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Abstract

Classical Hodgkin lymphoma (cHL) is unique among lymphoid malignancies in several key biological features. (i) The
Hodgkin and Reed-Sternberg (HRS) tumor cells are rare among an extensive and complex microenvironment. (ii) They
derive from B cells, but have largely lost the B-cell typical gene expression program. (iii) Their specific origin appears to be
pre-apoptotic germinal center (GC) B cells. (iv) They consistently develop bi- or multinucleated Reed-Sternberg cells
from mononuclear Hodgkin cells. (v) They show constitutive activation of numerous signaling pathways. Recent studies
have begun to uncover the basis of these specific features of cHL: HRS cells actively orchestrate their complex
microenvironment and attract many distinct subsets of immune cells into the affected tissues, to support their survival and
proliferation, and to create an immunosuppressive environment. Reed-Sternberg cells are generated by incomplete
cytokinesis and refusion of Hodgkin cells. Epstein-Barr virus (EBV) plays a major role in the rescue of crippled GC B cells
from apoptosis and hence is a main player in early steps of lymphomagenesis of EBV' cHL cases. The analysis of the
landscape of genetic lesions in HRS cells so far did not reveal any highly recurrent HRS cell-specific lesions, but major roles
of genetic lesions in members of the NF-kB and JAK/STAT pathways and of factors of immune evasion. It is perhaps the
combination of the genetic lesions and the peculiar cellular origin of HRS cells that are disease defining. A combination of
such genetic lesions and multiple cellular interactions with cells in the microenvironment causes the constitutive activation
of many signaling pathways, often interacting in complex fashions. In nodular lymphocyte predominant Hodgkin
lymphoma, the GC B cell-derived tumor cells have largely retained their typical GC B-cell expression program and follicular
microenvironment. For IgD-positive cases, bacterial antigen triggering has recently been implicated in early stages of its
pathogenesis.

Introduction

Hodgkin lymphoma (HL) is one of the most frequent
lymphomas in the western world, with an incidence of
about 3 new cases per 100,000 individuals per year. It has
a peculiar age distribution with a prevalence not only in
elderly persons, but also in young adults, making it one of
the most frequent cancers overall in this age group. HL is
among the best treatable lymphomas, showing cure rates
of about 80-90% with combined chemo-/radiotherapy
[1]. New treatment approaches, in particular with immune
checkpoint inhibitors and drug-conjugated anti-CD30
antibodies, show promising results in improving cure and
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reducing side effects and long-term toxicity associated
with conventional therapy [2].

HL is divided in two main forms, classical HL (cHL) and
nodular lymphocyte predominant HL (NLPHL) [3]. The
tumor cells are termed Hodgkin and Reed-Sternberg (HRS)
cells in cHL and lymphocyte predominant (LP) cells in
NLPHL. These forms of HL differ in the morphology and
immunophenotype of the lymphoma cells, the composition
of the lymphoma microenvironment, and their clinical
behavior [3].

Whereas treatment of HL is a major success story, and
although HL is the first lymphoid malignancy that was
recognized, with a first description more than 150 years
ago [4], its biology and pathogenesis have been enigmatic
for a long time. A main reason for this is the rareness
of the tumor cells in the affected lymph nodes, which
very much hindered their molecular analysis. However,
major advances in our understanding of HL biology were
made in the last few decades, which are discussed in this
review.
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Cellular origin of HRS and LP Cells

The cellular origin of HRS cells has been unclear for a long
time, because these cells show an immunophenotype that
does not fit to any normal type of immune cells. HRS cells
show a puzzling co-expression of markers of various cell
types of the hematopoietic system. Expression of the B-cell
transcription factor PAXS5 pointed to a B-cell origin [5], but
lack of B-cell receptor (BCR) expression and of numerous
other B-cell markers argued against a B-cell identity [6, 7].
Only through genetic analysis of isolated HRS cells it was
clarified that HRS cells represent transformed B cells,
because these cells carry immunoglobulin (Ig) heavy and
light chain V gene rearrangements, which are specific for B
cells [8-11]. Moreover, the detection of somatic mutations
in the IgV genes demonstrated a derivation from germinal
center (GC)-experienced B cells, as the process of somatic
hypermutation that generates such mutations takes place
exclusively in GC B cells [8, 9, 12]. GC are the histological
structures in secondary lymphoid organs in which T cell-
dependent humoral immune responses take place. The
detection of destructive IgV gene mutations (e.g., nonsense
mutations) in a quarter of HL cases furthermore pointed to
an HRS-cell derivation from pre-apoptotic GC B cells
[8, 9, 12], because GC B cells acquiring such mutations
normally undergo apoptosis (Fig. 1). As many dis-
advantageous mutations cannot be easily identified, HRS
cells likely originate from pre-apoptotic GC B cells as a
rule.

It should be noted that a few cases with a diagnosis of
cHL are of T-cell origin [13, 14]. Whether T cell-derived
HL indeed exists, or whether these are bone fide T-cell
lymphomas mimicking morphologically and histologically
cHL is an unresolved issue. This is also not easy to resolve,
as T-cell marker expression is also seen by B cell-derived
HRS cells [13, 14], so a technically demanding genetic
single-cell analysis is needed to identify putative T-cell HL

Fig. 1 Hallmarks of HRS cells
and cHL. Shown are hallmark
features of HRS cells and the
microenvironment in cHL.
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cases. Notably, in a global gene expression profiling study,
the T cell-derived HL cell line HDLM2 clustered more
closely to B cell-derived HL cell lines than to cell lines of
the T cell-derived CD30™" anaplastic large cell lymphoma
[15]. This suggests that T cells can principally acquire an
HRS cell-typical gene expression program.

