 1999; Zin-
zani et al, 2002). In the rituximab-era the 5-year overall
survival (OS) is estimated at between 79% and 97%, superior
to that seen in de novo DLBCL (Dunleavy et al, 2013; Sou-
merai et al, 2014; Jackson et al, 2016).
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It has been proposed that PMBCL originates from germi-
nal or post-germinal centres due to hypermutation in BCL6
and immunoglobulin (Ig) heavy chain variable region (V)
genes, which are markers of B-cell transit through the germi-
nal centre (Pileri et al, 2003; Csernus et al, 2004). As thymic
B-cells have been shown to have a similar spectrum of muta-
tions they are believed to be the cell of origin (Csernus et al,
2004). The bulky anterior mediastinal tumour comprises
large clear B-cells often with compartmentalised fibrosis
(Harris et al, 1994). Multinucleated Reed-Sternberg-like cells
can also rarely be seen. The malignant cells strongly express
B-cell antigens, such as CD20, but have weak/variable expres-
sion of CD30, which can hinder differentiation from NScHL,
and usually lack surface immunoglobulins (Pileri et al, 2003).
De novo DLBCL shares many of the same antigens as
PMBCL, making a differential diagnosis challenging.

MGZL is defined in the WHO classification as B-cell lym-
phoma, unclassifiable, with features intermediate between
DLBCL and classical Hodgkin lymphoma (cHL) (Swerdlow
et al, 2017). A diagnosis of MGZL might therefore be made
if  the
immunophenotypical features intermediate between cHL,
PMBCL and DLBCL (Table I). MGZL characteristically has a
range of cytological appearances that can resemble any of

tumour has clinical, morphological and/or

these three related diseases, including more than one in the
same tumour. The cytological appearance may be discordant
with the immunophenotype, although this alone should not
lead to a MGZL diagnosis (Swerdlow et al, 2017). Like
PMBCL, MGZL presents with symptoms of localised com-
pression and is more common in women, with a median age
of 30 years (Sarkozy et al, 2017; Swerdlow et al, 2017).

Data directly comparing sensitivities and specificities of
PMBCL immunohistochemical biomarkers have been
reported, although many are not available in routine clinical
practice. Biomarkers with high positive predictive value
(PPV) include CD23 (98%), p63 (96%), BOB.I (94%) and
CD79a (90%) with some recommending CD79a, BOB.1 and
cyclin E (100% PPV in cHL) as the most useful in differenti-
ating between cHL and PMBCL (Hoeller et al, 2010). MAL,
a lipid raft-associated protein found in a relatively large pro-
portion of PMBCL (70% cases), has been proposed as a use-
ful marker to differentiate PMBCL from DLBCL, where it is
expressed in only 3% of cases (Copie-Bergman et al, 2002).
Dorfman et al (2012) also found CD200 to have a superior
sensitivity (94%) and equivalent specificity (93%) to other
markers, including MAL and CD23.

Gene expression profiling may play an integral part in
future diagnostic paradigms as it has been shown to accu-
rately diagnose 80% of PMBCL cases (Scott et al, 2014).
PDCDILG2 (PD-L2) RNA in situ hybridisation has also been
investigated as an alternative to immunohistochemistry in
PMBCL and showed sensitivity of 72% and specificity of
92% over DLBCL (Wang & Cook, 2018). Recently, the devel-
opment and validation of a 58-gene expression assay (Lym-
ph3Cx) applicable to formalin-fixed paraffin-embedded tissue

to distinguish between PMBCL and DLBCL has been
described, with a 3-8% misclassification rate compared to
conventional clinicopathological diagnostics (Mottok et al,
2018). As there is no single biomarker applicable to the diag-
nostic laboratory, PMBCL diagnosis remains challenging and
necessitates combined evaluation of the above clinical, mor-
phological and immunophenotypical features.

Unlike other lymphomas, prognostic biomarkers are lar-
gely lacking in PMBCL. Early identification of high-risk
patients enables focus on novel therapies and would spare
low-risk patients from unnecessary intensive therapy. Clinical
predictors of poor outcome include pleural or pericardial
effusion and high International Prognostic Index score (Aoki
et al, 2013) but there is no PMBCL-specific prognostic index.
The International Extranodal Lymphoma Study Group
(IELSG)-26 study showed end of treatment (EOT) [18F]fluo-
rodeoxyglucose positron emission tomography (FDG-PET)
predicted patient outcome in PMBCL (Martelli et al, 2014)
and is subsequently being investigated as a tool to stratify
patients for radiotherapy (RT) (IELSG-37; NCT01599559).

Pathogenesis of PMBCL

Dysregulation of nuclear factor kappa B (NF-xB)
signalling

The NF-kB pathway is instrumental in the development, sur-
vival and activation of B-lymphocytes, and dysregulated sig-
nalling has been implicated in many B-cell malignancies,
including PMBCL (Sasaki & Iwai, 2015). The NF-«xB pathway
is activated through distinct signalling axes. The canonical
(classical) pathway is instigated when growth factors or
cytokines, such as tumour necrosis factor (TNF), binds its
receptor, initiating a signalling cascade culminating in activa-
tion of inhibitor of kB kinase subunit beta (IKKP) (Hayden
& Ghosh, 2012). The non-canonical (alternative) pathway
instead utilises IKKo, also triggered via TNF receptor stimu-
lation (Sun, 2011). Gene expression profiling studies have
demonstrated over-expression of TNF family members, and
TRAFI in PMBCL and in cHL (Savage et al, 2003). In cHL,
and presumably in PMBCL, this hyperactivation induces
downstream anti-apoptotic genes (e.g. BCL2 family members
BCL2L1 [Bcl-xL] and BCL2A1 [Bfl-1/A1]), activation of cas-
pases (e.g. caspase-3) and transcription of cell cycle regula-
tors (e.g. cyclins D1 and D2) resulting in malignant
proliferation (Hinz et al, 2001).

