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1. INTRODUCTION

1.1 The Chemokine System

Chemotactic signalling networks between residettis agithin the tissue and migrating cells are
essential in developmental biology and immunolodyere proper positioning of cells is crucial for
lymphopoiesis, lymphoid organ development (1) emhounting effective immune responses.(2-4)
The human immune system, consisting of an innatieasnadaptive branch, is a complex and tightly
regulated network of migrating and resident cellsch is able to distinguish between non-dangerous
self, non-dangerous-foreign and dangerous-forelgne more ancient innate immunity is germ-line
encoded and can bind bacterial and viral pathogenpattern recognition receptors on their surface
or within the cytoplasm. Macrophages, dendritidsclDCs) and neutrophils represent innate immune
effectors and serve as first line of defence aggiathogens. The more recently emerged adaptive
immune system is instructed during the lifespaarofndividual. Exposure to different antigens leads
to rearranged pathogen-specific surface receptor8 aells (B cell receptor) and T lymphocytes
(T cell receptor) and the generation of memory B &ncells which elicit fast and powerful immune
responses upon second encounter with the samegeatAde ability of continuous rearrangement of
surface receptors and the development of memorkahmarks of the adaptive immunity.

Key players in migration, homing and retentionmimune cells are cheraztic cytokinesso called
CHEMOKINES, small secreted proteins ranging from 67 to 127 andcids.The presence of four
cysteine residues in conserved locations is crdorathe formation of disulfid bonds and
therefore of their 3-dimensional shgpg Chemokines exert their biological effects bemcting
with G protein-coupled seven transmembrane domegeptors that are selectively expressed on the
surfaces of their target cells. Following interantiwith their specific chemokine agonists, chemekin
receptors undergo conformational changes and triggecascade of events, including flux of
intracellular calcium (C&) ions (calcium signaling), phosphorylation of gysmatic kinases,
cytosceletal rearrangements, chemotaxis and activat cell adhesion molecules such as intergrins.

Some chemokine receptors can bind several chenwkinid different affinities, such as CCR5,
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indicating a certain redundancy or robstness oftitem, other chemokine receptor, such as CXCRA4,
bind only one chemokine, the CXCL12.

Up to date, more than 40 chemokines and more tBach2mokine receptors have been identified.
In vivo, chemokines are thought to be released and boonextracellular matrix proteins and
glycosaminoglycans in the environment, creatingaalignt indispensable for inducing cell migration.
(6) The first protein to be identified as a chertr@atant in 1987 was CXCL8 (IL-8, NAP-1) that was
shown to selectively recruit neutrophils.(7,8)rikseptor, CXCR1, was the first chemokine receptor t
be cloned (9) followed by the identification ofecend CXCL8 receptor, CXCR2.(10,11)

Migration is controlled by the expression of difat chemokine receptors on the cell surface, which
can be modulated upon maturation or differentiatisman example, different types of immature DCs
are localized at strategically important pointstloé body and serve as guardians against invading
pathogens. They can also be recruited from bloddfl@mmatory sites, using chemokine receptors
like CCR1 or CCR5. Upon antigen encounter, DCsagtivated, downmodulate CCR1 and CCRS5,
and upregulate a specific chemokine receptor, CCGRYch allows them to migrate from the
periphery into the T cell areas within draining eedary lymphoid organs where the appropriate
ligand, CCL21, is expressed.(12-16) Here, activ@d€s can activate naive T and B cells which are
specific for the antigen presented by the dendciit by a process known as antigen presentation. |
this way an adaptive immune response can be mitiaith the generation of antigen-specific T and
B cell as well as antibody producing plasma cdli®.(Similar to activated dendritic cells, T and
B lymphocytes also change their chemokine recgmtofile upon activation, and become responsive
to different chemokines which control the propemume response.(18-20) All migratory processes of
immature and mature dendritic cells, as well asenaind activated B and T cells within and outside
secondary lymphoid organs are orchestrated by i@tyanf chemokines, expressed at distinct time
points, at distinct location, and by distinct celpes within the tissuesThis crosstalk between
chemokine expressing cells and their respondingteoparts is essential to mount an adequat immune
response.(21) Inappropriate activation of the cHen® network is associated with various

pathological conditions such as autoimmunity, grejiéction or artheriosclerosis.(22)
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Initially, newly discovered chemokines have beewegi a name according to their function
(e.g.: MIG = Monokine Induced by Gamma Interfer8mF-1 = Stromal-Derived Factor-1). Over the
years, the proliferation of chemokine aliases tiet accompanied the discovery of chemokines by
multiple groups using bioinformatics, led to theselepment of a nomenclature system that parallels
the receptor nomenclature. Chemokines were alsssified accordingly to their functions in
homeostatic and inflammatory. Even if this classifion facilitates the understanding of the
chemokine network, it does not correctly represtm@mokine functions as several chemokines have

been shown to exert a dual function activity.

1.1.1 Classification of chemokines by function

This classification distinguished chemokines whidither function underhomeostatic or
inflammatory conditions.(23) Soon after, it became clear th@ane chemokines have dual-
function: they are expressed in homeostatsis as well as fiammation.(24) Homeostatic
chemokines, constitutively expressed, comprise cubds acting in primary and secondary lymphoid
organs (25-27) as well as peripheral tissues.(28i2%he bone marrow and in the thymus, for
instance, homeostatic chemokines control the cobrpasitioning and trafficking of committed
lymphoid progenitor cells into “niches” to guaramtéull maturation and functionality.(30-32) In
addition, the development of secondary lymphoidanggy(e.g. Peyer’'s Patches and inguinal lymph
nodes) is crucially dependent on the function ahbostatic chemokines.(33,34) Distinct T and B cell
attractant chemokines in secondary lymphoid orgarssire the accurate segregation into T cell areas
and B cell follicles. This segregation is essental the initiation of adaptive immune responses.
(33,35) In addition to directional guidance, homatis chemokines contribute to non-directional
T cell migration (chemokinesis) within lymph nodethus promoting faster, more widespread
movements of T cells to enhance the probabilitgrtoounter the specific antigen presenting dendritic
cell.(36-38)

Inflammatory chemokines are induced upon inflammyapvocesses like bacterial and viral infections

and control the recruitment of immune effectorinftamed target tissues. Upon stimulation with pro-
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inflammatory cytokines (e.g. IL-1, TNF) or bactérand viral products (e.g. CpG, LPS) many cell

types including leukocytes and stromal cells camegplate the expression of a variety of

inflammatory chemokines, which represents a “comaaelp-us” signal to other cell types. Under

inflammatory conditions a variety of chemokines amgregulated and it is therefore likely that

responding leukocytes are simultaneously exposed tariety of inflammatory and homeostatic

chemokines at the same time. The mechanism, hokodgtes integrate different simultaneous

chemoktactic signals over their chemokine recepamid how they respond to them, is still poorly
understood.

Dual-function chemokines play essential roles iidigig precursors and resting mature leukocytes to
sites of leukocyte development and immune surveitaand in addition, are up-regulated during
immune responses and target effector cells.(23addition, specific organs like the intestine are
constantly exposed to an enormous number of misr@ may therefore express inflammatory

chemokines even under homeostatic conditions.(39)

1.1.2 Classification of chemokines by structure

Over the years, the continous discovery of new dh&mes led to confusion in the field since differen
groups concomitantly identified the same chemolgigng it a different name according to the
function described. A new way of designating cheme& was introduced and summarized by Zlotnik
and Yoshie in 2000.(5) The new classification isoading to chemokine structural characteristics.
Chemokines share four conserved cysteines whickesgential for their tertiary structure, of which
two are in their N-terminal domain and are adjacenéeparated by one amino acid. Based on these
first two cysteins, chemokines are classified iBtonajor subfamilies, the CC chemokines and the
CXC chemokines. The majority of chemokines falloimine or the other group. Most of the
CC chemokines have been mapped on human chromaokogid-2 (40) while the majority of the
CXC chemokine genes are clustered on human chramogdgl12-21.(41) In addition to the 2 major
subfamilies, there are two other classes of chemeskihat have been described so far: theGQCX

chemokine, fractalkine, and the C chemokine, lynt@ttin. Fractalkine, one of the two membrane-



INTRODUCTION The Chakime System

bound chemokines with a mucin-like stalk, has tlfae®no acids between the first two cysteines (42)
whereas lymphotactin misses the first and the ttyadeine.(43)

Chemokines from the CC chemokine family act in aaldrrange on different cell types including
monocytes, T lymphocytes, DCs, basophils and epkite An important feature of the chemokine
system is illustrated iMablet redundancy versus robustness. One chemokine icandifferent
receptors and in reciprocal, one receptor can tiffierent chemokines. This adds an additional step

the complexity of cellular migration.

Table 1. CC Chemokine family

CC chemokines Former known as Agonistic receptor Subfamily
CCL1 Intercrine-p-glycoprotein 309 (I-309) CCRS D
CCL2 Monocyte Chemotactic Protein-1 (MCP-1) CCR2 I
CCIa Macrophage Inflammatory Protein-1o. MIP 1), LD78e, SISe CCRI1, CCR5 I
CCL4 Macrophage Inflammatory Protein-1p (MIP1B), LAG-1 CCR5 I
CCLS Regulated upon Activation, Normal T-cell Expressed, and Secreted (RANTES) CCR3, CCRS i
CCL7 MCP-3 CCR1, CCR2, CCR3 I
CCL8 MCP-2 CCR2, CCR3, CCR5 I
CCL11 Eotaxin CCR3, CCR5 I
CCL13 MCP-4, NCC-1 CCR1, CCR2.CCR3 I
CCL14 Hemofiltrate CC chemokine-1 (HCC-1), HCC-3, NCC-2 CCR1, CCR5 I
CCL15 HCC-2, NCC-3 CCR1, CCR3 I
CCL16 HCC-4, NCC-4 CCR1, CCR2, CCR3, CCR5 I
CCL17 Thymus- and Activation-Regulated Chemokine (TARC) CCR4 D
CCL18 Dendritic cell- chemokinel (DC-CK 1), PARC, AMAC-1, MIP-4, unknown D
CCL19 ELC, MIP-3p, Exodus-3 CCR7 H
CCL20 LARC, MIP-3e, Exodus-1 CCR6 D
CCL21 SLC, Exodus-2, TCA4, 6Ckine CCR7 D
CCL22 MDC, STCP-1, ABCD-1, DC/B-CK CCR4 D
CCL23 MPIF-1, MIP-3 CCR1 I
CCL24 MPIF-2, Eotaxin-2 CCR3 I
CCL25 Thymus- Expressed Chemokine (TECK) CCRS D
CCL26 MIP-4c, Eotaxin-3, IMAC CCR3 I
CCL27 Cutaneous T cell-attracting chemokine (CTACK) CCR10 I
CCL28 Mucosae-associated Epithelial Chemokine (MEC), CCRI10 I

CC Chemokines and their receptors The first column indicates the chemokine nameomiting to the
structure. The second column indicates the hisibihemokine name according to its function. Thiedth
column indicates the chemokine receptors which bard the chemokine. The last column groups the
chemokines according to their mode of action intonhostatic (H), inflammatory (I) or dual-functio®)(
chemokines.

The second major subfamily of chemokines is theigraf CXC chemokines (Tab®) which can be

further subcategorized based on the presence tfipeptide motif Glu(E)-Leu(L)-Arg(R), into ELR+
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or ELR- chemokines. ELR+ chemokines (CXCL1, CXCEXCL3, CXCL5 to CXCL8) have been
reported to act on neutrophils and are also angiogé4,45), whereas ELR- chemokines (CXCL4,

CXCL9 to CXCL14) activate different leukocytes (fidaB lymphocytes) and are angiostatic.(46)

Table 2. CXC, C and CXC chemokine families

CXC chemokines Former known as Agonistic receptor Subfamily
CXCL1 Growth-Related Oncogene-o. (GRO-o), MGSA-0, NAP-3, CXCR1, CXCR2 I
CXCL2 GRO-B, MGSA-p, MIP-20, CXCR2 Il
CXCL3 GRO-v, MGSA-y, MIP-2p CXCR2 I
CXCL4 Platelet Factor-4 (PF-4), CXCR3B I
CXCLS ENA-78 CXCR2 I
CXCL6 Granulocyte Chemotactic Protein-2 (GCP-2), CKA-3 CXCR1, CXCR2 I
CXCL7 Neutrophil- Activating Peptide-2 (INAP2) CXCR2 I
CXCL8 Interleukin-8 (IL-8), NAP-1 CXCR1, CXCR2 I
CXCL9 Monokine Induced by Gamma interferon (MIG), CXCR3 D
CXCL10 10 kDa Interferon-gamma-induced Protein (v-IP10 or IP-10) CXCR3 D
CXCL11 Interferon-inducible T-cell Alpha Chemoattractant {I-TAC) CXCR3 i
CXCL12 Stromal cell -Derived Factor-1o/p  (SDF1a/B) CXCR4, CXCR7? H
CXCL13 B Cell Activating chemokine-1 (BCA-1) CXCR5 D
CXCL14 Breast and Kidney-expressed chemokine (BRAK), bolekine, Kec, MIP-2y not known H
CXCL15 Lungkine I
CXCL16 SR-PSOX, CXCLG16 CXCR6 D
CxC chemokines Former known as Agonistic receptor Subfamily
CX3CL1 Fractalkine CX3CR1 I
XC chemokine Former known as Agonistic receptor Subfamily
XCL1 Lymphotactin XCR1 I

CXC, CX3C and C chemokines and their receptorsThe first column indicates the chemokine name atingr

to the structure. The second column indicates sterical chemokine name according to its functidhe third
column indicates the chemokine receptors which bam the chemokine. The last column groups the
chemokines according to their mode of action intonbostatic (H), inflammatory (I) or dual-functio®)(
chemokines.

1.1.3 Lymphocyte trafficking under homeostatic doos

Interaction between chemokine and chemokine recegliine are not sufficient to induce cell
migration into the tissue. Transmigration of a lec)e into the tissue is rather a multi-step preces
which can be divided in 4 different steps: 1) tetig and rolling, 2) activation, 3) firm adhesionda

spreading, 4) intravascular crawling and transt@lldransmigration into the tissue (Figure 1).
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Thethering and rolling is mainly dependent on deisc whereas activation of integrins depends on
chemokines. Upon chemokine interactions, cells @dHemly to the endothelium via integrin

activation and start to transmigrate into the &ssu

P Selectins
Chemokines ’
-— Integrins
1. Tethering -y
vessel and rolling 2 Activation ‘
lumen 3. Firm Adhesion

y e 4. Transmigration
S, -l\

inflammatory \

stimuli

endothelium

Figure 1: Multistep transmigration of leukocytes from vessels into the tissue

Transmigration of cells strongly depends on chemmkinteractions. Various chemokines can be
transported or bound onto the luminal site of enelwdl cells and in this way influence migratory
behaviour of circulating leukocytes under homeastat inflammatory conditions.(47) On the luminal
site of the endothelium, chemokines play an imptrtale in the transmigration of cells by inducing
integrin activation, which leads to tight bindingtlveen transmigrating cell and endothelial cel).(48
At birth, our lymphocyte compartment consists maioil naive, antigen-unexperienced cells. During
lifetime, our memory pool of B and T lymphocytescnstantly increasing so that adult individuals
have a mixture between naive lymphocytes, whichehaot seen their specific antigen yet and
memory lymphocytes, which have already encountdhair specific antigen during a previous
infection and are now patrolling through the bobllwive as well as memory lymphocytes have the
ability to circulate through the blood and transratg into peripheral lymphoid organs or peripheral
tissue, screening for specific antigens or antigezsenting cell, which would activate them via the

B or T cell receptor on their cell surface. Theteoaf homing/patrolling through secondary lymphoid
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organs and peripheral tissues is regulated bytiemokine receptor expression on the surface and the
expression pattern of the cognate agonists insbad.