The prominent expression of CD30 by HRS cells [3]
prompted an analysis of a potential link of HRS cells to
normal CD30" B cells, which are present in tonsils and
lymph nodes at very low frequency inside and also outside
of GCs. Most normal CD30" GC B cells have mutated IgV
genes, are class-switched, and express a strong MYC sig-
nature as well as MYC protein [16]. All these features are
hallmarks of HRS cells, too. Moreover, in their global gene
expression pattern, HRS cells are more similar to normal
CD30" B cells than to bulk GC B cells, memory B cells or
plasma cells, pointing to a close relationship of these cells,
although CD30" B cells express a B-cell program that is
largely lost by HRS cells [16]. However, normal CD30"
GC B cells presumably represent positively selected light
zone GC B cells that return to the dark zone of the GC for a
further round of proliferation and mutation. A possible
scenario is that HRS cells develop from apoptosis-prone GC
B cells that managed to escape the apoptosis program by
acquiring some key features of CD30" B cells, including
MYC, NF-«xB, and JAK/STAT pathway activities.

The sequence of events during malignant transformation
of pre-apoptotic GC B cells toward HRS cells is poorly
understood, but escape from programmed cell death seems
to be an early and essential event. In this regard, it is an
intriguing observation that all cases with crippling muta-
tions that prevent expression of a BCR were found to be
Epstein-Barr virus (EBV) positive [17]. In general, about
30% of cHL cases in the western world show a latent
infection of HRS cells by EBV [18]. In EBV™" cases,
besides a few other viral genes, two latent membrane pro-
teins are expressed, LMP1 and LMP2a [18]. LMP1 mimics
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an active CD40 receptor, and LMP2a mimics BCR signal-
ing, which are the main survival signals for GC B cells [18].
Indeed, LMP2a can rescue BCR-crippled GC B cells from
apoptosis [19]. Therefore, in a fraction of cHL cases, EBV
seems to play a major role in early steps of the transfor-
mation process toward HRS cells.

The mechanisms for the downregulation of B-cell pro-
gram in HRS cells are not well understood, but a number of
contributing factors are known. This includes down-
regulation of transcription factors for B-cell genes (e.g.,
OCT?2, PU.1, BOB1), upregulation of transcription factors
that suppress B-cell gene expression (e.g., ID2, ABFI,
NOTCHI1, STATS), and epigenetic silencing of B-cell
genes (reviewed in [12]).

In NLPHL, the phenotype of the LP cells indicated their
GC B-cell origin, as they express general B-cell markers
(e.g., CD19, CD20, CD79) and GC B cell-associated
molecules (e.g., BCL6, HGAL, and activation-induced
cytidine deaminase) [20, 21]. LP cells carry somatically
mutated IgV genes, also genetically demonstrating their GC
experience [22, 23]. Partly ongoing somatic hypermutation
as well as their global gene expression profile supports the
GC B-cell origin of LP cells [22-24]. LP cells express their
BCR, and the mutation pattern indicates selection for
expression of a functional BCR [22]. A direct role of anti-
gen triggering in the pathogenesis of NLPHL is supported
by the finding that in IgD-expressing LP cells, the BCR
frequently binds to a Moraxella catarrhalis-derived antigen
and the M. catarrhalis encoded IgD-binding superantigen
MID/hag, causing an unusual combined antigenic and
superantigenic triggering of the BCR of LP cells [25].

Landscape of genetic lesions in HRS and LP
cells

CHL is one of the lymphoid malignancies with the largest
extent of chromosomal abnormalities. Aneuploidy is seen in
nearly all cases, and structural aberrations and gains and
losses are also common [26]. These events can also be
subclonal, indicating that HRS cells have a high genomic
instability. Translocations affecting the Ig loci are seen in
about 20% of cases [27], but the translocation partners are
diverse, and as the Ig loci are silenced in HRS cells, the role
of these translocations in the established lymphoma clone
remains largely unclear. The reasons for the frequent
numerical and structural chromosomal aberrations are still
mostly unknown. Telomere dysfunction is likely involved
in these processes [28].

A particular genetic feature of cHL is that a fraction of
the lymphoma clone (the Reed-Sternberg cells) is bi- or
multinucleated. The generation of these cells from the
mononuclear Hodgkin cells happens as a consequence of
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incomplete cytokinesis and refusion of daughter cells
(Fig. 1) [29]. The causes for the consistent appearance of
bi-/multinucleated cells in HL are not understood, but a
downregulation of key factors of the cytokinesis process
may contribute to this [16]. Notably, studies with HL cell
lines indicate that the mononuclear Hodgkin cells are the
proliferative compartment of the lymphoma clone, whereas
Reed-Sternberg cells have little further proliferative poten-
tial [29, 30]. Reed-Sternberg cells are nevertheless likely
important for the pathophysiology of the tumor, as they
contribute to shaping the microenvironment in a lymphoma-
supporting manner.

The search for somatic mutations in specific genes in
HRS cells was hampered by the need to isolate the rare HRS
cells for molecular analysis by microdissection from tissue
sections or flow cytometric cell sorting from suspensions of
viable cells. Therefore, relatively few genes were studied for
mutations, and only recently the first whole exome
sequencing studies began to provide a more in-depth picture
of the landscape of genetic lesions in HRS cells [31-33]. A
main finding from numerous studies is that mutations in
members of the NF-xB pathway are a main feature of HRS
cells (Table 1). This includes gains and amplifications of the
genes encoding the NF-xB factor REL, the kinase
MAP3K14 (also known as NIK), and BCL3 [34-38].
Inactivating mutations in the genes TNFAIP3, NFKBIA, and
NFKBIE, encoding negative NF-xB regulators, are also
frequent [39—42]. Less frequent are genetic lesions in other
negative regulators of NF-kB, namely inactivating muta-
tions or deletions of CYLD and TRAF3 [43, 44]. Notably,
TNFAIP3 and NFKBIA mutations are more frequent in
EBV-uninfected cHL, indicating that in EBV-positive cases
the viral LMPI, a strong NF-kB activator, can replace the
need to inactivate TNFAIP3 or NFKBIA [40, 45]. As is
obvious from the list of mutated NF-kB pathway factors,
both the canonical and the non-canonical NF-kB pathways
are affected by mutations in HRS cells. Moreover, mainly
based from studies of HL cell lines, it seems that often
multiple of such factors show mutations in the same HRS-
cell clones [34]. This suggests that more than one lesion is
often needed to dysregulate the NF-xB pathway sufficiently.

