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ABSTRACT

Background

Gene expression profiling has successfully identified the prognostic significance of the host
response in lymphomas. The aggressive T-cell/histiocyte-rich large B-cell lymphoma and the
indolent nodular lymphocyte-predominant Hodgkin’s lymphoma are both characterized by a
paucity of tumor cells embedded in an overwhelming background. The tumor cells of both
lymphomas share several characteristics, while the cellular composition of their microenviron-
ment is clearly different.

Design and Methods

We collected 33 cases of T-cell/histiocyte-rich large B-cell lymphoma and 56 cases of nodular
lymphocyte-predominant Hodgkin’s lymphoma and performed microarray gene expression
profiling on ten cases of each lymphoma, to obtain a better understanding of the lymphoma
host response. By quantitative reverse transcriptase polymerase chain reaction we verified that
these 20 selected cases were representative of the entire population of T-cell/histiocyte-rich
large B-cell and nodular lymphocyte-predominant Hodgkin’s lymphomas.

Results

We observed that the microenvironment in nodular lymphocyte-predominant Hodgkin’s Iym-
phoma is molecularly very similar to a lymph node characterized by follicular hyperplasia,
while the microenvironment in T-cell/histiocyte-rich large B-cell lymphoma is clearly different.
The T-cell/histiocyte-rich large B-cell lymphoma signature is hallmarked by up-regulation of
CCLS8, interferon-y, indoleamine 2,3 dioxygenase, VSIG4 and Toll-like receptors. These fea-
tures may be responsible for the recruitment and activation of T cells, macrophages and den-
dritic cells, characterizing the stromal component of this lymphoma, and may point towards
innate immunity and a tumor tolerogenic immune response in T-cell/histiocyte-rich large B-cell

lymphoma.

Conclusions

The gene expression profile of T-cell/histiocyte-rich large B-cell lymphoma, in comparison
with that of nodular lymphocyte-predominant Hodgkin’s lymphoma, shows features sugges-
tive of a distinct tolerogenic host immune response that may play a key role in the aggressive
behavior of this lymphoma, and that may serve as a potential target for future therapy.
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Introduction

B-cell lymphomas with a high content of T cells, occa-
sionally misinterpreted as T-cell lymphomas in the past,
have been recognized as a peculiarity by pathologists and
were, therefore, indicated as “T-cell-rich B-cell lym-
phoma”." Initial studies demonstrated that a particular
subgroup of T-cell-rich B-cell lymphomas mirror nodular
lymphocyte-predominant Hodgkin’s lymphoma (NLPHL)
and are characterized by a T-cell and histiocyte-rich stro-
ma.”® These lymphomas have a distinct clinical behavior
and a bad prognosis.* In the World Health Organization
(WHO) classification of 2001, T-cell/histiocyte-rich large
B-cell lymphoma (THRLBCL) is defined by the presence
of a limited number of scattered large B cells in a back-
ground rich in T cells, with or without histiocytes.” When
following this definition, THRLBCL is indeed a heteroge-
neous disease.”However, using a stricter definition requir-
ing the presence of a prominent histiocytic component as
a major feature and almost complete absence of small B
lymphocytes, the unique character of this lymphoma has
been demonstrated.”®

The precise relationship between THRLBCL and NLPHL
remains unclear.*® Indeed, the atypical B cells of NLPHL
and THRLBCL share many characteristics, including
expression of pan-B-cell markers, germinal center B-cell ori-
gin and common chromosomal imbalances.*'* Recently,
genome-wide analysis of isolated tumor cells from NLPHL
and THRLBCL revealed further similarities between the
tumors cells of the two lymphomas.” Despite the similari-
ties of their malignant cells, an important difference
between the two lymphomas lies in their clinical presenta-
tion and prognosis. THRLBCL is a very aggressive disorder,
which often does not respond to therapy.” Patients with
THRLBCL frequently present with stage IIl or IV disease,
splenomegaly, hepatomegaly and bone marrow involve-
ment. In contrast, NLPHL is an indolent disorder. Most
patients are diagnosed at an early stage of disease and have
a good prognosis."

Gene expression profiling of lymphomas clearly illustrat-
ed that apart from the characteristics of the tumor cells, the
microenvironment of the tumor also defines the profile of
the lymphoma, and, more importantly, plays a role in pre-
dicting the prognosis." In the present study, we used gene
expression profiling on full tissue sections to evaluate the
profile of the microenvironment as a marker that identifies