Under homeostatic conditions, lymphocytes enterlyhgoh node from the blood via a specialized
type of postcapillary venules, the high endotheliehules (HEV). On the luminal site, HEVsS
specifically express the CD62L-ligand peripheratiem@addressin (PNAd) as well as the CCR7-ligand
CCL21. Transmigration is initiated by a tetheringpsthat allows leukocytes to loosely bind to
endothelial cells. This step is mediated by L-2#ie€D62L) expressed on lymphocytes that interacts
with its endothelial ligand peripheral node addres®NAd). Subsequently, CD62L-dependent
lymphocytes rolling on the endothelium is followby chemokines recognition via the appropriate
chemokine receptor.(21,49) Chemokine receptor ¢rigg induces intracellular signals that activate
integrins from a low affinity to a high affinity a&te (inside-out-signal). In this case, the homeiasta
chemokine CCL21, ligand of CCR7, mediates the atitm of the integrin Leukocyte Function-
associated Antigen 1 (LFA-1) on rolling T cells wiin turn interacts with its ligand, the
InterCellular Adhesion Molecule-1 (ICAM-1) on HENYS0) Upon activation of integrins,
lymphocytes firmly stick to the endothelium andngmigrate into the tissue (Figure Wfter
transmigration into the lymph node, naive CO4cells migrate towards the T cell areas (parac)rt
where the ligands for CCR7, CCL19 and CCL21, apressed by stromal cells.(51) In this area, they
actively move by chemokinesis and scan for antigearing DC.(36-38). Not only chemokinesis is
important in cell-cell contact in the T area, bisbarelease of selective chemokines has been stoown
guide naive CD8T cells to APCs in a CCR5 dependent manner.(52)olmrast to naive T cells,
naive B cells express lower levels of CD62L.(53)liRg B cells can be induced to arrest on HEVS by
either CCR7 or CXCR4 agonists. After transmigrati@ cells migrate in a CXCR5-dependent
manner towards the B cell areas where its cogrgarist CXCL13 is produced by follicular dendritic
cells (FDC) and #; cells.

B and T cells that have entered a lymph node briigh the medulla via efferent lymphatics.(54-57)
This active process of re-circulation ensures raphocytes can be exposed to their cognate antigen

independently on where the pathogen has been sample
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A key player among chemokines in lymphopoiesis anchune homeostasis is the house-keeping
chemokine CXCL12, together with its cognate recef¥CR4.(58,59) CXCL12 as well as CXCR4
are the only chemokines/chemokine receptors idedtffo far, which has been shown to be pivotal for
life, since gene targeted disruption of CXCR4 orGIA2 leads to perinatal death in mice.(60,61)
Various physiological as well as pathological pssms have been shown to depend on the
CXCL12/CXCR4 axis. The chemokine receptor CXCR4his coreceptor for HIV entry in human
CD4" T cells.(58,59,62)Stromal cell-derived CXCL12 has a crucial role withthe bone marrow
(BM). Bcell maturation occurs in complex BM micragronments known as bone
marrow niches.(63) Reports in gene-targeted micera/lCXCR4 was selectively deleted in B cells,
have documented its requirement for retention afeB precursors in the BM.(64CXCL12 is
therefore not only important for B cell migratioyt also for trapping of B cells within the BM
environmentCXCR4- and CXCL12-deficient animals exhibit defitid3 cell development and a lack
of bone marrow myelopoiesis.(6During their maturation in the bone marrow, B célighly express
CXCRA4 yet gradually loose their responsivenessX€IC12 which could account for the release into
circulation. (65,66) Hematopoietic stem cells (HS®&)the bone marrow also depend on stromal-
derived CXCL12 and blocking CXCL12/CXCR4 interacsoin the bone marrow leads to a release of
different progenitors into the circulation.(67-70Only recently,the CXCR4-inhibitor (AMD3100,
Plerixafor) has been introducded in clinical praisdo increase circulating hematopoietic progesito
before bone marrow transplantation.(72,73) In @mldito its niche-like signal for HSCs in the bone
marrow, CXCL12 is an important survival factor Brcells and plasma cells and is essential for
plasma cell homing to the bone marrow.(74,7a&hother important function of CXCL12 in B cell
biology is during an adaptive immune response whexXe&L12 together with CXCL13 seem to
regulate germinal center B cell trafficking betwetamk and light zone.(76)

More recently CXCR7 has been described as a seamaptor for CXCL12(77) Mice with gene
targeted deletion of CXCR7 succumb perinatally ttugentricular septal defects in the heart while
hematopoiesis including B cell development wasatfected.(61) In zebrafish development, CXCR7
seems to function as a non-signaling scavengingptec, which internalizes CXCL12 from the

environment and regulates in this way its extratailconcentration.(78)
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Another B cell attractant chemokine is CXCL13 whiabtts on the chemokine receptor CXCRS5,
expressed on B cells and a subset of activatedl. t#eis produced and released by germinal center
T cells and FDCs in the germinal centEhis germinal center T cell subset is called ¢ollar B helper

T cells (Tey) and is localized in the light zone of the gerrhioanter, where they provide help to
germinal center B cells to differentiate towardsmoey B or plasma cells.(79) CXCL13 is specifically
expressed by follicular dendritic cells (FDC) iretlight zone of the germinal center and is essentia
for B cell migration into B cell follicles in lymphodes and in the spleen.(27,33,76) Knock out mice
deficient in CXCR5 show a disrupted T/B cell segitegn and fail to develop inguinal lymph nodes
and Peyer’'s Patches demonstrating a chemokinerdpesitive feedback loop that is essential to

develop some secondary lymphoid organs.(33,34)

1.1.4 Lymphocyte trafficking under inflammatory ditions

Depending on the type of pathogen, cell-to-celhalg received from the antigen presenting cells
(APC) as well as environmental influences, T cedls differentiate into different T cell subsets. tdp

date 5 such T helper subsets have been describdd,Th2, Th17, natural and induced regulatory
T cells (Teg9 and follicular B helper T cells €F) cells. The differentiation into each subset depends

on distinct cytokine signals in the environment ahd induction of specific transcription factors

(Figure 2).
Th1 Function
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Each T cell subset releases specific cytokines exptesses a different repertoire of chemokine
receptors. Viruses and intracellular bacteria imda@inly Thl responses. Thl lymphocytes release
IFN-y and IL-2. A Thl response activates mononucleagptyes and promotes isotype switching.
Th2 cells, in contrast, are induced during paraaiteé helminth infection, produce IL-4 and IL-5 and
are involved in responses mediated by IgE, eositwphd basophils. Fungi tend to induce a Thl7
differentiation, where T cells mainly express IL-4d IL-22. While Th1, Th2 and Th17 are favoring
an inflammatory environment by releasing a varigtyroinflammatory cytokines, a fourth subset of
Teg Can dampen an immune response by releasing #liatmimatory cytokines such as IL-10 and
TGF. A fifth group comprises dy: this subset is found within the light zone of tterminal centers
where they provide costimulatory help to late gewahicenter B cells. ; cells are characterized by
their expression of the B cell attractant chemokKIn€CL13, CD57 and depend on the transcriptioin
factor BCL6.(80-82) Whether T cell differentiatiéma one way road, or whether plasticity between
T cell subsets occum vivo is subject of intense researcPRast studies emphasized terminal
commitment of effector T cells. (83-86) More redgnt has become clear that flexibility between
T cell subsets is probably not an exception. (8&%ide their different cytokine expression, T cell
subsets also differ in their chemokine receptorfile® and show therefore different migratory
capacities.(88-90) The upregulation of CXCR5 fatamce enablesg] cells to migrate towards the
T/B cell border where they can interact with therapriate B cell in a cognate fashion. In conttast

T cells, follicular B cells can upregulate CCR7 npengagement of their antigen-receptor, which
induces B cell migration towards the T/B border)(Biterestingly, activated follicular B cells dotno
seem to downregulate CXCR5 expression but the upatgn of CCR7 seems to be sufficient to
induce B cell migration to the B/T cell- zone boandto seek for costimulatory help by follicular
helper T cells (#y). During plasma cell differentiation, activateddglls upregulate CXCR3 and
CXCR4, which allows them to home into the bone marror into inflamed peripheral tissues

(Figure 3).(92)
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Figure 3. CXCR4- and CXCR3- depedent migration dunmg plasma cell differentiation. B cells are
generated in the bone marrow and exit as prec@smlls (pre-B cells), which are immature and exprigM.
These cells further mature into naive B cells amehtinto either marginal-zone B cells or follicuRrcells.
When activated, these marginal-zone and follicBHacells can differentiate into plasmablasts andrtslheed
plasma cells, both of which can secrete antibodtgrAatively, with the help g; cells, follicular B cells can also
differentiate into memory B cells, which are lorged, and express antibodies of switched class tagh
affinity for antigen. When reactivated by antigemmory B cells can differentiate into plasmablastsich are
competent to become long-lived plasma cells. A bmaportion of these plasmablasts stay in the sgacy
lymphoid organ (the spleen or the lymph node) whbey were generated. Most of the plasmablastsategr
either to inflamed tissue, under the control of @¥C-chemokine receptor 3 (CXCR3; which binds CXC-
chemokine ligand 9 (CXCL9), CXCL10 and CXCL11),torthe bone marrow, under the control of chemotaxis
towards CXCL12 (which binds CXCR4). All three tissuhave finite numbers of plasma-cell survival egh
Plasmablasts that succeed in the acquisition df autiche differentiate into plasma cells and bezanmobile.
Resolution of inflamed tissue after a successfuhime response terminates the survival niches itighee and
therefore eliminates the resident plasma cells,thisdis the peak of the immune response. In threeboarrow,
and to a lesser degree in secondary lymphoid ordang-lived plasma cells survive and provide huahor
memory. from Radbruch et al. Nat. Rev. Imm. 2006, 6:741-50

Beside activated B cells, also activated C#d CD8 T cells, plasmacytoid DCs and NK cells
express CXCR3 and CXCR4 and can respond to inflarmmanduced chemokines CXCL9, CXCL10
and CXCL11.(93,94) Under inflammatory conditiong]l anigration within draining lymph nodes
undergoes rapid changes. Different cell types camegruited to inflamed lymph nodes also in a
CXCR3-dependent manner.(95-97). Of note, therertng evidence that the place of chemokine
expression does not always correlates with the mikigession and that transcytosis of chemokines

IS an important functional mechanism for cell réwnent.(98-101)
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1.1.5 Chemokines and chemokine receptors in haémgatal malignancies

After malignant transformation, tumor cells caranettheir chemokine receptor profile or can
produce chemokines.(102) Malignant cells, in gdnezapress distinct and non-random
patterns of chemokine receptors, which renderuh®t able to respond to chemokines in the
environment, and favor its infiltratation and disseation into different organs following a
chemokine gradient. The first evidence that chemmkeceptors are used by tumor cells for
metastatic dissemination came from the work of Biukhnd colleagues that showed the
involvement of CXCR4 in breast cancer metasta€i8)More recently a role for chemokine
receptors has also been found in a variety of ha®atacal malignanciesLymphocyte
leukemias and B cell lymphomas express several ckia@ receptors, including CCRS6,
CCR7, CXCR3, CXCR4, and CXCR5.(24,104-108) addition, expression of various
chemokines has been detected in a variety of huBarell lymphomas (24,109,110), follicular
dendritic cell sarcomas (111), and in T-cell lympias, such as Angioimmunoblastic T-cell
Lymphoma, which is thought to derive from germioahter T cells.(112) Of note, most of the studies
assessed mMRNA expression by rt-PCR or micro-arrelys and therefore neglect, that tumors
include a variety of bystander cells, such as sttpendothelial and immune effector cells which may
contribute to the upregulation of gene productdalle histopathological examination of chemokine

expression within the tumor and its environementeguired to improve our understanding on the

complex relationship between tumor cells resideeirtbystander cells in the microenvironment.

1.1.6 Synergistic activities among chemokines

Up to datejn vitro andin vivo studies have evaluated cell migration induced Bingle chemokine.
However, under homeostatic and inflammatory coodgj leukocytes are exposed to variety of
chemoattractans at the same time. Moreover, let&s®ften express several chemokine receptors on
their surface and can therefore receive differdmnwattractant stimuli at the same time. The

mechanisms, how leukocytes integrate signals froenenvironments and respond to simultaneous
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stimulation with different chemokines are not weatlderstood. For instance, immature B cells express
CCR2 and CXCR4 and while CXCL12 induces a strospaoase when added as first chemokine, the
pre-treatment with CCL2 diminishes CXCL12-inducedivation.(113) In other words, the duration,
the concentration and the timing of a first stiniola can make a cell refractory to further
engagements by other ligands. The concomitant pcesef two ligands, in contrast, can induce a
response that exceeds additive effects. Such gghiergactivity represents on amplification
mechanism that is only active once a cell encoarnteo ligands at the same time. This mode of action
could represent a “security code” that ensurespbaterful effects are only generated in response to
the right combination of ligands. Moreover, thestfiigand could sensitize the cells to respond to a
second stimulus.(114,115) These cells have an salyarcompared with unstimulated cells that can
lead to better activation or even survival. Synsrgiactivites between chemokines include two
separate mechanisms: in the first scenario a lgi&ds exposed to different chemokines, for which
the cell expresses the cognate chemokine recefoassecond scenario a leukocyte is exposed to a
variety of chemokines but expresses only the ch@moleceptors selective for a single chemokine.
One of the first reports on synergistic activitbetween chemokines demonstrated that regakine-1, a
CC chemokine isolated from bovine serum, could gyiee with CXCL8 and CCL7 in the recruitment
of neutrophils and lymphocytes, respectively.(1.Ak&rnatively, plasmacytoid DC (pDCs) responded
synergistically to suboptimal concentrations of @42 and CXCL10.(117) Even more striking, the
presence of CXCL10 in the upper well of the chexistahamber seemed to prime the cells to
migrate to low CXCL12 concentrations and excludbd involvement of a CXCL10 chemokine
gradient. Since pDCs express the specific receptuessynergistic effect was believed to be mediate
by both CXCR3 and CXCR4.(114) These observation® alowed by several studids vitro and

in vivo.(118,119) A different mode of synergism has betmtiified by various groups whereby the
responses of cells can be influenced by the presehaon-ligand chemokines. In this case, cells
bearing receptors for one chemokine, strongly nedpgo a suboptimal agonist concentration in the
presence of a non-ligand chemokine.(120-122) Daffecellular responses, such as adhesion assays,
chemotaxis, receptor internalization and the aftitwaof intracellular signalling cascades, were

addressed and all showed increased responses wimem-Bgand chemokine was present. The
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depicted chemokines were chosen also because iofrétative distributionin vivo. CXCL13 and
CCL21 are both expressed in secondary lymphoidnsrgand the migration of antigen-experienced
T cells to the B/T- cell boundary zone could patdht be enhanced by CXCL13.(121) CCL22, the
agonist of CCR4, is concomitantly expressed withdyinergy-inducing chemokine CXCL10 in atopic
and allergic dermatitis, and skin-homing CCR4cells could benefit from the co-presence of both
chemokines.(122) CXCL4 and CCL5 are two chemokstesed in platelets and are released upon
activation. The arrest of monocytes under flow étmds, mediated by CCL5, could be enhanced
when CXCL4 was applied at the same time.(120) Hoeptor for CXCL4, recently identified being
CXCR3B (123) is not expressed on monocytes (124) terefore does not contribute to the
synergistic effect. These studies could show thatagonist and the synergy-inducing chemokine can
form heteromeric complexes, suggesting that thergyninducing chemokine could fix the agonist in
the best conformation for triggering. The struatequirements for the formation of heterodimers
were elucidated and showed for the CCL22/CCL7 a@lL3ICXCL4 complexes.(111,122,125)
Moreover, disrupting heterocomplexes formation leetv CCL5 and CXCL4in vivo inhibits

monocyte recruitment into artheriosclerotic plaq(ieXb)
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1.2 B Cell Physiology and Lymphomagenesis