The JAK/STAT signaling pathway, which is con-
stitutively active in HRS cells and represents the main
mediator of cytokine signaling, is a second pathway that
shows recurrently mutated genes in various of its members
in HRS cells (Table 1). Besides frequent gains of the JAK2
gene, inactivating mutations in the two main negative JAK/
STAT regulators SOCS1 and PTPN1 are frequent in HRS
cells [46-49]. Gains of the STAT6 gene or activating
mutations that cluster in its DNA-binding domain were
detected in about one-third of cHL cases, whereas STATS
and STAT3 are mutated at lower frequency [32, 33, 50].
Mutations in the CSF2RB gene, which codes for the
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Zﬁglifl Cgﬁftic lesions in HRS Gene Pathvyay or main Type of genetic alteration Approximate References
function frequency (%)
HRS cells
NFKBIA  NF-kB pathway SNVs, indels 10-20 [33, 39, 45]
NFKBIE NF-xB pathway SNVs, indels 10 [32, 33, 41, 51]
TNFAIP3  NF-kB pathway SNVs, indels 40 [40, 42]
REL NF-kB pathway Gains/amplifications 50 [35, 36, 38]
MAP3KI14 NF-kB pathway Gains/amplifications 25 [38, 43]
BCL3 NF-kB pathway Gains, translocations 20 [37]
JAK2? JAK/STAT pathway Gains/amplification 30 [48, 52]
SOCS1 JAK/STAT pathway SNVs, indels 40 [31-33, 47]
STAT6 JAK/STAT pathway SNVs, gains 30 [32, 50, 51]
PTPN1 JAK/STAT pathway SNVs, indels 20 [32, 33, 46]
CSF2RB  JAK/STAT pathway SNVs 20 [31, 33]
ITPKB PI3K/AKT pathway SNVs 15 [31, 32, 51]
GNAI3 PI3K/AKT pathway SNVs 20 [31-33, 51]
B2M Immune evasion SNVs, indels 30 [31-33, 51]
MHC2TA  Immune evasion Translocations, SNVs 15 [51, 54]
PD-LI, Immune evasion Gains/amplifications 30 [49, 52, 53]
PD-L2*
XPO1 Nuclear RNA and SNVs (codon 571), gains 20 [32, 33, 56]
protein export
ARIDIA Chromatin remodeling SNVs, indels 25 [33]
JMJD2C*  Epigenetic regulator Gains/amplifications 30 [49]
LP cells

BCL6 Transcription factor Translocations 35 [58]
SOCS1 JAK/STAT pathway SNVs, indels 40 [61]
SGK1 SNVs 50 [62]
JUNB Transcription factor SNVs 50 [62]
DUSP2 SNVs 50 [62]
REL NF-xB pathway Gains 40 [60]

SNV single nucleotide variants, i.e., somatic point mutations.
“PD-LI, PD-L2, JAK2, and JMJD2C are located close to each other and hence mostly co-gained or co-

amplified.

common chain of CSF, IL3, and IL5 receptors, likely sup-
port constitutive JAK/STAT signaling [31, 33].

Mutations in ITPKB, encoding inositol-trisphosphate 3-
kinase B, are detected in 13-40% of cases [31, 32, 51]. This
kinase likely promotes constitutive AKT signaling. Dis-
ruptive mutations in the GNAI3 gene encoding G protein
subunit alpha-13 may further contribute to constitutive AKT
activity in HRS cells by disrupting receptor signaling, e.g.,
through S1PR2 and P2RY8 [31-33]. GNAI3 mutations
were mainly identified in EBV-negative cHL [33]. In EBV-
infected HL, LMP2a is expressed and may mimic BCR
signaling, thereby promoting PI3K/AKT activity in these
cases.

A further group of recurrent genetic lesions mainly
affects immune evasion of HRS cells (Table 1). Copy
number gains or amplifications including the genes PD-LI

and PD-L2 at 9p24.1 are among the most frequent genetic
lesions in HRS cells, seen in about 75% of cases [52, 53].
Their overexpression by HRS cells provides a major
immunosuppressive mechanism since by binding to PDI,
they inhibit the activity of cytotoxic T cells and other PD1-
expressing immune cells. Further genetic immune evasion
strategies of HRS cells include frequent inactivating muta-
tions in B2M that impair MHC class I expression and
thereby recognition of HRS cells by CD8" T cells [31] and
aberrations of the CIITA gene that impair MHC class II
expression in some cases [54]. Deletions or inactivating
mutations have also been found recurrently for the CD58
gene [55]. Whereas CD58 may on the one hand promote an
HRS cell-supporting interaction with surrounding CD4"
T cells, its loss on the other hand is advantageous for HRS
cells to escape from an attack by natural killer (NK) cells.
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Additional genes that are frequently affected by genetic
lesions in HRS cells are ARIDIA, TNFRS14, and XPOI
(Table 1) [33, 56, 57]. ARIDI1A is part of a chromatin
remodeling complex and a tumor suppressor in various
types of solid and hematological malignancies. TNFRSF14
is affected by focal deletions in about 20% of cHL [33, 57].
This member of the tumor necrosis factor receptor (TNFR)
superfamily is frequently mutated in various forms of B-cell
lymphomas, and the inactivation of this inhibitory receptor
promotes B-cell proliferation and GC B-cell survival.
Exportin 1 (XPO1) is a nuclear export receptor that med-
iates translocation of various RNAs and proteins from the
nucleus into the cytoplasm. Most mutations in XPO/ affect
codon 571 (E571K), pointing to a gain of function effect of
the mutation [56]. In addition, focal gains of the XPO1I gene
have been identified [33].