THRLBCL and NLPHL as two distinct entities.
Design and Methods

Patients

A series of 98 cases, all documented by frozen material, were
retrieved from the files of the Department of Pathology of the
University Hospitals of K.U.Leuven. The series includes all cases
recorded over the last 25 years (i) as Hodgkin’s lymphoma rich in
lymphocytes (NLPHL or lymphocyte-rich classical Hodgkin’s lym-
phoma) or (i) as diffuse large B-cell lymphoma (DLBCL) with a
prominent T-cell-rich stromal component. As an additional and
external control series, 26 similarly selected cases recorded at the
Department of Pathology of the Rikshospitalet-Radiumhospitalet
HF Oslo were added to the study material. All cases were
reviewed and the 2008 version of the WHO criteria were applied
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to assign cases to the different categories."” Thirty-one cases were
excluded from the study because the frozen material was not rep-
resentative, additional material for review or further immunos-
tains was not available, or because upon review they were diag-
nosed as DLBCL rich in T cells but lacking a prominent histiocyt-
ic stromal component or fulfilled the criteria for diagnosis as clas-
sical lymphocyte-rich Hodgkin’s lymphoma. A diagnosis of
THRLBCL and NLPHL was confirmed in 34 and 57 cases, respec-
tively. In all these cases, the atypical cells represented less than
10% of the tumor mass. Finally, two cases were excluded from the
study because an unambiguous diagnosis of NLPHL or THRLBCL
could not be made; their morphological features resembled those
of the cases described by Boudova et al."®

From the Leuven series, we randomly selected ten typical
NLPHL and ten typical THRLBCL cases for microarray expression
profiling. Finally, a pool of five reactive lymph node biopsies, char-
acterized by follicular hyperplasia, was constructed for use as ref-
erence tissue. Most lymphoma cases were included in one of our
previous studies on NLPHL and/or THRLBCL.*%""

This study was approved by the local ethical commissions of
the University Hospitals K.U.Leuven.

RNA extraction

Total RNA was extracted from 20 micron sections of each
frozen tissue sample using the TriZol reagent (Invitrogen,
Merelbeke, Belgium), followed by purification using an RNeasy
mini kit (Qiagen, Venlo, The Netherlands), according to the man-
ufacturers’ recommendations. RNA quality and concentration
were measured using a Nanodrop spectrophotometer (Nanodrop
Technologies, Wilmington, DE, USA).

Gene expression profiling

Five micrograms of RNA were biotin-labeled and hybridized
onto human oligonucleotide microarrays (Affymetrix HG-U133
Plus 2.0; Affymetrix, High Wycombe, UK). The resulting data are
available online at the Gene Expression Omnibus
(www.ncbi.nlm.nih.gov/projects/geo/),  accession number
GSE7788. These data were analyzed using Bioconductor soft-
ware.”’ Statistical testing for genes differentially expressed
between the two types of lymphomas was done by a t-test.
Corrections for multiple testing were made using a step-down
maxT procedure.”

The statistical significance of overlap with other expression pro-
filing studies was calculated using hypergeometric statistics.

Immunohistochemistry

Apart from the immunohistochemical stains used for diagnostic
purposes, including CD20, CD3, CD4, CD8, CD23 and CD57
stain, paraffin-embedded sections were stained with a commer-
cially available mouse anti-indoleamine 2,3 dioxygenase (IDO)
monoclonal antibody (Chemicon International) and a rabbit anti-
STAT1 polyclonal antibody (STAT1 p84/p91, Santa Cruz
Biotechnology), following the manufacturers’ recommendations.

Results and Discussion

Clinical data

The clinical characteristics of the patients are summa-
rized in Table 1. There is a clear male predominance in both
THRLBCL and NLPHL. Ann Arbor staging, the
International Prognostic Index (IPI) and the initial response
to treatment confirm that THRLBCL is a very aggressive
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disease, while NLPHL is an indolent disorder. These results
were further strengthened by the Kaplan-Meier estimates
of overall survival (Online Supplementary Figure S1).

Expression profiling of T-cell/histiocyte-rich large B-cell
lymphoma compared to nodular lymphocyte-predominant
Hodgkin’s lymphoma

Since malignant cells in both conditions are rare (i.e. com-
prising considerably less than 10% of all cells on the tissue
sections) and share many features,”® we assumed that the
gene expression profiling of the entire tissue sections repre-
sented predominantly the profile of the microenvironment.
Principal component analysis revealed a clear distinction
between these two lymphomas (Figure 1A). One THRLB-
CL was clearly separated from the other THRLBCL cases.
Interestingly, this was the only sample taken from a spleen,
while all other samples originated from lymph nodes. As
the separation of this sample from the other THRLBCL
tumors was in a direction perpendicular to the direction of
separation of THRLBCL and NLPHL (Figure 1A), this sam-
ple was not removed in subsequent analyses. However, as
a control, all subsequent analyses were repeated leaving
out this aberrant sample, revealing similar results (data not
shown). The reactive lymph node pool was located near the
NLPHL samples, in agreement with expectations. Indeed,
the microenvironment in NLPHL comprises components of
the B follicle (with numerous small B cells, follicular den-
dritic cells and follicular T cells) as well as adjacent T-cell
areas (with numerous T cells), while remnants of B follicles

Table 1. Clinical data.

Disease entity THRLBCL! NLPHL*
N. of cases 28 [10] 47 110]
Male/female 22/6 [82] 39/8 [82]
Median age in years (range) 50 (20-75) 35 (7-14)
[50 (40-75)] [43 (22-7T1)]

Stage (Ann Arbor)*

I 0[0] 15 [5]

11 3 (0] 9[3]

111 703] 6[1]

\% 14 7] 2 0]
Prognostic score (IPI)?

