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1.1 Hodgkin lymphoma

Hodgkin lymphoma (HL) is named aer omas Hodgkin who first
described some cases of what is now known as HL in his paper “On
some morbid appearances of the absorbent glands and spleen” in 1832
[1]. e presence of the characteristic large binucleated tumor cells
was described by Dorothy Reed (1902) and Carl Sternberg (1898) (RS
cells) and is still considered the main diagnostic criterion for HL. e
mononuclear variants of these RS cells are calledHodgkin cells, and col-
lectively the tumor cells are namedHodgkin and Reed-Sternberg (HRS)
cells. HL is characterized by the fact that there is generally only a mi-
nority of neoplastic HRS cells (generally less than 1%) located within an
extensive infiltrate of reactive cells.

1.1.1 Hodgkin lymphoma subtypes

According to the most recent classification of tumors of Haematopoi-
etic and Lymphoid Tissues of the world health organization (WHO),
HL can be divided into classical Hodgkin lymphoma (cHL) and nodular
lymphocyte predominant Hodgkin lymphoma (NLPHL) [2]. cHL com-
prises approximately 95% of all HL cases, whereas NLPHL accounts for
5% of all HL cases. Based on differences in morphology of HRS cells
and composition of the cellular infiltrate, cHL can be subdivided into 4
different subtypes – i.e. nodular sclerosis (NS), mixed cellularity (MC),
lymphocyte depleted (LD), and lymphocyte rich (LR). eNS variant is
the most common subtype, accounting for approximately 70% of cases
in the Western world [2]. e tumor cells of NLPHL have a different
phenotype as compared toHRS cells, and are called popcorn or lympho-
cyte predominant (LP) cells, formerly called lymphocytic and histocytic
(L&H) cells [2].
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1.1.2 Clinical and epidemiological features

HLaccounts for approximately 30%of all diagnosed lymphomas inWest-
ern countries [2]. A characteristic feature of the epidemiology of HL is
its bimodal age-incidence, with an early peak in the 3𝑟𝑑 decade and a late
peak in the 6𝑡ℎ and 7𝑡ℎ decades [3]. e most common symptom is lym-
phadenopathy, initially affecting a single lymph node in most patients.
In addition, HL patients may present with systemic symptoms, such as
fever, night sweats and weight loss [4]. 80-90% of all HL patients can be
cured with current therapy consisting of chemotherapy (usually ABVD
or BEACOPP), sometimes combined with radiotherapy [5]. Despite the
high survival rate, current treatment is not optimal, since many patients
suffer from toxic side effects in the long term, such as secondary ma-
lignancies, cardiovascular disease, lung disease and loss of fertility [6].
To achieve a more efficient treatment with less long term side effects,
multiple novel therapeutic options are being explored in HL including
antibody therapy and small inhibitory molecules [7].

1.1.3 Epstein - Barr virus (EBV)

More than 90% of the human population worldwide is infected by EBV
and EBVusually acts as a harmless passenger residing in B cells [8]. Epi-
demiological studies showed that 30-50% of all HL cases are EBV pos-
itive in Western populations, while 60-90% of the HL cases in Asian,
African and Latin American countries are EBV positive [9-11]. In gen-
eral, EBV positivity is most common in the MC subtype of cHL with a
frequency ranging from 57-100% [9-11]. In these cases, EBV is present
in each and every tumor cell. EBV is not found in LP cells in NLPHL
cases [12]. In EBV positive cases, viral genomes are found in mono-
clonal form in the tumor cells and EBVpersists throughout the course of
cHL indicating that infection with EBV was most likely an early step in
themalignant transformation [13-14]. ree EBV-encoded proteins are
expressed in cHL, i.e. EBV nuclear antigen 1 (EBNA1), the latent mem-
brane protein 1 (LMP1), and the latent membrane protein 2A (LMP2A)
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[15]. ese EBV proteins probably play an important role in the patho-
genesis of cHL. LMP2A mimics B cell receptor (BCR) signaling and
thereby rescuesHRS precursor cells from apoptosis in the germinal cen-
ter (GC) reaction [16-18]. LMP1 signaling mimics the co-stimulatory
signal normally provided by CD40 ligation and is constitutively active.
A recent study showed that LMP1 can reprogram GC B cells towards a
HRS cell like phenotype by downregulating some B cell specific genes,
such as CD79A, CD79B, CD19, CD20, CD22 and B-cell linker protein
(BLNK) [19]. Both LMP1 and LMP2A result in activation of transcrip-
tion factor nuclear factor-𝜅B (NF-𝜅B) and thereby stimulate the pro-
liferation of B cells [20]. For the EBV negative cases the transforming
event is still unknown and there is no convincing evidence to support
a ‘hit and run’ theory in cHL [21]. Recently, inactivating mutations in
tumor necrosis factor 𝛼-induced protein 3 (TNFAIP3) were identified
significantlymore frequent in EBVnegative cHL cases than in EBV pos-
itive cHL cases. e TNFAIP3 gene encodes the A20 protein which is
a negative regulator of NF-𝜅B activity. Lack of A20 might provide the
EBV negative HRS cells with an alternative mechanism to escape from
apoptosis [22].

1.1.4 Characteristics ofHodgkin tumor cells (HRS and LP
cells)

e neoplastic cells of HL have been proven to be derived from B cells
based on the detection of clonal immunoglobulin (Ig) gene rearrange-
ments. In HRS cells of cHL, crippling mutations were observed with-
out signs of ongoing mutations, indicating that these cells are derived
from pre-apoptotic GC B cells [23]. In LP cells of NLPHL, mutations
were observed in the Ig genes, but unlike cHL no crippling mutations
were observed [24-25]. is indicates that LP cells are derived from
transformed GC B cells [24-25]. In some rare cases HRS cells have been
shown to be derived from T cells [26].

HRS cells of cHL have an unusual immunophenotype, showing expres-
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sion of several hematological lineage markers, but lacking most com-
mon B cell markers, i.e. CD19, CD20, CD22 and CD79 [27-28]. In
contrast to HRS cells of cHL, LP cells of NLPHL express most B cell
markers, including CD20, CD22, CD79, CD45, Pax-5, Oct2, BOB.1 [27,
29], BCL-6 and activation-induced cytidine deaminase (AID) [30-31].

1.1.5 Infiltrating cells

e reactive infiltrate in cHL consists of T cells, B cells, plasma cells,
stromal cells, eosinophils and macrophages [27]. ese reactive cells
support survival of Hodgkin tumor cells andHodgkin tumor cells mod-
ulate the infiltrate by secreting specific cytokines and chemokines [32].
T cells represent the predominant cell type in the reactive infiltrate. e
CD4+ T cells surrounding the neoplastic cells in both cHL and NLPHL
are CD45RO+/CD45RA-/CD45RB𝑑𝑖𝑚, suggesting a memory T helper
(T𝐻)- 2 phenotype [33]. Furthermore, the cytokines and chemokines
produced by HRS cells supports a T𝐻-2 response [34]. In general, no
CD8+ or natural killer (NK) cells are found in the immediate vicinity of
HRS cells [35].

Immunosuppressive regulatory T (Treg) cells are abundantly present
in the reactive infiltrate of cHL. ese Treg cells are most likely at-
tracted by cytokines and chemokines. For example, chemokine (C-C
motif) ligand (CCL)-17 (also known as thymus and activation-regulated
chemokine, TARC) and CCL22 (also known as macrophage-derived
chemokine, MDC) are highly expressed by HRS cells of cHL [36-38].
ese two chemokines are thought to contribute to the influx of Treg
cells into cHL tissues [39] by binding to the C-C chemokine receptor
type 4 (CCR4). Additionally, high Treg numbers might also result from
differentiation from naïve CD4+ T cells [40-42]. Unlike in other can-
cers [43-44], high numbers of Treg cells in cHL has been linked to a
good prognosis. is might indicate that Treg cells possibly suppress
production of cytokines that support HRS cell survival and/or prolifer-
ation [45-46]. Recently, higher interleukin (IL)-17 mRNA levels were
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found in T cells isolated from cHL cell suspensions as compared to T
cells in reactive lymph nodes, indicating presence of T𝐻-17 cells in cHL
[47].

In contrast to cHL, the inflammatory background in NLPHL comprises
small lymphocytes with numerous CD4+/CD57+ T cells, B cells and
a follicular dendritic cell (DC) meshwork [2]. e numbers of CD4+/
CD57+ T cells are much higher in NLPHL tissue than in tonsillar and
cHL tissues. Furthermore, IL-2 and IL-4 mRNAs were consistently ab-
sent from the CD4+/CD57+ T cells of NLPHL which are different from
CD4+/CD57+ T cells from tonsil [48]. Even aer stimulation, no IL4
mRNA enhancement was found in the CD4+/CD57+ T cells of NLPHL
[48]. erefore, elevated levels of CD4+/CD57+ T cells are characteris-
tic of NLPHL and these T cells display a distinct cytokinemRNAprofile.

Another subset of T cells, invariant natural killer T (iNKT) cells, has re-
cently gained interest because of its regulatory role in immune responses
involved in the pathogenesis of many cancers [49]. Its role in HL is cur-
rently unknown.

1.1.6 Tumor cell survival strategies in HL

Given the minority of Hodgkin tumor cells and the majority of inflam-
matory cells in HL, it has been unclear for decades how the tumor cells
can survive. Some recent findings provide insight into this mystery. By
attracting Treg and T𝐻-2 cells and producing transforming growth fac-
tor (TGF)-𝛽 and IL-10, the tumor cells can suppress an effective im-
mune response [32]. Additionally, downregulation of human leukocyte
antigen (HLA) class I and II expression may also help the tumor cells
to escape from immune surveillance [50-51]. Multiple aberrant growth
signals provided by ligation of TNF receptor (TNFR) family members
CD30, CD40 and receptor activator of NF-𝜅B (RANK) [52] also con-
tribute to tumor cell survival in HL (Figure 1.1).
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Figure 1.1: Schematic overview of tumor cell survival strategies in HL. Ho-
dgkin tumor cells attract specific cell subsets by chemokines, are dependent
on growth factors and use mechanisms of immune modulation, i.e. shaping
the environment, immune suppression, and immune escape. Arrows indicate
stimulating effects; the other lines indicate inhibitory effects.

Several strategies that have been implicated in tumor cell survival in
other types of cancer have so far been poorly studied in HL. ese
potential strategies include aberrant expression of receptor tyrosine ki-
nases (RTKs) (Box 1), expression of toll like receptors (TLRs) (Box 2),
deficiency of HLA class-II and involvement of CD1 and iNKT cells (Box
3).
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Box 1: Receptor tyrosine kinase
RTKs are transmembrane proteins that catalyze the transfer of the γ-phosphate
group of ATP to the hydroxyl groups of tyrosines on their target proteins, i.e.
their substrates. Upon binding with their ligands RTKs dimerize and initi-
ate various signaling cascades, including the Ras/mitogen-activated protein
(MAP) kinase signaling cascade, phosphatidylinositol 3 –kinase (PI3K)/Akt
signaling pathway, and nuclear translocation of signal transducers and activa-
tor of transcription proteins (STATs)(Figure 1.2). Since many proteins are reg-
ulated byRTKs, they can orchestrate the activity of almost all cellular processes,
such as proliferation, survival, cell cycle, differentiation and cell motility [53].
In normal cells the expression and activity of RTKs is tightly regulated. Aber-
rant expression of RTKs in cancer can be caused by various genetic alterations
and also by epigenetic modulation. Aberrant expression of RTKs is frequently
associated with malignant transformation by changing fundamental cellular
processes [54]. To date, more and more tyrosine kinase inhibitors turn out to
be highly effective for the treatment of patients with tumors showing aberrantly
activated tyrosine kinases, e.g. Imatinib targeting c-KIT and platelet derived
growth factor receptor A (PDGFRA) in gastrointestinal stromal tumors, Gefi-
tinib targeting epithelial growth factor receptor (EGFR) in colorectal cancer
and non small cell lung cancer, and Semaxanib targeting vascular endothelial
growth factor receptor-2 (VEGFR2) in colorectal cancer [55].
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1.1.6.1 Receptor Tyrosine Kinase (RTK)

Given the important role of aberrant RTKs in tumorigenesis and the
promising therapeutic effects of small molecules targeting RTKs in the
treatment of cancer, several groups studied expression and activation of
RTKs inHL. Most of these studies are restricted to the detection ofRTKs
on HRS cells. Renne et al. showed expression of PDGFRA, discoidin
domain receptor tyrosine kinase 2 (DDR2), ephrin type-B receptor 1
(EPHB1), recepteur d’Origine nantais (RON), neurotrophic tyrosine ki-
nase receptor, type 1 (TRKA) and neurotrophic tyrosine kinase recep-
tor, type 2 (TRKB) in HRS cells in 30% to 75% of cHL tissue samples
and in four HL cell lines, including L428, L1236, KMH2 and HDLM2
[56]. Co-expression of multiple RTKs was most pronounced in the NS
subtype, with at least one RTK expressed in all 18 cHL patients and on
average nearly four RTKs per patient [56]. An inverse correlation was
found between co-expression of RTKs and EBV status, indicating that
RTK signaling might represent an alternative mechanism for the sur-
vival of HRS cells in EBV negative cases of cHL [57].

Staining for RTK ligands indicated that DDR2 and TRKA are proba-
bly activated in a paracrine fashion, whereas PDGFRA and EPHB1 are
activated by autocrine mechanisms [56]. Furthermore, staining with
phosphotyrosine-specific antibodies revealed activated PDGFRA and
TRKA/B in 6/25 and 6/21 cHL cases respectively [56]. C-Met was de-
tected in HRS cells in all cHL cases (n=57) independent of EBV status
[58]. e c-Met ligand, hepatocyte growth factor (HGF) was expressed
in dendritic cells present in the cHL infiltrate indicating paracrine ac-
tivation in the HGF/c-Met signaling pathway in cHL [58]. Khnykin et
al. found that tumor cells in most HL patients express fibroblast growth
factor (FGF) 1 (30/39) and FGF2 (33/39) and their receptors FGFR2
(27/39), FGFR3 (39/39), and FGFR4 (39/39), but not FGFR1. However,
only FGFR3, was detected in cHL cell lines [59]. VEGF was detected
in tumor cells in 41 out of 58 cases of cHL, in one out of three NLPHL
cases, and in cHL cell lines L428 and KMH2. Moreover, VEGFR1 was
detected in HRS cells in 3/10 cHL cases, while VEGFR2 was positive in
10/10 cHL cases [60-61].
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Functional studies onRTKs inHLhave only been reported for PDGFRA
and TRKA. Inhibition of the PDGFRA and TRKA signaling pathway
resulted in suppression of cell growth in HL cell lines [56, 62]. e un-
derlying mechanisms have not been studied.

Two important downstream substrates of RTKs, the PI3K/Akt pathway
and the Mitogen-activated protein kinase (MAPK) cascade (Figure 1.2)
have been studied in cHL patients and HL cell lines [63-64]. Phospho-
rylated Akt (p-Akt) was found in HL cell lines and in HRS cells in 27
out of 42 cHL cases, indicating constitutive activation of the PI3K/Akt
pathway. Inhibition of PI3K or Akt demonstrates an anti-proliferative
effect in HL cell lines HD-MyZ, HDLM2, L428 and KMH2. Moreover,
inhibition of PI3Kwith LY294002 induced apoptosis andG1/S cell cycle
arrest, whereas inhibition of Akt specifically induced apoptosis in the T
cell derived HL cell line HDLM2 [63]. P-Erk1/2 was found in HL cell
lines and in HRS cells in all 13 cHL cases tested. Inhibition of MEK,
using the kinase inhibitor UO126, resulted in G2/M cell cycle arrest in
HD-MyZ, L428 and KMH2, and apoptosis in HDLM2 and KMH2 [64].
Collectively, these studies show constitutive activation of the PI3K/Akt
pathway and the MAPK cascade, regulating cell cycle progression and
survival in HL.