Although it is likely that additional recurrent genetic
lesions will be identified in further studies, a number of
conclusions can already be drawn. First, no genetic lesion is
found in practically all of the cases, so a disease-defining
lesion (such as MYC translocations in Burkitt lymphoma or
BRAF mutations in hairy cell leukemia) is missing. Second,
it indeed appears that it is not specific genes that are
essential for HL pathogenesis, but the dysregulation of
particular pathways, which can occur through mutations
affecting various pathway members. The genetic lesions in
members of the NF-xkB and JAK/STAT pathway are the
most impressive examples in this regard, likely affecting
nearly all cases. Third, extending the prior observation of
TNFAIP3 and NFKBIA mutations mostly in EBV-negative
cases of HL (see above), two exome sequencing studies of
HRS cells indicate that EBV-infected HRS-cell clones have
a substantially lower mutation load than EBV-negative
cases [32, 33]. This indicates that the expression of viral
genes substitutes for the need of many oncogene and tumor
suppressor gene mutations and thereby further supports a
pathogenetic role of EBV in EBV* HL. Fourth, so far, no
frequent genetic lesion has been identified that could
explain the loss of the B-cell gene expression program of
HRS cells. Fifth, no genetic lesions have been identified that
are specific for HRS cells. Nearly all genes frequently
mutated in HRS cells have also been found mutated in other
B-cell malignancies. It is perhaps the combination of
genetic alterations that is specific for cHL. Moreover, one
may speculate that the identity of HRS cells and the
uniqueness of cHL is not solely defined by the landscape of
its genetic lesions, but by the fact that the transforming
events (partly) occurred in a very peculiar cell, namely a
pre-apoptotic GC B cell.

In NLPHL, only a few recurrent genetic lesions are
known (Table 1). LP cells frequently carry BCL6 translo-
cations that often involve Ig loci as translocation partner
[58]. Similar to HRS cells, LP cells frequently show gains
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of REL and constitutive NF-xB pathway activity, but
genetic lesions involving TNFAIP3 or NFKBIA are absent
or at least rare in LP cells [24, 59, 60]. As LP cells also lack
EBV infection, the mechanisms for constitutive NF-xB
activity seem to be largely distinct in the two forms of HL.
Mutations in SOCSI were found in about 50% of NLPHL
cases, implying an important role of constitutive JAK/
STAT activity also in this form of HL [61]. A targeted
sequencing analysis of LP cells identified the SGKI,
DUSP2, and JUNB genes to be each recurrently mutated in
approximately half of the cases analyzed [62]. Variants in
the SGKI gene have also been found in other GC B cell-
derived lymphomas [63]. This kinase plays an important
role in cellular stress responses, and it has been associated
with various functions, e.g., survival and proliferation, and
seems to trigger the NF-kB and MAPK pathways. However,
the role of SGK1 in the pathobiology of NLPHL remains
unclear. Likewise, dual specificity phosphatase 2 (DUSP2)
negatively regulates different pathways including the
activities of MAPK, ERK, and JNK. Disrupting DUSP2
mutations are therefore likely to contribute to the con-
stitutive activity of these pathways in LP cells. High con-
stitutive activity of AP-1 family members including JUNB
is a hallmark of HRS cells [64, 65], but in LP cells, JUNB
mutations seemingly support a tumor suppressor role [62].
Overall, the landscape of genetic lesion of LP cells remains
to be fully explored, but seems to be remarkably distinct
from the pattern of mutated genes in cHL.

Complex pattern of deregulated signaling
pathways and transcription factors in HRS
cells

Tumor cells frequently hijack signaling pathways and
transcription factor networks that are typically used in their
normal cellular counterparts. HRS cells engage multiple
signaling pathways and downstream associated transcrip-
tion factors that play central roles in B-cell activation, but in
contrast to numerous non-HLs, BCR signaling is not
involved in cHL pathophysiology, as HRS cells lack BCR
expression. Various genetic lesions profoundly contribute to
the deregulation of signaling pathways and transcription
factor networks, as already discussed above. Moreover,
many pathways are also engaged in an autocrine and/or
paracrine fashion to support HRS-cell pathobiology. HRS
cells depend on the aberrant, constitutive activity of several
prominent signaling pathways, such as NF-xB, JAK/STAT,
and PI3K/AKT pathways (Fig. 1).