Low 510] Not applicable

Low intermediate 8 [5]

High intermediate 412]

High 6 (2]
Initial response to treatment’

Complete remission 8 [4] 30 [8]

Partial remission 210] 1[0]

Progressive disease 13 [5] 010]
Median follow-up in years (range)* 2 (<1-8) 8 (<1-19)

[2 (<1D)] [10 (5-12)]

Status at last follow-up*

Alive without disease 4[2] 24 [5]

Alive with disease 2 [1] 2 [1]

Death without disease 410] 412

Death with disease 14 [7] 1[0

'The numbers of the 20 cases selected for microarray expression profiling are given
between square brackets.?Ann Arbor staging was available for 56 of 75 cases; IPI score
for 23 of 28 THRLBCL cases; initial response to treatment for 54 of 75 cases; and follow-
up for 55 of 75 cases.
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Figure 1. Expression profiling of NLPHL and THRLBCL. (A) Principal
component analysis, performed on the complete microarray data
(54675 probe sets) of ten NLPHL cases, ten THRLBCL cases, and a
reference pool of lymph nodes with follicular hyperplasia. Blue:
NLPHL; red: THRLBCL; green: reactive lymph node pool. The first
principal component (separating NLPHL from THRLBCL) captured
42% of the total variance. The second principal component captured
11% of the total variance. (B) Heat map of the 874 differentially
expressed probesets (527 unique genes, Online Supplementary
Table S1). Top: cluster dendrogram, showing the a priori expected
separation between the THRLBCL and NLPHL samples, and confirm-
ing the similarity between NLPHL and the reactive lymph node ref-
erence; middle: identity of samples (colors as in A); bottom: graphi-
cal representation of gene expression (blue: high expression; red:
low expression). (C) Expression of three selected genes, measured
by real-time quantitative PCR, in 55 in-house (left) and 14 external
(right) THRLBCL and NLPHL cases. Colors as in A.
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or their components are mostly absent in THRLBCL.

Using highly significant differentially expressed genes,
we constructed expression signatures for THRLBCL and
NLPHL (Ounline Supplementary Figure S2). The THRLBCL
signature comprised 392 genes, while the NLPHL signature
contained 135 genes (Figure 1B, Online Supplementary Table
S1). Consistent with the principal component analysis
above, the reactive lymph node reference sample clustered
together with the ten NLPHL cases, when the 21 microar-
ray profiles were clustered using only these two gene
expression signatures (Figure 1B). Finally, the sample origi-
nating from a THRLBCL located in the spleen again clus-
tered together with the other THRLBCL cases. This result
persisted even when only the other nine THRLBCL sam-
ples were used for building the gene expression signatures
(data not shown).

Finally, we validated the obtained gene expression data
by real-time quantitative reverse transcriptase polymerase
chain reaction (RT-PCR) (Online Supplementary Design and
Methods), obtaining similar results (Online Supplementary
Table S2).

T-cell/histiocyte-rich large B-cell lymphoma and
nodular lymphocyte-predominant Hodgkin’s lymphoma
gene expression signatures in additional cases

As we observed large differences between the expression
profiles of NLPHL and THRLBCL, we wondered whether a
simple and intuitive view of gene expression in these lym-
phomas, based on real-time quantitative RT-PCR measure-
ments of a very limited number of genes, would be able to
discriminate additional cases of the two entities. We, there-
fore, selected three genes from the gene expression signa-
tures and assayed these in 69 additional cases of NLPHL
and THRLBCL (both in-house and external), based on
quantitative RT-PCR measurements (see Omnline Suppl-
ementary Design and Nethods and Online Supplementary Table
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S3). Using only the expression values for these three select-
ed genes, THRLBCL and NLPHL presented as two distinct
groups (Figure 1C). These results further confirmed that the
NLPHL and THRLBCL cases selected for microarray
expression analysis were representative of the two lym-
phoma entities.

The gene expression signature of nodular lymphocyte-
predominant Hodgkin’s lymphoma: a predominance
of B-cell genes

In comparison with the gene expression profile of THRL-
BCL, the expression signature of NLPHL comprises mainly
genes characteristic of B cells (Table 2A, Online Suppl-
ementary Table S1A), in line with the morphological find-
ings. Moreover, the observed similarities between the
expression profiles of NLPHL and the reactive lymph
nodes, characterized by follicular hyperplasia, suggest that
the components of the B follicle play a major role in both
profiles. This predominance of B cells in the NLPHL
microenvironment was confirmed by immunohistochemi-
cal staining for CD20, a B-cell marker (Figure 2 and Table
3). In line with these findings, the NLPHL signature shows
significant overlap with the signature Monti e al.'® found to
be related to B-cell receptor/proliferation in a subgroup of
DLBCL (of the 43 genes in the B-cell receptor/proliferation
signature present on our microarray platform, 7 were a part
of the NLPHL signature, P=4.4x10% Online Supplementary
Table S4A). In contrast, the overlap with the oxidative phos-
phorylation signature and host response signature of Monti
et al.'® was not more than would be randomly expected (2
genes and 0 genes, respectively).