1.1.6.2 Toll like receptor (TLR)

Human B cells are characterized by high expression of TLR1, 6, 7, 9,
and 10, low expression of TLR2 and TLR4, and no expression of TLR3,
5 and 8 [71] (Table 1.1). e role of TLRs has been investigated in sev-
eral B cell malignancies [72-75]. In multiple myeloma (MM) TLR1, 2,
3, 4, 7, 8, and 9 were detected in primary tumor cells and cell lines [72,
74]. InMM triggering of TLR9 by CpG oligos induced proliferation and
this effect was mediated by IL-6 induction [72, 74]. In chronic lympho-
cytic leukemia (CLL) expression of TLRs is restricted to TLR7, 8, and
9 [73, 75]. TLR9 was found to be widely expressed in non-Hodgkin
lymphoma (NHL) cells, i.e. small lymphocytic lymphoma and CLL,
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Box 2: Toll like receptor
TLRs are transmembrane proteins that are expressed mainly on antigen pre-
sentig cells (APCs) such as DCs or macrophages. TLR family members are
characterized by the presence of leucine rich repeat (LRR) domain in their ex-
tracellular domain and a Toll/ IL-1R (TIR) domain in their intracellular do-
main. To date, 10 members of the TLR family are identified, TLR1-TLR10.
TLRs respond to infection of microorganism by pathogen associated molecu-
lar pattern (PAMP) recognition [65]. Besides recognition of the components
of microorganisms by TLRs, some endogenous products could also be ligands
for TLRs [65].
Activation of the TLR signaling pathway initiates innate immunity and can reg-
ulate antigen-specific acquired immunity [65]. As important players in innate
immunity, activation of TLRs regulates the direct killing of microbes. is
process is mediated by nitric oxide, secretion of defensins and other mecha-
nisms. For acquired immunity, it has been shown that T𝐻-17 differentiation
is dependent on TLR2, TLR4, TLR7 and TLR8 activation of DCs by inducing
production of cytokines, such as IL-6 and TGF-β [66-67]. Activation of TLR4
and TLR9 on DC induced IL-6 production and blocked the suppressive func-
tion of CD4+CD25+ Treg cells [68]. On the other hand, there is also evidence
that stimulation of TLRs on Treg cells can enhance its suppressive function
through enhancing its differentiation, expansion, and activation [69-70].
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Figure 1.2: Receptor tyrosine kinase signaling pathway. e downstream
components are activated Upon stimulation of RTK signaling pathway, such
as the PI3K/Akt pathway, the RAS/MAPK pathway, and the STAT pathway.
By regulating expression of a variety of genes, the RTK signaling pathway is
involved in fundamental biologic processes, i.e. cell survival, cell cycle and cell
migration.

follicular lymphoma, marginal zone lymphoma, mantle cell lymphoma
and large cell lymphoma [73]. Challenged with CpG oligos, these NHL
cells responded by increased expression of costimulatory and antigen-
presenting molecules CD40, CD54, CD80, CD86, HLA class I and HLA
class II, by upregulation of CD20 and by enhanced proliferation [73].
So far, no expression studies have been performed in HL.
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Table 1.1: Toll-like receptors, their ligands and their expression in dif-
ferent stage of B cells [65,71].
TLR Ligands (origin) naive GC memory

B cell B cell cell

TLR1 Tri-acyl lipopeptides (bacteria, mycobacteria) low positive positive
Soluble factors (Neisseria meningitides)

TLR2 Lipoprotein/lipopeptides (a variety of pathogens) low positive low
Peptidoglycan (Gram-positive bacteria)
Lipoteichoic acid (Gram-positive bacteria)
Lipoarabinomannan (mycobacteria)
A phenol-soluble modulin (Staphylococcus epidermidis)
Glycoinositolphospholipids (Trypanosoma Cruzi)
Glycolipids (Treponema maltophilum)
Porins (Neisseria)
Zymosan (fungi)
Atypical LPS (Leptospira interrogans)
Atypical LPS (Porphyromonas gingivalis)
HSP70 (host)

TLR3 Double-stranded RNA (virus) negative negative negative
TLR4 LPS (Gram-negative bacteria) negative low negative

Taxol (plant)
Fusion protein (RSV)
Envelope proteins (MMTV)
HSP60 (Chlamydia pneumoniae)
HSP60 (host)
HSP70 (host)
Type III repeat extra domain A of fibronectin (host)
Oligosaccharides of hyaluronic acid (host)
Polysaccharide fragments of heparan sulfate (host)
Fibrinogen (host)

TLR5 Flagellin (bacteria) low positive positive
TLR6 Di-acyl lipopeptides (mycoplasma) low positive positive
TLR7 Imidazoquinoline (synthetic compounds) low positive positive

Loxoribine (synthetic compounds)
Bropirimine (synthetic compounds)

TLR8 Imidazoquinoline (synthetic compounds) negative negative negative
TLR9 CpG DNA (bacteria) low positive positive
TLR10 ? low positive positive

1.1.6.3 Human Leukocyte antigen (HLA)

e HLA system plays a key role in immune surveillance in human ma-
lignancies. Both HLA class I and II expression are frequently downreg-
ulated in the HRS cells [50-51]. Remarkably, downregulation of HLA
class I expression occurs more frequently in EBV negative cases and is
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less common in EBV positive cases [76]. Downregulation of HLA class
I allows escape from CD8-mediated cytotoxicity, but this might result
in recognition by NK cells. Expression of HLA-G has been observed in
HRS cells, especially in HLA class I negative cases, allowing escape from
NK cells that normally recognize HLA class I-negative cells [77].

A strong genetic association between HLA-A and EBV positive cHL
has been reported. e HLA-A*01 allele is more common in EBV+
cHL patients, whereas the HLA-A*02 allele is underrepresented [78]. A
functional explanation for this association is provided by previous stud-
ies that showed a good presentation of LMP1 and LMP2 derived pep-
tides byHLA-A*02 and very poor or no presentation byHLA-A*01 [79].
us, individuals with one or two HLA-A*01 alleles are more suscepti-
ble for acquiring EBV positive cHL, presumably because their immune
system does not recognize LMP1 and LMP2 very well.

Another immune escape mechanism might be aberrant expression of
the HLA class II-associated invariant chain peptide (CLIP). Physiolog-
ically, this protein occupies the groove of HLA class II in the endoplas-
mic reticulum (ER), thereby preventing peptide binding to HLA class II
within the ER. In the endosomal/lysosomal compartment, CLIP is ex-
changed with an antigenic peptide by the accessory protein HLA-DM
[80]. e function of HLA-DM is modulated by HLA-DO, but the pre-
cise mechanism is still unclear [80]. is system ensures that in prin-
ciple only endocytosed antigenic peptides are presented by HLA class
II. If CLIP is not exchanged by an antigenic peptide, the HLA class II
– CLIP complex can still be expressed on the cell surface, but will not
induce immune responses. Previously, HRS cell surface HLA class II
occupied by CLIP was identified in a subset of cHL cases [81].

1.1.6.4 CD1 molecules and iNKT cells

CD1c expression has been detected in tumor cells in 41% (11/27) of CLL
cases and 32% (15/46) of NHL cases [82]. CD1d has been detected in all
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Box 3: CD1 and invariant natural killer T (iNKT) cells
CD1 molecules (i.e. CD1a, CD1b, CD1c, CD1d, and CD1e) are non-classical
HLA class I-like molecules. e CD1 molecules can be subdivided into three
groups, group 1 comprises CD1a, CD1b and CD1c; group 2 comprises CD1d
and group 3 comprises CD1e. Group 1 CD1 molecules mainly present lipid
antigens to clonally diverse T cells that mediate adaptive immunity to the vast
range of microbial lipid antigens. CD1d molecule present lipid antigens to
iNKT cells. iNKT cells are characterized by expression of T cell receptor (TCR)
consisting of a semi-invariant Vα24Jα18 chain plus a limited set of β chains
[89]. Little is known about the CD1e restricted T cells. CD1 molecules are
widely expressed on DC and other APCs. Expression of CD1a, b and c is char-
acteristic of human DC. Of the five CD1 isoforms expressed in human tissue,
only CD1c and CD1d are detected in B cells [90].
iNKT cells play an important role in the immune response and can be seg-
regated into CD4+ and CD4-CD8- double-negative (DN) subsets. Using 𝛼-
Galactosylceramide (𝛼-GalCer)-loaded CD1d tetramers, two functional sub-
sets of iNKT cells have been distinguished that differ in terms of cytokine pro-
duction and the expression of cytotoxic molecules. e CD4+ subset rapidly
secretes both T𝐻-1 and T𝐻-2 cytokines in response to (𝛼-GalCer) or phor-
bol 3-myristyl 4-acetate (PMA) and ionomycin, whereas the DN subset selec-
tively produces the TH-1 cytokines interferon (IFN)-γ and tumor necrosis fac-
tor (TNF) and upregulates production of perforin in response to IL-2 or IL-12
[91-92].
So far, there are two mechanisms shown for activation of iNKT cells. In the
direct pathway, iNKT cells are activated by recognition of microbial antigens
presented by CD1d. Another proposed mechanism is the indirect pathway
that depends on a weak response to self antigens and APC derived cytokines.
Duringmicrobial infection, engagement of TLRswithmicrobial products leads
to activation of APCs and secretion of cytokines that can activate iNKT cells
[93].
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CLL cases (38/38) [83] and 15% (12/80) of B-cell precursor acute lym-
phoblastic leukemia (BCP-ALL) [84]. CD1d expression has been shown
to correlate with poor prognosis in BCP-ALL [84], while loss of CD1d
expression was associated with tumor cell survival and progression of
MM [85]. CD1d restricted iNKT cells have an important immunoregu-
latory role in these B cellmalignancies. In the presence of the potent gly-
colipid ligand, 𝛼-GalCer, CD1d+ tumor cells are able to activate iNKT
cells resulting in induction of apoptosis in CLL [83], BCP-ALL [84] and
MM [86] cells. Furthermore, iNKT cells were shown to induce effective
anti-lymphoma responses and were essential for the survival of mice in
murine lymphomamodels [87-88]. It is unknown if thesemolecules are
expressed on HRS cells and if they play a role in HL pathogenesis.
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1.2 The scope of this thesis

Tumor cell survival strategies have been an intriguing subject for many
decades. In HL tumor survival strategies are even more relevant be-
cause there is only a minority of tumor cells within an overwhelming
reactive infiltrate. Despite this extensive inflammatory background the
HRS survive and even obtain growth stimulatory signals from their en-
vironment. Several mechanisms have been linked to survival strategies
in HL, e.g. deregulated tumor cell signaling pathways and transcrip-
tion factor networks, EBV infection, downregulation of HLA class I and
HLA class II and modulation of the reactive infiltrate (Figure 1.1).

e aim of this thesis is to further investigate survival strategies of Ho-
dgkin tumor cells, focusing on two aspects: (a) the HGF/c-Met signal-
ing pathway and (b) factors that can modulate immune surveillance, i.e.
TLR, functionality of HLA class II expression, CD1 and iNKT cells.

Aberrant expression of RTKs, such as c-Met, has been implicated in sur-
vival and cell cycle progression in many cancers. Aberrant RTK expres-
sion was also detected inHL, but their pathogenetic role is poorly inves-
tigated. In Chapter 2 we studied the role of c-Met in HL pathogenesis
in terms of cell proliferation and cell cycle progression using a specific
c-Met kinase inhibitor SU11274.

e second part of the thesis is focused on strategies that HRS cells may
apply to escape effective immune surveillance. Firstly, we determined
the expression of TLRs in HL tissues and HL cell lines, and further in-
vestigated their functionality inHL (Chapter 3). Secondly, the function-
ality of HLA class-II membrane expression was determined by staining
for CLIP, HLA-DM and HLA-DO (chapter 4). irdly, expression of
the non-classicalMHC I-like CD1molecules and presence of iNKT cells
were studied in HL cases and HL cell lines (chapter 5).
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Abstract

c-Met, a receptor tyrosine kinase, has been implicated in the patho-
physiology of many cancers, but its role in Hodgkin lymphoma (HL)
is poorly investigated. In this study, c-Met was detected in tumor cells
in 55% (26/47) of HL patients. Expression of hepatocyte growth factor
(HGF), the c-Met ligand, was detected in tumor cells of five c-Met pos-
itive and two c-Met negative HL cases. c-Met expression was high in
L428 compared to three other HL cell lines, whereas HGF expression
was only high in KMH2. Phosphorylated c-Met (p-Met) was only ob-
served in L428 consistent with the high basal expression levels of c-Met.
Phosphorylation of c-Met, Akt, and Erk1/2were upregulated uponHGF
stimulation of L428 cells. is upregulation was blocked by inhibiting
c-Met activation with SU11274, a specific c-Met kinase inhibitor. In
functional studies, SU11274 suppressed cell growth in L428, promoted
G2/M cell cycle arrest aer 24h incubation, and induced tetraploid cells
aer 48h. Washing of the cells aer induction of G2/M arrest resulted in
normal cell cycle progression indicating that the G2/M cell cycle arrest
was reversible. Inhibition of downstream substrates of the HGF/c-Met
signaling pathway, PI3K, MEK1/2 and Erk1/2, also induced G2/M cell
cycle arrest in L428. In conclusion, expression of c-Met by tumor cells
was observed in 55% of the HL patients and the HGF/c-Met signaling
pathway regulates cell cycle progression in L428 cells.
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2.1 Introduction

Hodgkin lymphoma (HL) is a B-cell neoplasm characterized by a mi-
nority of neoplastic cells located within an extensive infiltrate of reactive
cells. It consists of classical HL (cHL) and nodular lymphocyte predom-
inant (NLPHL) variant. e tumor cells in cHL, the so-called Hodgkin
and Reed-Sternberg (HRS) cells, are derived from pre-apoptotic germi-
nal center (GC) B-cells that acquired crippling immunoglobulin gene
mutations and/or lost their capacity to express a high affinity B-cell re-
ceptor (BCR) [1]. In addition to Epstein-Barr virus (EBV) infection and
constitutive activation of nuclear factor 𝜅B (NF-𝜅B), aberrant signaling
pathways, especially some of which are activated by the receptor tyro-
sine kinases (RTKs) via autocrine or paracrine mechanisms, contribute
to the survival and proliferation of Hodgkin tumor cells [2-3].

e HGF/c-Met signaling pathway regulates a variety of biological pro-
cesses, including proliferation, survival and migration [4]. Deregulated
c-Met activation, caused by gene amplification, translocation, muta-
tion, or autocrine/paracrine HGF signaling, has been implicated in the
pathogenesis of many human cancers [5]. Given the uncontrolled c-
Met activation in cancers, some inhibitors have been developed to block
this signaling pathway. SU11274 [6], a specific c-Met kinase inhibitor,
shows effective inhibition of the c-Met signaling pathway, thereby af-
fecting the survival and growth of lung cancer [7], mesothelioma [8],
and melanoma [9] cell lines.

In HL patient tissue samples, c-Met expression was found in Hodgkin
tumor cells in 33% (6/18) [10] and 100% (n=57) [11] of the HL cases
in two studies. Expression of HGF was observed in infiltrating cells,
especially in dendritic cells but not in tumor cells [11]. Additionally,
both c-Met and HGF expression has been observed in some HL cell
lines [12-13]. Given the results of HGF/c-Met expression and limited
investigation of the function of HGF/c-Met signaling pathway in HL,
we conducted further experiments. Expression of c-Met and HGF was
detected in HL patient tissues and HL cell lines. Furthermore, the phys-
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iological effects of the HGF/c-Met signaling pathway were studied using
the SU11274 c-Met inhibitor in HL cell lines.

2.2 Materials and Methods

2.2.1 Patient materials

A tissue micro array (TMA) was used with HL patient tissue and lymph
node control tissue. Each case was represented by two 1 mm cores. e
numbers of total and positive tumor cells were counted per core and
for each patient the score for both cores were added. Cases were only
scored if at least 10 tumor cells could be evaluated. Using these crite-
ria 47 HL cases were evaluable in the TMA with a median number of
30 tumor cells per patient. 41 patients with nodular sclerosis (NS), 4
patients with mixed cellularity (MC) and 2 patients with nodular lym-
phocyte predominant (NLP) HL subtypes were included. EBV status
was determined by in situ hybridization using a probe specific for EBV
encoded RNAs (EBERs). 13 patients scored positive for EBV.