There are several lines of evidence that implicate the
NF-kB pathway in PMBCL. Treatment of a PMBCL cell line
with a small molecule IKB kinase inhibitor resulted in cell
cytotoxicity, even at low doses, indicating dependence of this
lymphoma on NF-xB for survival (Lam et al, 2005). Other
aberrations in this pathway include REL, a member of the
NF-xB transcription factor family, which was shown to be
frequently amplified in PMBCL, ¢cHL and DLBCL (Bea et al,
2005). Over 75% of PMBCL primary tumours and cell lines

26 © 2019 The Authors. British Journal of Haematology published by British Society for Haematology
and John Wiley & Sons Ltd British Journal of Haematology, 2019, 185, 25-41



Review

ewroydwiA] [190-g Teunserpawr Arewrid ¢ cewoydwA] auoz £218 feunserpawr snaiA rreg—urasdy ¢ cewroydwAy [[90-¢ 281e1 asnyyip ¢ cewroydwA] uny3pog [edIssep “THo
q [ [[°>-4 [eunserp: 1d “TOIINd q [ [eunserp TZOW I dq-utsdy “Add Bl [ 11°>-94 [ 9SnIp “IOA'1d Bl [ UD{SPOH [ed1sse]d “TH!

%S9

"% ut aansod Agy

‘passaxdxa Apprer g¢aD
‘passaxdxe A[rensn 1g0g

TLO0 ‘SXVd s103oey uondrosuer],
uasard

Areo1d4y urpnqoSounwruar aoeyng
'02dO se yons

suagnue [[90-g jo uorssaidxa Suong

nsejdeue

pUB d[SL[qOUNWIWI OTISB[qOIIUD

:SJUBLIEA UOWIWIOD 21U} 21 I,

"U23s 2q ABUI SISOIA[S JO Spueq
JUY I0 peoIgq ‘S[[22 a5Ie] 0] WNIPIN

*SSSBU [EPOUBIIXD IO [EPOU
Surdrequs A[prder arowr 10 auQ

%L6—6L

"7-1Ad Pue 1-1Ad “TVIN ‘€7D $s1dxa 950,
‘uorssardxa O¢(D [qelIeA PUB eI

‘passardxe 1904g ‘TIDO ‘SXVd s103oej uonduosuer],

“UINQO[SOUNWIWT 30JINS JUISqY
'07dD Se yons ‘suagnue [[93-g Jo uorssardxe Suong

"U29S U2YO SI SI1S0IqY pasijejudwlreduwor)
‘wse[d01£d 18] YIIM S[[P0 95Ie] 03 WNIPIIN

*u01ssa1dwod [euT)seIpaw pasi[edo] Jo swoydwis

(Y102 ‘v 32 UOSIM) %¥L
"passaxdxa A[rensn 0D
‘passardxa
Ajrensn 1904 T1LOO
‘6XVd s1030ej uonduosuer],
‘urnqordounuruur
20BJINS JUISQY
suadnue
[199-g jo uorssaxdxa ajqerrep
‘adfyousydounuuur
SNouag0I19)o

*SISOIDAU JO SBAIE JIM
Aysuap 120 ySiy ‘syeo a8re
‘soouereadde snouaoraloyg

‘uorssaxdwod [eunserpaw
pasifesof jo swoydwig

(8107 ‘“Iepurqury x Seyqueys) 9S8

"%0¥ ut aanisod Agq
‘passaxdxa Afrensn 1D
-aansod 0edD
-aaneSou 10
Neam ST GXYd “passaxdxa jou Ajpensn
1904 pue Z1DO s101oey uonduosuer],
“UINQO[SOUNWIWIT 30JINS JUISqY
‘suadnjue [90-g Jo uoissaxdxo paonpay
‘parordop-a1hooyduL]
pue Arre[nyEo paxrur ‘uou-a4doyduws]
Gursorspos renpou :sadAiqns
[2130[0ISIY INO] *3)BILYUI JAIIOLI
© Ul S[[90 S19qUI2IG-Pady Iedpnunnu
pue S[[2> UD[SPOH ILd[PNUOUOIA
“ssewr
[eunseIpaw € jo Surpuy [ejudpOUL
10 02U Ay} Ul udjo ssewr ssapured y

[BAIAINS [[BI9AO IBIA-G

sarnyeay TesrdAjouaydounuutuy

saanyeay Tesrsojoydiopy

uornjejuasad TeotdA,

S9 S¢ 0¢ uonnquisip a8e [epourrg (s1eak) a8e uerpajy
S[BWYZI[BIN S[BUWI<ABW] S[BUWI<A[BUId] S[BUWI<ABW] soueurwopard 1opudn
T04d1d TOIINd TZOW THo-onewSeryderperdng

1041 Pue TOIINd “TZOW “TH-onewseryderperdns usamiaq soouaIayil T JqeL,

27

© 2019 The Authors. British Journal of Haematology published by British Society for Haematology

and John Wiley & Sons Ltd British Journal of Haematology, 2019, 185, 25-41



Review

in one study were found to have chromosomal gains and
gene amplifications in REL, and although this did not corre-
late with increased transcription nor protein expression, there
was a significant association with nuclear REL expression
consistent with pathway activation (Weniger et al, 2007).
Moreover, amplifications in the NF-kB regulators BCL10 and
MALTI have been reported where these gene products form
a multimeric signalling complex to mediate pathway activa-
tion (Wessendorf et al, 2007).