Three genes that were expressed in our NLPHL signature
overlapped with the signature Brune et al” found in
microdissected NLPHL cells compared to microdissected
THRLBCL cells (Online Supplementary Table S4B). This find-
ing may suggest that some genes are expressed by the lym-

Table 2A. A selection of genes differentially expressed between NLPHL and THRLBCL (P<0.001), expressed at higher levels in NLPHL.

HGNC ID  Description Fold difference P value

FCRL1 Fc receptor-like 1 32.1 2.3E-12

CDT79A B-cell antigen receptor complex-associated protein alpha-chain precursor (Ig-o) (MB-1 membrane 12.4 2.2E-09
glycoprotein) (Surface IgM- associated protein) (Membrane-bound immunoglobulin-associated protein)
(CDT79a antigen)

CD79B B-cell antigen receptor complex-associated protein beta-chain precursor (B-cell-specific glycoprotein B29) 72 8.4E-08
(Immunoglobulin- associated B29 protein) (IG-B) (CD79b antigen)

CD19 B-lymphocyte antigen CD19 precursor (B-lymphocyte surface antigen B4) (Leu-12) 18.1 4.1E-08
(Differentiation antigen CD19)

CD22 B-cell receptor CD22 precursor (Leu-14) (B-lymphocyte cell adhesion molecule) (BL-CAM) (Siglec-2) 15.0 2.4E-09

MS4Al B-lymphocyte antigen CD20 (B-lymphocyte surface antigen B1) (Leu-16) (Bp35) 5.5 1.7E-09

PAX5 Paired box protein Pax-5 (B-cell-specific transcription factor) (BSAP) 8.3 4.9E-12

BCL11A B-cell lymphoma/leukemia 11A (B-cell CLL/lymphoma 11A) (COUP-TF- interacting protein 1) 12.0 1.1E-11
(Ecotropic viral integration site 9 protein) (EVI-9)

FGFRIOP  C-C chemokine receptor type 6 (C-C CKR-6) (CC-CKR-6) (CCR-6) (LARC receptor) 234 2.1E-10
(GPR-CY4) (GPRCY4) (Chemokine receptor-like 3) (CKR-L3) (DRY6) (G-protein coupled receptor 29)
(CD196 antigen)

FCER2 Low affinity immunoglobulin € Fc receptor (Lymphocyte IgE receptor) (Fc-e-RII) (BLAST-2) 14.0 2.3E-10
(Immunoglobulin E-binding factor) (CD23 antigen)

BANKI1 B-cell scaffold protein with ankyrin repeats 1 21.0 5.1E-08
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Table 2B. A selection of genes differentially expressed between NLPHL and THRLBCL (P<0.001), expressed at higher levels in THRLBCL.

HGNC ID  Description Fold difference P value

FCERIG  High affinity immunoglobulin € receptor y-subunit precursor (FceRIy) (IgE Fc receptor y-subunit) (Fc-€ RI-y) 9.7 5.1E-13

VSIG4 V-set and immunoglobulin domain-containing protein 4 precursor (Z391g protein) 569.0 6.9E-13

IDO Indoleamine 2,3-dioxygenase (EC 1.13.11.42) (IDO) (Indoleamine-pyrrole 2,3-dioxygenase) 9.0 3.9E-08

CCL8 Small inducible cytokine A8 precursor (CCL8) (Monocyte chemotactic protein 2) 143.5 1.1IE-09
(MCP-2) (Monocyte chemoattractant protein 2) (HC14)

TLR1 Toll-like receptor 1 precursor (Toll/interleukin-1 receptor-like protein) (TIL) (CD281 antigen) 3.1 44E-11

TLR2 Toll-like receptor 2 precursor (Toll/interleukin 1 receptor-like protein 4) (CD282 antigen) 11.6 2.2E-11

TLR4 Toll-like receptor 4 precursor (hToll) (CD284 antigen) 40 2.5E-09

TLRS Toll-like receptor 8 precursor 115 1.4E-09

CD14 Monocyte differentiation antigen CD14 precursor (Myeloid cell-specific leucine-rich glycoprotein) 9.2 4.0E-10

STAT1 Signal transducer and activator of transcription 1-o/B (Transcription factor ISGF-3 components p91/p84) 1.6 1.6E-10

CCRI1 C-C chemokine receptor type 1 (C-C CKR-1) (CC-CKR-1) (CCR-1) (CCRI) 10.4 1.2E-10
(Macrophage inflammatory protein 1-B receptor) (MIP-1B-R) (RANTES-R) (HM145) (LD78 receptor) (CD191 antigen)

CXCL10 Small inducible cytokine B10 precursor (CXCL10) (10 kDa interferon- gamma-induced protein) (y-IP10) (IP-10) 7.7 6.6E-09

CXCL16 Small inducible cytokine B16 precursor (Transmembrane chemokine CXCL16) (SR-PSOX) 79 6.2E-10
(Scavenger receptor for phosphatidylserine and oxidized low density lipoprotein)

CCRL2 C-C chemokine receptor-like 2 (Putative MCP-1 chemokine receptor) (Chemokine receptor CCR11) 11.9 74E-08
(Chemokine receptor X)