2.2.2 Cell lines

e HL cell lines L428 [14], L1236 [14], KMH2 [14] and U-HO1 [15]
were cultured inRPMI-1640medium (LonzaWalkersville,Walkersville,
MD USA) supplemented with ultraglutamine-1, 100 U/ml penicillin/
streptomycin, 10% fetal calf serum (FCS) (5% for L428) (Lonza Walk-
ersville).
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2.2.3 Cell treatment

e cell lines were stimulated with HGF (R&D Systems, Minneapolis,
MN, USA) at the concentration of 100 ng/ml for 5 minutes to study the
c-Met phosphorylation in response to HGF stimulation. SU11274 (c-
Met inhibitor, Calbiochem, San Diego, CA USA) was used at different
concentrations (1, 2.5 and 5 𝜇M) for 1 hour prior to HGF stimulation
(10ng/ml) for 5 minutes. For Western blotting cells were lysed in 1x
SDS Sample Buffer (62.5 mM Tris-HCl (pH 6.8 at 25˚ C), 2% w/v SDS,
10% glycerol, 50mMDTT, 0.01%w/v bromophenol blue). ForMTT as-
says L428 cells were cultured during 72 hours with SU11274 at different
concentrations (1, 2.5 and 5 𝜇M). For cell cycle analysis L428 cells were
cultured during 72 hours with SU11274 (1, 2.5 and 5 𝜇M), LY294002
(25 𝜇M) (PI3 kinase inhibitor, Invivogen, San Diego, CA USA), Akt
inhibitor VIII (500 nM) (Calbiochem), UO126 (25 𝜇M) (MEK1/2 in-
hibitor, Cell Signaling Technology (CST) Boston, MA, USA), ERK1/2
inhibitor (20 𝜇M) (3-(2-Aminoethyl)-5-((4-ethoxyphenyl)methylene)-
2, 4-thiazolidinedione hydrochloride, Biaffin Gmbh & Co KG, Kassel,
Germany) and Rapamycin (10ng/ml) (mTOR inhibitor, Santa Cruz Bio-
technology, Santa Cruz, CA, USA), and measurements were performed
every 24 hours. In all experimentswith SU11274 inhibition, cells treated
with 0.57% DMSO (Sigma Aldrich, St Louis, MO, USA) (vehicle con-
trol)were included. All experimentswere carried out at least three times.

2.2.4 Immunohistochemistry

Immunohistochemistry (IHC) was performed with polyclonal antibod-
ies against c-Met (C-28) (1:200) (SantaCruz) andHGF (1:20) (R&D sys-
tems) on paraffin-embedded tissue cores in TMAs. Microwave antigen
retrieval was performed in 10 mM Tris (tris-hydroxymethyl-aminome-
thane) / 1 mM EDTA (ethylene diamine tetracetic acid) at pH 9.0 for
both antibodies. Positive staining was visualized using a HRP-labeled
secondary antibody and 3,3’-diaminobenzidine (Sigma-Aldrich, St Louis,
MO). Hematoxylin was used as a counterstain. Appropriate positive
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and negative controls were performed for each staining. e cut-off
level for positive staining was set at 30% for c-Met and at 20% for HGF.

2.2.5 ELISA on HL cell line culture supernatant

HGFprotein levels weremeasured in cell culture supernatant from 4HL
cells lines by ELISA (R&D Systems) following the protocol provided by
the manufacturer.

2.2.6 Quantitative RT-PCR

RNA was extracted using Trizol® total RNA isolation reagent (Invitro-
gen, Carlsbad, CA, USA) using the manufacturer’s protocol. cDNA
was made from 500 ng of total RNA in 20 𝜇l reactions using Super-
script II and random primers as described by the manufacturer (In-
vitrogen). 2 ng cDNA was used in the qRT-PCR reaction in triplicate
using sybergreen (for HGF) and probe (for U6) as described by the
manufacturer (Applied Biosystems, Foster City, CA, USA). PCR was
performed using an ABI7900HT (Applied Biosystems). e primer se-
quences used for the amplification were as follows: U6 forward primer:
5’-ttcggcagcacatatactaa-3’ and reverse primer 5’-aatatggaacgcttcacgaa-
3’; U6 probe: 5’-ccctgcgcaaggatgaca-3’, HGF forward primer (exon 5):
5’-caatccagaggtacgctacgaa-3’ and reverse primer (exon 6) 5’-actctccccat-
tgcaggtcat-3’. U6 was used for normalization (𝛥Ct = Ct𝐻𝐺𝐹 – Ct𝑈). Rel-
ative expression levels of HGF were determined by using the formula
2−𝛥𝐶𝑡.
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2.2.7 Western blot

Cell lysates were separated on polyacrylamide gels and electroblotted
onto nitrocellulosemembranes using standard laboratory protocols. Bl-
ots were blocked in blocking buffer (TBS with 0.05% Tween 20, pH
7.6 with 5% skimmed milk), washed and incubated with primary an-
tibodies, at 4𝑜C overnight. e antibody against c-Met (C12) was pur-
chased from Santa Cruz. e antibodies against p-Met (Tyr1234/1235),
p-p44/42 MAPK (r202/Tyr204) (20G11), p-Akt (Ser473) (D9E), p-
cdc2 (Tyr15), cdc25C (5H9), andCyclinB1 (V152)were purchased from
CST. CDC2 (E53) antibodywas purchased fromEpitomics (Burlingame,
CA, USA). Immunostaining was amplified by incubation with HRP-
conjugated antibodies and chemiluminescence was detected with ECL
(Pierce, Rockford, USA).

2.2.8 MTT assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Sigma) was added to cells and incubated for 4 hours at 37˚ C. e
cells were centrifuged and the supernatant was removed. 200 𝜇l DMSO
(Sigma) was added to eachwell and absorptionwasmeasured at 540nm.

2.2.9 Cell cycle analysis

Cells were washed in PBS with 0.1% BSA. Hypotonic DNA staining
buffer (0.1% Sodium citrate; 0.3% Triton–x 100; 0.01% Propidium io-
dide, 0.002% Ribonuclease A) was added to the pellet and mixed well.
Acquisitionwas performedon the flowcytometer (Calibur, BDBioscien-
ces, San Jose, CA USA). e percentage of cells in each cycle phase was
determined by ModFit LT3 by using the one cell cycle analysis model.
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2.2.10 Statistical analysis

For the correlation between c-Met andHGF/EBV status, statistical anal-
ysis was performed by Fisher’s exact test. Significant differences ofMTT
results and cell cycle analysis between the groupswere determined using
a paired Student’s 𝑡-test. P values less than 0.05 were considered to be
significant. SPSS statistical soware version 16.0 (SPSS Inc., Chicago,
IL) was used for all analysis.

2.3 Results

2.3.1 c-Met and HGF expression in HL

Overall, c-Met expression was detected in more than 30% of Hoddgkin
tumor cells in 26 of the HL cases (55%), showing both cytoplasmic and
membranous staining (Figure 2.1A arrow, Table 2.1). In 14 cases (30%)
positive c-Met staining was observed in a minority of Hodgkin tumor
cells and no c-Met staining was observed in Hodgkin tumor cells of 7 of
the HL cases (15%) (Supplementary Table 2.1). Although c-Met expres-
sion can be detected in the reactive cellular background, there was no
specific pattern of c-Met expression observed between Hodgkin tumor
cells and infiltrating cells. No correlation was observed between c-Met
positivity and EBV status (Table 2.1).

HGF staining in more than 20% of Hodgkin tumor cells was detected
in 7 of the 47 HL patients (15%) albeit with varying staining intensities
(Figure 2.1B arrows, Table 2.1). Staining in less than 20% of Hodgkin
tumor cells was observed in 13 HL patients and no staining was ob-
served in Hodgkin tumor cells in 27 of the HL patients (Supplementary
Table 2.1). Furthermore, co-expression of c-Met and HGF in Hodgkin
tumor cells was found in 5 of the HL patients (Table 2.1). Reactive cells
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Table 2.1: Correlation between c-Met andHGF, EBV inHL (TMA summary).
c-Met

Positive Negative p-value
HGF

Positive 5 2 0.42*
Negative 21 19

EBV
Positive 9 4 0.33*
Negative 17 17

* Fisher exact test

 

Figure 2.1: c-Met and HGF expression in HL tissue. (A) Representative HL
case showing expression of c-Met in Hodgkin tumor cells (arrow). Expression
of c-Met in the reactive cells can also be observed. (B) Representative HL case
showing expression of HGF in Hodgkin tumor cells (arrows). Reactive cells
were also positive for HGF.
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stained positive in all HL cases, but no HGF staining was observed in
the lymphocytes directly surrounding Hodgkin tumor cells.

2.3.2 c-Met and HGF expression in HL cell lines

Using Western Blot, high c-Met expression levels were observed only
in L428, whereas a moderate level was observed in L1236 and very low
to negative levels were observed in KMH2 and U-HO1 (Figure 2.2A).
e HGF mRNA level was high in KMH2 and very low in the other
three cHL cell lines (Figure 2.2B). Consistently, HGF protein level was
high in the cell culture supernatant of KMH2 and low to negative in the
other three cHL cell lines (Figure 2.2C).

2.3.3 HGF/c-Met signaling pathway in HL cell lines

To investigate the function of the HGF/c-Met signaling pathway in HL
cell lines, we first determined the baseline expression of p-Met. P-Met
was only detected in L428, correlating with the higher expression of c-
Met (Figure 2.3A). In response to HGF stimulation, p-Met was highly
upregulated in L428 andweakly upregulated in L1236 andU-HO1, whe-
reas p-Met was not detectable in KMH2 (Figure 2.3A). erefore, L428
was selected as a HL cell line model to study the function of the signal-
ing pathway and functionality of the HGF/c-Met pathway. Upon HGF
stimulation, p-Met and its downstream substrates, p-Akt and p-Erk1/
2, were upregulated in L428 (Figure 2.3B). is upregulation was effec-
tively blocked by SU11274, a c-Met specific kinase inhibitor, with a dose
dependent effect (Figure 2.3B).
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Figure 2.2: c-Met and HGF expression in HL cell lines. (A) Baseline expres-
sion of c-Met was determined inHL cell lines L428, KMH2, L1236 andU-HO1
by WB. e c-Met level was high in L428, moderate in L1236 and very low to
negative in KMH2 and U-HO1. (B) HGF mRNA levels were measured in HL
cell lines by qRT-PCR. e HGF mRNA level was high in KMH2 and very low
in the other three HL cell lines (C) HGF protein levels in the cell culture su-
pernatant of HL cell lines was determined by ELISA. e HGF protein level
was high in the supernatant of KMH2 and low to negative in the other three
HL cell lines.
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Figure 2.3: eHGF/c-Met signaling pathway inHL cell lines. (A) p-Met level
was compared with or without HGF stimulation (100ng/ml) in HL cell lines
L428, KMH2, L1236 and U-HO1. Without HGF stimulation, constitutively
p-Met was only detected in L428. Upon HGF stimulation, p-Met was highly
upregulated in L428 and weak to negative in the other three HL cell lines. (B)
Upregulation of p-Met, p-Akt and p-Erk1/2 with HGF stimulation could be
blocked with the c-Met kinase inhibitor SU11274 in L428 cells.

2.3.4 SU11274 suppresses cell growth inHLcell line L428,
via G2/M cell cycle arrest

Although theHGF/c-Met signaling pathway has been known to regulate
cell growth, HGF stimulation in L428 had no effect on cell growth (data
not shown). Based on its high endogenous c-Met level and the pres-
ence of constitutively active c-Met in L428, the c-Met kinase inhibitor
SU11274 is expected to suppress cell growth in L428. We indeed ob-
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served significant suppression of cell growth by SU11274 at the con-
centration of 2.5 𝜇M (p<0.001) and 5 𝜇M (p<0.001), showing a dose
dependent effect (Figure 2.4).

To investigate the cause of cell growth suppression, the effect of SU11274
on apoptosis and cell cycle progression was analyzed in L428. ere was
no increase in the percentage of apoptotic cells as determined byDiOC6
staining (measurement of the change in mitochondrial membrane po-
tential) aer 24 hours incubation with SU11274 (data not shown).

Figure 2.4: Effect on cell growth ofHGF/c-Met signaling pathway inHL. L428
cells were grown in the presence of increasing concentrations of SU11274 (0,
1, 2.5 and 5 𝜇M) for three days, and the effect on cell growth was assayed by
MTT. Cell growth compared with control is significantly decreased (p <0.001)
at 2.5 𝜇M and 5 𝜇M SU11274.

Of interest, SU11274 promoted G2/M cell cycle arrest. Aer 24 hours,
the percentage of cells in G2/M phase increased from 15% in control
cells up to 52% in SU11274 (2.5 𝜇M) treated cells (p<0.05) (Figure 2.5A,
B).is effect was stronger either at a higher concentration (5𝜇M) (data
not shown) or aer incubation for a longer time (48 hours or 72 hours)
(Figure 2.5A, supplementary Figure 2.1A), indicating a dose and time
dependent effect. Aer 48 and 72 hours a population of tetraploid cells
appeared (Figure 2.5A). Washing of the cells aer induction of G2/M
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Figure 2.5: Effect of the HGF/c-Met signaling pathway on cell cycle progres-
sion in HL cells. (A) cell cycle distribution of SU11274 (2.5 𝜇M) treated L428
cells show G2/M cell cycle arrest. Tetraploid cells with 8N DNA content can be
observed aer 48 hours and 72 hours incubation with SU11274. (B) G2/M cell
cycle arrest induced by SU11274 aer 24 hours could be recovered by washing
SU11274 away from the arrested cells and incubation in normal medium for
24 hours, showing a normal cell cycle distribution. (C) Inhibition of MEK1/2
with UO126 (25 𝜇M) for 72 hours resulted in G2/M cell cycle arrest, whereas
treatment with Erk1/2 inhibitor (20 𝜇M) for 72 hours revealed upregulation of
cells in G0/G1 and G2/M phase of the cell cycle. (D) Inhibition of PI3K with
LY294002 (25 𝜇M) for 72 hours induced G2/M cell cycle arrest in L428 cells,
whereas treatment with Akt inhibitor (500 nM) and inhibition of mTOR with
Rapamycin (10ng/ml) for 72 hours resulted in upregulation of cells in the G0/
G1 phase.
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cell cycle arrest, resulted in the recovery of cell cycle progression aer
24 hours (G2/M cells 24%) and 48 hours (G2/M cells 20%), indicating
that G2/M cell cycle arrest was reversible (Figure 2.5B, supplementary
Figure 2.1A).

2.3.5 Mechanismof G2/M cell cycle arrest with SU11274
in HL cell line L428

To investigate downstream substrates involved in the G2/M cell cycle
arrest with SU11274 we analyzed the PI3K/Akt and MAPK signaling
pathways. Both play a role in cell cycle regulation and inhibition of
these signaling pathways could lead to cell cycle deregulation similar to
the effect of SU11274 inhibition. Aer incubation for 72 hours, UO126,
a specific MEK1/2 inhibitor, induced an increase in G2/M from 18% in
untreated cells to 35% in treated cells (p<0.05); and the Erk1/2 inhibitor
upregulated both G0/G1 and G2/M from 36% and 18% respectively in
untreated cells to 52% and 25% in treated cells (Figure 2.5C, supple-
mentary Figure 2.2A). ese results indicated that the MAPK signaling
pathway via MEK1/2 and Erk1/2 is at least partially responsible for the
G2/M cell cycle arrest induced by c-Met inhibition. Aer incubation for
72 hours, LY294002, a specific PI3K kinase inhibitor, the percentage of
L428 cells in G2/M phase increased from 18% in untreated cells to 58%
in LY294002 treated cells (p<0.01) (Figure 2.5D, supplementary Figure
2.2B). However, inhibition of the PI3K downstream signaling compo-
nents, Akt or mTOR, induced upregulation of G0/G1, rather than G2/
M cell cycle arrest (figure 2.5D, supplementary Figure 2.2B).

Cell cycle progression is regulated by cell cycle checkpoints and involves
many cell cycle regulators. Some cell cycle regulators that have been
shown to regulate the G2/M cell cycle checkpoint, including cyclin B1,
CDC2, p-CDC2 (Tyr15), and CDC25c were tested by Western blot. Af-
ter 24 hours incubation with SU11274, no obvious changes were ob-
served for these cell cycle regulators (data not shown).
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2.4 Discussion

Deregulation of the HGF/c-Met signaling pathway has been implicated
in the pathogenesis of many cancers, disrupting fundamental biologi-
cal processes, e.g. cell cycle, survival, adhesion and migration [5, 16].
In this study, we demonstrated that c-Met was detected in Hodgkin tu-
mor cells in half of the HL cases, and co-expression of HGF and c-Met
in Hodgkin tumor cells was found in 5 HL cases (11%). Furthermore,
we demonstrated that the HGF/c-Met signaling pathway controls cell
growth and cell cycle progression in the L428 HL cell line.