Inactivation of negative feedback mechanisms that nor-
mally restrain NF-xB activity also account for constitutive
NF-kB activation. A20, encoded by TNFAIP3 is a ubiquitin-
modifying enzyme that inhibits NF-kB signalling downstream
of TNF receptor engagement. The IKK complex and NF-«xB
activation is reliant on Lys63 polyubiquitination of RIP1, a
kinase that is recruited to the receptor upon TNF stimula-
tion. A20 replaces Lys63 ubiquitins from RIP1 with Lys48
polyubiquitins, a switch that results in RIP1 proteasomal
degradation and subsequent NF-«kB downregulation (Wertz
et al, 2004). Loss-of-function nonsense and frameshift muta-
tions in TNFAIP3 have been found in 36% of PMBCL cell
lines and primary cases resulting in unarrested NF-xB activa-
tion (Schmitz et al, 2009).

Dysregulation of Janus kinase/signal transducers and
activators of transcription (JAK-STAT) signalling

In normal cells, JAK-STAT is tightly controlled to prevent
unscheduled gene regulation and inappropriate biological
responses. In malignant cells this system is altered, leading to
constitutive JAK-STAT-dependent gene expression, including
several key gene products required to initiate and/or main-
tain malignant transformation (Bowman et al, 2000). Target
genes activated by this pathway contribute to oncogene acti-
vation, tumour suppressor de-activation, abnormal cell pro-
liferation, tumour growth and metastasis. Peptide ligands
(e.g. cytokines) binding to transmembrane receptors initiate
the pathway leading to receptor dimerization and cross-phos-
phorylation of JAK kinases. In turn, this hyperphosphorylates
STAT molecules, which translocate to the nucleus and act as
DNA-binding transcription factors, inducing expression of
target genes (Aaronson & Horvath, 2002).

STAT6 is activated by tyrosine phosphorylation in
response to interleukin (IL)4 or IL13 and plays a prominent
role in modulating the immune system (Goenka & Kaplan,
2011). Recurrent point mutations in STAT6 DNA binding
domain have been reported in 36% of PMBCL cases (Ritz
et al, 2009) with a hotspot mutation affecting the amino acid
p-419D. This lesion hyperactivates the IL4-JAK-STAT6 axis,
as evidenced by elevated expression of STAT6 target genes
(Yildiz et al, 2015). Silencing activated STAT6 in the
PMBCL-derived cell line MedB-1 showed decreased Bcl-xL
(BCL2L1) expression and cell survival (Ritz et al, 2008).
Upstream of this signalling axis, gain-of-function mutations
in IL4R have been reported in 24% of PMBCL primary

samples and in 100% of PMBCL cell lines, which led to
ligand-independent phosphorylation of STAT6 and STAT5
(Vigano et al, 2018). Most mutations were single nucleotide
variants that affected residue p.242I in the transmembrane
domain of IL4R, indicating a hotspot lesion. Expression of
mutant IL4R in a mouse xenotransplantation model con-
ferred growth advantage in vivo. Downstream of constitutive
JAK-STAT activation, the mutant upregulated the B-cell
specific antigen CD23 and the tumour-promoting chemokine
CCL17. Interestingly, once secreted to the tumour microenvi-
ronment (TME), CCL17 attracts CCR4+ tumour-promoting
cells, such as CD4+ T-cells and T-regulatory cells (Imai et al,
1999; Iellem et al, 2001). This immunocompromised setting
presumably allows PMBCL tumours to acquire an immune
escape phenotype. The same study revealed multiple concur-
rent mutations affecting the JAK-STAT pathway in primary
tumours, demonstrating potential synergistic/additive effects
of these aberrations in PMBCL pathogenesis.

Given that activated STAT proteins accumulate in the
nucleus to drive target gene transcription, it is critical to tightly
regulate the duration and strength of activation to “dampen”
the pathway when unneeded. Termination of signalling is
achieved by negative regulatory factors, including suppressors
of cytokine signalling (SOCS) and protein tyrosine phos-
phatases (PTPs) (Levy & Darnell, 2002). SOCS protein family
members share a common SH2 domain that contains an
upstream kinase inhibitory region that has been shown to bind
the tyrosine phosphate activation loop of JAK proteins to
attenuate kinase activity (Yasukawa et al, 1999). Loss-of-func-
tion mutations in SOCSI spanning all domains, consisting of
indels and missense mutations, leading to premature peptide
abort and JAK-STAT pathway de-regulation have been
reported in B-cell lymphomas (Mottok et al, 2009). The occur-
rence of mutations in PMBCL is 45% and bi-allelic deletions
concurrent with delayed degradation of de novo JAK2, hyper-
phosphorylation of JAK2/STAT5 in PMBCL cell lines have also
been reported. Furthermore, restoration of wild type SOCSI in
these cell lines repressed CCND1, induced RB1 and activated
caspase-3, indicating an increase in the apoptotic cell fraction
(Melzner et al, 2005; Ritz et al, 2008).

The prototype of protein tyrosine phosphatases, PTP1B
(encoded by PTPNI) also mitigates JAK-STAT activity in its
role of dephosphorylating active kinases. Somatic PTPNI
mutations have been found in PMBCL cases (22%) and cell
lines (33%) (Gunawardana et al, 2014). Mutations leading to
premature protein truncations and amino acid substitutions
were deleterious to phosphatase activity and resulted in sus-
tained activation of JAK-STAT. Chromosomal rearrange-
ments involving the classical lymphoma oncogenes BCL6 and
MYC are atypical events in PMBCL (Savage et al, 2003),
however amplifications in both genes have been reported by
genomic profiling (Wessendorf et al, 2007). Intriguingly,
shRNA-mediated PTPNI silencing led to overexpression of
BCL6 and MYC, indicative of tissue specificity of the
phosphatase.
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Genes encoding components of JAK-STAT are often over-
expressed in PMBCL including JAK2, STATI and ILI3RA2
(Savage et al, 2003). JAK2 mutations are well described and
implicated in myeloproliferative disorders but largely absent
in lymphoid malignancies. However, JAK2 genomic copy
number amplifications at chromosome 9p24.1 are characteris-
tic of Hodgkin lymphoma (HL) and PMBCL (seen in 63% of
PMBCL cases) and induce cell proliferation via JAK2/STAT1
signalling (Joos et al, 2000). Mice challenged with derived cell
lines of both diseases bearing amplified JAK2 and treated with
JAK2 inhibitors exhibited decreased tumour growth and intra-
tumoural p-STAT3 levels (Hao et al, 2014). Despite the atten-
uation of tumourigenesis following JAK2 inhibition seen
in vivo, the precise mechanism of JAK2 activation as a direct
result of copy number aberrations remains unclear. Notably,
JAK2 amplification was associated with upregulation of the
programmed death ligands PD-L1 (CD274) and PD-L2
(PDC1LG2) (Green et al, 2010), demonstrating a link between
the JAK-STAT pathway and tumour immune evasion.