CD80 Tigl}%mpgg(lzyte activation antigen CD80 precursor (Activation B7-1 antigen) (CTLA-4 counter-receptor B7.1) 34 1.7E-09

CD86 ’%—lyr)np()hoc;fte activation antigen CD86 precursor (Activation B7-2 antigen) (CTLA-4 counter-receptor B7.2) 3.8 2.5E-09
(B70) (FUN-1) (BU63)

CD274 Programmed cell death 1 ligand 1 precursor (Programmed death ligand 1) (PD-L1) (PDCD1 ligand 1) 6.6 3.7TE-08
(B7 homolog 1) (B7-H1) (CD274 antigen)

CSFIR Macrophage colony-stimulating factor 1 receptor precursor (CSF-1-R) (EC 2.7.10.1) (Fms proto-oncogene) 4.2 3.0E-08
(c-fms) (CD115 antigen)

CSF3R Granulocyte colony-stimulating factor receptor precursor (G-CSF-R) (CD114 antigen) 9.7 44E-11

PDCDILG2 Programmed cell death 1 ligand 2 precursor (Programmed death ligand 2) (PD-L2) (PD-1-ligand 2) 11.8 7.1E-08

(PDCD1 ligand 2) (Butyrophilin B7-DC) (B7-DC) (CD273 antigen)
FCGR3B  Low affinity immunoglobulin gamma Fc region receptor I11-B precursor (IgG Fc receptor I1I-1) (Fc-yRIII-B) (Fe-yRIlIb)

(FeRIIIb) (Fe-yRIID) (FeRIID) (FcR-10) (CD16b antigen) 25.7 5.5E-10
FCGRIA  High affinity immunoglobulin gamma Fc receptor I precursor (Fc-yRI) (FcRI) 35.3 3.8E-08
(IgG Fc receptor I) (CD64 antigen)
ICAM1 Intercellular adhesion molecule 1 precursor (ICAM-1) (Major group rhinovirus receptor) (CD54 antigen) 48 2.2E-10
ILIRN Interleukin-1 receptor antagonist protein precursor (IL-Ira) (IRAP) (IL1 inhibitor) (IL-1RN) (ICIL-1RA) 67.7 3.TE-09
IL18BP Interleukin-18-binding protein precursor (IL-18BP) (Tadekinig-o.) 6.4 1.2E-09
IRAK3 Interleukin-1 receptor-associated kinase 3 (EC 2.7.11.1) (IRAK-3) (IL- 1 receptor-associated kinase M) (IRAK-M) 113 1.6E-11
CD74 HLA class I histocompatibility antigen y chain (HLA-DR antigens- associated invariant chain) 28 2.2E-08
(la antigen-associated invariant chain) (Ii) (p33) (CD74 antigen)
S100A9 Protein 5100-A9 (5100 calcium-binding protein A9) (Calgranulin-B) (Migration inhibitory factor-related protein 14) 355 1.7E-11
(MRP-14) (P14) (Leukocyte L1 complex heavy chain) (Calprotectin LIH subunit)
CASP5 Caspase-5 precursor (EC 3.4.22.-) (CASP-5) (ICH-3 protease) (TY protease) (ICE(rel)-III) 20.0 1.7E-08
MSRI1 Macrophage scavenger receptor types [ and I (Macrophage acetylated LDL receptor [ and II)
(Scavenger receptor class A member 1) (CD204 antigen) 38.3 2.9E-07
CD163 Scavenger receptor cysteine-rich type 1 protein M130 precursor (CD163 antigen) (Hemoglobin scavenger receptor) — 50.5 3.1E-09
SOD2 Superoxide dismutase [Mn], mitochondrial precursor (EC 1.15.1.1) 5.7 54E-10
IFNAR1 Interferon-ov/j3 receptor o chain precursor (IFN-0.-REC) 2.2 6.7E-09
IFNGR2 Interferon-y receptor (3 chain precursor (Interferon-y receptor accessory factor 1) (AF-1) 28 1.3E-09
(Interferon-y transducer 1)
IFIT3 Interferon-induced protein with tetratricopeptide repeats 3 (IFIT-3) (IFIT-4) (Interferon-induced 60 kDa protein) 7.1 7.7E-10
[FI-60K) (ISG-60) (CIG49) (Retinoic acid-induced gene G protein) (RIG-G)
IFI6 Interferon-induced protein 6-16 precursor (Ifi-6-16) (Interferon ct-inducible protein 6) 47 1.7E-08
C1QA Complement Clq subcomponent subunit A precursor 8.3 3.6E-09
C1QC Complement Clq subcomponent subunit C precursor 6.4 4.8E-09
C2 Complement C2 precursor (EC 3.4.21.43) (C3/C5 convertase) 10.9 8.8E-10
C3AR1 (C3a anaphylatoxin chemotactic receptor (C3a-R) (C3AR) 11.0 1.3E-11
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phoma cells as well as the cells in the microenvironment.
However, high expression of these genes only in the
NLPHL tumor cells, combined with lack of expression in
THRLBCL tumor cells and in the cells of the microenviron-
ment of both entities, would explain this result as well.
Although this overlap strongly suggests that our gene
expression signatures are not solely those of the cells in the
microenvironment, the limited degree of this overlap (39 of
the 42 genes of the NLPHL tumor cell signature determined
by Brune et al. were not present in our 135 gene NLPHL sig-
nature) confirms that the major part of our NLPHL signa-
ture is not determined by the tumor cells.