Previously, expression of c-Met and HGF has been studied in HL pa-
tients and cell lines [10-13]. One study showed a correlation of c-Met
expression with EBV-positivity in a small cohort [10], while c-Met was
detected in Hodgkin tumor cells of all HL cases independent of EBV
status in a larger study [11]. We showed c-Met expression in half of HL
cases and no correlation with EBV status. e lower percentage of c-
Met positive HL cases is likely dependent on our relative strict criteria
for scoring, while the scoring criteria are unclear in the previous study
[11]. HGF expression was reported in infiltrating cells in HL tissues,
and was elevated in serum of patients at diagnosis and relapse com-
pared to healthy donors and patients in remission [11]. In our study,
HGF expression was detected in Hodgkin tumor cells in some of the
HL cases, as well as in a variable percentage of the infiltrating cells in all
cases. Production of HGF by KMH2 cells further indicates the capacity
of Hodgkin tumor cells to express HGF. Taken together, co-expression
of c-Met andHGF inHodgkin tumor cells suggests that autocrinemech-
anisms of the HGF/c-Met signaling pathway may exist in a minority of
the HL patients. In all patients, paracrine activation of c-Met is possibly
involved in the pathogenesis of HL.

c-Met expression was detected in four HL cell lines, although at very
low levels in U-HO1 and KMH2. e expression of c-Met can be reg-
ulated by MET gene amplification, transcriptional regulation, or MET
gene mutations affecting the c-Met protein stability [16]. Re-analysis
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of our previously reported array-CGH data showed that L428 contains
a duplication of the MET gene, KMH2 shows a heterozygous deletion,
whereas L1236 and U-HO1 have a normal copy number [15, 17]. e
MET copy numbers are in line with the c-Met expression levels detected
by Western blot in this study. HGF was detected in KMH2 and not or at
very low levels in the other HL cell lines, however, p-Met was only de-
tected in L428, indicating that the baseline p-Met expression in HL cell
lines is not related to HGF binding to the c-Met receptor. Since c-Met
activation (as assessed by phosphorylation) can be a result of overex-
pression, gene amplification, or activating mutations [4, 18], the consti-
tutively activation of c-Met in L428 can result from the duplication of
the MET gene and overexpression of c-Met protein.

Upon stimulationwithHGF, c-Met phosphorylation is upregulated, the-
reby activating its downstream signaling pathway, as shown by the up-
regulation of p-Akt and p-Erk1/2 known to regulate cell proliferation,
cell cycle and survival. Previously, p-Erk1/2 and p-Akt have been found
to be constitutively activated in HL [20-21], which has been attributed
to CD30 and CD40, as well as other RTKs. Based on our results, is can
be concluded that also c-Met might contribute to the constitutive acti-
vation of p-Erk1/2 and p-Akt in Hodgkin tumor cells.

eHGF/c-Met signaling pathway has been implicated in the regulation
of proliferation in lung cancer [7], mesothelioma [8], melanoma [9] and
multiple myeloma [22], but not in diffuse large B cell lymphoma [19].
However, no effect on cell growth by HGF stimulation was observed
in L428 cells. is could be the result of redundant RTKs expression
and other receptors that might dictate cell growth in HL. For instance,
expression of platelet derived growth factor receptor-𝛼 (PDGFRA), ep-
ithelial discoidin domain containing receptor 2 (DDR2), macrophage
stimulating protein receptor (MSPR), neurotrophic tyrosine kinase re-
ceptor, type 1 (TRKA) and neurotrophic tyrosine kinase receptor, type
2 (TRKB) have been found in HL patient tissues and HL cell lines [3],
whereas these RTKs are rarely seen in other lymphomas, except pri-
mary mediastinal B-cell lymphoma [23]. Moreover, inhibition of the
PDGFRA and TRKA signaling pathways resulted in suppression of cell
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growth, similar to the effect of c-Met inhibition, in HL cell lines [3, 24],
supporting the role of these RTKs to regulate cell growth inHL cell lines.

We showed that SU11274 can block the HGF/c-Met signaling pathway
and suppress cell growth of L428 cells. Surprisingly, G2/M cell cycle ar-
rest, even the formation of tetraploid cells, was induced by c-Met inhibi-
tion with SU11274. SU11274 can induce G0/G1 cell cycle arrest in dif-
ferent cancer cell lines [25-27], but G2/M arrest has not been observed.
MEK1/2 inhibition by UO126 also results in G2/M cell cycle arrest in
HL cell lines L428, KMH2 and HDMYZ [21], in concordance with our
results. InHDLM2, inhibition byUO126 did not induceG2/M cell cycle
arrest [21] whereas PI3K inhibition induced apoptosis and G0/G1 ar-
rest [20]. Since this is a T-cell derivedHL cell line, these findings can not
be compared to L428. Akt and mTOR inhibition result in upregulation
of G0/G1, whereas inhibition of Erk1/2 upregulates both G0/G1 and
G2/M. To further analyze the involvement of cell cycle regulators we
checked several downstream proteins, but did not find changes in the
G2/M cell cycle checkpoint regulators cyclinB1, cdc2, p-cdc2 (Tyr15)
and cdc25c. Since p53 is mutated in L428 [28], the status of p53 and
p21 was not studied. e mechanisms regulating cell cycle progression
are very complicated, not only involving the protein level and phospho-
rylation status of cell cycle regulators, but also the subcellular location.
For example, phosphorylation of cyclin B1 at Ser147 and/or Ser133 is
required for cdc25 and subsequent cdc2/cyclin B1 translocation and ac-
tivation [29]. Further work is warranted to unravel the mechanisms of
G2/M cell cycle arrest by SU11274 in L428.

In conclusion, our study showed expression of c-Met in Hodgkin tu-
mor cells in 55% of the HL cases. Activation of c-Met in a HL cell line
revealed enhanced cell growth and cell cycle progression by activation
of the HGF/ c-Met signaling pathway. us, this study provides new
insights in the pathogenesis of HL and implicates the HGF/c-Met sig-
naling pathway as a potential therapeutic target.
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Supplementary Table 2.1: IHC results of c-Met and HGF in HL TMA.
cases subtype EBV status % of c-Met+ % of HGF+

Hodgkin tumor cells Hodgkin tumor cells
1 NS - 100 100
2 NS + 100 7
3 NS + 100 0
4 NS + 100 0
5 NS - 100 0
6 NS - 100 0
7 MC - 100 0
8 MC - 100 0
9 NS + 96 96
10 MC + 86 40
11 NS + 83 6
12 NS - 80 0
13 NS - 79 0
14 NS - 72 0
15 NS - 70 0
16 NS - 67 0
17 NS - 60 0
18 MC + 54 10
19 NS - 50 27
20 NS + 40 18
21 NS - 40 4
22 NS + 38 24
23 NS - 38 0
24 NS - 38 0
25 NS - 33 8
26 NS - 30 17
27 NS + 26 0
28 NS - 20 5
29 NS - 17 70
30 NS + 17 0
31 NS - 17 0
32 NS - 17 0
33 NS - 14 9
34 NS - 13 4
35 NLP - 13 0
36 NS + 9 0
37 NS - 8 0
38 NS - 5 0
39 NS + 4 0
40 NS - 2 2
41 NS - 0 100

to be continuoued
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IHC results of c-Met and HGF in HL TMA (Continoued).
cases subtype EBV status % of c-Met+ % of HGF+

Hodgkin tumor cells Hodgkin tumor cells
42 NLP - 0 17
43 NS - 0 5
44 NS - 0 0
45 NS - 0 0
46 NS - 0 0
47 NS - 0 0

NS: nodular sclerosis; MC: mixed cellularity;
NLP: nodular lymphocyte predominant; For EBV cases are scored as + or -.
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Abstract

Toll like receptors (TLRs) are implicated in the pathogenesis of hema-
tological malignancies bymodulating the immune response and by pro-
viding tumor cell survival signals. In classicalHodgkin lymphoma (cHL),
which is characterized by an extensive reactive infiltrate, the role of TLRs
has not been studied yet. TLR4, TLR7 and TLR9 were found to be ex-
pressed inHodgkin Reed-Sternberg (HRS) cells in a variable percentage
of cHL cases, whereas TLR2 was consistently negative. No correlation
was found between expression of TLR4, TLR7 and TLR9 and the pres-
ence of regulatory T cells or of T𝐻-17 cells and also not with expression
of HLA class I and HLA class II in HRS cells. Ligation of TLR4, TLR7
and TLR9 did not induce of IL-1𝛽, IL-6 or IL-10 in cHL cell lines. Liga-
tion ofTLR4 andTLR7promoted cell growth in some cHL cell lineswith
the most pronounced effect observed upon ligation of TLR7 in KMH2
cells, also associated with upregulation of p-JNK1/2 and p-Erk1/2. Trig-
gering of TLR9 suppressed cell growth in some cHL cell lines. In con-
clusion, we found expression of TLR4, TLR7 and TLR9 inHRS cells and
a cell physiological effect upon stimulation of TLRs in cHL cell lines.
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3.1 Introduction

Classical Hodgkin lymphoma (cHL) is characterized by a minority of
neoplastic cells, the Hodgkin and Reed Sternberg (HRS) cells, which
are surrounded by an extensive infiltrate of reactive cells. e HRS cells
are derived from pre-apoptotic germinal center (GC) B-cells that ac-
quired crippling immunoglobulin gene mutations and/or lost their ca-
pacity to express a high affinity B-cell receptor (BCR) [1]. Epstein-Barr
virus (EBV) infection can rescue HRS precursor cells from apoptosis by
mimicking B cell receptor (BCR) signaling [2]. Constitutive activation
of nuclear factor 𝜅B (NF-𝜅B) also contributes to the survival of HRS
cells [1]. Furthermore, HRS cells orchestrate a microenvironment that
favors their growth and suppresses an effective anti-tumor immune re-
sponse, by attracting T helper (T𝐻)-2 and regulatory T (Treg) cells and
suppressing T𝐻-1 cells, CD8 cytotoxic T cells and natural killer (NK)
cells [3-5]. More recent, interleukin (IL)-17 positive cells were iden-
tified in the cHL microenvironment indicating the presence of T𝐻-17
cells [6].

Toll like receptors (TLRs) are transmembrane proteins that are expressed
mainly on antigen-presenting cells (APC) such as dendritic cells (DC),
macrophages and B cells. TLRs respond to microorganisms by recogni-
tion of pathogen associated molecular patterns (PAMPs). Stimulation
of TLR signaling pathways results in activation of NF-𝜅B and mitogen-
activated protein kinase (MAPK) and induction of a variety of down-
stream target cytokines that initiate innate immunity andmodulate adap-
tive immunity [7]. Human B cells are characterized by high expression
of TLR1, 6, 7, 9, and 10, low expression of TLR2 and TLR4, and no ex-
pression of TLR3, 5 and 8 [8].

Expression and function of TLRs have been studied in several B cell ma-
lignancies. TLR2 expression was detected in B-cell acute lymphoblastic
leukemia (B-ALL) [9] and chronic lymphocytic leukemia (CLL) [10].
Ligation of TLR2 in B-ALL cells significantly enhanced the ability of
the tumor cells to stimulate allogeneic T cells as shown by a strong en-
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hancement of interferon-𝛾 production [9]. In CLL, ligation of TLR2
induced CD25 and CD86 expression, activation of the NF-𝜅B signal-
ing pathway and protection against induction of apoptosis [10]. TLR4
protein was detected in MALT lymphoma but not in CLL or mantle cell
lymphoma (MCL) [11]. Single nucleotide polymorphism (SNP) anal-
ysis showed that the Asp299Gly variant of the TLR4 gene is associated
with a higher incidence of mucosa-associated lymphoid tissue (MALT)
lymphoma and cHL [12]. TLR7 and TLR9 were shown to be expressed
inmultiple myeloma (MM) [13-14] and B cell non-Hodgkin lymphoma
(NHL) [15-16]. Ligation of TLR7 in CLL resulted in increased expres-
sion levels of costimulatory molecules (CD80, CD86, CD83, CD54 and
CD40) and inflammatory cytokines, and increased sensitivity to killing
by cytotoxic T cells (CTL) [16]. In MM, TLR7 and TLR9 stimulation
promoted cell proliferation mediated by autocrine IL-6 secretion [13-
14]. In small lymphocytic lymphoma (SLL), follicular lymphoma (FL),
CLL, marginal zone lymphoma (MZL), MCL and large cell lymphoma
(LCL) TLR9 triggering induced increased expression of costimulatory
and antigen-presenting molecules CD20, CD40, CD54, CD80, CD86,
MHC I and MHC II, and enhanced proliferation [15]. In this study, we
analyzed the expression and function of TLR2, TLR4, TLR7 and TLR9
in cHL cell lines and cHL patient tissues.

3.2 Materials and Methods

3.2.1 Patient samples and cell lines

Eight frozen and 19 formalin fixed paraffin embedded tissue samples of
cHL patients were obtained from the files of the department of Pathol-
ogy and Medical Biology, University Medical Centre Groningen, the
Netherlands. All frozen cHL samples were of nodular sclerosis (NS)
subtype. e paraffin embedded samples consisted of cHL subtypes:
15 NS, two mixed cellularity (MC), one lymphocyte rich (LR) and one
not otherwise specified (NOS) cHL. e protocols for obtaining and



Tumor Cell Survival Strategies in Hodgkin Lymphoma 57

studying human tissues were approved by the institution’s review board
for human subject research. e cHL cell lines L428 [17], KMH2 [17],
L1236 [17] andU-HO1 [18]were cultured inRPMI-1640medium (Lonza
Walkersville,Walkersville,MDUSA) supplementedwith ultraglutamine-
1, 100 U/ml penicillin/streptomycin, 10% fetal calf serum (FCS) (5% for
L428) (LonzaWalkersville). Peripheral bloodmononuclear cells (PBMCs)
were isolated from three healthy donors by Ficoll–Isopaque density gra-
dient centrifugation.

PBMCs (1 × 10 cells/ml) and cHL cell lines (1 × 10 cells/ml) were cul-
tured with LPS (TLR4 ligand) (Sigma Aldrich, St Louis, USA) (100ng/
ml), R837 (TLR7 ligand) (Invivogen, San Diego, USA) (5𝜇g/ml), ODN-
2006 (TLR9 ligand) (Invivogen) (1𝜇M) and ODN2006 control (TLR9
ligand control) (Invivogen) (1𝜇M). Supernatants were collected aer 72
hours for PBMC culture and aer 24 hours for cHL cell culture (ELISA
and proliferation) or ten minutes (Western blot).

3.2.2 Immunohistochemistry

Immunostaining was performed with a monoclonal antibody against
TLR2 (CD282, Hycult Biotechnology, Uden, e Netherlands) (1:50)
on frozen cHL tissue sections and cytospins of cHL cell lines, and poly-
clonal antibodies against TLR4 (Abcam, Cambridge, UK) (1:20), TLR7
(Abcam) (1:20) and TLR9 (26C593, Acris) (1:100) on paraffin embed-
ded cHL tissue sections and cytospins of cHL cell lines. Monoclonal an-
tibodies for Foxp3 (236A/E7, Abcam) (1:100) andHLA class II (CR3/43,
DAKO, Glostrup, Denmark) (1:500), and polyclonal antibodies for IL-
17 (R&D systems, Minneapolis, USA) (1:100) and 𝛽2-microglobulin
(DAKO) (1:200) were used on paraffin embedded cHL tissue sections.
Positive staining was visualized using an HRP-labeled second step and
3-amino-9-ethylcarbazole (AEC) for frozen cHL tissue sections and cy-
tospins, and 3, 3’-diaminobenzidine (DAB) for paraffin embedded cHL
tissue sections. Cases were defined as positive when more than 50% of
HRS cells showed a clear staining.
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3.2.3 ELISA

Cytokines IL-1𝛽, IL-6 and IL-10 protein levels were measured in cell
culture supernatant from cultured cHL cell lines and PBMCs by ELISA
(R&D Systems) following the protocol provided by the manufacturer.

3.2.4 Proliferation assay

Alamar blue (Invitrogen, Breda,eNetherlands) was added to the cells
following the protocol provided by the manufacturer. Fluorescence was
measured every 24 hours at 560/590 nm.

3.2.5 Western blot

Cells were lysed in 1x SDS Sample Buffer (62.5 mM Tris-HCl (pH 6.8
at 25˚C), 2% w/ v SDS, 10% glycerol, 50 mM DTT, 0.01% w/ v bro-
mophenol blue). Cell lysates were separated on polyacrylamide gels and
electroblotted onto nitrocellulosemembranes using standard laboratory
protocols. Blots were blocked in blocking buffer (TBSwith 0.05%Tween
20, pH 7.6 with 5% skimmed milk), washed and incubated with pri-
mary antibodies at 4˚C overnight. e antibodies against phosphory-
lated (p)-SAPK/JNK (Tyr183/185) (81E11), p-p44/42 MAPK (r202/
Tyr204) (20G11), p-Akt (Ser473) (D9E) were purchased from Cell Sig-
naling Technology (CST, Boston, USA). Immunostaining was amplified
by incubationwithHRP-conjugated antibodies and chemiluminescence
was detected with ECL (Pierce, Rockford, USA).
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3.2.6 Statistical analysis

SPSS statistical soware version 16.0 (SPSS Inc., Chicago, IL) was used.
To analyze the association between the expression of TLRs in HRS cells
and the presence of Treg and T𝐻-17 cells, student’s t-test was used. Cor-
relation between the expression of TLRs and HLA class I and HLA class
II was analyzed using Fisher’s exact test. Cytokine induction in PBMCs
and cHL cell supernatants and cell growth were analyzed using paired
student’s t-test.