The PMBCL tumour microenvironment

Contemporary tumorigenesis models have diverged from
being centred on the description of accumulating genetic
changes and signalling alterations in malignant cells towards
the dynamic interactions between cancer cells and the sur-
rounding stroma, termed the tumour microenvironment
(TME). The TME is recognised as a critical element for
tumour development and progression, and a measurable
parameter of response to treatment (Barry et al, 2018).
Malignant cells are conferred a selected growth advantage
when they successfully evade the immune system and prosper
as the prevailing cell (Wang et al, 2017). Therefore, manipu-
lating the balance between immune responsiveness and self-
tolerance is essential to avoid T-cell mediated destruction
and to thrive in an immunocompromised setting. In this sec-
tion, we review microenvironment-related strategies used by
PMBCL tumours to sculpt their reactive milieu to survive
host immunity (Fig 1).

Loss of antigenicity

Major histocompatibility complex (MHC) molecules display
neoantigenic peptides to the T-cell receptor (TCR) to initiate
the adaptive immune response. The integrity of this process
is dependent on the ability of the malignant B cell to present
antigen to a T cell in the context of a peptide-MHC com-
plex. Tumours which acquire defects in antigen presentation
or lose MHC expression will be resistant to immune-
mediated elimination by tumour-specific T-cells, resulting in
impaired activation of CD4+ (MHC-II recognition) and
CD8+ T-cells (MHC-I recognition). Downregulation of
MHC-II are defining immunophenotypes in many subtypes
of lymphoma (Rosenwald et al, 2002; Rimsza et al, 2006;
Diepstra et al, 2007) and similarly in PMBCL, substantial

Review

loss of HLA-DR has been reported, with 12% of cases show-
ing complete loss of protein. Inferior patient survival in
PMBCL correlated with incremental decreases in MHC-II
expression (Roberts et al, 2006). This loss may partly be
explained by aberrations in the MHC-II master transcrip-
tional regulator, CIITA. Genetic alterations in CIITA is a
defining feature in PMBCL with 70% cases affected via cod-
ing sequence mutations, deletions and chromosomal translo-
cations. Most mutations were caused by activation-induced
(cytosine) deaminase (AID)-mediated aberrant somatic
hypermutation that downregulated MHC-II surface expres-
sion (Mottok et al, 2015). Interestingly, CIITA gene fusions
resulted in upregulation of PD-L1 and PD-L2 (Twa et al,
2014).

T-cell anergy

PD-L1 and PD-L2 engage their cognate receptor PD-1 to
modulate effector T-cell function and to induce peripheral
tolerance. Many lymphomas, including PMBCL, exploit the
PD-L/PD-1 axis to suppress the antitumor response (Gatalica
et al, 2015; Keane et al, 2015; Vari et al, 2018). PD-L1/2
overexpressing malignant cells increase the co-inhibitory
pathways leading to hypo-responsive T-cells known as T-cell
anergy (Wang et al, 2018). PD-L1/2 expression is aberrant in
malignant B cells through a combination of somatically
acquired copy-number gains and chromosomal rearrange-
ments (Chong et al, 2016). CD274 (previously termed PD-
L1) and PDCDILG2 are located on chromosome 9p24.1. This
common cytoband is shared with JAK2 and is concurrently
amplified, as discussed previously. By fluorescence in situ
hybridization and chromosome break-apart analysis, amplifi-
cation of this locus was highest in PMBCL (29% in 125
cases) compared to other B-cell lymphomas, and frequently
and specifically rearranged in 20% of cases, respectively as
compared with other lymphomas (Twa et al, 2014). Fourteen
structural rearrangement events involving PD-LI and 19
involving PD-L2 have been described. Both amplifications
and structural rearrangements resulted in increased transcript
and protein levels of PD-L1 and PD-L2 (Shi et al, 2014; Twa
et al, 2014; Chong et al, 2016). Co-culture of a B-cell line
expressing the PMBCL PDCDILG2-IGHV7-81 arrangement
with Jurkat T-cells significantly decreased the early T-cell
activation marker CD69, reinforcing the paradigm that juxta-
position with IGH super-enhancers influences many aspects
of malignancy, including the TME.