1.2.1 B cell trafficking

Trafficking of B cells to LNs and Peyer’'s patch&P§) through HEV involves, similar to T cells, a
combination of chemokine receptors, such as CCRd &XCR4, and adhesion molecules.
(33,126,127) In contrast to T cells, B cell homtnd_Ns is mainly directed by CXCR4. B cell-HEV
interactions are largely unaffected by the abserideinctional CCR7.(128) However, simultaneous
absence of CXCR4 and CCR7 eliminates most B-catlihg to sencondary lymphoid organs.(126)
PPs have an additional level of control for B ¢telming. In addition to CCR7 and CXCR4 signaling,
CXCR5 contributes to B cell homing to PPs and tophsitioning of B cells in the B area of the LNs.
(33,126). Activated B cells within B cell folliclegpregulate the chemokine receptor CCR7 which is
guiding the cells to the T/B border where the CC&jbnists are present, to allow T/B cell
interactions.(129) B cell trafficking to non-lympid organs is less understood. B cell homing to
selective tissues is controlled by the expressibrdistinct receptors. For example, a subset of
differentiated IgA B cells expresses the chemokine receptor CCR1ghvit only rarely expressed
by B cells that secrete other immunoglobulin isegprhis B cell subtype trafficks to mucosal tissue
where CCL28, the agonist of CCR10 is preferentiapressed.(130-132) During their final
differentiation to plasmablasts, activated B celfgegulate CXCR3 and become responsive to the
CXCR3-ligands CXCL9, CXCL10 and CXCL11.(92) Thisttean of receptor expression seems to be

important for early plasma cell migration to siférdlammation.

1.2.2 B cells during germinal center formation

The hallmark of adaptive immune responses is dpigiind memory towards encountered antigens.
Specificity and memory require gene rearrangemadt recombination events within lymphocytes.
These events have to be strictly regulated becthese harbour an increased risk for malignant
recombination events and therefore malignant tcansition of normal lymphocytes. The majority of
malignant lymphomas in humans derive from B cellsich undergo malignant transformation at a

certain timepoint during their development. Thengi@al center microenvironment is the main source
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of memory B cell and plasma cells that produce {aiffimity antibodies, which are necessary to
protect against invading microorganisms.(133) Tleadficial role of germinal center B cells in
immunity is somewhat counterbalanced by their detrital role in lymphomagenesis, as the majority
of B cell lymphomas originate from germinal cenkrcells (Table 4).(134,135) In fact, with the
exception of the rare lymphblastic and mantle-tgthphoma subtypes, most B cell non-Hodgkin
lymphomas (B-NHL) display somatically rearrange¥ lgenes, indicating that they are derived from
B cells that are blocked within or have passedutinothe germinal center.(134,135) The genomes of
these B-NHL subtypes display two main types of genesions — chromosomal translocations and
aberrant somatic hypermutation, (ASHM) — which esgnt mistakes in the immunoglobulin gene
remodelling mechanisms. (136) Of note, as SHM daa accur outside of the GC, extrafollicular
B cells may represent the targets of malignantstamation in certain subtypes of lymphoma.(137-
139) The initiation of the GC response requires ititeraction of co-stimulatory B-cell-surface
receptors with ligands expressed by T cells andigen-presenting cells, of which the most
important is that between the tumour-necrosis fa(fdlF)-receptor family member CD40, which is
expressed by all B cells, and its ligand CD154 egged by helper T cells. Activated B cells can then
either develop directly into antibody-secretingls@h specialized extrafollicular sites of plasnabl
growth and differentiation, such as the medullasyds of lymph nodes, or mature into GC-precursor
B cells and move to the primary follicle, a struetunade of recirculating IghNgD"* B cells within a
network of follicular dendritic cells (FDCs) (Figu). Here, B cells start to proliferate rapidlydan
push the IgMIgD™ B cells aside to form the mantle zone around t8e y&elding a structure known as
the secondary follicle. After a few days of vigosquroliferation, the characteristic structure & C
becomes apparent (Figure 4): a dark zone consistingpst exclusively of densely packed
proliferating B cells known as centroblasts, antight zone comprised of smaller, non-dividing
centrocytes situated within a mesh of FDCs, T cahsl macrophages (Figure 4). Centroblasts
diversify their IgV genes by SHM, and those celfiattexpress newly generated modified antibodies
are selected for improved antigen binding in tigatlizone. Some centrocytes eventually differentiate

into memory B cells or plasma cells.
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Figure 4: The germinal center microenvironment: Antigen-activated B cells differentiate into
centroblasts that undergo clonal expansion in #r& done of the germinal centre. During prolifevati
somatic hypermutation (SHM) introduces base-painges into the V(D)J region of the rearranged genes
encoding the immunoglobulin variable region (Ig\f)tbe heavy chain and light chain; some of these
base-pair mutations lead to a change in the angib-sequence. Centroblasts then differentiate into
centrocytes and move to the light zone, where todified antigen receptor, with help from immune
helper cells including A cells and follicular dendritic cells (FDCs), idessted for improved binding to
the immunizing antigen. Newly generated centrocyted produce an unfavourable antibody undergo
apoptosis and are removed. A subset of centrocytedergoes immunoglobulin class-switch
recombination (CSR). Cycling of centroblasts andtimeytes between dark and light zones seems to be
mediated by a chemokine gradient of CXCL12 and CX&lpresumably established by stromal cells in
the respective zones (not shown). Antigen-selecietrocytes eventually differentiate into memory
B cells or plasma cellsfrbm Klein et al. Nat. Rev Imm. 2008, 8:22}-23

The GC reaches its maximal size within approxinyatelo weeks, after which the structure slowly
involutes, and it disappears within several wedlee formation of germinal centers is a complex
process, which includes the interaction of sevesliitypes within the germinal center environment a
FDCs and Fy as well as a variety of transcription factors ativaated B cells. Centroblasts express
CXCR4 and migrate towards a CXCL12 gradient thagioates in the light zone, whereas centrocytes
express CXCRS5, which is responsive to a CXCL13 igradproduced in the dark zone. Alternating
upregulation and downregulation of the expressibthese two chemokine receptors on GC B cells
may promote the cycling of cells back and forthaeetn the dark and light zones.(76) Nevertheless, a
more recent study reveals that B cells tend to atégalong the dark-light zone border rather than to

cross it.(140) A characteristic of centroblastshisir dramatically fast proliferation rate in thark
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zone of the germinal center.(141) The fast prddifien rate is required for the generation, within a
short time frame, of large numbers of modified inmoglobulins, from which the few B cells that
display antibodies with high antigen-binding affinivill be selected. Centroblasts upregulate genes
associated with cell proliferation and downregulgenes encoding negative regulators of clonal
expansion.(142,143) The physiology of dark zonetroblasts differs markedly from that of other
proliferating cells in the body. Notably, the sewsiof a response to DNA damage are specifically
suppressed in centroblasts.(144) Furthermore, aaasts express the enzyme telomerase (145),
thereby ensuring that the vigorous clonal expansioGC B cells does not result in a loss of their
replicative potential, which would be a direct cemsence of telomere shortening. GC B cells have
long been known to be especially prone to apopttsitated GC B cells rapidly undergo apoptasis
vitro if they are not rescued by anti-apoptotic sigia#6) These findings indicate that the GC
microenvironment provides crucial signals to GCeiscand decides their life and death. Centroblasts
lack the expression of anti-apoptotic factors, udatg B cell lymphoma 2 (BCL-2) and its family
members, whereas they express several pro-apoptotecules (133,142,147) (148), which allow the
rapid execution of cell death by default or in @%ge to exogenous signals. The major benefit ef thi
pro-apoptotic nature of GC B cells is thought tothe rapid elimination of B cells with newly
generated immunoglobulin mutations that produceom-fanctional or non-binding antibody. This
feature and the spatial concentration of prolifergt mutation and selection of antigen-activated
B cells may have been the driving force for theleton of the highly specialized GC structure. The
transcription factor BCL6 is the master transcoipéil regulator for centroblasts. BCL6 may allow GC
B cells to sustain the physiological genotoxic stréhat is associated with high proliferation, and
sustain the DNA breaks that are induced by SHM@lads Switch Recombination (CSR). In addtion,
BCL-6 inhibits the expression of genes involvedigell activation during T cell-dependent immune
responses, including CD69, CD80 and STAT1.(14%raxdtion between CD80 on B cells and CD28
on Tey cells in the light zone of the GC is essentialffother differentiation towards memory B and
plasma cells.(150) BCL6 further inhibits differiation of B cells into memory and plasma cells by
suppressing transcription factors, like Blimp-1 ghiare required for final B cell differentiation.

(149,151,152) Signalling through the B-cell recep(BCR) leads to BCL6 ubiquitin-mediated
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proteasomal degradation.(150) Signalling throughd@Dwhich physiologically can be induced by
T helper cells, results in the transcriptional rstieg of BCL6 (153) through N%B-mediated
activation of IRF4.(154) Together, these mechaniaraslikely to be crucial for the transition of GC
B cells from centroblasts to centrocyte€ompared with centroblasts, centrocytes are very
heterogeneous, perhaps consistent with the fadt tttey undergo diverse developmental fates,
including the differentiation back into centrobksind into post-GC cells: memory B cells or plasma
cells. BCR stimulation coupled with co-stimulatasignals that are transmitted to the B cell by
GC T cells provides survival signals to the celf. @ntrast, failure of the BCR to bind antigen esus
cell death. Recent evidence suggests that theeifiation of a GC B cell into a plasma cell isvén

by the acquisition of a high-affinity BCR.(155) Foemory B cells, the differentiation process indtea
seems to be stochastic, as throughout GC form&iGrB cells are constantly selected to enter the
memory pool.(156) During GC development, it is thlouthat CSR-inducing signals are transmitted to
B cells by GC T cells that are present in the lighiie. Recent studies demonstrated an importaat rol
for IRF4 in CSRIn Irf4™ B cells,Aid mRNA and AID protein expression are not optimatiguced,
although IRF4 seems to regulate AID expressionutfindntermediate molecules rather than through a
direct mechanism.(157,158) In a subset of centescyhduced to undergo CSR, IRF4 may be
upregulated by the CD40-N!B signalling pathway that is activated in thesds¢&b9,160) The fact
that, in T-cell-dependent responses, class-switcetld are present among centroblasts as well as
post-GC memory B cells and plasma cells suggesiisttie mechanism of CSR is activated in a
distinct developmental window in the GC, and therefnot directly linked with the differentiation
into a specific cell type.(161)

Besides the requirement of signalling through tHeRBin affinity-driven plasma-cell development
(155), the signals that induce a GC B cell to ddfgiate into a plasma cell or a memory B cell are
largely unknown. However, several transcriptiondes have been identified, of which the regulation
is crucial for plasma-cell commitment.(162-164)

IRF4 is one essential regulator of plasma-celleddhtiation.(157,158) IRF4 has been suggestedtto ac
upstream of or in parallel BLIMP1 for the generation of plasma cells. IRF4oatepresses BCL6,

thereby terminating the GC transcriptional progra(db4,158) Recent work suggest that the
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expression of BLIMP1, IRF4 and XBP1 is independemdgulated, but that the three transcription
factors are jointly required for the establishmefthe terminally differentiated plasma cells (1688
reflected by the dramatic effects of their indivadludeficiencies on plasma-cell development.
(152,157,158) (166,167 contrast to the steps that lead to plasma dédrdntiation, those that lead
to the differentiation of a centrocyte into a meynBrcell are less well characterized. Recent figdin

shed new light into our understanding of B cell meyrformation and maintenance.(168)

1.2.3 The role of germinal centers in B cell lymplagenesis

The GC response, which develops specific memory @asma cells during the immune
response against invading microorganisms, also samité a risk. In fact, with the exception
of the relatively rare lymphoblastic and mantlel-dginphoma subtypes, most B-cell non-
Hodgkin lymphomas (B-NHL) display somatically medtigV genes, indicating that they
are derived from B cells that are blocked withinhawe passed through the GC.(134,135)
Gene-expression profiling has been used to defimel@cular subtypes of diffuse large B cell
lymphoma (DLBCL): i) germinal center B-cell-like ) DLBCL,; ii) activated B cell-like
(ABC) DLBCL,; iii) primary mediastinal B-cell lymphoa (PMBL). While GCL-DLBCL
resembles germinal center B cells in the dark zéB;-DLBC resembles activated B cells
during late germinal center reaction or postgerinteater B cells and is characterized by a
constitutive activity of the NF-kB signaling pathyl69,170) The mechansism underlying
constitutive NF-kB activation in ABC-DLBCL are nobmpletely understood yet, but recent
findings have indicated that mutations in genesulegtng NF-kB activity may induce its
constitutive activation.(171,172) Neverthelessa ilarge number of cases no mutations could
be found and it remains to be determined whetherattivation of the NF-kB signaling
pathway, normally quiescent in centroblgd#3,159) may provide an ectopic survival signal
to B cells or may reflect a particular developmeérdeage of the tumor-cell precursor

(a centrocyte) that is subjected to signals thdtide NF-kB activation. Among all DLBCL,
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the ABC-DLBCL subtype represents the least curablee third subypte, PMBL-DLBCL

may derive from thymic B cells.(173,174)