3.3 Results

3.3.1 Expression of TLRs

No TLR2 staining was found in KMH2, L428, L1236 and U-HO1 cy-
tospins. TLR4 showed a moderate staining in KMH2, L1236 and U-
HO1 and a weak staining in L428. Staining for TLR7 was strong in
KMH2 and L1236 and weak in L428 and U-HO1. TLR9 staining was
strong in KMH2 and U-HO1 and weak in L428 and L1236. Represen-
tative staining results are shown in Figure 3.1. A-D.

Consistent with the lack of staining in cHL cell lines, TLR2 was also un-
detectable in HRS cells of eight cHL frozen tissue sections. Dendritic
cells present in the reactive infiltrate showed a strong staining for TLR2
in all cHL cases (Figure 3.1. E). For TLR4, positive staining was ob-
served in the majority of HRS cells in nine out of 19 cHL cases and in a
minority of HRS cells (5 and 30%) in two cases (Figure 3.1. F, Table 3.1).
TLR7 expression was observed in 5-20% of HRS cells in four cHL cases
(Figure 3.1. G, Table 3.1). TLR9 stained positive in more than 50% of
HRS cells in nine out of the 19 cHL cases and in approximately 10% of
HRS cells in three cases (Figure 3.1. H, Table 3.1). TLR2, TLR4, TLR7
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Figure 3.1: Immunohistochemistry for TLRs in cHL cell lines and cHL tis-
sue sections. A-D: TLR2 (A) is negative in cHL cell lines (L428 is shown as
a representive), whereas TLR4 (B), TLR7 (C) and TLR9 (D) are positive in all
four cHL cell lines (KMH2 is shown as a representive example of the cHL cell
lines). E-H: TLR2 (E) is positive in the reactive cells but not in HRS cells in
cHL tissues, whereas positive staining of TLR4 (F), TLR7 (G) and TLR9 (H) is
observed in HRS cells in cHL tissues.
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and TLR9 stained positive in (part of) the reactive background cells in
all cHL cases. Representative staining results of TLR2, TLR4, TLR7 and
TLR9 are shown in Figure 3.1.

Table 3.1: Expression of TLR4, TLR7 and TLR9 in HL cases, presence of T𝐻-
17 and FoxP3+ Treg cells, HLA-I and II expression.
cases EBV subtype TLR4 TLR7 TLR9 IL17/HPF Foxp3/HPF HLA-I HLA-II

1 - NS + - + 1 200 N.E. +
2 - LR + -/+ + 1 30 - -
3 + NS + -/+ + 0 N.D. N.D. N.D.
4 - NOS + - + 0 2 N.D. N.D.
5 + NS + - -/+ 1 30 + -
6 - NS + N.E. + 1 200 - +
7 - NS + - -/+ 1 30 + +
8 + NS + - - 1 400 + +
9 + NS + - - 1 150 + +
10 - NS -/+ -/+ + N.D. N.D. N.D. N.D.
11 - NS -/+ - + 2 20 + -
12 + MC - -/+ + 4 20 + +
13 - NS - - + 1 100 N.E. +
14 - NS - - -/+ 2 50 - -
15 - NS - - - 1 200 - +
16 - NS - - - 1 350 - -
17 - NS - - - 0 200 - +
18 - NS - - - 1 100 - -
19 - MC - - - 2 30 + -

“+” indicates more than 50% positive HRS cells;
“-/+” indicates the presence of positive HRS cells but less than 50%;
“-” indicates no positive tumor cell observed;
N.E: not evaluable;
N.D: not determined.

3.3.2 Capacity of TLR tomodulate the immune response
in cHL

Stimulation of TLRs (i.e. TLR4, TLR7 and TLR9) has been implicated
in the differentiation of Treg and T𝐻-17 cells by inducing production
of cytokines, that support differentiation into these cell types and reg-
ulate their function [19-20]. To assess a possible relation between TLR
expression and Treg or T𝐻-17 cells we identified Treg cells by Foxp3
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and T𝐻-17 cells by IL-17 staining. e mean number of Foxp3+ lym-
phocytes in the close vicinity of HRS cells was 117/ high power field
(HPF) (range 2-400/HPF) (Table 3.1). e number of IL-17 positive
lymphocytes in the vicinity of HRS cells was 0-2/HPF (Table 3.1). A
variable percentage of IL-17 positive neutrophils was observed in most
cHL cases. No correlation was observed between expression of TLR4,
TLR7 or TLR9 in HRS cells and presence of Treg or T𝐻-17 cells in cHL
tissues.

We further investigated the correlation between the expression of TLRs
andHLA class I andHLA class II inHRS cells in cHL tissue. Cell surface
𝛽2M staining was considered representative for cell surface HLA class I
expression [21] andwas found in seven out of 14 cHL cases. HLA class II
expression was observed in nine of 16 cases (Table 3.1). No correlation
was found between the expression of TLR4, TLR7 and TLR9 and HLA
class I and HLA class II positivity in HRS cells in cHL tissue.

3.3.3 Functional effects of TLR ligation in cHL cell lines

To determine the effect of TLR stimulation on cHL cell lines, we stud-
ied induction of cytokines, proliferation and phosphorylation of down-
stream signaling components. IL-1𝛽 was undetectable in cHL cell lines
with or without stimulation of the TLRs (data not shown). IL-6 and
IL-10 were expressed in all cHL cell lines, but no induction was found
upon TLR ligation (Supplementary Table 3.1). PBMCs used as a posi-
tive control for TLR stimulation [19, 22] indeed showed a pronounced
induction of IL-6 and IL-10 by ligation of TLR4, TLR7 and TLR9 and
of IL-1𝛽 by ligation of TLR4 and TLR7 consistent with the findings re-
ported in the literature.

Cell growth analysis aer three days of TLR ligation in cHL cell lines
revealed a slightly enhanced proliferation in L428 upon TLR4 activation
and in L1236 cells upon TLR4 and TLR7 activation, (Figure 3.2A), and a
more pronounced induction of proliferation in KMH2 cells upon TLR7
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triggering (Figure 3.2B). Triggering of TLR9 showed a slight suppression
of cell growth in L428, L1236 and U-HO1 (Figure 3.2C).

No effect on p-JNK1/2 and p-ERK1/2 was observed in L428, L1236 and
U-HO1 upon ligation of TLR4, TLR7 and TLR9 (Figure 3.3 and data
not shown). In KMH2 cells, a prominent induction of p-JNK1/2 and p-
Erk1/2 was observed upon TLR7 ligation (Figure 3.3), whereas ligation
of the other TLRs had no effect.

3.4 Discussion

Expression and function of TLRs have been previously studied exten-
sively in leukemia and MM and showed a marked impact on immune
response and tumor cell growth. In contrast, there is only limited data
on expression and functionality of TLRs in common B cell lymphomas
such as diffuse large B cell lymphoma, follicular lymphoma, and Burkitt
lymphoma. In the present study we showed expression of TLR4 and
TLR9 in HRS cells in half of the cHL patients and expression of TLR7
in a small proportion of HRS cells in a minority of the patients. TLR2
expression was not detectable in cHL cases and cell lines.

TLR2 has been shown to be expressed in B-ALL and CLL, and its liga-
tion revealed activation of NF-𝜅B amongst others. In HRS cells, which
in general are characterized by constitutional activation of the NF-𝜅B
pathway, no expression of TLR2 was found in tissue biopsies of cHL
patients and cytospins of the cHL cell lines. Low TLR2 expression in
GCB cells enables formation of functional heterodimers with TLR1 and
TLR6 [23]. TLR2 senses bacterial lipopeptides and triggers an immune
response by heterodimerization with TLR1 or TLR6. e absence of
TLR2 suggests that this pathway is not functional in HRS cells in cHL.

TLR4 expression has been observed in MALT lymphoma, but not in
CLL and MCL [11]. In cHL, TLR4 was detected in more than 50% of
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HRS cells in approximately half of the cHL cases and in all four cHL cell
lines. In GC B cells, a low expression of TLR4 has been observed. ese
findingsmight indicate thatHRS cells have acquired expression of TLR4
during the malignant transformation process. Besides LPS, also some
endogenous ligands that are released in the context of tissue damage,
cellular stress, or cell death are thought to activate TLR4 [23]. HSP60,
one of the endogenous ligands for TLR4 is abundantly expressed inHRS
cells [24] and this may result in activation of the TLR4 signaling path-
way.

TLR7 expression is found in B-ALL, B-CLL and MM [23]. Unlike the
high expression of TLR7 in GC B cells [8], TLR7 was only detected in a
low percentage (5-20%) of HRS cells in a minority of the cHL patients.
In contrast, TLR7 was present in all four cHL cell lines suggesting that
the downregulation of TLR7 in vivo might be induced by the interac-
tion with the infiltrating inflammatory cells. Although natural ligands
of TLR7 remain unknown, the function of TLR7, to some extent, was re-
vealed using synthetic ligands. In response to imidazoquinoline, activa-
tion of immune cells and synthesis of interferon-𝛼 and other cytokines
was found, depended on the presence of TLR7 and Myeloid differenti-
ation primary response gene 88 (MyD88) [25]. e downregulation of
TLR7 in HRS cells may be associated with immune suppression in cHL,
since stimulation of TLR7 would both activate the T cells in the back-
ground and increase the immunogenicity of the tumor cells, resulting
in an effective antitumor immunity [26].

TLR9 expression was detected in several NHL like CLL/SLL, MCL, FL,
LCL, MZL and MM [23]. Expression of TLR9 was observed in more
than 50% of HRS cells in half of the cHL cases and also in the cHL
cell lines. In B cells, expression of TLR9 was found especially on mem-
ory and GC B cells. Viral and bacterial unmethylated CpG DNA ligates
with TLR9 and initiates the production of pro-inflammatory cytokines.
ree out of five EBV+ cases showed TLR9 positivity. In cHL, the TLR9
signaling pathway is possibly activated through the presence of EBV in
HRS cells.
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Many of the cytokines produced aer ligation of the TLRs play a role in
the induction of T𝐻-17 and Treg cells. IL-6 is necessary for the induc-
tion of T𝐻-17 cells [27] and will inhibit Treg cells [27], IL-10 plays a role
in the induction of Treg cells [28], TGF𝛽 is important for the induction
of both cell types [27, 29] and IL-1𝛽 [27] takes part in T𝐻-17 differen-
tiation. To study functionality or relevance of TLRs in cHL tissue we
studied presence of Foxp3+ Treg cells and T𝐻-17 cells in the vicinity of
HRS cells. No relation was found between expression of TLR4, TLR7
or TLR9 in HRS cells and presence of Treg and T𝐻-17 cells. ese find-
ings are supported by the lack of cytokine induction upon TLR ligation
in the cHL cell lines. Moreover, expression of HLA class I and HLA
class II in HRS cells in cHL cases was also not associated with expres-
sion of TLRs. Consistent with these findings, no induction of cellular
surface markers (HLA class I, HLA class II, CD20, CD40, CD56 and
CD86) was observed by ligation of TLRs (data not shown). In NHL a
marked induction of these surface markers has been reported [15-16],
indicating that the responsiveness of the TLRs in cHL is very low. A
significant but limited effect was observed on cell growth by ligation of
TLR4, TLR7 and TLR9 in cHL cell lines. Only triggering of TLR7 in
KMH2 cells induced cell growth and upregulation of p-JNK1/2 and p-
Erk1/2. In contrast TLR ligation in MM cell lines induced proliferation
and survival, this difference is probably caused by the increase in IL-6,
a potent growth factor in MM [15].

e overall hyporesponsiveness of TLR4, TLR7 and TLR9 in cHL may
be caused by several mechanisms. First, somatic mutations or SNPs of
TLRs or their downstream components could result in the impairment
of TLR signaling pathway. is has been shown for co-segregating mis-
sense mutations (Asp299Gly and r399Ile) that affect the extracellular
domain of TLR4 [30]. Intriguingly, the TLR4 Asp299Gly variant has
been shown to be a risk factor for HL. More recently, a SNP variant
of MyD88 adapter-like (Mal)/TIRAP, which acts as a bridging adapter
between TLRs and its downstream adaptor MyD88, was shown to re-
sult in loss of MyD88 binding and reduced TLR2/TLR4 signaling [31].
SNP analysis revealed that the 1237C and 2848A variants of the TLR9
gene were risk factors for HL [32]. Second, in contrast to memory B
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cells, naïve B cells and GC B cells are more difficult to activate and less
sensitive to TLR stimulations [23]. Accordingly, it might be speculated
that the hyposensitivity of GC B cell derived HRS cells to activation of
TLR is an intrinsic characteristic of GC B cells, which is not related to
the pathogenesis. Consistent with this, a marked induction of prolifera-
tion, and expression of antigen presenting and costimulatory molecules
has been observed upon TLR9 ligation in memory B cell derived NHL
in comparison to GC B cell derived NHL [15]. In plasma cell derived
MM, ligation of TLRs showed a prominent effect on cell growth [13-14].
ird, cell lines may have acquired irreversible changes that make cells
resistant or insensitive to stimulation by TLR ligands. Although MM
cells [13-14] show an increase in proliferation aer TLR ligation, MM
cell lines are resistant to TLR stimulation in terms of proliferation and
differentiation [33].

In summary, we show that TLR4, TLR7 and TLR9 are expressed byHRS
cells in cHL, whereas TLR2 is not expressed. e responsiveness to lig-
ation of these TLRs is limited with no effect on cytokine production and
only a slight effect on cell growth in cHL cell lines and no association
with presence of Treg and T𝐻-17 cells or expression of HLA. ese find-
ings indicate that the TLRs are hyporesponsive in cHL.
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Supplementary Table 3.1: Cytokines of IL-6 and IL-10 induction aer TLRs
stimulation.

IL-6 Untreated LPS (TLR4 ligand) R837(TLR7 ligand) ODN2006 ODN2006 control
(pg/ml) (TLR9 ligand) (TLR9 ligand control)

Mean SD Mean SD Mean SD Mean SD Mean SD
PBMCs 50 86 >12000 NA 1376 675 466 235 269 268
L428 336 43 309 64 296 46 340 38 314 109

KMH2 4861 598 5750 1693 6963 1852 5931 2624 4278 1289
L1236 636 312 705 401 621 467 625 293 454 134
U-HO1 31 27 29 25 26 23 30 27 29 26

IL-10 Untreated LPS (TLR4 ligand) R837(TLR7 ligand) ODN2006 ODN2006 control
(pg/ml) (TLR9 ligand) (TLR9 ligand control)

Mean SD Mean SD Mean SD Mean SD Mean SD
PBMCs 0 NA 6578 3024 289 141 438 168 217 67
L428 0 NA 0 NA 0 NA 0 NA 0 NA

KMH2 48 24 40 19 50 18 35 11 34 17
L1236 0 NA 0 NA 0 NA 0 NA 0 NA
U-HO1 1354 2327 1416 2345 506 859 3502 5954 8865 15146

SD: standard deviation; 0: below detection limits; NA: not available.
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Abstract

Cell surface HLA class II expression in Hodgkin Reed-Sternberg (HRS)
cells is associated with favourable prognosis in classical Hodgkin lym-
phoma (cHL). To study the antigen presenting capacity of cell surface
HLA class II molecules we analyzed presence of the non-immunogenic
class II associated invariant chain peptide (CLIP). 10 out of 21HLA class
II+ patients showed a strong HRS cell surface CLIP staining. is could
be explained by absence of the HLA class II accessory molecule HLA-
DM that is essential for the exchange of CLIP with antigenic peptides.
e HLA-DM inhibitor HLA-DO was not involved. In contrast, there
was no cell surface expression of CLIP and low levels of HLA-DM in 5
cHL cell lines. Our results show that antigen presentation in the context
of HLA class II in cHL can be disturbed not only by lack of HLA class
II expression, but also by specific down regulation of HLA-DM.
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4.1 Introduction

Hodgkin-Reed Sternberg (HRS) cells, the neoplastic cells of classical
Hodgkin lymphoma (cHL) derive from germinal center B cells and are
suspended within an overwhelming T cell rich reactive infiltrate [1].
is infiltrate should accommodate anti-tumor immune responses, since
HRS cells are expected to properly present antigenic peptides. Indeed,
HRS cells have been reported to express human leukocyte antigen (HLA)
class I, transporter of antigenic peptides, HLA class II, the invariant
chain, proper costimulatory glycoproteins and adhesion molecules [2-
4]. Moreover, cHL cell lines are known to stimulate T lymphocyte pro-
liferation and cytotoxic activity in mixed lymphocyte reactions and cy-
totoxicity assays, suggesting that HRS cells can present antigenic pep-
tides in the context of both HLA class I and class II [4-6].