High constitutive activity of the NF-xB pathway is a
hallmark of HRS cells and studies with HL cell lines
revealed that this activity is essential for HRS-cell survival
[34, 66]. The constitutive NF-kB activity is achieved not
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only by various genetic lesions, as already outlined
(Table 1), but also by signaling through numerous recep-
tors. Several TNFR family members transmit pro-survival,
anti-apoptotic, and pro-proliferative signals via NF-kB,
such as CD30 and CD40 [34]. Mast cells and eosinophils
reportedly express CD30 ligand (CD153), and CD40 ligand
is expressed by T cells that are often present in close
proximity to HRS cells [67, 68]. Apart from CDA40, the
expression of TNFR family members BCMA, TACI, and
RANK is preserved in HRS cells, which may further con-
tribute to the high activity of NF-kB in these cells [34]. The
distinct functional roles of these molecules, and their indi-
vidual and/or complementary contribution are incompletely
defined. Although CD30 is consistently and strongly
expressed by HRS cells, there is a controversial discussion
about the role of CD30 in NF-kB activation in HRS cells
[69, 70]. Following ligand-induced oligomerization of the
corresponding TNFR family members, TNF receptor acti-
vated factors (TRAFs) act as proximal intracellular media-
tors and activate IKK complexes [34]. HRS cells express
TRAF1, TRAF2, and TRAFS5. In EBV-positive HRS cells,
the LMP1 protein mimics CD40 signal transduction and can
autonomously contribute to NF-kB activation [71]. Whereas
normal B cells (including GC B cells) as well as several
types of B-cell non-HLs typically show predominant acti-
vation of either the canonical or the non-canonical NF-xB
pathway (which is transient in the case of normal B cells),
HRS cells show strong concomitant activity of both path-
ways, further supporting a major role of this pathway in HL.
pathogenesis [71, 72].

Cytokine signaling through the JAK/STAT pathway
plays a key role in regulating B-cell activation and differ-
entiation in immune responses. Constitutive cytokine
expression and JAK/STAT activity have long been recog-
nized and represent a well-known hallmark of HRS cells.
The secretion of numerous interleukins (such as ILS5, IL6,
IL7, IL13, IL15, and IL21) as well as expression of their
receptors by HRS cells supports the idea that they can
function in an autocrine manner [73-76]. However, also
infiltrating cells in the HL microenvironment contribute to
JAK/STAT signaling in HRS cells in a paracrine fashion. At
the same time, HRS cells frequently carry genetic lesions in
components of the JAK/STAT pathway, as discussed above
(Table 1). Several STATs (STAT3, STATS, and STAT6)
are constitutively active in HL, and promote survival and
proliferation of the tumor cells [75, 77, 78]. STAT5a also
reportedly contributes to the downregulation of B-cell
markers in HRS cells [75]. STAT activities can also support
other potentially oncogenic factors, such as AP-1 factors
including BATF3 [64]. AP-1/BATF3 enhance the expres-
sion of MYC in HRS cells [64], which complements the
activity of JAK2 on histones at the MYC locus, keeping
chromatin open and accessible.

For the survival of mature B cells, tonic BCR signaling
via the PI3K/AKT kinases is essential. In normal GC B cells
PI3K/AKT signals contribute to the downregulation of the
dark zone B-cell program. The activity of transcription
factor FOXO1, which coregulates the dark zone program, is
inhibited upon phosphorylation by AKT [79, 80]. In HRS
cells, phosphorylated, active AKT has been detected in the
majority of cHL cases analyzed, in line with the observation
that PI3K isoforms are frequently expressed by HRS cells
[81]. PI3K/AKT inhibition induces cell cycle arrest and
apoptosis in HL cell lines [81]. PI3K/AKT activity in HRS
cells also inhibits FOXO1, which acts as tumor suppressor
in cHL [82]. In the absence of a BCR, several other receptor
molecules have been reported to promote constitutive PI3K/
AKT signaling in HRS cells, including CD30, CD40 and
RANK. As mentioned earlier, also some genetic lesions in
HRS cells promote AKT activity. A further mechanism for
AKT activation in HRS cells is likely mediated through G
protein coupled receptors. HRS cells frequently express
S1PR1, and its ligand S1P induces AKT phosphorylation in
HL cell lines [83]. Moreover, the GNA 3 gene encoding the
G protein G13a subunit is mutated in approximately 25% of
HL cases [31-33]. Mutations in GNAI3 lead to increased
phospho-AKT levels and enhance AKT signaling in B-cell
lymphoma cell lines [84].

Immunohistochemical analyses revealed that several
receptor tyrosine kinases (RTKs) are expressed in up to
75% of cHL cases analyzed, including PDGFRA, DDRI,
DDR2, EPHBI1, TRKA, RON, CSF1R, and MET [85-88].
Their expression can be considered as aberrant, because
most of them are not expressed by normal GC B cells
[85, 86]. As they are also not expressed by other B-cell
lymphomas, their expression is largely HL-specific among
B-cell malignancies. Mutations in any of these molecules
have not been identified, but for some of them, their phy-
siological ligands are expressed in the HL microenviron-
ment or by the HRS cells themselves, implying ligand-
mediated stimulation [85-87, 89]. Notably, expression of
the myeloid RTK CSFIR in HRS cells is mediated by
aberrant derepression of an endogenous long terminal repeat
located near the gene [87], and there is indication that
numerous genes in HRS cells are aberrantly expressed due
to reactivation of endogenous retroviral sequences [87, 90].
The precise function and relevance of RTKs in HL patho-
genesis remain largely unclear, but some (e.g., TRKA,
CSF1R) may support cell proliferation [87, 91]. The aber-
rant activity of the RTKs may influence several key path-
ways in HL, as RTKs are known to signal through the JAK/
STAT, PI3K/AKT, and MAPK/ERK pathways. Indeed,
also the MAPK/ERK pathway is constitutively active in
HRS cells, with active ERK1, ERK2, and ERKS5 detectable
in a large fraction of HL cases [92]. Inhibition of ERK
activity in HL cell lines has anti-proliferative effects,
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supporting a functional role of MAPK/ERK signaling in HL
pathophysiology [92].