CD2 is a member of the immunoglobulin supergene family
and is expressed primarily on T and NK cells, and binds
ligands expressed on antigen-presenting cells and malignant B
cells, mainly CD58 (also known as LFA-3) (Bierer et al, 1988).
The binding between CD2 and CD58 stabilises the joining of
the T cell to the malignant B cell so that the two cells form a
conjugate. Once closely associated, the TCR scans various
peptide-loaded MHC combinations to initiate intracellular
signalling necessary for T-cell activation. In vitro, neutralizing
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Fig 1. Dysregulated immune response in the primary mediastinal B-cell lymphoma (PMBCL) tumour microenvironment. Activating (red) genetic
lesions/copy number gains and inactivating (blue) gene mutations in components of the JAK-STAT signalling pathway diminish tumour
immunogenicity via upregulation of programmed death ligands (PDLs) and C-C motif chemokine ligand 17 (CCL17). Microdeletions in CD58
and mutations/structural rearrangements in class II major histocompatibility complex transactivator (CIITA) impair tumour antigenicity via
downregulation of conjugate formation and major histocompatibility complex (MHC) class II, respectively. These immune escape strategies lead
to T-cell exhaustion, activation of suppressive T-regulatory cells (Treg) and crippled immune surveillance. The impact of genetic aberrations in
components of the nuclear factor kappa B (NF-kB) signalling pathway on the PMBCL tumour microenvironment is not known.

antibodies directed against CD2 or CD58 prevents conjugate
formation and decreases T-cell activity (Mak & Saunders,
2006). The CD58 locus in PMBCL was found to be targeted
by mono- and bi-allelic microdeletions in 3 of 4 cell lines and
in 5 primary tissues interrogated, resulting in conspicuous
silencing of CD58 gene expression (Dai et al, 2015). Although
functional studies in PMBCL are lacking, reconstitution of
CD58 in a null DLBCL cell line increased NK-cell mediated
cytolysis (Challa-Malladi et al, 2011). Furthermore, in
DLBCL, HL and in transformed follicular lymphoma (FL),
mutations of CD58 have been found to co-occur frequently
with B2M mutations suggesting complementary mechanisms
to establish immune privilege (Challa-Malladi et al, 2011; Pas-
qualucci et al, 2014; Abdul Razak et al, 2016).

Regulatory T-cell activation

In malignancies, the TME and host immune suppression are
frequently dictated by regulatory T-cell (Treg) function. This

cell subset accounts for 4-10% of all peripheral CD4+ cells
and is responsible for maintenance of autoantigen tolerance
and regulation of the immune response by suppression of
effector cells. These CD4+CD25+ cells intracellularly express
the forkhead transcription factor, FOXP3 which is essential
for Treg development and function (Ohkura et al, 2013).

As mentioned earlier, IL4R mutations in PMBCL have been
shown to induce the tumour-promoting chemokine, CCL17
(also known as TARC) both in vitro and in vivo. Moreover,
36% of PMBCL cases showed elevated protein levels (Vigano
et al, 2018). Once secreted to the TME, CCL17 binds with high
affinity to CCR4 receptors on T cells, including Treg cells
(Ghia et al, 2001). In line with this, immunohistochemical
analysis of 48 PMBCL tumours showed that a high (but vari-
able) proportion of the tumour-infiltrating CD4+CD25+ T-
cell subset expresses FOXP3, one of the highest increases
among other lymphomas. However, unlike in FL, DLBCL and
HL, no influence on patient survival was found (Tzankov et al,
2008). CCL17 is also highly expressed by Reed-Sternberg cells
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Fig 2. Potential therapeutic options in PMBCL. Prospective studies to establish optimal first and subsequent line treatment and monitoring
strategies are currently ongoing. This schema outlines a range of options that are either currently available or under evaluation (such as ctDNA).
ASCT, autologous stem cell transplant; CR, complete response; ctDNA, circulating tumour DNA; DA-EPOCH-R, dose-adjusted etoposide, pred-
nisone, vincristine, cyclophosphamide, and doxorubicin, plus rituximab; EOT, end of treatment; PD-1, programmed cell death 1 (also termed
PDCD1); PET, positron emission tomography; PMBCL, primary mediastinal B-cell lymphoma; R-CHOP, rituximab, cyclophosphamide, doxoru-

bicin, vincristine, prednisolone; RT, radiotherapy.

and is detectable in HL patient serum (Jones et al, 2013). As it
correlates with disease staging, it has been used as a HL bio-
marker for predicting and monitoring response and detection
of relapse (Plattel et al, 2012; Jones et al, 2013). The role of
CCL17 as a disease response biomarker in PMBCL remains to
be established.

Despite these encouraging findings, the role of Tregs in
PMBCL immunity remains poorly understood. Further inves-
tigations in larger cohorts and functional studies replicating
the TME are needed to precisely delineate immune evasion
and tumour progression associated with this subpopulation
of suppressive T-cells.

Current first-line treatment

Currently, there is no established standard of care in PMBCL
due to the paucity of patients and its recent recognition as a
distinct disease. Data used to guide management is somewhat
limited to retrospective studies or analysis of PMBCL

subgroups within prospective DLBCL trials; Fig 2 outlines a
range of management options that are currently available or
under evaluation. The major controversies that still exist
revolve around balancing maximum cure against minimum
long-term toxicity in this young patient population. Success-
ful first-line treatment is ever more important as cure rates
for RR disease are poor.

Historically, as it was considered a subtype of DLBCL,
CHOP (cyclophosphamide, doxorubicin, vincristine, pred-
nisolone) was the usual first-line treatment regimen for
PMBCL. The addition of rituximab (R-CHOP) improved 3-
year event-free survival (EFS) compared to CHOP (78% vs.
52%; P = 0-012) with equivalent 3-year overall survival (OS)
(88:5% vs. 78:2%; P = 0-158) in a subgroup analysis of 87
PMBCL patients in a DLBCL trial (Rieger et al, 2011). Alter-
native regimens include MACOP-B (methotrexate, doxoru-
bicin, cyclophosphamide, prednisolone, bleomycin) or
VACOP-B (etoposide, doxorubicin, cyclophosphamide, pred-
nisolone, bleomycin). MACOP-B-like regimens have shown
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similar complete response (CR) rates of 51% (142/277) com-
pared to 49% (50/105) in CHOP-like regimens, but better
predicted 10-year OS of 71% vs. 44% respectively
(P < 0-001) (Zinzani et al, 2002). Since the addition of ritux-
imab to CHOP, however, the advantage is no longer clear. In
a retrospective study comparing 153 patients receiving V/
MACOP-B, CHOP and R-CHOP, the only significant differ-
ence in survival was between V/MACOP-B and CHOP
(P = 0-016); therefore R-CHOP and V/MACOP-B are con-
sidered equivalent (Savage et al, 2006). Of note, addition of
rituximab to V/MACOP-B has been trialled but with no
obvious benefit (Zinzani et al, 2009).