The gene expression signature of T-cell/histiocyte-rich
large B-cell lymphoma: a crucial role for interferon-y and
innate immune responses

The THRLBCL signature underlines the crucial role of an
IEN-y regulated and tolerogenic pathway within the
microenvironment. Indeed, IFN-y is up-regulated in THRL-
BCL (Online Supplementary Table S2), as are several genes
encoding for proteins that are up-regulated in macrophages
and dendritic cells upon treatment with IEN-y.”* (Table 2B,
Ounline Supplementary Table S1B), indicative of an activated
macrophage status. These genes include those encoding for
STAT1, Fc-y receptor I (FcRI or CD64), ICAM-1, IFN-y-
induced protein (IP-10/CXCL10), CXCL16 and, in particu-
lar, CCL8 and IDO (Table 2B, Online Supplementary Table
S1B). CCL8, also designated as monocyte chemotactic pro-
tein 2 (MCP2), belongs to the CC chemokines. It is strong-
ly induced by IEN-y* and is one of the most potent
chemoattractants for mononuclear cells, including mono-
cytes and T cells.” Thus, CCL8 may contribute to the his-
tiocyte-rich (and T-cell rich) composition of the microenvi-
ronment in THRLBCL. IFN-y also promotes, in a STAT1-
dependent way, the induction of the tryptophan-degrading
enzyme IDO in monocytes, macrophages and dendritic
cells.® Interestingly, both B7-1 (CD80) and B7-2 (CD86)
were part of this signature, and through a reverse interac-
tion with CTLA4, these membrane proteins have been
shown to activate IDO expression, as reviewed by Munn
and Mellor.” IDO has been described to promote tumor
immune tolerance by suppressing local T-cell responses and
by altering the conversion of effector T cells into T regula-
tory cells.”®” Intriguingly, VSIG4 (V-set and Ig domain-con-
taining 4, also known as Z391g), one of the most significant
and strongly up-regulated genes of the THRLBCL signa-
ture, is a B7 family-related protein expressed by macro-
phages and dendritic cells and acts as a strong negative
regulator of CD4 and CD8 T-cell activation in vitro and in
vivo.” Thus, together with IDO, VSIG4 may contribute to
a state of immune suppression and tumor tolerance. Of
interest, aside from its suppressive properties on T cells,
VSIG4 has also been recognized as a new complement
receptor of the immunoglobulin superfamily (CRIg),
required for phagocytosis of circulating pathogens.” In
line with this finding, the THRLBCL signature includes
scavenger receptors (CXCL16, MSR1, CD163) and Toll-
like receptors (TLR1, TLR2, TLR4 and TLR8). These data
are indicative of innate immune responses in THRLBCL. A
possible involvement of pathogens in the initiation or
propagation of the disease cannot, therefore, be excluded
and should be further investigated.

A tumor tolerogenic microenvironment in THRLBCL -

The THRLBCL signature shows significant overlap with
the signature Dave et al.” found to be related to an unfavor-
able immune response in some follicular lymphomas (9 of
23 genes, P=8.7x10", Online Supplementary Table S4C). In
addition, the signature Monti er al.* found to be related to
host response in a subgroup of DLBCL, enriched in THRL-
BCL cases, was also significantly overrepresented in our
THRLBCL signature (14 of 59 genes, P=3.8x10", Online
Supplementary Table S4D). In contrast, the favorable

immune response signature found by Dave ez al.," as well

Figure 2. Representative pictures of the hematoxylin and eosin (A,
E), CD20 (B, F), STAT1 (C, G) and IDO (D, H) stains on NLPHL (A-D)
and THRLBCL (E-H), all taken with a 40X objective. (A) Atypical cells
(popcorn cells) in NLPHL embedded in a background rich in small
lymphocytes. (B) CD20 expression by a popcorn cell surrounded by
CD20-negative lymphocytes, resulting in a T-cell rosette embedded
in CD20-positive small B cells. (C) STAT1 is weakly expressed by
most popcorn cells in the nucleus and in the cytoplasm, in some of
the small lymphocytes and in large dendritic cells adjacent to the T-
cell rosettes. (D) Popcorn cells, as well as surrounding lymphocytes
do not express IDO, while some plasma cell-like, non-dendritic cells
express IDO in their cytoplasm and in their nucleus. These IDO-pos-
itive cells might correspond to plasmacytoid monocytes/plasmacy-
toid dendritic cells. (E) The atypical cells of THRLBCL, embedded in
a stroma rich in histiocytes and a limited number of small lympho-
cytes. (F) CD20 expression by the tumor cells, and absence of small
CD20" lymphocytes in the surrounding stroma. (G) Most of the stro-
mal components of THRLBCL express STAT1, while the tumor cells
are clearly negative. (H) IDO is expressed in small plasma cell-like
cells in THRLBCL, assumed to correspond to plasmacytoid mono-
cytes/plasmacytoid dendritic cells (as in NLPHL). In addition, large
dendritic cells frequently located nearby tumor cells also clearly
express IDO in all of the THRLBCL (and none of the NLPHL) cases.
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as the oxidative phosphorylation and B-cell receptor/prolif-  also found to be up-regulated in microdissected lymphoma
eration signatures of Monti et al.,' did not overlap with our  cells in NLPHL compared to in normal B cells and in B-cell
THRLBCL signature more than would have been random- non-Hodgkin’s lymphoma (P=8.5x10", Online Suppl-
ly expected. ementary Table S4E), and four genes of our THRLBCL signa-