Several signaling pathways contribute to activation of
members of the AP-1 transcription factor family in HRS
cells. Overexpression of JUNB is mediated by NF-«xB sig-
naling, and BATF3 expression is induced by STAT3 and
STATG6 [64, 65]. Various combinations of homo- and het-
erodimers of AP-1 family members JUN, JUNB, ATF3, and
BATF3 have been detected in HRS cells [64, 65]. Target
genes of AP-1 in HRS cells include CD30 and galectin-1,
which has immunosuppresive functions [93, 94]. AP-1
heterodimers of BATF3 with JUN or JUNB bind to the
MYC gene and induce MYC expression in HRS cells [64].
An essential role of BATF3 activity for HRS cells was
demonstrated by showing a toxic effect of its experimental
downregulation in HL cell lines [64].

A further constitutively active signaling pathway in HRS
cells is the NOTCH1 pathway [95]. NOTCHI1 is highly
expressed by HRS cells, and its ligand JAGGEDI is pro-
vided by cells in the microenvironment and by HRS cells
themselves [95]. In HL cell lines, NOTCHI signaling pro-
motes HRS cell survival and proliferation [95].

Taken together, HRS cells are characterized by the
deregulated and partly aberrant constitutive activation of mul-
tiple signaling pathways and transcription factors. A complex
transcription factor network emerges from these signaling
pathways and their interconnection. The extent to which many
signaling pathways are constitutively activated seems to be
quite unique for cHL among B-cell malignancies.

Microenvironmental interactions

The microenvironment of non-tumor cells in cHL represents
the main tumor mass and is another very characteristic
feature of this disease (Fig. 1). HRS cells typically account
for only about 1% of cells in the lymphoma tissue. CHL has
the most heterogenous cellular composition among lym-
phomas, consisting of various innate (e.g., eosinophils,
neutrophils, mast cells, macrophages, NK cells) and adap-
tive (B cells, plasma cells, CD4 ™ helper (Th) and regulatory
(Treg) T cells, CD8™ T cells) immune cell types, stroma
cells, and fibroblasts. Each of the four histological subtypes
(nodular sclerosis, mixed cellularity, lymphocyte-rich,
lymphocyte depleted) has particular patterns, such as
numerous fibroblast-like cells and dominant fibrosis in
nodular sclerosis HL as an example [3]. Among these
dominant non-malignant cells, HRS cells are widely scat-
tered. CD4%1 T cells typically represent the largest popula-
tion of non-malignant immune cells in the cHL
microenvironment [3].

The signaling pathways and transcription factors that
have gained constitutive activity in HRS cells contribute a
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Fig. 2 Microenvironmental interactions in cHL supporting HRS-
cell survival and proliferation. Shown are main cellular interactions
in the cHL microenvironment that promote the survival and/or pro-
liferation of HRS cells. The HRS cell-supporting immune cells and
fibroblasts are actively recruited into the microenvironment by a
multitude of cytokines and chemokines secreted by the HRS cells.
HRS cells in many cHL cases still express MHC class II, so that in
addition to the interactions between HRS cells and CD4" Th cells
shown also a binding of MHC class II to the TCR is possible (not
depicted).

specific secretory profile of various growth factors, che-
mokines, and cytokines that together foster the formation of
the microenvironment in HL, including remodeling of
stroma and matrix cells, and migration, activation, and
functions of leukocytes. Thus, HRS cells systematically
shape their microenvironment, adjusting surrounding cells
and recruiting various immune cell types (Fig. 2). HRS cells
produce a plethora of cytokines, chemokines, and inter-
leukins apart from several growth and stimulating factors,
so their secretion supports the recruitment of different
subtypes of immune cells into the tissue. CCL5 (RANTES),
CCL17 (TARC), CCL20, and CCL22 produced by HRS
cells are the main factors that attract CCR3-, CCR4-, and/or
CCR6-expressing immune cells, including Th2 and Treg
cell subsets [96-98]. These chemokines in combination
with several interleukins, such as ILS, IL8, and/or IL9, also
promote the recruitment of macrophages, basophils, eosi-
nophils, and neutrophils. The production of CXC chemo-
kine ligands, such as CXCL9 and CXCL10, by HRS cells
supports the attraction of Thl cells and NK cells. Besides
secretion of soluble factors, also the production of extra-
cellular vesicles by HRS cells likely contributes to a cross-
talk with distant cells in the microenvironment, including
stimulation of CD30L-expressing mast cells and eosinophils
by CD30" extracellular vesicles [99]. Overall, cHL seems
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unique among lymphoid malignancies in the extent and
diversity of chemokine and cytokine production of the
lymphoma cells, and the complexity of the microenviron-
mental reshaping (Fig. 1).

HRS cells do not only shape their microenvironment by
attracting immune cells into their microenvironment, but
they also modulate the function and differentiation of cells
through secretion of critical factors. For example, HRS cells
can induce a Treg phenotype on co-cultured T cells in vitro
[100, 101]. This is likely mediated by factors secreted by
HRS cells and known to induce functional reprogramming
of tumor-infiltrating T cells into Th2 cells and Tregs, such
as galectin-1 and IL7 [76, 93].

The extensive remodeling of the lymphoma micro-
environment in cHL has most likely two main pathobiolo-
gical functions, namely first to attract immune cells that
support the survival and proliferation of HRS cells, and
second to generate a microenvironment in which HRS cells
can escape from anti-tumor immune control.