More recent evidence suggests that dose-intensive regi-
mens, such as DA-EPOCH-R (dose-adjusted etoposide, pred-
nisolone,  vincristine,  cyclophosphamide,  doxorubicin,
rituximab) have either comparable or superior outcomes to
R-CHOP. In a phase 2 trial, 51 PMBCL patients who
received DA-EPOCH-R demonstrated EFS of 93% at a med-
ian follow-up of 63 months [95% confidence interval (CI)
81-98%] with overall survival of 97% (95% CI 81-99%)
(Dunleavy et al, 2013). Of significant interest, only 2/51
(4%) of the patients in this trial required consolidative RT,
indicating that remission can be achieved without RT. A ret-
rospective study in 2017 supported these results when it
reported on 156 adults and children with PMBCL who
received DA-EPOCH-R. The estimated 3-year EFS was
859% (95% CI 80-3-91-5%) and OS 95-4% (95% CI 91-8—
99-0%); there were no differences in outcomes between
adults and children (Giulino-Roth et al, 2017). In this study,
14-9% patients received RT. A 2016 subgroup analysis of
PMBCL patients in the UK National Cancer Research Insti-
tute R-CHOP-14 wversus 21 trial resulted in a 5-year OS
(83-8%) that fell within the 95% CI range for the Dunleavy
et al DA-EPOCH-R trial results (Gleeson et al, 2016); of
interest this study showed a non-significant improvement in
outcome with R-CHOP-14 compared to R-CHOP-21 but
this requires further investigation. In paediatric patients there
is conflicting data regarding DA-EPOCH-R in PMBCL. The
Inter-B-NHL Ritux 2010 study investigated DA-EPOCH-R in
47 paediatric PMBCL patients, resulting in a 2-year EFS of
69% (95% CI 52-82%) and OS of 82% (95% CI 67-91%),
which were no better than previous PMBCL studies (Burke
et al, 2017), suggesting that DA-EPOCH-R is not superior to
conventional treatment in children.

In considering the outcomes with DA-EPOCH-R it is
important to note that dose-intensive regimens come with
significant associated toxicities, despite potential lower RT
use. In a phase 3 R-CHOP versus DA-EPOCH-R trial in
DLBCL there were higher treatment cessation rates due to
adverse events (AE) with DA-EPOCH-R (5-6% vs. 1-7% in
R-CHOP arm) (Wilson et al, 2016). The safety profile
reported in the prospective DA-EPOCH-R trial in PMBCL
patients however appears better than that above (Dunleavy
et al, 2013). Long-term toxicities are also expected with
DA-EPOCH-R given the high cumulative anthracycline

dose. In one retrospective study with a short follow-up
interval 13-1% patients had a cardiac abnormality (Giu-
lino-Roth et al, 2017). There is unfortunately no ran-
domised trial to date comparing R-CHOP and DA-
EPOCH-R from which to draw a conclusion for PMBCL
patients.

Some therapies previously reserved for RR disease, such as
brentuximab vedotin, are now being investigated as part of
first-line regimens as they may have better safety profiles and
efficacy. Up-front autologous stem cell transplant (ASCT)
has been investigated in PMBCL with no change in OS com-
pared to first-line chemotherapy (Hamlin er al, 2005).

FDG-PET

FDG-PET is the recommended modality for EOT imaging in
aggressive lymphoma. Various methods of FDG interpreta-
tion have emerged, including the qualitative Deauville score
comparing FDG uptake to the liver, typically used in clinical
practice, along with more quantitative methods such as stan-
dardised uptake value (SUV) and total lesion glycolysis
(TLG), which are still primarily used in research studies (Ziai
et al, 2016). Following the IELSG-26 study a negative EOT-
PET in PMBCL is considered one with uptake less than or
equal to the liver (Deauville 1-3), indicating complete meta-
bolic response to immunochemotherapy. In this prospective
study using these criteria, a negative EOT-PET scan predicted
a 5-year PFS of 99% compared to 68% in a positive scan
(P <0-001) and 5-year OS of 100% vs. 83% respectively
(P < 0-001) (Martelli et al, 2014). There was also a difference
between Deauville 4 and 5 positive scans: the rate of RR dis-
ease in the Deauville 4 group was 5/24 compared to 6/10
with Deauville 5. Many positive EOT-PET scans are falsely
positive, thought to be due to residual inflammation in the
mediastinum post-treatment. This is illustrated by EOT-
PET’s high negative predictive value but poor PPV, 100%
and 17% respectively in the DA-EPOCH-R study (Dunleavy
et al, 2013). To confirm RR disease in this study patients
underwent serial PET imaging + biopsy; three patients
underwent biopsy and only one was positive for residual
tumour.

Newer techniques are enhancing the prognostic ability of
FDG-PET. TLG, which combines assessment of tumour vol-
ume and metabolism, has been shown to be an excellent
prognostic tool: low TLG at diagnosis was associated with
100% 5-year OS compared to 80% with high TLG
(P =10-0001) and PFS of 99% and 64% respectively
(P < 0-0001) (Ceriani et al, 2015). More recently, the hetero-
geneity of FDG uptake calculated by the area under the curve
on a cumulative SUV histogram (AUC-CSH) has been devel-
oped as another method of interpreting FDG with a strong
predictive value. Amongst 103 PMBCL patients, the most
heterogenous FDG uptake at baseline correlated with poorer
outcomes, such as 5-year PFS of 73% vs. 94% in less
heterogenous distributions (Meignan & Cottereau, 2018). In
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this study both TLG and AUC-CSH were shown to be inde-
pendent prognostic markers of PES in PMBCL.