1.2.4 B cell lymphomas at nodal and extranodal site

While the majority of DLBCL originate in lymph nosleabout 40% of all DLBCL present as
extranodal tumors outside of secondary lymphoidansg175) Primary extranodal lymphoma is a
disease confined to a single extranodal site, witlvithout regional lymph node involvement The
major sites of involment can vary but in generaréhis agreement that the gastrointestinal tract,
Waldeyer's ring, and skin make up the majority ifnary extranodal lymphomas (17Extranodal
low-grade lymphomas of the marginal B-cell origiméthin mucosa-associated lymphoid tissue
(MALT) in the stomach are associated with the pneseofHelicobacter pylori(177) In these cases,
antibiotic treatment can lead to resolution of thmphma in many but not all patients.(178,179)
A similar relationship has been reported betweeunlascadnexal lymphoma and the presence of
Chlamydia psittaci.(180,181) These findings hightithe importance of environmental stimuli for the
generation and progression of some malignant lymmaso In the last 20 years, a distinct increase of
extranodal large cell lymphoma has been recognizexssociation with acquired immunodeficiency
syndrome (AIDS) and intense immunosuppression Miglg organ transplantation. In both
cicumstances, extranodal presentation such as Bri@Genrtral Nervous System Lymphoma (PCNSL)
was common and associated with Epstein-Barr vileBV).(182) It is therefore important to
distinguish  extranodal large cell Ilymphoma develeptn in immunocompetent or
immunocompromised patients (AIDS, post-transplaott The site at which lymphoma cells
proliferate is probably a reflection of an intefaotbetween tumor cell characteristics (e.g. homing
and adhesion molecules, growth factor receptors) end growth promoting microenvironmental
features (presence of corresponding ligands andthgréactors). Nevertheless, the crosstalk between
malignant lymphocytes and its tumor microenvironmém extranodal lymphomas are poorly
understood. A number of autoimmune diseases, ehgunmmatoid arthritis and Wegener's

granulomatosis have been linked to an increasédofidfNHL in general, an of primary extranodal
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NHL in particular.(183,184) Primary lymphoma of ttigroid has been often reported in patients with
Hashimoto's thyroiditis.(185) Of note, the primangan of origin can influence the outcome. Two of
the most unfavorable localizations of primary emt@dal lymphomas are the CNS (PCNSL) and the
testis (primary testicular NHL), which are both abhalways from DLBCL subtypd.he question, if
malignant B cells are recruited to extranodal sitgkere they proliferate, or if malignant
transformation takes place at extranodal site, i@nto be resolved. The survial of patients with
PCNSL only slightly increased over the last decadab a better understanding of the biology of this

tumor is a major goal to improve patient’s outcome
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1.3 Primary Central Nervous System Lymphoma

1.3.1 Incidence and epidemiology

Primary central nervous system lymphoma (PCNSL3 mre from of extranodal lymphoma which
occurs in the brain, leptomeninges, spinal cordyas. Typically, it remains confined to the CNS and
accounts for about 3% of primary brain tumors.(188) Its incidence increased nearly 3-fold
between 1973 and 1984 (188), but more recent deggest that it may be stabilizing or declining
slightlgy.(189) The only established risk factorciesngenital (ataxia telangiectasia, Wiskott-Aldrich
sydrome and severe common and combined variable uirodeficiencies) or acquired
immunodeficiency (HIV infection, iatrogenic immumseppression). HIV-infected individuals with a
CD4" T cell count < 50cell il and a high peripheral viral load have a 3600-finicreased risk of
developing PCNSL compared with healthy individugd®90) AIDS-related PCNSL are usually
associated with EBV infection.(189) Since highltiae antiretroviral therapy (HAART) has been
introduced, the incidence of AIDS-related PCNSL sigsificantly declined.(191) Most cases of non-
AIDS related PCNSL are diagnosed in patients betwieand 70 years of age, with a median age at

diagnosis in the fifth decade.(192-195) Men andwo are equally affected.

1.3.2 Clinical presentation and diagnosis

PCNSL can manifest in the brain, its coverings, elye or the spinal cord. Most cases of PCNSL
present as symptoms related to the correspondaig lasion. Symptoms at presentation include focal
neurological deficits, neuropsychiatric symptomigins of raised intracranial pressure, seizures or
ocular symptomes. In addition headaches, blurrembrvj motor difficulties and personality changes
(depression, apathy, psychosis, confusion, viswaluginations) can occur depending on the
infiltration of the tumor. In addition to a detadldistory and physical examination, the evaluatibn
patients suspected of having PCNSL should includaging of the CNS with contrast-enhancing
magnetic resonance imaging (MRI), cerebrospinadl f(CSF) analysis and slit lamp examination of
both eyes. Fifty to seventy percent of immunocompetpatients with PCNSL develop solitary

lesions, the remaining 25 percent developing nudéf brain lesions. Periventricular lesions
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(thalamus, basal ganglia and corpus callsoum) ast common followed by lesions in the frontal,
parietal, temporal and occipital lobes. Althoughdnsiurrounding edema is present in the majority of
cases, it is usually less profound than accompgnyiatastatic foci of carcinoma. Evaluation of the
cerebrospinal fluid (CSF) may reveal the presericaadignant lymphoid cells in up to 30 percent of
patients with PCNSL. The CSF often reveals an é&ev@rotein concentration and a lymphocytic
predominant pleocytosis. The demonstration of resi lymphocytes in CSF is sufficient to confirm
the diagnosis of PCNSL and obviates the need foram biopsy. However, while a positive CSF
analysis can provide valuable diagnostic informejonegative results do not exclude PCNSL. The
diagnostic procedure of choice to confirm PCNSLaisstereotactic needle biopsy, followed by
immunohistochemical analysis.(196) The pathologalwation and classification of PCNSL is similar
to that of tumors of systemic non-Hodgkin lymphonfaimors are evaluatied based upon their
morphology and immunophenotype. The vast majorftyPGNSL are of the aggressive or highly
aggressive, diffuse large B cell subtypes from ativated B-cell-like phenotype (ABC-
DLBCL).(197) A histopathological feature of PCNS& the angiocentric behaviour of malignant
B cells. Malignant B cells tend to infiltrate alotige perivascular spaces building up a concentric
circle of densely packed blasts around small anernmediate size vesselBCNSL often contain
mixtures of tumor cells, reactive astrocytes anfiltiating T lymphocytes. Reactive perivascular
T cell infiltrates (RPVI) are found in about half BCNSL cases and their presence is associated with
better overall survival compared to RPVI-negati@&NSL cases.(198) It remains elusive, whether the
immune system can recognize PCNSL and elicit anttueffector function, or whether infiltrating
lymphocytes are tolerogenic. T cell subsets in PCN&/e not been analyzed up to date and the role
of tumor infiltrating lymphocytes in the progressiemr suppression of PCNSL remains to be
determined. In addition, crosstalk mechanisms betweystander cells like activated microglia or
infiltrating lymphocytes and malignant B cells itCRSL have not been studied. Signals from the
tumor environment may provide tumor promoting andu suppressing signals to malignant B cells in
PCNSL. Several attempts to isolate and culture RCi\Sived malignant B cells have failed. Similar
to B cells isolated from germinal centers, PCNStels rapidly undergo apoptosisvitro, indicating

that PCNSL cells may depend on signals providedth®y tumor environment. Blocking signals
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between malignant cells and its environment mayefioee have important clinical implications and

may improve therapeutic intervention and patieotgtome.

1.3.3 Pathogenesis
1.3.3.1 Cellular origin of PCNSL

The cellular and molecular events leading to nestigldymphocytic infiltration of the CNS seen in

PCNSL are not well understood.(199) It has beegasigd that clonal proliferation may occur among
normal B lymphocytes drawn to the CNS, a theory ivaupported by the occurrence of white matter
brain lesions that precede brain lymphoma.(200) ®hservation that systemic dissemination of
PCNSL only occurs rarely suggests that the celirigin may be derived from neoplastic lymphocytes
that are eradicated from the periphery by an intaotune system, but which are able to traffic and
survive in an immunological privileged site, such e CNS.(193,201-203) In several PCNSL
patients, B cell clones have been identified inlkbee marrrow which share BCR rearrangement with
the malignant B cell clone in the CNS (204), intireg, that lymphoma cells in the CNS may have a
growth advantage, while circulating lymphoma cellck specific survival signals in the

microenvironment or may be recognized and deletgdthe immune system. Several adhesion
molecules including CD44 have been implicated aititeraction between lymphoma cells and tumor
endothelial cells.(205,206) CNS tropism may belitatéd through the expression of specific cell-
surface adhesion molecules or chemokine recepitonsatignant B cells. Malignant B cells in PCNSL

have been reported to express the chemokine resepXCR4, CXCR5 and CCR7 (108) showing a
phenotype resembling activated B cells during lgéeminal center reaction. In addition several
homeostatic chemokines have been described in PC{8B,207) and in CSF from PCNSL

patients.(208)

1.3.3.2. Molecular features

The increased incidence of PCNSL in immunodefidciedividuals strongly implicates the immune

system in the pathogensis of PCNSL. In fact, in imotompromised patients, EBV may have a
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causal link to the development of PCNSL (209,210kdntrast, the majority of immunocompetent
patients do not appear to have EBV genomic DNA iwittheir tumors. PCNSLs show clonal

rearrangement in their IgHV genes and high levlds somatic hypermutation (SHM) of

immunoglobulin genes and intraclonal heterogen@yl-214), pointing towards their derivation from
late germinal center B cells. Complementary DNA regpion profiling experiments support the
existence of similar molecular subtypes for PCN&H aystemic DLBCL, including germinal center
B-cell-type (GCB) and activated B-cell-type (ABQYpeession profiles.(170,215) The vast majority of
PCNSL have an ABC-DLBCL phenotype (197) sharing enolar characteristics of late germinal
center B cells such as the expression of the trgoien factor IRF4 but not the plasma cell marker
CD138.(197) However, Rubenstein at al. reportedwarlapping state of differentiation in malignant
B cells in PCNSL, characterized by expression chi®®CB and ABC genes.(216) Aberrant SHM
targeting the regulatory or coding regions of proteogenes such as ¢c-MYC, PIM1, RhoH/TTF and
PAXS5 has been described in both systemic lymphomdaRCNSL.(217,218) It is therefore tempting
to think of PCNSL and systemic DLBCL as disordezfiecting faulty class-switch recombination or

SHM.(219)

1.3.3.3. The role of infectious agents

Infectious agents promote lymphomagenesis througbctdtransforming properties or sustained
antigenic stimulation. EBV genomic material is itBed in over 90% of PCNSL tissue from
immunocompromised patients.(220) EBV episomes ao¢ found in PCNSL occurring in
immunocompetent patients, and the notion that EBghtrstill be involved in B cell oncogenesis in
this population remains speculative. Intriguinglyhas been shown that EBV infection of B cells
results in expression of AID and polymeragsdoth of which are crucial enzymes for SHM. Abatra
SHM involving growth-regulatory genes might provilecells with a survival advantage independent
from EBV infection.(221) Another important mechsmi of pathogenesis in systemic lymphoma is
chronic antigenic stimulation. Relatively strongidmnce for this mechanism exists fBorrelia

Burgdorfertassociated cutaneous marginal zone lymphomaHmiitobacter Pylorirelated gastric
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mucosa-associated lymphoid tissue lymphoma (MALS Wwall as ocular adnexal lymphoma and the

presence of Chlamydia psittaci.(180,181)

1.3.4 Therapeutic intervention

Treatment options for immunocompetent patients witbwly diagnosed PCNSL include
corticosteroids, radiation therapy, and chemotherapstereotactic biopsy is indicated for all patse
with suspected PCNSL. The administration of cosiemids should be withheld prior to biopsy to
avoid diagnostic inaccuracy. PCNSL patients relapséckly when treated exclusively with
corticosteroids and always require additional thgraVhole brain radiation therapy (WBRT) is often
deferred in PCNSL patients older than 60 yearsoimplete remission after primary chemotherapy.
The administration of chemotherapy regimens thag¢ affective for extracranial aggressive
lymphomas (i. e. CHOP regimen) showed poor resulBCNSL patients, (222,223) probably due to
limited penetration of the chemotherapeutic drugugh the blood-brain barrier (BBB). The most
effective drug against PCNSL is high-dose MethaitexHD-MTX).(224-227) Several drugs with
potential BBB penetrating properties have been adodéiD-MTX and are currently tested in clinics.
Preliminary results from a few trials in relapsedignts are available with temoxolomide, topotecan,
rituximab and the PCV regimen (228-231) Chemother@pne has been emphasized to minimize
radiation-related neurotoxicity, especially in elgepatients. With chemotherapy alone, durable
responses are possible, although most patientsrierpe relapse. Additional intrathecal MTX
administration to the HD-MTX treatment demonstratedsurvival benefit.(232) The vast majority of
PCNSL patients will experience tumor relapse omgpession and will requrie salvage therapy. The
precise mechanism that leads to treatment resestsan®CNSL is not well understood. It has been
hypothesized that promoter methylation of the redufolate carrier (RFC) gene is responsible for
MTX resistance.(233) The five year overall surviveémains poor and is between 40—
70 %.(226,227,234) To improve the prognosis ofgmasi with PCNSL a better understanding of the

biological mechanisms of this tumor is thereforeassary.
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1.4 The Role of the Microenvironment in Malignancie

1.4.1 The inflammatory environment in malignancies

Oncogenic processes are typically viewed indepahdeh the immune response against the tumor.
The hallmarks of cancer include tumour-cell probfeon and survival, tumour angiogenesis and
metastasis.(235) The activation of proto-oncogemes oncogenic signalling pathways together with
inactivation of tumour-suppressor genes in cancells care crucial processes in malignant
transformation and progression.(235-237) At the eséitne, tumor immunologists have uncovered
many cellular and molecular mechanisms that mediateor escape from natural immune
surveillance, which functions as an extrinsic tumsuppressor.(238-240)The paucity of
immunological danger signals necessary for immuotvation, the increased concentration of
immunosuppressive factors, and the accumulationinmhunosuppressive cells in the tumor
microenvironment indicate that immune regulatios &a active role in cancer progression.

An inflammatory component is present in the mickde@mment of most neoplastic tissues, including
those not causally related to an obvious inflammyaforocess. Hallmarks of cancer-associated
inflammation include the infiltration of white bldacells, the presence cytokines and chemokines and
the occurrence of tissue remodeling and angiogenesi

Strong evidence suggests that cancer-associatddmmbtion promotes tumor growth and
progression.(239,241,242) Previous studies havevrshibat a high frequency of tumor-associated
macrophages (TAMs) was linked with poor progno2#3(244) Interestingly, this pathological
finding has reemerged in the postgenomic era: gemmssciated with leukocyte or macrophage
infiltration (e.g. CD68) are part of the molecutggnatures associated with poor prognosis in differ
malignancies.(243,245) In recent years, TAMs hasenbdivided into M1 and M2 type according to
their antitumoral or protumoral cytokine profile€lassically M1 macrophages can exert cytotoxic
activity on tumor cells and elicit tumor-destruetiveactions. In contrast M2 macrophages express
several protumoral functions, including promotiori angiogenesis, matrix remodelling and
suppression of adaptive immunity.(246-248) TAMs exert dual functions on malignant cells (the

macrophage balance hypotheqi246), and can negatively affect the activationanfigen-specific
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CD4" T cells.(249) Signal transducer and activatorrahscription 3 (STAT3) is a transcriptional
factor activated by a number of cytokines that sd¢enbe situated at the crossroads of multiple
oncogenic signalling pathways. It is constititutiwactivated in tumor and immune cells of the tumor
microenvironment, thus contributing to the regwatof the cell composition and role of the immune
infiltrate.(250) In fact, macrophages with STAT3igity are thought to play an important role in the
crosstalk between tumor cells and their immunolaigioicroenvironment, leading to tumor-induced
immunosuppression. Consequently, they have begmoped as being a potential target for cancer
immunotherapy.(251)

Tumor infiltrating CD4 and CD8 T cells are likely to be important in achievingnmnological
control of tumors.(252-256) While CD§ cells are believed to kill malignant cells, CO4cells have

a role in the activation of CD&ytotoxic T cells. CD8T cells are potent effectors of the adaptive
antitumour immune response. The target antigensatearecognized by tumour-reactive CO8cells
have been shown to be mostly non-mutated self@amigthat are also expressed by tumour
cells.(257,258) Tumour-specific CDZ cells have been also identified, but their fiorwlity can be
manifold because CD4T cells can help or hinder anti-tumour immune oes@s.(259,260)
Regulatory T cells (T regs) are crucial for the memnance of peripheral self-tolerance and for the
suppression of antitumor responses.(26T) reg cells represent a unigue T cell lineage fbat
characterized by expression of the transcriptiatofaforkhead box P3 (FOXP3) and high levels of
expression of cell-surface molecules associated h wil cell activation. By releasing
immunosuppressive cytokines such as IL-10 and FGFegulatory T cells, which are over-
represented in tumor lesions from patients withamema and lung cancer, can inhibit the function of
infiltrating T cells.(262,263) The presence and shepressinve effects of T reg cells might theefor

contribute to the poor clinical outcome of certgipes of malignancies.