However, expression of antigen presenting components by HRS cells
is not universal among cHL patients. We have previously shown that
down regulation of HRS cell surface HLA class II (sHLA class II) ex-
pression occurs in ∼40% of cHL patients at primary diagnosis and is
associated with adverse failure free and relative survival [7]. Intuitively,
this prognostic effect can be explained by functional antigen presenta-
tion in patients with sHLA class II expressing HRS cells. Importantly,
HLA class II molecules can be expressed on the cell surface without pre-
senting antigenic peptides. Previously, Bosshart and Jarrett showed in
three fresh cHL affected lymph node tissue suspensions that a large pro-
portion of sHLA class II molecules on HRS cells was occupied by the
non-immunogenic class II associated invariant chain peptide (CLIP)
[8]. CLIP is a residue of the invariant chain and its presence in the anti-
gen binding groove of the HLA class II molecule prevents premature
loading of antigenic peptides. HLA-DM, a member of the non-classical
HLA class II molecules, is involved in the release of CLIP in the endoso-
mal/lysosomal compartment, while HLA-DO can suppress this activity
[9-10].

In this study we examined mRNA expression of the HLA class II anti-
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gen presenting pathway components in cHL cell lines andwe performed
immunohistochemistry (IHC) for HLA class II, CLIP, HLA-DM and
HLA-DO in both cHL cell lines and patient tissues.

4.2 Methods

4.2.1 Quantitative RT-PCR

cHL cell lines L428, L591, L1236, KMH2 and HDLM2 were cultured
under standard conditions. Fresh tonsil tissue obtained from three indi-
viduals from routine tonsillectomies were used to isolate germinal cen-
ter B cells [11]. CD20+CD77+ cells were sorted in a high speed cell
sorter (MoFlo; Cytomation) using phycoerythrin-conjugated CD20 (B-
Ly1; DAKO) and fluorescein-conjugated CD77 (5B5; BD Pharmingen).
TaqMan®Low-density arrays (Applied Biosystems) were used for quan-
titative RT-PCR analysis according to the manufacturer’s protocol us-
ing the ABI Prism 7900 Sequence Detection System (Applied Biosys-
tems). We selected 11 HLA class II genes and added the three HLA
class I genes and 𝛽2-microglobulin as a control. Complementary DNA
(cDNA) was synthesized from 500 ng of total cellular RNA using Su-
perscript II RT (Invitrogen) and random hexamers. Low-density Ar-
rays were loaded with 1ng cDNA/well according to the manufacturer’s
protocol. Assays were performed in duplicate on different arrays and
average cycle threshold (Ct) values were calculated. RNA polymerase II
showed a Ct-value of 25,14 (SD +/- 0,50) and was used to normalize the
data using the formula 2−(𝐶𝑡𝑅𝑃𝐼𝐼– Ct gene of interest).
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4.2.2 Immunohistochemistry

Primary diagnostic frozen tissue was available from 28 sHLA class II+
cHL patients from the prior sHLA class II prognosis study [7]. Seven
cases were excluded because there were not enough identifiable HRS
cells present. As a control we also analyzed four sHLA class II negative
cases. Frozen tissue sections and cytospots prepared from the cHL cell
lines were acetone fixated and subjected to CLIP (CerCLIP, 1:200 BD
Bioscience), HLA-DM (1:200, BD), HLA-DO (1:200, BD) and HC10
(HLA class I, 1:500, kindly provided by Prof. dr. J. Neees, the Nether-
lands Cancer Institute, Amsterdam) monoclonal antibodies. Primary
antibodies were detected by secondary and tertiary peroxidase conju-
gated antibodies in normal serumand subsequently stained by 3-amino-
9-ethylcarbazole. e study was approved by the medical ethics board
of the University Medical Center Groningen.

4.3 Results and discussion

mRNA expression levels of selected genes involved in antigen presenta-
tion were examined in 5 cHL cell lines and compared to tonsillar germi-
nal center B cells (Figure 4.1A). HLA class I genes were used as a control
and except for 𝛽-microglobulin in L428 did not show down regulation.
In L428, L1236, KMH2 and HDLM2 both classical antigen presenting
HLA class II and non-classical HLA class IImRNA levels were low com-
pared to germinal center B cells. In contrast, expression levels in L591
were not down regulated. L591 is the only cHL cell line harbouring la-
tent Epstein Barr virus (EBV) and the EBV derived latent membrane
protein-1 is known to induce expression of HLA [12-13]. is can ex-
plain the relatively high expression levels of HLA class I genes in L591.

AlthoughmRNA expression levels of HLA class II genes were low in the
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Figure 4.1: HLA mRNA expression in cell lines and CLIP and HLA-DM ex-
pression in patient tissue. (A) HLA gene expression levels in cHL cell lines
were compared to germinal center B (GCB) cells. Expression levels five times
higher or lower were considered significant. B2M indicates 𝛽-microglobulin;
Inv. chain, Invariant chain. (B) CLIP andHLA-DM immunohistochemistry in
frozen cHL tissue from two representative patients (see Table 4.1). In patient 1
HRS cells show cell surface CLIP staining in the absence of HLA-DM staining.
In patient 18 the HRS cells do not express cell surface CLIP, while HLA-DM is
present.
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Table 4.1: HLA class II, CLIP, HLA-DM and HLA-DO immunohistochem-
istry in cHL cell lines and patients.
Cell line subtype EBV sHLA class II % sCLIP pos % HLA-DM neg % HLA-DO pos
L591 NS + + 0 (c) 0 90 (w)
L428 NS - + 0 0 (w) 0
L1236 MC - + 0 60 0
KMH2 MC - + 0 (c) 0 0
HDLM2 NS (T) - + 0 0 0

patient
1 MC + + 100 100 0
2 NS + + 100 100 0
3 NS - + 100 100 50 (w)
4 NS - + 100 95 0
5 NS - + 80 100 0
6 NS + + 80 100 0
7 NS - + 50 95 50 (w)
8 MC + + 30 90 0
9 NS + + 10 20 0
10 NS + + 10 10 90 (w)
11 NS - + 0 (c) 0 80 (w)
12 NS - + 0 (c) 0 0
13 NS - + 0 (c) 0 70 (w)
14 NS - + 0 (c) 0 30 (w)
15 NS - + 0 (c) 0 0
16 MC + + 0 (c) 10 5 (w)
17 NS - + 0 (c) 10 20 (w)
18 NS + + 0 (c) 20 5 (w)
19 MC + + 0 (c) 20 5 (w)
20 NS - + 0 (c) 20 0
21 NS - + 0 (c) 40 0

22 NS + - (c) 0 (c) 0 0
23 NS - - (c) 0 (c) 50 0
24 NS - - (c) 0 (c) 0 0
25 NS - - 0 0 0
sHLA class II and sCLIP indicate cell surface HLA class II and CLIP expression respectively; NS,
nodular sclerosis subtype; MC, mixed cellularity subtype; (c), cytoplasmic staining; (w), weak
staining.
Cell line HDLM2 is a T cell derived cHL cell line. Representative cases are shown in Figure 4.1B.
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EBV-negative cHL cell lines, sHLA class II and cytoplasmic HLA-DM
protein were detectable by IHC (Table 4.1). Apparently, this HLA-DM
expression is functional as no sCLIP expression could be detected in
these cell lines. In L591 and KMH2 only cytoplasmic CLIP staining was
seen, indicating removal of CLIP from the HLA class II antigen binding
groove by HLA-DM before HLA class II reaches the cell surface. Our
results are consistent with those from Bosshart and Jarrett who showed
that in L428, KMH2 and HDLM2 cells CLIP expression is virtually ab-
sent by flow cytometry. ey also showed that in these cell lines sHLA
class II presents antigenic peptides, explaining the ability of cHL cell
lines to activate T cells [8].

Remarkably, the results observed in the cHL cell lines were not repre-
sentative for cHL patients. In 10 out of 21 sHLA class II+ patients sCLIP
expression was clearly present (Figure 4.1B).is expression highly cor-
relatedwith lack ofHLA-DM. In some patients all HRS cells were sCLIP
+/HLA-DM-, suggesting a definite loss of HLA-DM. In other patients
there was a spectrum of sCLIP+/HLA-DM- to sCLIP-/HLA-DM+ HRS
cells. Expression of HLA-DO, the natural repressor of HLA-DM func-
tion was not related to sCLIP or HLA-DM results, indicating that HLA-
DO is not involved in sCLIP expression in cHL. Interestingly, Röhn et
al. reported that sCLIP expression by dendritic cells antagonizes 1
polarization of naïve T cells [14]. erefore, sCLIP expression might
explain the predominant and characteristic 2-like reactive T-cell in-
filtrate in a subset of cHL patients.

We previously reported an adverse prognostic impact of lack of sHLA
class II expression by HRS cells [7]. Within the favourable prognosis
group of sHLA class II expressers, sCLIP expression could indicate a
subset of patients with a worse prognosis. However, in failure free and
overall survival analysis in this limited set of patients we did not find a
difference between sCLIP+ and sCLIP- patients (median follow up 15
years; results not shown). Unfortunately, CLIP and HLA-DM antibod-
ies can only be used on limited numbers of available frozen tissue, which
decreases power and introduces selection bias.
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In conclusion, antigen presentation by HRS cells in the context of HLA
class II is not as universal as commonly suggested. Besides down reg-
ulation of sHLA class II expression, there is a subset of sHLA class II+
cases in which absence of HLA-DM prevents presentation of antigenic
peptides.
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Abstract

We studied CD1d-restricted invariant natural killer T (iNKT) cells in
classical Hodgkin lymphoma (cHL). Tumor cells stained positive for
CD1d in 21/44 cHL cases, whereas in non-Hodgkin lymphoma (NHL)
only 9/31 stained positive. In contrast, CD1c expression wasmore com-
mon in NHL. e percentage of iNKT cells in cHL cell suspensions was
similar to the percentage in reactive lymph nodes and was not related to
the CD1d expression status of the tumor cells. In conclusion, we found
expression of CD1d in HRS cells in half of the cHL cases, and also ob-
served a substantial population of iNKT cells in cHL cell suspensions.
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Classical Hodgkin lymphoma (cHL) is a B-cell neoplasm characterized
by aminority of neoplastic cells, theHodgkin andReed-Sternberg (HRS)
cells, which are located within an extensive infiltrate of reactive cells,
such asT cells, B cells, plasma cells, stromal cells, eosinophils andmacro-
phages. HRS cells shape their microenvironment by attracting specific
favorable T cell subsets, like regulatory T (Treg) and T helper (T𝐻)-2
cells and producing factors such as CC-chemokine ligand 17 (CCL17
or TARC), transforming growth factor (TGF)-𝛽 and interleukin (IL)-10
[1]. Additionally, HLA class I is downregulated in HRS cells in 65% of
the cHL cases and HLA class II in 40%, possibly as a strategy to escape
from an effective immune surveillance [2]. All together, these factors
may suppress the development of an effective anti-tumor response and
provide a microenvironment that is favorable for HRS cells.

Recent studies have suggested that T cells restricted to non-classicalMHC
class I-like CD1 molecules may be involved in immune surveillance
of hematological malignancies [3-6]. CD1 molecules are non-classical
MHC class I-like molecules that present lipid antigens to T cells, trig-
gering a specific immune response. Of the five CD1 isoforms (CD1a,
CD1b, CD1c, CD1d and CD1e) expressed in human tissue, only CD1c
and CD1d are expressed in B cells [7]. e T cell receptors (TCRs) of T
cells that recognize CD1c are indistinguishable from those that recog-
nize MHC class I or II complexes. Most CD1c-restricted T cells appear
to be T𝐻-1-like cells that provide adaptive immunity to microbial-lipid
antigens [8]. In contrast, CD1d presents lipid antigens to natural killer T
(NKT) cells. e best characterized CD1d-restricted NKT cells in hu-
mans are the invariant NKT (iNKT) cells, also known as type I NKT
cells. ese cells are characterized by the expression of an invariant
V𝛼24J𝛼18 chain paired to a semi-invariant V𝛽11 chain [9]. Two dis-
tinct functional subsets of human iNKT cells are recognized in terms
of cytokines production and cytotoxic activation. CD4- iNKT cells are
more likely to be cytotoxic and produce T𝐻-1 type cytokines, whereas
CD4+ iNKT cells are more likely to produce both T𝐻-1 and T𝐻-2 type
cytokines aer stimulation [10]. Several studies have shown the impor-
tance of iNKT cells in B cell malignancies [4-6]. In chronic lymphocytic
leukemia (CLL) CD1d+ tumor cells loaded with 𝛼GalCer can activate
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iNKT cells and in turn induce cell death of tumor cells [4]. Malignant
multiple myeloma (MM) is characterized by a reversible functional de-
fect in iNKT cells in comparisonwith nonprogressivemyeloma and pre-
malignantmyeloma [5]. Furthermore, iNKT cells were shown to induce
effective anti-lymphoma responses and were essential for the survival
of mice in murine lymphoma models [6]. e role of iNKT cells in the
immune surveillance in cHL is unknown. Here, we examined the ex-
pression of CD1c and CD1d in HRS cells and tumor infiltrating cells in
44 cHL cases, as well as in four cHL cell lines. Furthermore, we studied
the presence of iNKT cells in cell suspensions of ten cHL cases.

Table 5.1: Comparison of expression of CD1c and CD1d in cHL and NHL.
lymphoma CD1c positive CD1d positive
cHL (n=44) 0% 48%

EBV+ 42%
EBV- 57%

NHL (n=39) 36% 23%
CLL (n=13) 8% 31%
MCL (n=7) 57% 14%
FL (n=9) 67% 22%

DLBCL (n=10) 30% 10%
cHL: classical Hodgkin lymphoma;
NHL: non-Hodgkin lymphoma;
CLL: chronic lymphocytic leukemia;
MCL: mantle cell lymphoma;
FL: follicular lymphoma;
DLBCL: diffuse large B cell lymphoma

CD1c was undetectable in cHL cell lines L428, KMH2, L1236 and U-
HO1 (data not shown). In tonsil tissue, CD1c stained positive in the
mantle zone (MZ) and predominantly negative in the germinal centers
(GC) of secondary lymphoid follicles (Figure 5.1A) consistent with the
previously reported expression pattern [11]. HRS cells in cHLwere con-
sistently CD1c negative in all cases (Figure 5.1B), while 14 out of 39 non
Hodgkin lymphomas (NHL) were positive (Table 5.1). e absence of
CD1c expression in both GC B cells and HRS cells is consistent with
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Figure 5.1: CD1c and CD1d expression in cHL. Both CD1c and CD1d are
positive in the mantle zone area and predominantly negative in the germinal
center area in tonsil (A and G). Original image magnification: 200x. CD1c is
negative in HRS cells (arrows), but positive in reactive cells (B). CD1d is pos-
itive both in HRS cells (arrows) and reactive cells (H). Original magnification
400x. CD1d is weakly positive in U-HO1, and strongly positive in the other
three cHL cell lines (C-F). Original image magnification: 400x.

the current assumption that HRS cells are derived from GC B cells [12].
CD1c expression has been reported in some other B-cell NHL subtypes,
including GCB cell derived follicular lymphoma [11]. In B-cell NHL an
inverse correlation was noticed between CD1c and the proliferative ac-
tivity assessed by expression of Ki-67 [11]. is is in line with the lack
of CD1c staining in GC B cells that show a high proliferation index and
high CD1c expression in the MZ B cells that are in a resting state. Ki-67
was shown to be highly expressed in HRS cells [13] correlating with the
lack of CD1c expression. CD1c expression was found in reactive cells in
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Table 5.2: iNKT cells in cHL and RLN.
cases Subtype CD1d in HRS % iNKT % CD4+ iNKT

cHL
1 NS + 5 64
2 NS + 2 54
3 NS + 2 8
4 NS + 2 59
5 NS + 1 59
6 MC - 8 40
7 NS - 6 76
8 MC - 5 69
9 NS - 4 38
10 NS - 0.8 39

RLN
1 7 40
2 5 50
3 4 53
4 4 68
5 0.6 58
6 0.4 52

all cases with a percentage varying from a few to the vast majority, sim-
ilar to the CD1c expression pattern observed in interfollicular regions
of tonsil tissue.