Use of radiotherapy

PMBCL is a radiosensitive disease and RT continues to play
an important but controversial role in treatment. Lymphoma
survivors have high incidences of secondary cancers due to
chemotherapy and RT, estimated at around 1% per year in
HL (Dores et al, 2002), as well as increased risk of coronary
artery disease, valvular disease and heart failure attributed to
anthracyclines and RT.

A retrospective analysis of 426 patients in the National
Cancer Database suggested superior 5-year OS for patients
receiving RT after multiagent chemotherapy compared to
those who did not (83% vs. 93% respectively) (Jackson et al,
2016). Other evidence indicates that the improved outcomes
with RT are more marked in those with partial response
(PR), classified as Deauville 4-5 on PET but improved dis-
ease from baseline. In one retrospective study, the addition
of consolidative RT to MACOP-B transformed 55/59 (93%)
of patients with PR to CR (Zinzani et al, 2001). This
improvement in partial responders is supported by another
retrospective study including patients treated with both
CHOP-like regimens and MACOP-B (Zinzani et al, 2002).
These studies both assessed response using CT scanning, in
the era before routine FDG-PET.

Although there is evidence for RT in those with residual
disease following R-CHOP or V/MACOP-B, the need for RT
in patients who have CR is uncertain. A negative EOT-PET
has been successfully used to detect patients who can safely
forego RT following R-CHOP (Savage et al, 2012) and R-
MACOP-B (Zinzani et al, 2015). Both retrospective studies
demonstrated no difference in outcome for PET-negative
patients who did not receive RT compared to PET-positive
patients that did, suggesting that RT is not needed for PET-
negative patients. Fortunately, a randomised trial is in pro-
gress to conclusively answer this question (IELSG-37):
patients who have a negative EOT-PET following rituximab-
containing immunochemotherapy will be randomised to
either mediastinal radiation or close observation.

With the favourable outcomes of dose intensive
chemotherapy, RT could be avoided in most patients. A
prospective trial using dose-intense R-CHOP/ICE (ifos-
famide, carboplatin, etoposide + rituximab) in 54 PMBCL
patients with mostly bulky or extra-nodal presentation
demonstrated estimated 3-year OS of 88% and PFS of 78%
without using RT (Moskowitz et al, 2010). Arguably, an
additional benefit of this trial was that withholding RT first-
line allowed second-line use of salvage auto-transplant with
mediastinal radiation. The prospective DA-EPOCH-R study
(Dunleavy et al, 2013) also did not include RT in first-line
treatment. An updated analysis showed that of 25 PET-posi-
tive patients, 5 (20%) had evidence of residual disease or
progression, notably more commonly in the Deauville 5
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group (4/8) compared to the Deauville 4 group (1/17) (Mel-
ani et al, 2018). Only one EOT-PET negative patient relapsed
after 320 days.

The pragmatic approach to the patient with the positive
EOT-PET scan is a watch and wait approach involving serial
PET scans and/or biopsy with its associated risks (Giulino-
Roth, 2018). Already utilised in DLBCL (Rossi et al, 2017),
plasma circulating tumour DNA (ctDNA) could obviate the
need for tissue diagnosis in future.

Relapsed/refractory disease

Despite having more favourable outcomes to initial therapy
than DLBCL, 10-30% of PMBCL patients have primary
refractory or relapsed disease and the outcomes are poor
(Aoki et al, 2015). Relapse usually occurs within 12 months,
is more likely to be widespread and can involve the CNS.
Late relapses are very uncommon. Once RR, the 5-year PFS
is around 27% (Aoki et al, 2015).

As reported in the DA-EPOCH-R prospective study, if the
patient has localised disease and is RT-naive then RT alone
can be curative (Dunleavy et al, 2013). The usual alternative
is salvage immunochemotherapy followed by high-dose
chemotherapy and ASCT, as in DLBCL (Aoki et al, 2015;
Kuruvilla et al, 2008). Salvage immunochemotherapy regi-
mens include R-DHAP (rituximab, dexamethasone, cytara-
bine, cisplatin), R-ICE (rituximab, ifosfamide, carboplatin
and etoposide) (Gisselbrecht et al, 2010) or the potentially
less toxic R-GDP (rituximab, gemcitabine, dexamethasone,
cisplatin) (Crump et al, 2014). Outcomes depend greatly on
the response to the salvage chemotherapy regimen (Sehn
et al, 1998) and consequently, poor response precludes
ASCT. In one retrospective study only 22% of 37 RR PMBCL
patients responded sufficiently to proceed to ASCT despite
utility of second- and third-line salvage chemotherapy, in
contrast with 50% DLBCL patients (n = 143) (Kuruvilla
et al, 2008); of note, rituximab was not routinely used at the
time of many of these patients’ treatment. Due to this poor
response the 2-year OS for all RR patients was only 15%
compared to 34% in DLBCL, P = 0-018. However, those that
proceeded to ASCT had similar outcomes to DLBCL patients
with 2-year post-ASCT OS at 67% compared to 53% in
DLBCL (P =0-78) and PFS of 57% vs. 36% respectively
(P = 0-64). These positive outcomes post-ASCT were con-
firmed in a subsequent multicentre retrospective review. Of
44 RR PMBCL patients undergoing ASCT the 4-year OS was
70% and PFS 61% (Aoki et al, 2015). Despite its curative
potential the role of allogenic stem cell transplant (allo-SCT)
in RR PMBCL is unclear due to limited data. A recent retro-
spective study however suggests that it could be an appropri-
ate treatment option in selected patients (Herrera et al,
2018).