1.4.2 The tumor microenvironment in B cell maligrias

Development and progression of B cell malignaneies driven by a combination of cell intrinsic

events and cell extrinsic events. Cell intrinsierg, such as oncogene activation or tumor-suppress
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gene inactivation lead to increased proliferatiadivity or decreased apoptosis.(264) Lymphoid
neoplasms are characterized by well-defined chromastranslocations and by the accumulation of
subsequent molecular alterations involving maihky ¢ell cycle and/or apoptotic pathways. However,
ex vivoculture of isolated malignant B cells is limiteddais an indicator, that their survival vivo is
also dependent on cell extrinsic signals from aquamging cells in the microenvironment.(265)
Signals in the tumor environment can reach maligBacells via cell-cell interactions or via soluble
factors. In chronic lymphocyte leukemia, cell-cielleractions via CD40/CD40L between CLL and
T cells cooperate with BCR signalling to triggemsual of tumor B cells.(266,267) In addition,
survival of CLL cellsin vivo (268) andn vitro.(269) have been associated to increased B cell survival
factors, such as BAFF and APRIIBCR transmits survival and death signals througt®utell
development and abnormal BCR stimlulation providesstitutive signalling for the survival of
B lymphoma cells.(270,271) These findings indidhte environmental signals strongly influence the
behaviour and survival of malignant B cells. Uncoléd tumor growth leads to mass effects and
elicit inflammatory responses. Immune responsesmadignant lymphomas can be manifold
depending on the recruitment of different immurfeabrs.

The presence of 4 for instance has been shown to be associateddifdrent clinical oucomes,
depending on their location, number and tumor cdr{&72-275) In epithelial derived cancers, the
presence of I sgenerally correlates with poor clinical progng€62,263) In contrast, high numbers
of Tegs in follicular lymphomas are associated with imgdwverall survival and small numbers of
Tregs IS associated with transformation to DLBCL.(273)nTor-infiltrating lymphocytes in Hodgkin
lymphoma are enriched ingf cells, which create an immunosuppressive environrtfeat explains
the lack of an effective anti-tumor response.(22Bjerences in clinical outcome between lymphoid
malignancies and epithelial malignancies have bésm described in terms of CDB cells. While in
various tumors, the presence of CD8+ T lymphocyieselate with better prognosis, conflicting
results have been reported in B cell malignandiesdodgkin lymphoma CD8T cells represent a
small proportion of the T cell infiltrate and thgiresence in the tissue is a marker for unfavoarabl
prognosis associated with shorter progression-Beesival.(277,278) Beside different adaptive

immune effectors, innate immune effectors also seeptay an important role in the clinical outcome
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of B cell malignancies. Tumor-associated macropbageth increased STAT1 activity and
immunosuppressive capacity have been found in $gmeghomas, especially surrounding tumor cells
in Hodgkin lymphomas and follicular lymphomas, whethey have been associated with an
unfavourable prognosis.(277,279,280)classical example of tumor-cell survival deperiden the
presence of environmental factors are B cell malignes associated with microbial or viral
pathogens. Several lines of evidence support fhpothesis that chronic antigenic stimulus can
promote and sustain the growth of MALT-type margimane B cells in the stomach, fist causing
acute and chronic gastritis, and subsequently@bstiphoma.(281Petailed analysis of the crosstalk
between malignant B cells and their microenvironimeifi provide the basis for the development of
alternative treatments by interfering with survidnals derived from antigens and inflammatory

cells.
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2. THE STUDY

2.1 Aim of the study

The germinal center is the main source of memopels and plasma cell generation. They produce
high affinity antibodies, which are necessary tot@ct us against invading microorganistdewever,

the beneficial role of GC B cells in immunity issewhat counterbalanced by their detrimental role in
lymphomagenesis, as the majority of B-cell lymphemaginate from GC B cells. Germinal center
B cells express a distinct set of chemokine reecepsoch as CXCR4, CXCR5 and CCR7, which
regulate their migration and positioning during aaffer germinal center reaction. Similar to
centrocytes and centroblasts, malignant B cellsseérfrom germinal centers can retain a particular
set of chemokine receptors which allow them to wespto their cognate ligands expressed in the
microenvironment. Investigation of B cell attragtiophemokines within and outside germinal centers
may not only improve our understanding of B ceadfficking within secondary lymphoid organs, but
also help understanding tumor cell distribution aigsemination of malignant B cells derived from
germinal centers.

The germinal center microenvironment is essentialstirvival of B cells. It is therefore tempting to
hypothesize, that GC-derived B cell malignanciey aialeast partly depend on survival signals from
their microenvironment. This hypothesis is corraited by the fact, that malignant B cells from
DLBCL quickly undergo apoptosis vitro. Special emphasis should therefore be given ttahger
cells in DLBCL and their effects on malignant Blsel

PCNSL remains a poorly understood and often fatBCL confined to the CNS. Malignant B cells
in PCNSL resemble late germinal center B cells express classical B cell chemokine receptors,
such as CXCR4, CXCR5 and CCRY7. The present workfe@ssing on B cell attracting chemokines
in the microenvironment of PCNSL, with the aim @hproving our understanding on PCNSL
microenvironment, including type, density and lagation of tumor infiltrating lymphocytes and the
potential role of specific chemokines in their rétnent. Detailed analysis of the crosstalk between
normal and malignant B cells with their chemokimvieonment may provide insights on the strict

organ tropism shown by malignant B cells.
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The presented project includes four major sections:
l. Analysis of the expression of B cell attracting mio&ines under normal and
inflammatory conditions in human secondary lymphmigans.
Il. Analysis of T and B cell attracting chemokinegxtranodal CNS lymphomas
Il Analysis of type, density and localization of tunmdfiltrating lymphocytes in
PCNSL
V. Analysis of the effect of coexpressed chemokind2GINSL on the migratory

responses of tumor-infiltrating lymphocytes andigrent B cells.

2.2 Strenght of the study

PCNSL is a rare and often fatal CNS tumor. Tharkshe collaboration with one of the most
important European center for the study and managemf patients with PCNSL, we had at our
disposal samples from 22 patients. Due to thetFattanimal models for PCNSL are not jet available,
these samples represent a unigue collection fasasg) both tumour cell characteristics and tumour
microenvironment.

In the majority of malignancies, tumor cells arersunded by a heterogenous population of bystander
cells that contribute to tumor progression. Todyetinderstand the tumour characteristics is thezefo
important to strictly distinguish between tumor4ded factors and microenvironment-derived factors.
Gene expression studies on malignant B cell lym@ware often performed without prior separation
of malignant B cells and bystander cells, resulimghe analysis of genes, which are upregulated in
the microenvironment rather than in the tumor ceflsway of bypassing this issue is detailed
histomorphological analysis or cell separation praanalysis. Cell separation methods generailg le
to a significant loss of cells during processing aequire large patient samples. We therefore fetus
on detailed histomorphologic analysis of varioust@ins and their mRNA expression. Our work
provides new findings in the crosstalk between gmant B cells and its microenvironment and
improves our understanding of cellular dynamicsimitPCSNL. The strict organ tropism of PCNSL
may at least partly be explained by our findinggp®orting a model, where the inflammatory CNS

response creates a niche-like environment, in whetignant B cells find optimal conditions for
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further proliferation and progression. The datavygted here may also be valid for a variety of othe
malignancies or chronic inflammatory conditionsclsuas multiple sclerosis. It emphasizes the
importance of inflammatory bystander cells in releg homing/trapping or survival signals to normal

and malignant cells.

2.3 Limitations of the study

Biomedical research on human tissue samples ispadsable for improving our understanding of
physiology and pathology in human diseases. Nestedh, scientific investigation on human samples
often remains restricted due to well defined ethamnstraints and limited accessibility of human
tissue. In immunology and tumor biology, murine miedhave developed as powerful tools to
investigate health and model diseases. PCNSL aseesdranodal lymphomas restricted to the CNS
and our understanging of the pathophysiology o Bicell lymphoma remains very limited. The
difficult accessibility, the lack of appropriateiasal models and the inability to maintain malignant
B cells from PCNSL in culture challenges our safentinvestigation. Clinical and radiological
investigation, stereotactic biopsy, immunohistoplgical analysis and chemotherapeutic treatment
are standard procedures for patients with PCNSLpé&réorm functional assays, such as migration and
killing assays isolation of malignant B as well tamor-infiltrating T cells from patient’s samples
would be required. Unfortunately, we did not haceess to fresh tissue samples, which would have
allowed us to perform these experiments. Theretfuie study remains mainly based on description,
while proof of principle experiments are missingh& recent gene expression profiles of PCNSL
added important information, they analyzed totahdu mRNA and therefore neglect the cellular
heterogeneity within PCNSL consisting of maligndhtcells, infiltrating immune effectors and
resident bystander cells such as activated mi@ogbespite being partially descriptive, this work
adds important value to our understanding on ttexaction between the tumor microenvironment and
tumor cells, and encourages future studies on ithestalk between organ specific resident cells and

proliferating malignant B cells.

35



RESULTS Material andetiods

3. MATERIAL AND METHODS

Material and methods regarding the manuscriptéisiesl there. This section includes only material

and methods not listed in the manuscript.

Tissue specimens

Normal resting human lymph nodes from different alaations (inguinal, iliac, mesenteric,
pulmonary) were received from human organ don@amples were fixed in 10% buffered formalin
and embedded in paraffin. Sections from reactiveply nodes were from patients that underwent
lymphadenectomy due to chronic lymphadenopathytod#&hological analysis showed absence of
hematologic malignancies and samples were considasereactive, inflammatory lymph nodes.
Sections were received from the Department of Radlyp Scientific Institute of San Raffaele, Milan,
Italy. Human tonsils were from patients undergdiogsillectomy due to chronic tonsillitis. Samples
were fixed in 10% buffered formalin and embeddeg@amnaffin. Paraffin-embedded tissue was cut in
sections of 4-5um thickness and analyzed by immistathemistry,in situ hybridization or

immunofluorescence microscopy.

Antibodies

Rabbit anti-human CD3 (RM-9107) was purchased fidrarmo Scientific (Cheshire, UK) and used
for immunostaining at 1:50. Mouse anti-human CD87{#3), CD20cy (M0755), CD68 (M0876),
Smooth muscle actin (SMA) (M0851) and CytokeratM0821) were purchased from DAKO
(Glostrup, Denmark) and used at concentration®vailg manufacturer's recommendatioMuse
anti-human CXCL12 (MAB350) was purchased from R&ist®&ms (Abingdon, UK) and used for
immunostaining at fig/ml. Goat anti-human CXCL9 (AF392), CCL21 (AF36a&hd CXCL13
(AF801) were purchased from R&D Systems, and useHug/ml, 1ug/ml and 2ug/ml. Rat anti-

mouse PNAd (550564) was purchased from PharMingdruaed at 2.5g/ml.

Immunostaining
Immunostaining was performed by initial deparaffation and rehydration of tissue sections. Slides

were boiled at 95°C for 30 minutes in target retlesolution (S1699, DAKO Cytomation). Tissue
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slides were treated with Peroxidase Blocking Regf@P001, DAKO) and Protein Block Serum-Free
(X0909, DAKO). As negative controls for immunosiais, nonrelated isotype-matched
immunoglobulins were used. Primary antibodies veiigted in Antibody Diluent (S3022, DAKO).
Sections were themcubated overnight at room temperature in a huohdmber, followed by
incubation with the appropriate secondary antibsdieabbit anti-mouse Ig/biotinylated/F(ab™)2
(EO0413, DAKO) or rabbit anti-goat Ig/biotinylate@466 DAKO) diluted 1:200 in Antibody Diluent
(53022, DAKO) for 30 minutes at room temperatuséides were washed and incubated with
StreptABComplex/ Horseradish peroxidase (HRP) (KQO3BAKO). After washing, sections were
developed with 3-amino-9-ethylcarbazole (A-692@n%a-Aldrich, Buchs, CH), washed in water and
counterstained with Hematoxylin. Immunofluoresceatanings were performed following the same
protocol used for immunohistochemistfiuorescence-labelled secondary antibodies purdifasm
Molecular Probes (Invitrogen, Carlsbad, CA, USA)rsvas follows:goat anti-mouse IgGl Alexa
Fluor 488 (A-21121) and 594 (A-21125), goat antidgG Alexa 594 (A-11007), goat anti-mouse
lgG2a Alexa Fluor 594 (A-21135), goat anti-mous@&3gAlexa Fluor 488 (A-21151), goat anti-rabbit
IgG Alexa Fluor 488 (A11070), rabbit anti-goat Ig@exa Fluor 594 (A-11080). Appropriate
secondary antibodies were diluted 1:400. After \eastslides were mounted in 4,6 diamidino-2-
phenylindole (DAPI)-containing mounting medium (H@D, Vectashield, Vector Laboratories,

Burlingame, CA, USA).

In situ hybridization

%S-labeled sense and antisense for CCL2ImRNA prdi®,bp in length and corresponding to
position -59 to -368 bp of CCL21 sequence (NM002989XCL13mRNA probes, 355 bp in length
and corresponding to position -35 to -364 bp of CX& sequencgNM006419) CXCL12mRNA
probes, 236 bp in length and corresponding to ijpositlll to -346 bp of CXCL12 sequence
(NM199168) and CXCL9 mRNA probes, 372 bp in length and correspogdo position -46 to -
417bp of the CXCL9 sequence (NM0024pbes were generated lyvitro transcription (10 999
644 001, Roche, Rotkreuz, CH). Tissue sectisaee kept under RNAse free conditions during the

whole procedure. After dewaxing and rehydrating #fides in graded ethanol solutions,situ
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hybridization was performed, according to a presipudescribednethod.(24) Finally, the sections
were dipped in Kodak photo emulsidiiB-2 (Rochester, NY) and exposed in complete deskrfor
14 daysat 4°C. Development and fixation were performedoaging to thanstructions provided by

Kodak, and counterstaining was performed w&matoxylin.

Image analysis

Immunohistochemical anid situ hybridization staining were analyzed with Nikonligse E800 light
microscope. Digital pictures were acquired with &add Digital Camera DXM1200, and Act-1
software (Nikon AG, Egg, CH). Digital image analy$br CXCL9 mRNA expression was performed
with Nikon NIS-Elements BR 2,10. Immunofluorescerstainings were analyzed with a Nikon
Eclipse E800. Image acquisitions were performedh Wiamamatsu EM-CCD Digital camera C9100
and Openlab 5,5 software (Improvision, Coventry,)lUKymphocyte distribution was assessed by
quantitative analysis of cell per high power fi¢ldPF), counting 10-20 different areas within each

sample at 400x magnification.