Remarkably, nine genes of our THRLBCL signature were  ture were found to be up-regulated in microdissected lym-

Table 3. Summary of the immunohistochemical findings of the composition of the microenvironement within the tumor areas in the ten cases
each of THRLBCL and NLPHL used for gene expression profiling.

N. Pattem' CD68 CD23 STAT1 DO CD20 CD3 CD4/CD8 CD4 CD57
(histiocytes)  (FDC) (DC) (DC) (small (small ratio rosette (T cells)

B cells) T cells)

THRLBCL 1 - ++++ 0 0 ++ 0 +++ 1:3 absent 0/+
2 = ++++ 0 0 ++ + +++ 1:2 absent ++
3 - +++ 0 0 ++ 0 ++ 1:3 absent +
4 = +++ 0 0 ++ 0 +++ 2:1 absent ++
5 - ++/+++ 0 + + 0 +++ 1:2 absent ++
6 = +++ 0 0 + 0 ++++ 21 absent +
7 - +++ 0 0 0/+ + +++ 1:2 absent NE
8 - +++ 0 0 + 0/+ +++ 1:1 absent 0/+
9 - ++++ 0 0 + 0/+ +++ 1:2 absent ++
10 = ++++ 0 0 + 0/+ +++ L1 absent ++

NLPHL 11 F ++ 0 ++ 0 +++ +++ 1:1 present ++
12 B/C ++ 0 + 0 +++ ++++ 21 present +++
13 A ++ fragmented ++ 0 ++++ ++ 1:1 absent ++
14 F ++ 0/+ + NE ++++ +++ 1:1 present ++
15 A+D + fragmented + 0 ++++ +4/+++ 111 present +
16 © ++ 0/+ ++ + +4++ ++ 2:1 present ++
17 B + fragmented + 0 ++++ ++ 2:1 present ++
18 A + 0/+ 0 ++++ ++ 2:1 present 0/+
19 C +/++  fragmented + 0 +H/+++ +H/+++ 1:1 present +++
20 © ++ fragmented ++ 0 +++H/++++ +++ 1:2 present +

This table shows a semi-quantitative evaluation of the presence of the various microenvironment components, as visualized by CD68 (all histiocytic cells), CD23 (follicular dendrit-
ic cells, FDC), STATI-positive dendritic cells (DC), IDO-positive dendritic cells, CD20 (small B lymphocytes), CD3 (small T lymphocytes), CD4/CD8 ratio, presence of Tcell rosettes
around the tumor cells, CD57 T cell. NE: not evaluable.'Subclassification of NLPHL cases according to Fan et al.*: A. 'Classic' B-cell-rich nodular pattern. B. Serpiginous nodular pat-
tern. C. Nodular pattern with many extranodular L&H cells. D. Tcell-rich nodular pattern. E. Diffuse, Tcell-rich (THRLBCL-like) pattern. F (Diffuse,) moth-eaten (B-cell-rich) pattern.

recruitment ll—

, scavenger receptors +— — IDO {‘
< Tolllike receptors<— | - pistiocytes/macrophages
T vsiGa— — VSIG4 K

activation II—
IFN-y

Figure 3. Schematic proposal of the host immune response in THRLBCL, based on our morphological and gene expression data, and on lit-
erature evidence. By morphology, the microenvironment of THRLBCL is hallmarked by the presence of histiocytes/macrophages. Gene
expression profiling data confirm the central role of macrophages and/or dendritic cells and suggest that these cells may be recruited by
ccLs. 2 IFN-y activates these cells to produce ID0.>% High levels of IDO, together with VSIG4, suppress the proliferation of effector T cells
(such as CD8" cytotoxic T cells), resulting in tumor tolerance.”>™ Macrophages and dendritic cells also express receptors involved in innate
immunity, including scavenger and Toll-like receptors, and VSIG4 as a complement receptor.®* Blocking the production and/or the function
of CCL8, IFN-y, and in particular IDO and VSIG4 may abrogate the induction of tumor tolerance. It is encouraging to note that inhibitors to
target IDO are available.
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phoma cells in NLPHL versus classical Hodgkin’s lym-
phoma (and germinal center B cells)”® (P=5.4x107, Online
Supplementary Table S4F). One of these genes is STAT1, a
signal transducer and activator of transcription factors in
response to interferons. In order to find an explanation for
this apparent discrepancy, we performed immunohisto-
chemistry for STAT1 (and other markers) on THRLBCL
and NLPHL tissue sections. A representative stain is shown
in Figure 2 and a summary is listed in Table 3. Staining for
STAT1 revealed that in THRLBCL almost all stromal cells
were positive, whereas in NLPHL STAT1 staining was
restricted to dendritric cells (in close vicinity to the T-cell
rosettes around the tumor cells) and to the tumor cells
itself. The STAT 1-positive cells in NLPHL may correspond
to the STAT 1-positive cells described in a subpopulation of
follicular lymphomas.” The differences in staining pattern
that we found between THRLBCL and NLPHL may
explain the increased STATY gene expression in THRLBCL
versus NLPHL, as well as the upregulation of the STATY
gene in NLPHL in the study by Brune et al.”