The most promising target of immune checkpoint block-
ade to date is PD-1, including agents such as pembrolizumab
and nivolumab. Data supporting the use of pembrolizumab
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recruited patients the ORR was 13-3% (2 patients with PR, 1
with SD and 12 with PD) (Zinzani et al, 2017c). As in HL,
BV has been trialled as an adjunct to first-line R-CHP (vin-
cristine omitted to reduce risk of peripheral neuropathy) in
CD30-positive PMBCL, DLBCL and grey zone lymphoma.
Interim data has been published, but full data is available
only in abstract form at the time of writing. Twenty-three
treatment-naive PMBCL patients were treated with BV plus
R-CHP, resulting in a 1-year PFS of 87%, CI 57-97% (Svo-
boda et al, 2017).

T cells that have been genetically engineered to express a
chimeric antigen receptor (CAR) are an exciting prospect in
fighting haematological malignancy. The CAR is a TCR engi-
neered to bind specific antigens on tumour cells and in
doing so cause focussed activation of the T cell. CD19 is the
usual targeted antigen in haematological malignancy as it is
ubiquitous on B cells. The major concern with this pioneer-
ing therapy is the possibility of severe toxicity due to high
cytokine levels, such as cytokine release syndrome (CRS) and
neurotoxicity, termed CAR-T-cell-related-encephalopathy
syndrome (CRES). Moreover CAR-T therapy can cause on-
target/off-tumour recognition where healthy B cells are an
unintended target, leading to B-cell aplasia (Neelapu et al,
2018). An ongoing phase 1-2 multicentre trial is investigat-
ing Abxicatragene Ciloleucel (axi-cel, KTE-C19), an autolo-
gous anti-CD19 CAR-T treatment, in RR aggressive NHL
patients (ZUMA-1) and its results have led to FDA and
European Commission approval for RR DLBCL and PMBCL
patients. Initial data published included a total of 101
patients with RR DLBCL, PMBCL (n = 8) and transformed
FL treated with axi-cel. Among all patients at 1 year the
ORR was 82% with a CR of 58% (Neelapu et al, 2017).
Among the combined PMBCL/FL sub-group the ORR was
85% with CR of 70%. Ninety-three percent of patients expe-
rienced CRS and 64% had neurotoxicity although both were
largely reversible. Around 43% of patients required tocilizu-
mab, an anti-IL6R monoclonal antibody, to treat these events
with no obvious detriment to CAR-T response. Initial real-
world results using axi-cel CAR-T therapy in RR B-cell lym-
phomas, including PMBCL (8% of patients), are comparable
to the ZUMA-1 trial at the 30-day follow-up. Of 112 evalu-
able patients the ORR was 79% and CR 50%, with equivalent
safety data (Nastoupil et al, 2018). There is not yet any data
regarding other CAR-T treatments in PMBCL.

CAR-T therapy may be enhanced by other novel therapies,
such as anti-PD-1 antibodies, shown by preclinical evidence
of their synergy (John et al, 2013). There is one reported case
of a RR DLBCL patient who progressed on anti-CD19 CAR-
T treatment and was given pembrolizumab with a subse-
quent clinical improvement. Interestingly, the highest per-
centage of CAR19+ T-cells was seen in the 48 h following
pembrolizumab (Chong et al, 2017). There is an ensuing
phase 1-2 trial of pembrolizumab for DLBCL patients who
are failing to respond to anti-CD19 CAR-T therapy
(NCT02650999).

We must await the full data of the above novel therapy
trials to appreciate long-term outcomes and delayed toxici-
ties. There are many trials planned or in progress that
include PMBCL patients (Table III). As an uncommon dis-
ease, PMBCL will benefit from trials in related haematolog-
ical malignancies as well as ‘basket-trials’ where patients
are chosen by genetic mutation rather than malignancy
type. Opportunities arising from studies in other high-
grade B-cell lymphoma include maintenance lenalidomide,
which has been explored in DLBCL (Thieblemont et al,
2016); and ibrutinib plus lenalidomide and rituximab
which has shown promising results in RR DLBCL (Goy
et al, 2016). Tazemetostat, targeting EZH2 mutations caus-
ing aberrant histone methylation, is also undergoing inves-
tigation in a phase 1-2 trial in RR solid tumours and B-
cell lymphomas, including PMBCL, with optimistic first
results (Italiano et al, 2018). Although the status of EZH2
has not been reported in PMBCL, it is known to be highly
expressed in germinal centre B-cell (GCB) lymphomas
(Béguelin et al, 2013). Another innovative therapy is bis-
pecific T-cell engager (BiTE) antibodies, that can bind two
different antigens simultaneously; PMBCL data is awaited.
Blockade of other co-inhibitory immune receptors that
may be future therapeutic targets include Lymphocyte acti-
vation gene 3 (LAG3), T-cell immunoglobulin-3 (TIM3)
and T-cell immunoglobulin and ITIM domain (TIGIT)
(Anderson et al, 2016) as well as killer cell immunoglobu-
lin-like receptor (KIR) and V-domain immunoglobulin
suppressor of T-cell activation (VISTA) (Vick & Mahade-
van, 2016).

Concluding remarks

As a discrete entity, PMBCL warrants a distinct manage-
ment approach, which is challenging due to the lack of
prospective studies. Pragmatic diagnostic techniques applica-
ble to the routine laboratory are required to distinguish
PMBCL from its related diseases. Comparison of R-CHOP
and DA-EPOCH-R in a randomised trial would guide opti-
mal front-line immunochemotherapy. In this young patient
cohort, long-term toxicity from RT should be considered
carefully. A PET-guided approach could limit the use of
RT, potentially in conjunction with ctDNA given the high
false positive rate of EOT-PET. To enable patients with RR
disease to proceed to ASCT, improved responses to salvage
therapies are needed; the role of small-molecules and
immune modulators in salvage regimens needs clarification.
Greater understanding of the TME and immune evasion
mechanisms will probably underpin the development of
new therapeutic targets.
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