Statistical analysis

Statistical analsysis was performed with GraphRa&hP4 using Mann Whitney test.
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4. RESULTS

4.1 B cell attracting chemokines in human secondatymphoid organs

4.1.1 B cell attracting chemokines in normal hureaocondary lymphoid organs

During their lifetime, B cells express various clukine receptors. The two classical chemokine
receptors of B cells are CXCR4 and CXCR5. Depeandm their developmental and activation state,
they can also express CCR7 and CXCR3. While ligdodshese receptors have been extensively
studied in murine secondary lymphoid organs unaendostatic and inflammatory conditions, their
expression under homeostatic and inflammatory ¢immdi in humans is less well studied. To
improve our understanding of lymphocyte traffickimg human secondary lymphoid organs under
normal and inflammatory conditions, we focused be expression of their appropriate ligands
CXCL12 (CXCR4), CXCL13 (CXCR5), CCL21 (CCRY7), andetthree CXCR3-ligands CXCLS9,
CXCL10 and CXCL11. We performed immunohistochemiealalysis for the abovementioned
chemokines in resting and inflamed secondary lyritpbogans received from organ donors, patients
undergoing tonsillectomy or lymphadenectomy. Sears# antisense probes have been generated for
CXCL12, CXCL13 and CCL21 anid situ hybridization has been performed on resting lymptes
from organ donors. The analysis showed three disérpression patterns for CCL21, CXCL13 and

CXCL12 in normal resting lymph nodes (Figure 5).

CXCL13mRNA

Figure 5: mRNA expression
of chemokines in normal
resting human lymph nodes.
In situ hybridization for
CCL21, CXCL13 and
CXCL12 in normal resting
. inguinal lymph node. CCL21
» 4 b ¥ . expression is restricted to

) '
Y parafollicular T cell areas and
e T is absent in B cell follicles

3 S (left  panels). CXCL13
% 3; : expression is mainly restricted

L e . to B cell follicles underlying
s ol the  subcapsular  sinus

N (intermediate panels).
CXCL12 expression is most prominent along subcapsimtermediate and medullary sinuses (right pgnel
Representative results are shown. Images showlsigeasity with antisense probes, sense probewesthano
signal. (Magnification 60x in top panels, and 125%ottom panels).
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Consistent with previous reports in mouse (282)0CX3 was mainly confined to the B cell follicles
underlying subcapsular sinuses in normal lymph spddile CCL21 was completely absent in B cell
follicles, but was present in high concentratiothia parafollicular T cell area.(26) Under hometista
conditions, CXCL12 expression was most promineahglsubcapsular, intermediate and medullary
sinuses within resting lymph nodes. Similar to CORRNA, CXCL12mRNA was also present in the
T area, but could not been detected in B celldigé (Figure 5). Immunohistochemical stainings for
the CXCR3-ligands CXCL9, CXCL10 and CXCL11 showedl positive staining in normal resting
lymph nodes.

To confirm translation of chemokine mRNA into pro&e we analyzed expression of CCL21,
CXCL13 and CXCL12 by immunohistochemistry. We fousithilar reticular expression pattern of
CCL21 and CXCL12 in the T area, consistent witlrsi@l compartments (51) CCL21, CXCL13 and
CXCL12 protein expression showed complementaryepattompared to mRNA expression (Figure
6) indicating that immunohistochemical stainingsthwithe antibodies detect specifically the
appropriate chemokines. CCL21 showed expressidnmihe T area and around HEVs (Figure 6A).
CXCL13 stained follicular dendritic cells in prinyaB cell follicles (Figure 6B). Strong expressioih o

CXCL12mRNA in the subcapsular, indermediate andutiay sinuses could also be confirmed by its

protein expression (Figure 6C).

CXCL13 CXCL12

CXCL12mRNA

CCL21mRNA CXCL13mRNA dark field

£ o I : %l Y e S5 R

igure 6: chemokine protein expression reflects mRA expression in normal resting lymph nodes
(A) Images show CCL21 protein expression (top paned) @GL21mRNA expression (bottom panel) in the
T cell area. The image shows a reticular expregsadtern with close association to HEV. (B) CXClL{dr®tein
(upper panel) and mRNA (lower panel) expressiorpiimary B cell follicles. (C) CXCL12 protein (upper
panels) and mRNA (lower panels) expression in thécapsular, intermediate and medullary sinuses
(Magnification 100x).

40



RESULTS B cell attractants in secondary lymgdhmrgans

Slight differences between protein and mRNA expoessvere detected on HEVs. While HEVs
showed positivity for CXCL12 expression, no mRNAsadetected, indicating a chemokine transport
from the abluminal T cell compartment towards tlmihal side of HEVs (Figure 7B). CCL21mRNA
and protein was detected in close proximity to HENMevertheless, no direct overlay with CXCL12
was found on HEVs (Figure 7A/C). In contrast, CCle2fd CXCL12 colocalized in the parafollicular

T area (Figure 7C).

Figure 7: Expression of CCL21 and CXCL12 in T cellareas and on HEVs in normal resting lymph nodes
(A) Immunhistochemical (top panel) amd situ hybridization (bottom panel) for CCL21. Images shoveell
areas including HEVs (BYmmunhistochemical (top panel) ard situ hybridization (bottom panel) for
CXCL12. Images show T cell areas including HEVs @uble immunofluorescence stainings for CCL21 and
CXCL12 in T cell areas (upper panels, Magnificat®®0x) and HEVs (lower panels, Magnification 400x)
arrows indicate HEVs. Representative images areisho

In resting human lymph nodes, the B cell attractdr@mokine CXCL13 mainly localizes in B cell
follicles underlying the subcapsular sinus (FigaB). Cells with long dendrites can also be found in

close proximity the subcapsular sinuses (FigureugBer panel).
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4.1.2 Inflammation-induced changes of chemokineesspn

We further investigated inflammation-induced changehomeostatic B cell attracting chemokines in
secondary lymphoid organs. Chemokine expressiomfiamed human tonsils and reactive lymph
nodes was analyzed and the expression pattern amagated to normal lymph nodes. In contrast to
normal resting lymph nodes, inflamed secondary lyoig tissue classically presents with germinal
center formation. As summarized in the introductigerminal center formation is a complex process
of subsequent events which requires B cell andn@asell migration at several time points. In

humans, these migration steps are poorly understdodimprove our understanding of B cell

trafficking within and outside of germinal centerge analyzed the expression pattern of CCL21,
CXCL12, CXCL13 and CXCLO9.

Under inflammatory conditions, immunostainings tbe CCR7-ligand CCL21, showed a similar

expression pattern compared to resting secondanphgid organs. CCL21 protein and mRNA was
mainly confined to the parafollicular T area andtiose proximity to HEVs (Figure 8). The germinal

centers as well as the mantle zone were negativ€ @i 21 (Figure 8). While downregulation of

CCL21mRNA expression has been described under aegeute inflammatory conditions in the

mouse (283,284), we have not detected major diftexe in CCL21mRNA expression between

normal and chronically inflamed secondary lymphmigans.

Figure 8: CCL21 expression in
chronically inflamed secondary
lymphoid organs.
Immunhistochemical andn situ
hybridization for CCL21 in
chronically inflamed  human
tonsils. Germinal centers are
polarized towards the tonsillar
crypt. GC and tonsillar crypt is
free from CCL21.
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We further investigated the expression of CXCL1#itamed secondary lymphoid organs. Inflamed
tonsils showed positive staining in three distiactas: 1) in the tonsillar crypt 2) within germinal

centers and 3) in T cell areas (Figure 9).

. Germinal center

T cell area -

v.t

Figure 9: CXCL12 expression in tonsillar crypt, geminal centers and T cell areas of inflamed secondgr
lymphoid organs. Immunohistochemical staining for CXCL12 in inflambadman tonsils show expression in
the tonsillar crypt (i), within the germinal cent@} and in the T cell area (iii).

Similar as in resting lymph nodes, CXCL12 is foumdPNAd HEVs in parafollicular areas of human
inflamed tonsils and reactive lymph nodes and ditlaolocalized on smooth muscle actin positive
(SMA") pericytes (Figure 10D). Interestingly perivascudgcumulation of CDZ0B cells around
HEVs in the T cell area is commonly found in hunsa&eondary lymphoid organs (Figure 10B). This

phenomenon has also been reported in murine lyrogas1(126)
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€XCL12

CXCL12

Figure 10: Perivascular accumulation of B cells arond CXCL12" HEVSs in parafollicular T areas. Double
immunofluorescence microscopy of inflamed humarsiidor CXCL12 and CD20, PNAd and SMA. (A) T area
with CXCL12" HEVs between 2 germinal centers. White circlescimig B cell distribution around HEVs in the
T area (Magnification 100x). (B) High magnificatiofia CXCL1Z HEV in the T area with perivascular B cell
distribution (Magnification 800x) Double stainingitiv PNAd (C) (Magnification 800x) and SMA (D)
(Magnification 600x) confirm its expression on HEX&MA: smooth muscle actin, PNAd: peripheral node
addressin.

CXCL12 expression within the B cell follicles chatgunder inflammatory conditions. While in B
cell follicles of normal lymph nodes, follicular GB" marcophages do not show CXCL12 expression,
highly phagocytic tingible body macrophages (TBM)germinal centers showed strong CXCL12
staining in inflamed tonsils as well as reactiveph nodes (Figure 11). In contrast to FDCs, TBMs

are equally distributed within the germinal centard are positive for the macrophage marker

macrosialin (CD68) (Figure 11). TBMs engulf apojmt@erminal center B cells which fail to develop
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further towards memory B or plasma cells. They ulate germinal center reactions.(133,285) and
decreased phagocytic activity of TBMs in the gemhinenter can lead to autoimmunity.(286) In

contrast to previous reports in the mouse (76),diwkenot detect an obvious gradient of CXCL12

between the light and dark zone of the germinalezen

Interestingly, strongest expression of CXCL12 immal and inflamed secondary lymphoid organs
was found at the sites, where antigen encountemrscthis includes the subcapsular sinuses in lymph

nodes (Figure 5 and 6) and the crypt epitheliuimitdmed tonsils (Figure 9).

normal
LN

reactive
LN

Tonsil

Figure 11: CXCL12 expression in the germinal centeDouble immunofluorescence microscopy on normal
(Mag 200x), reactive (Mag 100x) and tonsillar (Ma@0x) secondary lymphoid tissues for CXCL12 and the
macrophage marker macrosialin (CD68).

Crypt-derived CXCL12 in the tonsil is produced lyyakeratin positive epithelial cells. This network
of CXCL12-expressing epithelial mainly harbors CD®cells (Figure 12). A considerable amount
of plasma cells is also present within this meslkwatile only a few T cells are present in the ¢ryp

(data not shown).
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Cytokerating

Cytokeratin

Cytokeratin

"

Figure 12: Tonsillar crypt cells build a CXCL12-expressing reticular network filled with B cells.

Double immunofluoresence microscopy of inflamed hanonsils stained with CXC12, the epithelial marke
Cytokeratin (upper panels, Magnification 400x) loe B cell marker CD20 (bottom panels, Magnificatid®Xx).
Images show network of tonsillar crypt epithelialls interspersed by CD20+ B cells. Crypt epitheligtains

strongly positive for CXCL12.

In inflamed secondary lymphoid tissue, CXCL13 exspien is mainly confined to areas within the

germinal center. In germinal centers, CXCL13 sh@wpolarized expression patter and is found

exclusively in the light zone of the germinal cended the adjacent mantle zone (Figure 13).The

highest density of CXCLI3cells occurs at the border between the germinatkcdight zone and the

adjacent mantle zone (Figure 13).

resting lymph node

CXCE13

Figure 13: CXCL13 expression in primary
and secondary B cell follicles in secondary
lymphoid organs Immunohistochemical
staining for CXCL13 in resting (LN) and
inflamed (tonsil) secondary lymphoid organs.
Upper panels show CXCL13 expression in
resting lymph node in B cell areas underlying
the subcapsular sinus. The expression pattern
is mainly reticular and cells show long
dedrites which can reach the subcasular
sinus. Bottom panels show CXCL13
expression in the germinal center light zone
and the mantle zone of inflamed tonsils. The
strongest staining occurs on the edges
between light zone and mantle zone.
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CXCL13' cells in the light zone of GCs represent a fractb CD3 Ty, cells as well as CDFDCs
(Figure14). Interestingly the majority of CD®llicular T cells are negative for CXCL13, indftay
either functional heterogeneity betweeg,; €ells or upregulation of CXCL13 at a special tipant
within the germinal center reaction (Figurel4). G4G" Ty cells are enriched in close proximity to
the germinal center border between light zone aadti® zone (Figure14). CDI cells outside the

germinal center and mantle zone are negative faCICI8 (Figure 14).

A CXCL13 DAPI B CXCL13 DAPI

Figure 14: CXCL13 expression in the germinal centefA) Double immunofluorescence microscopy of
representative germinal center in inflamed tormil@XCL13 and CD3. Yellow color indicates CXCLTD3"
TFH cells. Red color only stains FDCs (Magnificatid00x) (B) CXCL13 CD3 FDC (left panel) and
CXCL13" CD3" TFH cells (right panel) in the germinal center tiglone (upper panels, magnification 800x).
Inset shows accumulation of CXCL13 ¢, cells on the edge of the germinal center betweght Fone and
mantle zone (bottom panel) (Magnification 400x).

CXCL9, CXCL10 and CXCL11, ligands for the chemokirneceptor CXCR3, could only been
detected in secondary lymphoid organs under inflatony conditions. While CXCL10 and CXCL11
expression was restricted to a few cells (datashotvn), CXCL9 expression showed a T cell area-
restricted expression pattern. Protein and mRNAGKCL9 were found in dinstinct interfollicular

clusters and showed a reticular expression patieghereas germinal centers showed no CXCL9

expression (Figure 15). CXCL@ells show a dendritic-cell-like morphology (Figut5).

a7



RESULTS B cell attractants in secondary lymgdhmrgans

TEXCLOMRNA i T exolomANA Figure 15. In situ hybridization and

3 ! : immuno-histochemistry for CXCL9 in

: ; inflamed secondary lymphoid organs.

e : T area-restricted mMRNA expression of
- CXCL9 in the parafollicular areas of
inflamed tonsils (upper panels). Insets show
CXCL9-expressing cells in the T area with
dendritic cell-like morphology.