Numerous findings support the idea that HRS cells are
highly dependent on their microenvironment, for example,
the difficulties to grow primary HRS cells in culture or in
immunodeficient mice and establish cell lines from these
cells, the virtual absence of HRS cells in the peripheral
blood, and the consistent presence of accompanying immune
cells in HL metastases outside of lymph nodes. The low
incidence of cHL in AIDS patients with low CD4% T-cell
counts and the increased frequency of this lymphoma in
HIV™ patients under anti-retroviral therapy with normalized
CD4™" T-cell counts also argue for an important role of CD4 "
T cells in HL pathogenesis [102]. HRS cells are directly
surrounded by CD4" T cells, a phenomenon called rosetting
[103]. T cells in close proximity to HRS cells reportedly lack
CD26 expression, which has proteolytic activity and can
inactivate various chemokines, including CCL5 and CCL22,
and thereby probably modulate immune cell attraction [104].
CD26 downregulation is untypical on activated T cells and
may be the consequence of the cellular and cytokine
microenvironment in cHL, where it is likely to sustain che-
mokine gradients and immune cell recruitment into the tumor
tissue. CD47CD26™ T cells may derive from Treg cells and
seem functionally unresponsive [104]. The tight binding and
interaction of HRS cells with the surrounding T cells
involves several adhesion molecules (e.g., CD54 on HRS
cells and CD11a/CD18 on T cells), and also costimulatory
molecules, in particular CD40, CD80, and CD86 on HRS
cells and their ligands CD40L and CD28 on the rosetting
T cells (Fig. 2) [103]. HRS cells in most cases of cHL still
express MHC class II, so that also its interaction with the T-
cell receptor can be envisioned [105], although this receptor
seems to be often occupied by MHC class II-associated
invariant chain peptides, indicating deficient loading of
MHC class II with antigenic peptides [106]. It is remarkable

that HRS cells, which have downregulated most of their
B-cell gene expression program [6], still retain expression of
key factors for an interaction with T helper cells. This sup-
ports the idea that signaling through costimulatory factors
such as CD40 and CDS80 or receptors for soluble factors
secreted by the rosetting T cells (e.g., IL3) plays an important
role in promoting the survival and/or proliferation of HRS
cells. Discrepant findings on the predominant subtype of the
CD4" T helper cells in cHL—a Th2 versus Thl subset
predominance—have been reported, requiring further
investigation [107]. Earlier, largely immunohistochemistry-
based analyses of multiple T-cell differentiation markers
pointed to a Th2 predominance in cHL [108]. A recent
single-cell RNA-seq of cHL tissues also detected a major
Th2 subset among Th cells, yet Th1 cells were also enriched
in the cHL samples in comparison to reactive lymph nodes
[100]. Other studies, mainly based on flow cytometry and
CyTOF analysis, however, argued for a Thl cell pre-
dominance in cHL [107, 109]. Besides CD40, further TNFR
superfamily members may also contribute to stimulate HRS
cells and promote their survival, including CD30L expressed
by mast cells and eosinophils, binding to CD30 expressed by
HRS cells, and APRIL on neutrophils binding to BCMA on
HRS cells (Fig. 2) [103]. Furthermore, several RTKs mostly
aberrantly expressed by HRS cells can be activated by their
ligands which are secreted by other cells in the HL micro-
environment, including HGF secreted by dendritic cells
(binding to MET), NGF secreted by neutrophils (binding to
TRKA), and collagen produced by fibroblasts (binding to
DDR1 and DDR?2) [85, 86, 91].

As HRS cells carry a high load of somatic mutations and
hence potential neoantigens, and as in EBV-positive cases
viral proteins are produced by HRS cells, these lymphoma
cells should principally be a target for immune control by
cytotoxic cells. The cHL microenvironment indeed contains
potentially cytotoxic cells, in particular CD8" T cells, NK
cells, and perhaps also cytotoxic CD4™ T cells, even though
these cells represent only a minority of the cellular infiltrate.
HRS cells utilize a multitude of factors that contribute to
immune evasion (Fig. 3). First, HRS cells frequently lack
expression of MHC class I, which is essential for a recog-
nition by cytotoxic CD8" T cells. The lack of MHC class I
expression is often due to inactivating mutations in the B2M
gene, as discussed above [31]. Lack of MHC class I
expression is more frequently seen in EBV-negative than
EBV-positive cases of HL [110, 111], partly due to the
preferential occurrence of B2M mutations in EBV-negative
cases [33]. Second, HRS cells secrete a number of molecules
with immunosuppressive effects, in particular TGFp, IL10,
MIF (macrophage migration inhibitory factor), and galectin-
1 [103, 112]. Third, HRS cells express surface molecules
that inhibit cytotoxic T cells and/or NK cells, including
CD95 ligand (CD95L), PD-L1, PD-L2, CD200, HLA-G,
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Fig. 3 Immune evasion mechanisms in cHL. Shown are main
mechanisms how HRS cells escape from an attack by cytotoxic T cells
and NK cells. Several factors promote the production and reduce the
degradation of extracellular adenosin (ADO), which inhibits the
function of CD8" T cells (see main text). Indoleamine 2,3-dioxy-
genase (IDO) is intracellularly expressed by macrophages and den-
dritic cells (not shown) in the HL microenvironment and reduces the
extracellular levels of tryptophan, which impairs the function of
cytotoxic T cells and NK cells. The immunosuppressive function of
CD137 is thought to be mediated in an indirect fashion: CD137 on
HRS cells and CD137 transmitted to other immune cells through
trogocytosis promote the internalization of CD137L, thereby reducing
the level of this costimulatory factor for T cell activity. The down-
regulation of NKG2D-L on HRS cells is mediated by exoenzymes that
cleave it from the surface of HRS cells. Whereas MHC class 1 is
downregulated by most cases of cHL, loss of MHC class II expression
is seen only in a subset of cases.