In contrast, CD1d was detected in all four cHL cell lines, varying from
weakly positive in U-HO1 to strongly positive in the other three cHL
cell lines (Figure 5.1C-F). By flowcytometry we validated that CD1dwas
present on the membrane in cHL cell lines (data not shown). In normal
tonsil tissue CD1d staining was observed mainly in the MZ and showed
nopositive staining in theGC (Figure 5.1G) consistentwith the reported
results [14]. CD1d was detected in HRS cells in 21 out of 44 cHL cases
(48%) (Figure 5.1H, Table 5.1, Supplementary Table 5.1), showing both
cytoplasmic and membranous staining. No correlation was found with
EBV status and CD1d expression (Table 5.1). CD1d was also positive in
the reactive background, usually in more than half of the reactive cells.
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Nine of the 39 NHL cases were positive for CD1d (23%, Table 5.1), i.e.
in 3 out of 19 GC B cell derived NHL and in 6 out of 20 non-GC B
cell NHL (Table 5.1, Supplementary Table 5.1). e CD1d expression
in HL is remarkable since GC B cells and the majority of the GC B cell
derived NHL are negative. Positivity of HRS cells indicates that these
cells might have acquired CD1d expression during malignant transfor-
mation. CD1d expression has been detected in some B cell malignan-
cies, such as CLL [4] and MM [5]. In these B cell malignancies, iNKT
cells activated by 𝛼-GalCer loaded CD1d+ tumor cells resulted in the
induction of apoptosis of the tumor cells in vitro [4,5].

Since half of the cHL cases were positive for CD1d in HRS cells, we fur-
ther investigated the iNKT cell population in cell suspensions of cHL
and reactive lymph node (RLN). e mean percentage of iNKT cells
was 4% (range 0.8-8%) in cHL and 4% (range 0.4-7%) in RLN (Table
5.2). iNKT cells were present at similar percentage in either CD1d pos-
itive or CD1d negative cHL cases. Two distinct iNKT subsets have been
distinguished as T𝐻-1 type (CD4- iNKT) and T𝐻-2 type (CD4+ iNKT)
in terms of cytokine production and cytotoxic activation [10]. We ob-
served a similar percentage ofCD4+ iNKT cells, i.e. around 50%, in cHL
and RLN (Table 5.2). Given the high expression of CCL17 in HRS cells
of cHL [15] and the high expression of the CCL17 receptor, CCR4, on
CD4+ iNKT cells [16], it might be speculated that especially the CD4+
iNKT cells are present in the close vicinity of HRS cells and might favor
the survival and growth of HRS cells. Since it is known that the roset-
ting CD4+CD26- T cells in HL have several features of anergy [17], the
CD1d-restricted iNKT cells might also be dysfunctional or anergic fa-
voring HRS cells survival by escaping from an effective immunosurveil-
lance in cHL.

Taken together, we showed expression of CD1d in HRS cells of cHL
cell lines and a significant proportion of cHL cases as well as the pres-
ence of a marked population of iNKT cells in the reactive background
of cHL. e CD1d – iNKT cell axis might play a role in the disturbed
immunoregulation in cHL.
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5.1 Methods

Patient samples and cell lines. Frozen cHL samples consisted of 39 cases
of nodular sclerosis (NS), four cases of mixed cellularity (MC) and one
case of not otherwise specified cHL (NOS). Frozen samples of 39 NHL
cases were used and consisted of 13 chronic lymphocytic leukemia, 7
mantle cell lymphoma, 9 follicular lymphoma and 10 diffuse large B
cell lymphoma cases. Cell suspensions were available of eight NS and
two MC cHL cases. e cHL cell lines L428, KMH2, L1236 and U-
HO1 [18] were cultured in RPMI-1640 medium (Lonza Walkersville,
Walkersville, MD USA) supplemented with ultraglutamine-1, 100 U/
ml penicillin/streptomycin, 10% fetal calf serum (5% for L428) (Lonza
Walkersville).

Immunohistochemistry. Immunohistochemistrywas performedwithmo-
noclonal antibodies against CD1c (L161, Abd Serotec, Oxford, UK) and
CD1d (NOR3.2, Abcam, Cambridge, UK) (both 1:100) on frozen cHL
tissue sections and cytospins using standard laboratory protocols and
appropriate positive and negative controls. Cases were defined positive
when more than 50% of HRS cells showed a clear staining.

Flow Cytometry. 1 × 10 cells were stained simultaneously with PE la-
beled Mouse Anti-Human iNKT Cell (clone 6B11, BD Bioscience, San
Jose, CA ), FITC labeled anti-TCR V𝛽11 (clone C21, Beckman Coul-
ter, Fullerton, CA) and CyQ labeled anti-CD4 (clone Edu-2, IQ Prod-
ucts, Groningen, Netherlands). A total of 100,000 lymphocytes was col-
lected. e percentage of iNKT cells was determined by positive stain-
ing for both 6B11 and V𝛽11, and the percentage of CD4+ iNKT cells
was determined by the percentage of CD4+ cells among the gated iNKT
cells by flow cytometer (Calibur, Becton Dickinson, San Jose, CA). We
used an iNKT cell clone as a positive control, and samples without pri-
mary antibody were included as a negative control. cHL cell lines were
stained with PE labeled CD1d (clone 51.1, eBioscience, Hatfield, UK),
and a IgG2b isotype control antibody, to show the presence of mem-
brane CD1d.
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Supplementary Table 5.1: Expression of CD1c and CD1d in HL and NHL.
Case diagnosis EBV status CD1c CD1d
1 HL-NS - - +
2 HL-NS - - +
3 HL-NS - - -
4 HL-NS + - +
5 HL-NS - - +
6 HL-NS + - +
7 HL-NS - - +
8 HL-NS + - +
9 HL-NS - - +
10 HL-NS + - +
11 HL-NS + - +
12 HL-NS - - -
13 HL-NS - - +
14 HL-NS - - -
15 HL-NS - - -
16 HL-NS - - +
17 HL-NS - - +
18 HL-NS + - -
19 HL-NS + - -
20 HL-NS - - -
21 HL-NS - - +
22 HL-NS - - -
23 HL-NS - - -
24 HL-NS - - +
25 HL-NS - - +
26 HL-NS - - +
27 HL-NS - - +
28 HL-NS - - -
29 HL-NS + - -
30 HL-NS - - -
31 HL-NS - - -
32 HL-NS - - -
33 HL-NS - - -
34 HL-NS - - +
35 HL-NS - - -
36 HL-NS - - -

to be continuoued
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Expression of CD1c and CD1d in HL and NHL (Continoued).
Case diagnosis EBV status CD1c CD1d
37 HL-NS - - -
38 HL-NS - - -
39 HL-NS + - +
40 HL-NS - - +
41 HL-NOS - - -
42 HL-MC - - -
43 HL-MC - - -
44 HL-MC - - -
45 CLL - -
46 CLL + +
47 CLL - -
48 CLL - -
49 CLL - +
50 CLL - +
51 CLL - +
52 CLL - -
53 CLL - -
54 CLL - -
55 CLL - -
56 CLL - -
57 CLL - -
58 MCL - -
59 MCL - -
60 MCL - -
61 MCL + -
62 MCL + +
63 MCL + -
64 MCL + -
65 FL - -
66 FL + -
67 FL + -
68 FL + +
69 FL + -
70 FL + +
71 FL - -
72 FL + -
73 FL - -

to be continuoued
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Expression of CD1c and CD1d in HL and NHL (Continoued).
Case diagnosis EBV status CD1c CD1d
74 DLBCL - -
75 DLBCL + -
76 DLBCL - -
77 DLBCL - -
78 DLBCL - -
79 DLBCL + -
80 DLBCL + -
81 DLBCL - -
82 DLBCL - -
83 DLBCL - +

HL: Hodgkin lymphoma; NS: Nodular sclerosis; MC: mixed cellular-
ity; NOS: not otherwise specified; CLL: chronic lymphocytic leukemia;
MCL: mantle cell lymphoma; FL: follicular lymphoma; DLBCL: dif-
fuse large B cell lymphoma
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6.1 Summary

Hodgkin lymphoma (HL) is characterized by a minority of tumor cells
located within an abundant infiltrate consisting of various types of in-
flammatory cells. e scarce tumor cells survive this hostile environ-
ment by producing immune suppressive factors and attracting specific
non-hostile infiltrating cell populations [1]. However, it is likely that
additional mechanisms are involved. In this thesis, we investigated the
role of the HGF/c-Met signaling pathway and several other factors that
can modulate the anti-tumor immune response, i.e. expression of toll
like receptors (TLRs), functionality of HLA class II, expression of CD1
molecules and presence of invariant natural killer T (iNKT) cells.

6.1.1 HGF/c-Met signaling pathway

Aberrant expression of c-Met has been implicated in the tumorigenesis
of many cancers by regulation of cell cycle, survival, proliferation and
migration [2]. Overexpression of c-Met has been reported in HL [3],
but its function had not been studied. In chapter 2, we studied theHGF/
c-Met signaling pathway in HL. We showed that c-Met was expressed
in the tumor cells in 55% (26/47) of HL cases, while its ligand HGF was
expressed by the tumor cells in only a minority of cases. is indicates
that activation of the c-Met pathway is mostly dependent on expression
of HGF in the infiltrating cells. A variable percentage of infiltrating cells
indeed stained positive for HGF, supporting a predominant paracrine
activation route. e functionality of the HGF/c-Met signaling pathway
was studied in the c-Met high andphospho-c-Met (p-Met) positive L428
cell line using the c-Met specific kinase inhibitor SU11274. SU11274
effectively blocked the HGF/c-Met signaling pathway with or without
HGF in L428 cells. Inhibition of c-Met by SU11274 reduced cell growth
and induced G2/M cell cycle arrest. Inhibition of PI3K, MEK1/2 and
Erk1/2, three downstream targets of the HGF/c-Met signaling pathway,
also induced G2/M cell cycle arrest. Based on our data it is evident that
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the HGF/ c-Met signaling pathway plays a role in the proliferation of
L428 cells.

6.1.2 Expression and function of TLRs

TLRs are the first line of defense against microbial infection by recogni-
tion of pathogen associated molecular patterns (PAMPs), thereby initi-
ating innate immunity and modulating the adaptive immune response.
Aberrant expression of TLRs has been reported inmany cancers includ-
ing B cell lymphomas [4-5]. In chapter 3 we studied the expression and
function of TLRs in the neoplastic Hodgkin-Reed Sternberg (HRS) cells
in classical HL (cHL). TLR4, TLR7 andTLR9were expressed in cHL cell
lines but TLR2 was not expressed. TLR4 and TLR9 were positive in the
tumor cells in 47% of cHL patients; TLR7 was expressed in only a small
proportion of tumor cells in a minority of these patients. To test the
relevance of these TLRs in cHL several known downstream effects were
analyzed. Based on the induction of specific cytokines upon stimula-
tion of TLRs an association has been reported between TLRs and Treg
and 17 cells [6-7]. However, in cHL tissue no correlation was found
between the expression of TLR4, TLR7 and TLR9 and the presence of
Treg and/or 17 cells. Moreover, a correlation between expression of
HLA class I andHL class II and activation of TLR as reported previously
for lymphoma derived cell lines [4] was not detectable in cHL cases. In
the cHL cell lines, no induction of IL-1𝛽, IL-6 or IL-10 was observed by
ligation of TLR4, TLR7 and TLR9. A moderate but significant effect on
cell growth was found by ligation of TLR in some cHL cell lines with
the most pronounced effect observed for TLR7 ligation in KMH2 cells.
Studying the cellular signaling pathways showed that ligation of TLR7
in KMH2 led to activation of p-JNK1/2 and p-Erk1/2. In conclusion,
hyporesponsiveness of these TLRs in cHL might be a mechanism that
allows microbes, including EBV, to escape from an effective immune
response.
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6.1.3 HLAclass II-associated invariant chainpeptide (CLIP),
HLA-DM and HLA-DO

Absence of cellular surface expression of HLA class II in tumor cells is
an adverse prognostic factor for cHL patients [8], probably because this
impairs presentation of antigens to T cells. It is unknown whether the
expression of HLA class II on the tumor cell membrane is functional or
not, since cell surface HLA class II can express the non-immunogenic
peptide CLIP instead of antigenic peptides [9]. In chapter 4 we stud-
ied the expression of CLIP, HLA-DM and HLA-DO, proteins that reg-
ulateHLA class II processing and functionality [10]. MembranousCLIP
staining of HRS cells was observed in 48% (10/21) of HLA class II posi-
tive cHL cases. is can be explained by the lack of HLA-DM, since lack
ofHLA-DMresults in a defective removal of CLIP from theHLA class II
antigen binding groove during its natural processing [10]. Overexpres-
sion of HLA-DO, the natural repressor of HLA-DM was not involved in
the presence of membranous CLIP. Our results indicate that not only
HLA class II negative cases, but also half of HLA class II positive cases
do not present immunogenic antigenic peptides and this may be yet an-
other strategy for Hodgkin tumor cells to escape an effective immune
response.

6.1.4 CD1d and iNKT cells

CD1 restricted T cells, especially iNKT cells, play an important role in
the regulation of immune responses and have been implicated in the
pathogenesis of many diseases [11]. iNKT cells were shown to enhance
immune response in a murine B cell lymphoma model [12]. In chapter
5, we studied the expression of CD1c and CD1d in the tumor cells in
cHL patient tissues and cHL cell lines and the presence of iNKT cells
in the tumor cell environment. CD1c was consistently negative in the
tumor cells in cHL patient tissues and cHL cell lines. is was con-
sistent with the lack of CD1c in germinal center (GC) B cells. How-
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ever, CD1d was detected in cHL cell lines and in the tumor cells in 48%
(21/44) of cHL cases, in contrast with normal GC B cells that do not
express CD1d. is indicates that the tumor cells acquire CD1d expres-
sion during malignant transformation. CD1c expression was found in
tumor cells in 36% of Non-Hodgkin lymphoma patients while only 23%
expressed CD1d. Analysis of cHL cell suspensions revealed the pres-
ence of iNKT cells at a percentage similar to the percentage found in
reactive lymph nodes (RLNs). T cells in the reactive background of cHL
have been shown to be anergic [13]. erefore, it is possible that the
iNKT cells in cHL are also anergic or functionally impaired compared
to those in RLNs. Two distinct iNKT subsets have been distinguished as
1 type (CD4-iNKT) and 2 type (CD4+iNKT) in terms of cytokine
production and cytotoxic activation [14-15]. e percentage of CD4+
iNKT cells in the cHL cell suspensionswas also similar to the percentage
observed in RLNs. Given the high expression of CCL-17 (also known
as thymus and activation-regulated chemokine, TARC) in cHL tumor
cells [16] and the high expression of CCR4 (CCL-17 receptor) in CD4+
iNKT cells [17], it can be speculated that CD4+ iNKT cells reside in the
close vicinity of HRS cells.