4

‘CXCLImMRNA

o A Y - '>
R

CXCR3, the receptor for CXCL9 is typically expressm CD8 T cells and may therefore play and
important role in the tissue distribution of CDB cells in the T area of inflamed secondary lymgho
organs. Indeed, tonsillar CDJ cells accumulate in areas with high CXCL9 exgi@s (Figure 16).
While the vast majority of CDST cells are found in the T area outside germieaters, a few CD8
T cells are also present within germinal centeigufe 16A). In contrast to CD4ollicular T cells,
which accumulate only in the germinal center lighhe, CD8 follicular T cells seem to be equally
distributed in the germinal centers or accumulatennall CD8 T cells clusters.
Figure 16.CD8" T cells
ACXCL9 o % CD8 accumulate in
s g parafollicular areas
- : with CXCL9
3 : expression.
(A) Immunhistochemical

. staining for CXCL9 (left
¥ . - panel) and CD8 (right

e ‘ ; . panel) on consecutive
= 56bum : oni : slides in inflamed human
e tonsil show

complementary images.
(B) Graph showing CD8
T cell accumulation in T
cell areas with CXCL9
expression. Cell were
counted in high power
fields in at least 10
different GC or areas
with or without CXCL9

B C >D8
175 p<0.0001
150-
125
100-
75
50-
=
0 GC CXCL9- CXCL9+
T area expression (C) Double
immunofluorescence

microscopy for CXCL9 and CD8 shows accumulationC@i8" T cells in CXCLY area (Magnification 125x
upper panels, 800x bottom panels).

CD8" cells/HPF
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4.2 T and B cell attracting chemokines in PCNSL

4.2.1 Patients

To investigate whether there are parallels betwbenB cell attractant chemokine environment in
secondary lymphoid organs and extranodal DLBCL ioedf to the CNS, we performed a
retrospective study on samples from 22 patienth VRCNSL. Table 3summerizes patients’s
characteristics and the extension of disease. Bspgtimens were taken for diagnosis of B cell
PCNSL between 2001 and 2005, from 11 men and 1llempaged 35 to 75 years (median 65 years).
All patients were immunocompetent, HIV negatived &pstein-Barr virus encoded RNAs (EBER)
negative. Diagnosis of PCNSL by immunophenoty@ng routine hematoxylin and eosin staining
was used to characteritee tumors according to the current World Healttgadization(WHO)
classification. No patient selected for this studgceived an antitumor treatment (neither
chemotherapy nor radiotherapy) before surgical yiof\ll patients received corticosteroids before
biopsy to control symptoms by reducing brain edamz tumor mass effect. Steroids were interrupted
10-15 days before biopsy to reduce the interfegiifigct of these drugs on histopathological features

Table 3. Patients’ characteristics and extensiagisgfase.

Patients(n= 22)

Age median 65

range 35-75

age >70ys. 7122 (32%)
Males 11/22 (50%)
ECOG-PS 0-1 12/22 (55%)

2-3 10/22 (45%)
Histotype” Diffuse large B-cell lymphoma 21/22 (95%)

Burkitt-like lymphoma 1/22 ( 5%)
Systemic symptoms 0/22 ( 0%)
LDH ratio >1 3/17 (18%)
Ocular disease 0/11 ( 0%)
Positive CSF cytology examinatién 1/10 (10%)
High CSF protein level 3/11 (27%)
Multiple lesions 10/22 (45%)
Involvement of deep structurés 10/22 (45%)

* Histotype was defined according to the WHO Clacsadion.
P Relationship between the number of positive casesthe total number of assessed patients.

X Involvement of deep structures of the brain (bgaalglia and/or corpus callosum and/or brain stem
and/or cerebellum).
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4.2.2 CXCL12 expression in PCNSL

In most of the PCNSL cases, malignant B cells ramanfined to the CNS. It is therefore tempting to
hypothesize that the CNS microenvironment reletesseors, which favor CNS restriction. CXCL12 is
well known as a key player for the retention of H®Ccell precursors and plasma cells in the bone
marrow.(63,64,67-71,74,75) Previous reports h&osva, that malignant B cells in PCNSL resemble
late germinal center B cells and uniformly expr€s6CR4.(108,197) We therefore investigated in
detail the expression pattern of its ligands CXCliri2amples from PCNSL patients. In line with a
previous report (207), we detected strong exprassidCXCL12 in all 22 PCNSL cases (22/22). Yet,
our findings indicated, that the source of CXCLh2all analyzed cases was the inflammatory tumor
microenvironment, rather than the malignant B céiemselves. Similar to our findings in the
germinal center (Figure 11), CXCL12 in PCNSL was inya restricced to CD68
microglia/macrophages with large cytoplasm or digiedeell-morphology as well as endothelial cells
(Figure 18A/B). Tumor associated macrophages in $ICNhow large phagocytic morphology,
similar to tingible body macrophages within gernhicenters (Figure 17A). High numbers of CD68
macrophages were found in all investigated PCNStegaTheir density of TAMs in PCNSL was

comparable with the density of TBM within germimainters (Figure 17B).

Germinal center

Figure 17. Morphology and distribution of
macrophages in PCNSL and germinal
centers Immunohistochemical stainings for
CD68 in PCNSL cases and germinal centers.
(A) Representative images for tumor associated
macrophage (TAM) distribution in PCNSL (left
panels) and tingible body macrophages (TBM)
in germinal centers (B) Graph showing average
o Sa et pie gt ZESTS SRR St numbers of TBMs and TAMs in germinal
£.cD68+. > " ‘ AP A ey -/ centers and PCNSL cases respectively. CD68
! g : y® o : 7o W %! macrophages were counted in high power fields
(Magnification 800x) in 10 cases of PCNSL and
20 germinal centers.

A

A E T

CD68+ cells/HPF
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CXCL12.: » CXCL12

Figure 18: CXCL12 expression in PCNSL microenviroment. (A) Immunohistochemical staining for
CXCL12 in 3 representative cases of PCNSL show CKZpositivity in large cells with big cytoplasm and
small nuclei as well as on small and intermedidte vessels (black arrows). Double immunofluoreseen
microscopy for CXCL12 and CD68nicroglia/macrophages in the tumor microenviront(&) (Magnification
200x) and CD20malignant B cells (C) (Magagnification 400x). (8)d (E) show stainings as in (B) and (C) in
the germinal center of inflamed human tonsils (Mfgation 800 and 300x, respectively).

To improve our understanding of tumor infiltratiand distribution within the CNS, we analyzed in

more detail CXCL12 distribution and the presenceCB20° malignant B cells at the tumor border

from 3 out of 22 cases, where peritumoral CNS é&ssas present. As expected, we found that in
peritumoral areas, elongated cells show CXCL12 esgion in the absence of CD2(halignant

B cells (Figure 19A ii). CXCL12 expressing cellscoeased with increasing distance to the tumor

border (Figure 18). These findings indicate thaitpmoral microglial cells may sense alterations in
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their environment, such as edema and upregulatehgoyte attractants to which malignat B cells can

respond.

A CXCL12 Figure 19: CXCL12

: expression at the tumor
border of PCNSL.
(A)  Immuno-histochemical
analysis of CXCL12
expression (brown) at the
tumor border of PCNSL
cases. Black line in the large
image indicates tumor border.
PCNSL (upper right corner)
and adjacent cerebellar tissue.
Insets are marked and

represent i) intratumoral,
i) peritumoral and iii) extra-
tumoral areas. Larger

magnifications of insets are
shown on the right.
Immunofluorescense stainings
for CD20 and CXCL12
indicates malignant B cell
distribution on the tumor edge
with elongated CXCL12cells
(green) in the peritumoral area
in the absence of CD20
malignant B cells
(Magnification 300x)

(B) Images show tumor
border in two additional
PCNSL cases where
malignant B cells are
infiltrating CNS tissue. CXCL12 is found in the tammicroenvironment. Tumor mass is on the bottofy le
CNS tissue on the upper right (Magagnification »680d 300x, respectively).

4.2.3 CXCL13 expression in PCNSL

Beside CXCR4, malignant B cells in PCNSL expressCB%.(108) Its ligand CXCL13 has been
reported to be upregulated in PCNSL.(203,287) Byrpimological analysis part of these cells
producing CXCL13 has been ascribed to B cell bjagt®reas the analysis of gene expression profile,
performed later, could not specifically focus ore t&XCL13 producing cells. We performed
additional immunhistochemical and immunofluoreseerstainings for CXCL13 alone and in
combination with CD20 and CD68. In line with prewsoreports, we found upregulation of CXCL13

in all PCNSL analyzed. In addition to the previaal we have observed CXCL13 staining in CD68
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macrophages/microglia, as well as on a fractiotunfor infiltrating CD3 T cells (Figure 20). These
findings indicate that malignant B cells in PCNSk ambedded in an inflammatory environment of

activated microglia/macrophages, which in additielease B cell attractant chemokines.

A‘ “S)_ - v. TR Figure 20: CXCL13 expression
,%ﬁ R O (VR K in the PCNSL
NP s 4% ;:;‘3?‘ microenvironment .

J (A) Immuno-histochemical

stainings for two representative
cases of PCNSL stained with
CXCL13. Positive staining is
found on a fraction of cells (black
arrows).

Double immunofluorescence
microscopy for CXCL13, CD68
and CD3 in PCNSL shows overlay
with  CD68+ microglia/
macrophages (B) and CD3+ T
cells (C).
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Novelty and impact of the paper

This study addresses the hierarchy of the distioetxpression of B and T cell attractant chemokines
in the tumor microenvironment which control cebfficking of both tumor infiltrating lymphocytes
and malignant B cells and improves our understandircellular dynamics within PCNSL.

Therapies targeting chemokine interactions betwealignant cells and its microenvironment might

disrupt tumor-supporting interactions and improm&-tumor immunity.
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Abstract

Primary central nervous system lymphomas (PCNSk)aggressive malignancies confined to the
CNS, mostly of diffuse large B cell histotype. Digspimproved understanding of the malignant
B cells, little is known on the tumor microenviroant and on the response of the adaptive immunity
against PCNSL. We investigated the phenotype ofotuimfiltrating lymphocytes (TILs), and the
expression of chemokines that could affect maligBacells and trafficking of TILs.

TILs and chemokine expression were evaluated byunuhistochemistry anth situ hybridization.
Furthermore, we performed vitro migration assays to analyze the migratory capafitymphocytes
and malignant B cells towards chemokines and cheradieterocomplexes.

We show in 22 cases of PCNSL from immunocompetatiepts that CD8T cells represent the
majority of TILs in the tumor mass. They tend tewoulate in perivascular areas, show Granzyme B
expression, and proliferabe situ Their localization and density correlates with txpression of the
inflammatory chemokine CXCL9, which is transcribadd translated by perivascular macrophages
and pericytes in the perivascular microenvironmitdreover, CXCL9 and CXCL12 are coexpressed
on the tumor vasculature and form heterocomplelkeshe presence of CXCL9, CXCL12-induced
migration is enhanced not only on CXCRZXCR3/CD8" T cells but also on CXCRACXCR3
malignant B cells.

These findings indicate the presence of a strongmolattractant stimulus in the perivascular
microenvironment, which might serve as regulatotti@ recruitment of TILs and for the angiocentric

positioning of malignant B cells in the perivascudaff.

Introduction

Primary central nervous system lymphomas (PCNSt pggressive malignancies confined to the
central nervous system (CNS), mostly of diffuseydaB cell histotype. It counts for about 5% of
primary CNS tumors and its incidence augmentedifaigntly over the last three decadésDespite
improved therapeutic intervention, the prognosi®?GNSL remains poor. The majority of previous
studies on PCNSL focused on the phenotype of matigB cells, and only recent findings indicate a

potential role of the microenvironmehtMoreover, recent studies in various tumors hidilithe
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importance of the environment for neoplastic dewelent and progressidnType, density, and
location of different tumor infiltrating lymphocyde(TILs) influence clinical outcome due to the
recruitment of T cell subsets that provide tumqugsessive or tumor-promoting stimalifo improve

our knowledge on the tumor pathophysiology it isréfore essential to investigate the T cell subsets
that are attracted to the tumor, and the chemotatithuli which regulate their recruitmett.

Unlike most other organs, the CNS is an immunoleéd site with restricted access and unique
microenvironment that profoundly affects the capaof T cells to enter and exert their functions.
Lymphocyte recruitment is regulated by the chemekieceptors expressed on their surface and by
selective chemokines expressed in tissues. Iniaddithe chemokine receptor profile of malignant
B cells allows their migration towards chemotadiies in the tumor microenvironment. Perivascular
T cells and accumulation of malignant B cell arowmedsels are commonly found in PCNSIThis
histological characteristic may be initiated andtaimed by distinct molecules, including T and B ce
attracting chemokines. We show that the CXC chenwHigand (CXCL) 9, agonist of the CXC
chemokine receptor (CXCR) 3, is expressed in thivgecular area and that TILs accumulate in areas
with high CXCL9 expression. In addition, CXCL9 fasmheterocomplexes with the B cell
chemoattractant CXCL12, expressed on the tumorwasce, and enhances CXCL12-induced
migration on malignant B cells.

The perivascular microenvironment in PCNSL candfee regulate the recruitment of specific T
cell subsets to the tumor and modulate the migyabehavior of both TILs and malignant B cells

within the tissue.

Materials and Methods
Patients and tissues

Brain specimens were taken for diagnosis of B-&IINSL (2001-2005), from 11 men and
11 women, aged 35 to 75 years (median 65 yearspagients were immunocompetent, HIV negative,
and Epstein-Barr virus encoded RNAs (EBER) negativgiagnosis of PCNSL by
immunophenotypin@nd routine hematoxylin and eosin staining was usetharacterizéhe tumors

according to the current World Health OrganizafdHO) classification. Corticosteroid regimen was
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stopped 10-15 days prior to biopsy. Initial scragrfior CXCR3, CXCR3-ligands and the CCL21 was

performed on micro-tissue arrays on 20 cases.

Immunostaining procedures

Tissue sections from formalin-fixed, paraffin-emtded blocks were used for
immunohistochemical and immunofluorescence staimmg) previously describéd using antibodies
against cellular markers as described below.

Rabbit anti-human CD3 (RM-9107) and mouse-anti hui@®57 (MS-136-P0) were from Thermo
Scientific (Cheshire, UK) and used at 1:50 andyZnl, respectively. Mouse anti-human CD4 (Clone
4B12) was from Novocastra (Newcastle, UK) and used:100. CD8 (M7103), CD20cy (M0755),
CD68 (M0876) Granzyme B (M7235), Interferon regafgtfactor 4 (IRF4) (M7259), Smooth muscle
actin (SMA) (M0851) and rabbit anti-human Ki-67 @4¥) were from DAKO (Glostrup, Denmark)
and used for immunostaining at 4@&/ml, 7 ng/ml, 0.6pg/ml, 1.1pg/ml, 4.8pg/ml, 6pg/ml, and
5.5ug/ml, respectively. Mouse anti-human Forkhead b8x(fPoxp3) (CM299A) was from BioCare
Medical (Concord, USA) and used at 1:100. Mousé-tamhan CXCL12 (MAB350) and CXCR3
(MAB160) were from R&D Systems (Abingdon, UK) anded for immunostaining atg/ml and

2 ug/ml, respectively. Anti-human CXCR3-PE (557185X@R4-APC (555976) were from BD
Biosciences (Belgium), and used for cytofluorimetainalysis at 1:50. Anti-human CC chemokine
receptor (CCR) 1 (MAB145), CCR5 (MAB182), CCR7 (MA®7), CXCR3 (MAB160), CXCR4
(MAB173) and CXCR5 (MAB190), CXCL9 (AF392), CXCLIAF801) were from R&D Systems
used at Jug/ml.