and HLA-E [52, 103, 113]. The latter two factors inhibit NK
cells, whereas CD95L can induce apoptosis of CD95"
cytotoxic T cells. Notably, the immunosuppressive PD-L1 is
not only expressed by HRS cells, but also by many mac-
rophages in the tumor microenvironment [114], which likely
contributes to the suppression of PD1" immune cells. A
fraction of PD-L1 detected on the surface of macrophages
may derive from HRS cells themselves, transferred to
macrophages though trogocytosis [115]. A further T-cell
immunosuppressive factor expressed by HRS cells and
potentially also transferred to other cells in the micro-
environment is CD137 [116]. CD137 mediates its effect by
causing internalization of CD137L, and thus withdrawal of
this costimulatory signal for T-cell activation. Fourth, there
is indication for immunosuppressive purinergic signaling in
HL, with high microenvironmental expression of CD38,
CD39, and CD73, and downregulation of CD26 on T cells,
together promoting production and impairing degradation of
extracellular adenosin [101]. Fifth, HRS cells attract reg-
ulatory T cells into the microenvironment [117, 118], as
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already mentioned above. These Treg cells can inhibit
cytotoxic cells by secretion of IL10 and TGFp, and by
surface expression of CTLA-4 and LAG3 [100, 118-120].
The population of Treg cells is composed of natural
FOXP3" as well as LAG3" Trl cells [100, 118—120]. Sixth,
macrophages and dendritic cells in the HL microenviron-
ment express indoleamine 2,3-dioxygenase, which reduces
extracellular tryptophan levels, which is inhibitory for the
function of effector T cells and NK cells [121].

Interestingly, treatment of HL patients with antibodies
against PD1 or PD-L1 often results in remission [2], but the
efficiency of this treatment surprisingly turned out to be
correlated with MHC class II but not class I expression
[105]. This indicates that the elimination of HRS cells
during this immune checkpoint blockade therapy is not
(mainly) mediated by re-activated cytotoxic CD8" T cells,
because these cells need MHC class I expression on their
target cells. In support of this idea, the frequency of PD1"
CD8' T cells is very low in HL lymph nodes, and no
increase in intratumoral cytotoxic CD8' T cells was
observed a few days after initiation of anti-PD1 therapy,
when HRS cells were already mostly eliminated [122].
Because of the link to MHC class II expression, a potential
role of (cytotoxic?) CD4" T cells is being discussed
[105, 123]. Moreover, NK cells in HL express elevated
levels of PD1, so that a release of inhibition of NK cells
though PD1 ligands by the treatment can be envisioned,
resulting in an attack of the MHC class I-negative HRS cells
[114]. The involvement of CD4™" T cells and NK cells in the
therapeutic anti-PD1 effect is supported by the observation
that therapy success correlated with CD4™ T cell clonal
expansions and increased numbers of activated NK cells,
with the caveat that peripheral blood was studied, but not
HL lymph node infiltrating immune cells [124]. A further
effect of treatment of PD1-blocking antibodies could be
unrelated to immune evasion, as there is indication for
reverse signaling through PD-L1 in HRS cells that supports
the survival and proliferation of HRS cells, and that is hence
blocked by the antibody treatment [125].

Taken together, cHL shows a unique remodeling of the
lymph node microenvironment, which is orchestrated by the
HRS cells through secretion of numerous cytokines and
chemokines. The complex microenvironment serves to
support survival and proliferation of the tumor cells and to
enable immune evasion of the HRS cells.

Conclusions and perspective

In light of the various unique and peculiar features of the
biology of cHL, the question arises whether there is a link
between these characteristics of the disease. Considering the
origin of HRS cells from pre-apoptotic GC B cells, and that GC
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B cells are stringently selected for expression of a high affinity
BCR and cognate interaction with Th cells, one can imagine a
scenario in which crippled GC B cells are under strong
selective pressure to escape the B-cell gene expression program
and hence the pressure to execute apoptosis. Such cells could
be selected to downregulate the B-cell program and thereby the
selection pressure to express a (high affinity) BCR. This idea is
supported by the finding that enforced reexpression of B-cell
transcription factors or a pharmacological restoration of the B-
cell program induces apoptosis in HL cell lines [126—128]. For
an aberrantly surviving crippled GC B cell, there is no defined
gene expression program in the immune system. As all
immune cells need survival signals, the putative HRS precursor
cell may use the known plasticity of immune cells to upregulate
a variety of other genes and signaling pathways that provide
survival and proliferation signals. This is apparently achieved
by a combination of genetic lesions and microenvironmental
interactions. In this scenario, the lost B-cell phenotype, the
upregulation of markers of other immune cells, the extensive
remodeling of the microenvironment, and the activation of a
uniquely complex set of signaling pathways are all linked to the
derivation of HRS cells from crippled GC B cells that mange to
escape the physiological apoptosis program. This is very dif-
ferent from other B-cell lymphomas, where there is a general
scenario that lymphoma cells are frozen at a particular differ-
entiation stage, such as follicular lymphoma and many diffuse
large B-cell lymphomas at a proliferative GC B-cell stage
[129]. Perhaps, the unphysiological (and partly unstable) gene
expression program of HRS cells is also a reason why these
fragile tumor cells are so vulnerable to chemo- and radiation
therapy, explaining why cHL has such a good response to
therapy.

Regarding the increasing knowledge about the genetic
lesions and microenvironmental interactions and depen-
dencies in HL, and the amazing efficiency of antibodies
interfering with the PD1-PD-L1 interaction, it is to be hoped
that further vulnerabilities of HRS cells can be translated
into targeted treatment options. Clearly, further work is
needed to fully understand the landscape of genetic lesions
in HRS and LP cells, to also understand the contribution of
epigenetic alterations in disease pathobiology, to clarify the
mechanisms for the dramatic reprogramming of the gene
program of HRS cells, and to understand why multi-
nucleated Reed-Sternberg cells inevitably develop in cHL.
The recent observation that circulating tumor DNA of HRS
cells can be regularly identified in plasma at diagnosis is not
only helpful to further define genetic lesions in HRS cells,
but may become a very valuable tool to monitor the course
of the disease under therapy [51, 130].
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