6.1.5 New insights into tumor cell survival strategies

Combination of our data with current knowledge in the literature indi-
cates that there are some potential new players involved in tumor cell
survival and escape from anti-tumor immune responses in HL (Figure
6.1). In addition to the activation of several growth factor pathways
involving e.g. CD30, CD40, tumor necrosis factor and cytokines, aber-
rant expression of c-Metmight provide additional signals leading to sur-
vival and growth of the tumor cells. e HGF/c-Met signaling pathway
appears to regulate cell cycle progression predominantly via paracrine
mechanisms in HL. In terms of immune surveillance, three possible
mechanisms analyzed in this thesis might be involved in the survival of
the Hodgkin tumor cells. e expression of TLR4, TLR7 and TLR9 in
the tumor cells togetherwith the limited effects of ligation of these TLRs,
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indicates that their functionality might be impaired. However, a role in
one of the early steps of the malignant transformation process cannot
be excluded. Expression of membranous CLIP in HLA class II positive
HRS cells suggests impaired antigen presentation in these cases. Ad-
ditionally, acquired expression of CD1d in HRS cells in approximately
half of the cHL cases and a substantial population of iNKT cells in the
inflammatory background, indicates that CD1d restricted iNKT cells
might modulate the immune response in a way that favors tumor cell
survival. Certainly, the function of iNKT cells in cHL needs to be fur-
ther elucidated. Interestingly, it has been shown that iNKT cells can be
activated indirectly by TLRs and this justifies further investigation of a
possible link between iNKT cells and TLRs in cHL.
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Figure 6.1: A schematic representation of newly identified tumor cell survival
strategies in cHL. See also chapter 1 figure 6.1. HGF/c-Met is an additional
growth factor that plays a role in cHL. Overexpression of c-Met in HRS cells
and HGF production by inflammatory cells and in a low percentage also by
HRS cells, provides tumor cell proliferation signals. e expression of CD1d
and TLRs in cHL has effects on the shaping of the environment. Acquired
CD1d expression by HRS cells might result in induction of IL-4 by CD1d re-
stricted iNKT cells, whereas stimulation of TLR by microbial ligands might
also trigger iNKT cell activity. e possible effects of CD1d triggering and
triggering of the TLR on the infiltrating T cells (2, 17, Treg) are still un-
known. Presence of CLIP in a large proportion of HLA class II positive cHL
patients indicates that the antigen presentation pathway is not functional and
HRS cells might escape recognition by the inflammatory background, an ad-
ditional factor in immune escape.
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6.2 Future perspectives

e HGF/c-Met signaling pathway modulates cell growth and cell cycle
progression of Hodgkin tumor cells in vitro, but its relevance in vivo re-
mains unknown. To further explore the functionality of this pathway, it
is important to determine the phosphorylation status of c-Met (p-Met)
in the tumor cells in HL tissue biopsies. Currently, there is no appropri-
ate antibody against p-Met available, precluding a direct analysis of its
activation status. Analysis of downstream signaling molecules is possi-
ble, but this does not prove a role for c-Met, since there are many other
receptor tyrosine kinases (RTKs) expressed in HL which share the same
downstream targets. Several studies showed that c-Met is a prognostic
factor in several cancer types [18-21]. In general, overexpression of c-
Met was associated with worse survival. Besides stimulation by HGF,
c-Met can also be activated by somatic mutation as has been shown
in many cancers, e.g. lung cancer [22], mesothelioma [23], melanoma
[24] and B cell malignancies [25]. Two mutated c-Met variants were in-
hibited by the c-Met specific inhibitor, whereas the other two variants
were resistant to this inhibitor [26], indicating a mutation dependent
sensitivity to the c-Met specific inhibitor. Mutation analysis of the c-
Met gene in HL has not been performed yet, but this might represent
an alternative way to activate the c-Met pathway independent from the
expression of HGF in the Hodgkin tumor cells or infiltrating cells. Be-
sides c-Met, several other RTKs are also aberrantly expressed in HL,
such as alpha-type platelet-derived growth factor receptor (PDGFRA),
discoidin domain receptor tyrosine kinase 2 (DDR2), ephrin type-B re-
ceptor 1 (EPHB1), recepteur d’Origine nantais (RON), neurotrophic ty-
rosine kinase receptor, type 1 (TRKA) and neurotrophic tyrosine kinase
receptor, type 2 (TRKB) [27]. A comprehensive analysis of the cellular
effects induced by these aberrantly expressed RTKs might shed more
light on their role in the pathogenesis of HL.

In contrast to its adverse prognostic value in other cancers, high c-Met
expression by HRS cells was significantly correlated with favorable sur-
vival in a preliminary study in 90 cHL cases (performed in collaboration
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Figure 6.2: Survival in cHL 5-years disease free survival. Kaplan-Meier analy-
sis of c-Met expression in relation to clinical outcome. Significance of c-Met in
association with patient survival was assessed by log-rank test. Expression of
c-met in 30% or more HRS cells was used as a cut off. Patient with high c-met
expression had a better 5 year failure free survival than those with negative or
low c-met expression (p=0.0232).

with P. Moller, Germany). Patients with low or no expression of c-Met
showed adverse five-year failure free survival (73% vs 88%, hazard ra-
tio 3.659, p=0.0232) and overall survival rates (at 5 years 86% vs 97%,
hazard ratio 5.462, p=0.0403) as compared to patients with high expres-
sion of c-Met (Figure 6.2). eunexpected favorable prognostic value of
high c-Met levels in HRS of cHL might be attributed to the exceptional
phenotype of cHL, which is a minority of neoplastic HRS cells located
within an extensive infiltrate of reactive cells. A similar result has been
reported for the number of Foxp3 positive T regulatory cells: in most
cancers high numbers of infiltrating Foxp3 positive cells associate with
poor survival, whereas the opposite has been observed in cHL [28-29].
Another possible explanation for this unexpected finding is based on the
relation between c-Met and TGF-𝛽. In a rat cirrhosis model, c-Met in-
duced liver fibrosis and decreased TGF-𝛽 levels [30]. Since TGF-𝛽 plays
an important role in suppression of an effective immune response in
cHL [1], the activation of c-Met in HRS cells could result in decreased
TGF-𝛽 production levels resulting in enhanced anti-tumor responses.
A third possible explanation for the favorable prognostic value of high
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c-Met levels might be related to its pro-inflammatory properties. Ac-
tivation of c-Met induced upregulation of pro-inflammatory cytokines
in monocytes [31] and a pro-inflammatory response of the HGF/c-Met
pathway was also found in experimental autoimmune encephalomyeli-
tis [32]. Overall, it can be speculated that despite its oncogenic proper-
ties, activation of c-Met inHRS cellsmight alter the immunosuppressive
properties of the reactive cells by secretion of certain factors, thereby
shaping the microenvironment in a way that is less beneficial for HRS
cells. A more comprehensive study needs to be performed to confirm
these preliminary findings.

We investigated expression of 4 TLRs and demonstrated some func-
tional effects by ligation of the TLRs in cHL cell lines. Functional studies
in cHL cell lines may not represent a good model for the tumor cells in
vivo since in the cell lines, the tumor cells have become independent of
the reactive infiltrate. To elucidate the in vivo function of TLRs, it will
be essential to perform functional assays on sorted tumor cells or use
an animal model that can mimic the natural situation of a minority of
tumor cells surrounded by a predominant reactive infiltrate. To further
explore the effect of TLR on the pathogenesis, expression and function
of all ten TLRs should be studied in HL.

e presence of HLA class II is a favorable prognostic factor in cHL [8].
Based on our present study it is clear that in about half of the HLA class
II positive cHL cases the antigen presenting property is dysfunctional
due to presence of membranous CLIP loaded HLA class II. erefore,
it will be of interest to study whether the CLIP positive cases have a
worse prognosis than the CLIP negative cases in a larger cohort of pa-
tients. Antigen presentation by HLA class II could result in activation
of T helper cells and thereby influence cytokine induction. erefore,
it makes sense to study differences in T cell subsets and their activation
status betweenHLA class II negative and/ormembranous CLIP positive
cases as compared to cases with functional HLA class II expression.

Althoughnodifferencewas observed between theCD4+andCD4- iNKT
cell population in cHL and RLN, the location of the iNKT cells with re-
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spect to the tumor cells might influence their functionality. Immuno-
histochemical staining of iNKT cells can only be done when a specific
marker and appropriate antibodies will become available. Functional
studies of iNKT cells sorted fromHLcell suspension, including cytokine
production and response to 𝛼-GalCer stimulation will reveal the actual
relevance of these cells in cHL. 𝛼-GalCer pulsed iNKT cells can in-
duce apoptosis of CD1d positive chronic lymphocytic leukemia [33], B-
cell precursor acute lymphoblastic leukemia [34] andmultiple myeloma
[35]. To investigate the impact of iNKT cells on CD1d positive tumor
cells, cell toxicity assay could be performed with an iNKT cell clone or
with iNKT cells sorted from cHL cell suspension.
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Nederlandse Samenvatting

Het Hodgkin lymfoom (HL) wordt gekarakteriseerd door een kleine
hoeveelheid tumor cellen in een infiltraat dat uit verschillende ontstek-
ingscellen bestaat. De tumor cellen overleven in deze vijandige omgev-
ing door immuun onderdrukkende factoren te produceren en specifieke
niet-vijandige cellen aan te trekken. Hoewel er al de nodige studies zijn
gedaan om de onderliggende mechanismen op te helderen, zijn er nog
een groot aantal factoren helemaal niet onderzocht. In deze studie is de
rol van HGF/c-Met signalering, Toll like receptoren (TLRs) en CD1, de
aanwezigheid van invariant natural killer cellen (iNKT) en de function-
aliteit van HLA klasse II, onderzocht.

HGF/c-Met signalering

c-Met overexpressie speelt een rol in het ontstaan van verscheidene tu-
moren door deregulatie van de celcyclus, overleving, celdeling en mi-
gratie. Overexpressie van c-Met in de tumor cellen van het HL werd
eerder gerapporteerd, maar het effect op de tumor cellen was nog niet
onderzocht. In hoofdstuk 2 is de HGF/c-Met signalering in HL onder-
zocht. De bevindingen geven aan dat c-Met tot expressie komt in de
Hodgkin tumor cellen van 55% van de HL gevallen, terwijl de ligand,
HGF, maar in een minderheid van de gevallen tot expressie komt. Dit
suggereert dat activatie van de c-Met signaleringsroute vooral aanke-
lijk is van expressie van HGF door infiltrerende cellen. Een variërend
percentage van achtergrond cellen is inderdaad positief voor HGF, wat
een paracriene activatie ondersteunt. Hoge c-Met expressie is voordelig
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voor de overleving van de pati enten.

De functionaliteit van c-Met signalering is getest in de c-Met en fosfo-
c-Met (p-Met) positieve Hodgkin lymfoom cellijn L428 door gebruik te
maken van de c-Met specifieke kinase remmer SU11274. SU11274 blok-
keert HGF/c-Met signalering effectief met of zonder de toevoeging van
HGF in L428 cellen. Remming van c-Met signalering veroorzaakte een
reductie in celgroei en een inductie van G2/M celcyclus arrest. Inhibitie
van PI3K, MEK1/2 en ERK1/2, drie downstream targets van HGF/c-
Met signalering induceren ook G2/M celcyclus arrest. Gebaseerd op
deze resultaten is het duidelijk dat c-Met een rol speelt in L428 cellen en
mogelijk ook in de pathogenese van HL.

6.3 TLRs

TLRs zijn de eerste vorm van bescherming tegen een microbiële infec-
tie door de herkenning van pathogene geassocieerdemoleculaire patro-
nen, waardoor de aangeboren immuunreactie wordt opgestart en gereg-
uleerd. Afwijkende expressie van TLRs is gevonden in vele tumoren
waaronder B cel lymfomen, maar is nog niet onderzocht in HL. In
hoofdstuk 3 wordt de expressie en functie van TLRs in HL beschreven.
TLR4, TLR7 en TLR9 kwamen tot expressie in HL cellijnen maar TLR2
niet. TLR4 en TLR9 waren positief in de tumor cellen in 47% van de HL
gevallen, en TLR7 werd alleen gevonden in een kleine populatie tumor
cellen in eenminderheid van de gevallen, terwijl TLR2 niet tot expressie
kwam. Om de relevantie van deze TLRs in HL te testen werden ver-
schillende downstream effecten geanalyseerd. Gebaseerd op de inductie
van specifieke cytokines na stimulatie van TLRs bestaat er een associatie
tussen TLRs en Treg en 17 cellen. In HL weefsel werd echter geen as-
sociatie gevonden tussen de expressie van TLR4, TLR7 en TLR9 en de
aanwezigheid van Treg en 17 cellen. Ook een relatie zoals die eerder
gevondenwerd tussen de expressie vanHLAklasse I enHLAklasse II en
de activatie van TLR in lymfoom cellijnen werd niet gevonden inHL. In
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HL cellijnen werd geen productie van IL-1β, IL-6 en IL-10 geïnduceerd
door de ligatie van TLR4, TLR7 en TLR9. Een klein maar significant ef-
fect op de celgroei werd gevondenna ligatie van deTLRs in sommigeHL
cellijnen, met het grootste effect in KMH2 cellen na ligatie van TLR7.
Signaleringsonderzoek liet zien dat ligatie van TLR7 in KMH2 activatie
van JNK1/2 en ERK1/2 veroorzaakte. Concluderend, expressie vanm.n.
TLR4 en TLR7werd gevonden in de tumor cellen van de hel van deHL
patiënten. Echter, activatie van de TLRs in HL cellijnen liet maar een
gering effect zien. Dit duidt op een hypo-reactiviteit van deze TLRs in
HL. Mogelijk is dit een mechanisme waarmee de tumor cellen ontsnap-
pen aan een effectieve immuun reactie (m.n. tegen EBV) en draagt dit
bij aan het induceren van een anerge omgeving die de tumor cellen laat
overleven.

HLA klasse II geassocieerde invariant chain peptide (CLIP), HLA-DM
en HLA-DO Afwezigheid van de membraan expressie van HLA klasse-
II in tumor cellen is een negatieve prognostische factor voor HL patiën-
ten, waarschijnlijk omdat antigeenpresentatie aanT cellen dannietwerk-
zaam is. Het is onbekend of de expressie van HLA klasse-II op de mem-
braan van tumor cellen in de meerderheid van de patiënten function-
eel is of niet. HLA klasse-II kan namelijk geladen zijn met CLIP in
plaats van antigene peptides. In hoofdstuk 4 is de expressie van CLIP,
HLA-DM en HLA-DO in HL onderzocht. Dit zijn eiwitten die de pro-
cessing en functie van HLA klasse-II reguleren. CLIP aankleuring op
de celmembraan van tumor cellen werd gevonden in 48% van de HLA
klasse-II positieveHL gevallen. Dit kan verklaardworden door de afwe-
zigheid vanHLA-DM in deze gevallen, omdat dit zoumoeten resulteren
in een defect in de verwijdering van CLIP uit de HLA klasse-II antigene
bindingsgroeve tijdens normale processing. Overexpressie van HLA-
DO, de natuurlijke remmer van HLA-DM speelde geen rol in de ex-
pressie van CLIP op de celmembraan. Dit gee aan dat niet alleen HLA
klasse-II negatieve gevallen, maar ook de hel van de HLA klasse-II
positieve gevallen geen immunogene peptides presenteren. Dit is mo-
gelijk een andere strategie voor de overleving van de HL tumor cellen.
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CD1d en iNKT cellen

CD1d specifieke T cellen, vooral iNKT cellen, spelen een belangrijke rol
bij de regulatie van immuun reacties en deze cellen hebben een rol in de
pathogenese van verscheidene ziekten. In hoofdstuk 5 hebben we de ex-
pressie van CD1c en CD1d in tumor cellen in HL patiëntenmateriaal en
HL cellijnen, en de aanwezigheid van iNKT cellen inHL patiëntenmate-
riaal onderzocht. CD1cwas negatief in de tumor cellen inHLpatienten-
materiaal en cellijnen. Dit komt overeen met de afwezigheid van CD1c
expressie in follikelcentrum (GC) B cellen. CD1d werd wel gevonden
in de cHL cellijnen en in tumor cellen in 48% van cHL gevallen, ter-
wijl gewone GC B cellen CD1d niet tot expressie brengen. Dit gee aan
dat tumor cellen CD1d expressie verkrijgen tijdens demaligne transfor-
matie. Non Hodgkin lymfomen hadden vaker CD1c expressie en min-
der vaak CD1d expressie. Analyse van HL celsuspensies liet zien dat
vergelijkbare percentages iNKT cellen aanwezig waren als in reactieve
lymlieren. Het is bekend dat de T cellen in de reactieve achtergrond
in HL anerg zijn. Het is daarom goed mogelijk dat ook de iNKT cellen
in cHL anerg of niet functioneel zijn vergeleken met de iNKT cellen
in reactieve lymlieren. Twee verschillende subpopulaties van iNKT
cellen kunnen worden onderscheiden wat betre hun cytokine produc-
tie en cytotoxische activiteit, CD4- (met een 1 type), en CD4+ (met
een2 type). Het percentage CD4+ iNKT cellen was eveneens vergeli-
jkbaar. Gezien de hoge expressie van CCL17 (TARC) in tumor cellen en
de hoge expressie van CCR4 (de receptor voor CCL17) in CD4+ iNKT
cellen, zoumen kunnen speculeren dat CD4+ iNKT cellen zich in de di-
recte nabijheid van de tumor cellen zullen bevinden. T cellen rondom
de tumor cellen zijn mogelijk anerg, en het is mogelijk dat ook de CD4+
iNKT cellen anerg of niet functioneel zijn zodat tumor cellen overleven
en aan een effectieve immuunsurveillance ontsnappen.

By Prof. Dr. Anke van den Berg
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