When sections were stained for IDO, we observed
strongly IDO-positive dendritic-like cells in THRLBCL, in
close contact with small lymphocytes and/or tumor cells
(Figure 2). These IDO-positive dendritic cells are not pres-
ent in NLPHL. IDO-positive, round, medium-sized cells are
found in both NLPHL and THRLBCL sections (Table 3).
Based on their phenotype (CD68*, IDO") these cells might
be considered plasmacytoid monocytes or plasmacytoid
dendritic cells.

Absence of T-cell genes in the nodular lymphocyte-pre-
dominant Hodgkin’s lymphoma and T-cell/histiocyte-rich
large B-cell lymphoma gene expression signatures

Neither the NLPHL nor the THRLBCL gene expression
signature contained a significant component of T-cell-asso-
ciated genes. As shown in Online Supplementary Table S5,
the absence of T-cell genes in this comparison is not due to
our strict statistical cut-off, as even with a cut-off of P<0.05
after correction for multiple testing, none of the tested T
cell-associated genes showed a significant difference. In
addition, the ratio between CD4* and CD8" T cells,
described to change in favor of the CD8" cells in THRLB-
CL** was not reflected in the expression profiles either,
although we did observe a (non-significant) tendency
towards a higher expression of CD8o (Online Suppl-
ementary Table S5). These findings are in line with the
immunohistochemical staining data we obtained for CD3,
CD4 and CD8 (Table 3). Apart from a difference in the
number of T cells within the tumor nodules, as previously
described,** all NLPHL cases comprised residual non-neo-
plastic T-cell areas. Furthermore, CD57 expression is
described as a typical feature of the T cells surrounding the
tumor cells in NLPHL, but the number of CD57* T cells
present in NLPHL is variable and CD57* T cells are also
found in THRLBCL.** Our immunohistochemical data
revealed similar results (Table 3). Thus, the absence of T-
cell-associated genes in the THRLBCL expression signature
might be regarded as a confirmation that it is not the T

A tumor tolerogenic microenvironment in THRLBCL -

cells, but rather the macrophages/histiocytes that represent
the functionally important component of the microenvi-
ronment in THRLBCL.

A host immune tolerogenic microenvironment in
T-cell/histiocyte-rich large B-cell lymphoma as
an explanation for the bad prognosis of patients
with this lymphoma?

Tumor cells in general have acquired several mechanisms
to escape from immune surveillance by immunocompetent
cells. In both THRLBCL and NLPHL, the tumor cells pro-
duce proteins that counteract the activity of cytotoxic lym-
phocytes and NK cells.”® Together with their regulation of
genes that are involved in inhibition of cell proliferation
and programmed cell death, lymphoma cells can, therefore,
continue to grow and escape immune attack. However, in
addition to such a tumor-induced immune escape, we
demonstrate here that the microenvironment of THRLB-
CL, in comparison with that of NLPHL, is hallmarked by a
distinct tolerogenic host immune response that may play a
key role in the aggressive behavior of the former lym-
phoma. As schematically represented in Figure 3, we spec-
ulate that CCL8 and IEN-y are responsible for, respectively,
the recruitment and the activation of monocytes,
macrophages and dendritic cells and, in synergy with TLR-
ligands, for the production of high levels of IDO and
VSIG4. IDO is at least partly produced by dendritic cells, a
subpopulation of the numerous histiocytes characterizing
the THRLBCL stroma. These dendritic cells are intensely
stained by IDO immunohistochemistry, are in proximity of
the tumor, and were not found in NLPHL (Figure 2). We
speculate that it is this production of IDO and VSIG4 that
results in a tolerogenic microenvironment of the tumor
cells. This hypothesis, derived from observational data,
could explain the bad prognosis of THRLBCL patients, but
further investigation is required to pinpoint one of these
mediators (CCL8, IFN-y, IDO, VSIG4) as a novel target for
therapy in the aggressive THRLBCL. Such investigations
could include analysis of T-cell proliferation (from periph-
eral bone marrow cells of THRLBCL patients) upon chal-
lenge with lymphoma tissue samples, in the presence or
absence of [EN-y, IDO and VSIG4 inhibitors. In addition, a
severe combined immunodeficiency xenograft mouse
model might be of great value for evaluating the efficacy of
these inhibitors on lymphoma tumor growth and lym-
phadenopathy.
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