Secondary antibodies were used according to matéadnstructions: rabbit anti-mouse
lg/biotinylated/F(ab’)2 (E0413, DAKO), rabbit amgmat Ig/biotinylated (0466 DAKO), goat anti-
mouse Ig/RPE (R0480, DAKO), goat anti-mouse IgGléxA Fluor 488 (A-21121, Invitrogen,
Carlsbad, CA, USA), goat anti-mouse IgG2a AlexaoFIbo4 (A-21135, Invitrogen), goat anti-rabbit
IgG Alexa Fluor 488 (A11070, Invitrogen), rabbit tagoat 1gG Alexa Fluor 594 (A-11080,

Invitrogen).
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In situhybridization
%S-labeled sense and antisense CXCL9 mRNA probeésp@in length and corresponding to
position -46 to -417bp of the CXCL9 sequence (NMAIR),were generated hip vitro transcription

(10 999 644 001, Roche, Rotkreuz, CHi)situ hybridization was performed as previously desctibe

12,13

Image analysis

Immunohistochemical, immunofluorescence, amdgitu hybridization stainings were analyzed
with Nikon Eclipse E800 microscope. Digital pictsreiere acquired with a Nikon Digital Camera
DXM1200, and Act-1 software (Nikon AG, Egg, CH), with Hamamatsu EM-CCD Digital camera
C9100 and Openlab 5,5 software (Improvision, CayedK). Lymphocyte infiltration was assessed
by quantitative analysis of cells in all PCNSL caseounting 3 different areas within each tumor
sample at 400x magnification. CXCL9 mRNA expressiggs quantified by digital image analysis

(NIS-Elements BR 2.10) on the whole tumor areaexptessed as percentage.

Chemokine synthesis

All chemokines were chemically synthesized usingctBolid-phase chemistt§ All chemokines
were tested for full length and homogeneity by nsmesctrometry.
Co-Immunoprecipitation

Immunoprecipitation of CXCL12 and CXCL9 at 200nM svperformed using chemically
synthesized chemokines. CXCL9 alone or in combamatvith CXCL12 was incubated for 30 min at
37°C in RPMI containing 0.5% BSA and protease iithis (Sigma Aldrich P8340, 1:1000).
Chemokine solutions were then incubated at 4°C rogt with 2.5 pg/ml anti-CXCL9 (R&D,
MAB392) and for additional 2h with 5 pg/ml biotimged rabbit anti-mouse antibody (DAKO,

E0413). Immune complexes were isolated and analyg&lestern blotting as previously descrifgd.
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Cells

PBMC were isolated from buffy coats of donor blo@entral Laboratory of the Swiss Red
Cross, Basel, Switzerland) by Ficoll-Paque densitytrifugation. CD8T lymphocytes were isolated
by a positive immunoselection procedure (CD8 Miaa8s, Miltenyi Biotec, Bergisch Gladbach,
Germany), and cultured for 24 h before chemotasisays as previously describBdDLBCL cell
lines (OCI-Ly7, OCI-Ly10, OCI-Ly19, SU-HDL6) fromiffierent DLBCL subtypes (Activated B-
Cell-like and Germinal Center B-Cell-likéf were kindly provided by Dr. Eric Davis, National
Cancer Institute, NIH, Bethesda, MD, USA, analyfeddifferent surface molecules (Supplementary

Fig. S2), and used for migration assays.

Chemotaxis assays
Chemotaxis was assayed in 48-well Boyden microcleasmfNeurd®robe, Cabin John, MD) as
previously describet. Cells migrated to the lower sides of the filtererev counted at 1000x

magnification in 5 high-power fields.

Statistical analysis

Statistical analysis was performed by GraphPadrP4isising Mann Whitney test.

Results
Lymphocyte infiltration, distribution, and activati state in PCNSL

Immunohistochemical analysis for CD8, CD4, and FRo&ppression in 22 PCNSL cases revealed
that CD8 and CD4 lymphocytes are selectively recruited to the tumaaiss (Fig. 1A). This
observation was corroborated by the analysis af @ases with enough peritumoral tissue to allow
quantification of CD8 T cells both within the tumor and in the surrounggtissue (Fig. 1C). In most
cases, intratumoral CDS8T cells were the prominent subset, followed by CBells (Fig. 1B). In
contrast, Foxp3lymphocytes were rarely observed (Fig. 1A-B). Tlaad in particular CD8T cells,

showed a predominant accumulation in perivascutasawithin the tumor mass (Fig. 1A and 1D).

59



RESULTS Manuscript

To further characterize the CD& cell subset, we analyzed the presence of Grae®man
indicator of cytotoxic activity, and Ki67, an inditor of cell proliferation. Approximately half ofie
intratumoral CD8 T cells were positive for Granzyme B with a typigpmlarized pattern directed
towards the target cells (Fig. 2A, left panels). 10p15% of intratumoral CD8T cells were Ki67
(Fig. 2A, right panels).

CXCL13" follicular dendritic cells (FDCsY**and follicular B helper T cells () are present in
normal germinal centers (Supplementary Fig. S1). CElls consist of an heterogeneous population
that have been shown to provide help to the B cdiis inducing activation-induced cytidine
deaminase (AID) and promoting survival of germinahter B cells®?°. Of note, the tumor cells in
PCNSL resemble late germinal center B c8lsnd produce CXCL1% that might also be responsible
for the recruitment of & lymphocytes. Indeed, we found that a fraction &3C TILs produces
CXCL13 and expresses CD57 (Fig. 2B), comparablé:tocells present in the germinal center of
human tonsil (Supplementary Fig. S1).

The transcription factor interferon regulatory tact (IRF4) is upregulated in T lymphocytes
after T cell receptor stimulation, and plays aicaitrole for the differentiation of naive to Th2 Bhl7
effector lymphocyte$”* IRF4 is also upregulated during late germinalteeB cell differentiation
and its expression has been shown in PCRSL In the human tonsil, CDBRF4" lymphocytes are
mainly restricted to the light zone of the germinahter and are in close proximity to IRE}light
zone germinal center B cells (Supplementary Fig. BIPCNSL, malignant B cells as well as around
10% of the TILs show IRF4 expression (Fig. 2B) =sgimmg TCR-mediated activation.

These findings indicate that different subsets d&psive immune effectors are recruited to
PCNSL. A fraction of intratumoral CDS8T cells show an activated phenotype with cytotczl
proliferative activity. The recruitment or induati@f Tgy-like T cells may provide tumor promoting
signals to malignant B cells, while T cells withgudatory function (FoxP3 seem to play a minor

role.
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Perivascular CXCL9 expression in the PCNSL micraenment

The abundance of TILs led us to investigate theasgion of chemotactic cytokines which may
regulate CD8 and CD4 T lymphocyte recruitment. Beside CCR7, which ipressed on naive and
central memory CD4 and CD8 T cells ?°, CXCR3 and CXCR4 are expressed on all £D8
T lymphocyte subsets and on activated ER#phocytes’?® Immunohistochemical analysis for the
agonists of CCR7 (CCL21), CXCR3 (CXCL9, CXCL10, aBXCL11), and CXCR4 (CXCL12)
showed high expression of CXCL9 (Fig. 3) and CXCLh2all the investigated cases, whereas
CXCL10, CXCL11 and CCL21 were undetectable (datastmwn). While CXCL9 and CXCL12
showed similar expression pattern in the vasculdrpgerivascular area, CXCL12 showed in addition a
broad distribution within the tumor microenvironmeas previously shown by other grodpg To
further investigate the expression profile of CXCk& generated antisense and sense probes for the
detection of CXCL9 mRNA and performed situ hybridization on all 22 cases. CXCL9 mRNA
colocalized with the protein detected by immunagbemistry, confirming its productiom situ
(Fig. 3A). This chemokine, produced in the perivdagcenvironment, can be additionally transported
to the luminal surface of endothelium, as it hasrbshown for inflammatory chemokin&s Double
immunofluorescence stainings reveal the perivasauiaroenvironment (SMAand CD68) as the
major source of CXCL9 (Fig. 3C). In contrast, ma#gt B cells, which have been shown to produce
CXCL13™, do not seem to contribute to CXCL9 productione Tiercentage of CXCLSrea within
the tumor mass was calculated in all cases byalligitage analysis and ranged from 0.5% to 55%.
Tumor samples were divided according to their CX@LRNA expression into 3 subgroups: i) low
(0.5-5 %), ii) intermediate (>5-20 %), or iii) higk 20%) CXCL9 expression (Fig. 4A), and further

analyzed.

T cell infiltration correlates with CXCL9 expressitn PCNS
The amount of CXCL9 in each PCNSL sample was coeth&w the number of TILs (as from
Fig. 1B). Samples with intermediate and high CXGh$®ression showed significantly higher CD8

T cell infiltration than the ones with low CXCL9 mression (Fig. 4B, top panel). Similar differences,
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although less prominent, were found between exjmesst CXCL9 and the presence of CDdr
Foxp3 T cells (Fig. 4B, middle and bottom panels).

The distinct perivascular expression of CXCL9 amel distribution of CD8TILs prompted us to
quantify, on consecutive slides from five differgatients, CD8lymphocytes accumulating in areas
with high CXCL9 expression (Fig. 4C). The analysimwed that CD8lymphocytes preferentially
accumulate in areas with CXCL9 expression (Fig..4Mese findings strengthen the role of CXCL9

as important factor for the recruitment of adaptimenune effectors into the perivascular area.

CXCL9 forms heterocomplexes with CXCL12 and enlsa@¥CL12-induced migration of CD8
T cells and malignant B cells

Reactive perivascular T cell infiltrates and angiucic behavior of malignant B cells represent
one of the histological characteristics of PCNSlymphocytes form an inner circle, and malignant
B cells an outer concentric circle of densely packells in the perivascular shet(Fig. 5A-B). In
line with previous reports we found that CXCL12ipressed in PCNSL microenvironment (Fig. 5B,
right panelsf®*® Here we show that, both CXCL9 and CXCL12, are eme®n endothelial cells
(Fig. 5B-C),

Our group and others reported that inflammatory nmatiénes can synergize, by forming
heterocomplexes, to induce stronger responses riiedstatic chemokine receptor agoniSt¥ 3
Indeed, we show that also CXCL9 and CXCL12 formermtomplexes in solution (Fig. 5D). We
therefore investigated the potential role of CXCa® enhancer of CXCL12-induced migration of
CD8' T cells and malignant B cells.

To investigate the effect of these chemokines orukiting CD8 T cells, we performedh vitro
migration assays on cells from healthy individu@lgculating CD8 T cells express CXCR4, as well
as CXCR3 and respond to both CXCL12 and CXCL9 (Biff). When CXCR3ICXCR4/CDS8"

T cells are incubated simultaneously with CXCL9 &XICL12 at any chemokine concentration, the
effect on cell migration is additive, indicatingcneased capacity to migrate towards areas whese the

chemokines are coexpressed (Fig. 6B).
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To investigate the effects of CXCL9 and CXCL12 oalignant B cells, we used four different
DLBCL cell lines, tested for phenotypic markers liming chemokine receptors (Supplementary
Fig. S2). Their chemokine receptor profiles werdirie with previous studies in PCN3t** None of
the investigated DLBCL cell lines expressed CXC#®8, selective receptor for CXCL9, or responded
to CXCL9 (Supplementary Fig. S2, and Fig 6C), whserdhey efficiently migrated at 100 nM
CXCL12 (migrated cells/5 high power fields: OCI-10/249.8+27.1, OCI-Ly7 293.7+29.4, OCI-Ly19
107.1+6.3, SU-HDL6 277.7+23.1 and Fig.6C). Intaéregy, only in the presence of CXCL9 all four
cell lines efficiently migrated at sub-optimal cen¢ration of CXCL12 (10 nM) (Fig. 6D), indicating
synergistic activity between CXCL9 and CXCL12 on©RX4. This synergistic activity was observed

in all DLBCL cell lines regardless their subtypégFeD).

To further investigate the chemokine requirementsifiducing synergism with CXCL12, we
performed the same migration assays in the preseh€CL4. Synergistically acting chemokines
have been shown to feature polar and /or basiduesiin the firsB-strand®, which results in patch
of low electronegativity in the respective locatiohthe chemokine surface. While CXCL9 fulfils
these criteria, CCL4 has two acidic residues in fitet B-strand, and consequently high
electronegativity in the respective surface arearddver, it is an agonist for CCR1 and CCR5, both
of them absent on DLBCL cell lines (Supplementaiy. 52). In contrast to CXCL9, CCL4 lacked
synergistic activity on CXCL12-induced migrationafd not shown) suggesting specific structure
requirements for CXCL12 synergy-inducing chemokines

Our findings show that CXCL9 expressed in perivascal@as can form heterocomplexes with
CXCL12 and in this way enhances CXCR4-dependentatian of malignant B cells towards the
vessel wall. Furthermore, CXCL9 and CXCL12 coopeaiting on their selective receptors to recruit
CXCR3/CXCR4/CD8" T cells. The data presented support a model inclwithe pattern of
chemokine expression in the perivascular area agggikthe recruitment of adaptive immune effectors

and might explain the angiocentric positioning @flignant B cells in PCNSL.
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Discussion

This study focuses for the first time on T cell sets present in the microenvironment of PCNSL,
and analyzes the co-expression of chemokines tigihitmegulate TILs infiltration and malignant
B cell positioning. The finding that the majority BlLs are CD8 T cells which express Granzyme B
and proliferatein situ indicates TCR-mediated recognition, activation-iced proliferation, and
cytotoxic activity. Nevertheless, PCNSL have a pmagnosis and the immune response might not be
sufficient to appropriately counterbalance tumoovgh. Inefficient migration of cytotoxic TILs
within the tumor may be one of the mechanisms teatlh tumor evasion. In addition other factors,
includingin situ released cytokines such as Transforming GrowthoF@q TGFB) * may profoundly
decrease the cytotoxic activity of CDBILs. A fraction of TILs share phenotypic markefsTq cells
present in the light zone of germinal centers, AElCXCL13 and CD57, and show IRF4 expression
indicating TCR-mediated activation and differentiattowards Th2 or Th1%**% Interestingly, a
recent report highlighted the importance of Th2 bellp for the development of lymphomas in a
mouse model’ Those large B cell lymphomas are also IRFd4s PCNSL*, and developed
consistently at extranodal sit&sThe fraction of TILs with a f phenotype, which are present in
PCNSL, might provide costimulatory and antiapoptaignals to malignant B cells, similar to the
activity of Tg cells on the B cells present in the light zonéhef germinal centerS. It remains to be
determined, whether malignant proliferating B cediducate their environment to produce soluble
factors or upregulate costimulatory signals onltiiafiing T cells, to build up a germinal centerdik
environment. The CXCLI3T cells could also correspond to a T cell subseemtly described in
rheumatoid arthriti§ or to Th17 lymphocyte¥.

Functional studies on TILs and malignant B cellswa® from PCNSL are impractical due to the
fact that accessible tissue samples are takenidgndsis or post-mortem. In the recent years severa
laboratories have shown gene expression profilegxtfanodal B cell lymphomas including the
PCNSL 3, allowing their phenotypical characterization. Theaitability of diffuse large B cell
lymphomas cell lines that resemble phenotypicdlf/malignant B cells in PCNSL, has allowed us to
analyze their migratory capacity in response to ¢hemokines that we show are produced in the

tumor.
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Adaptive immune effectors as well as malignant Bscexpress particular sets of chemokine
receptors and respond to chemotactic cu@sr data strongly suggests that the vascular and
perivascular microenvironment in PCNSL may be resjide for CD8 T cell recruitment, as well as
for the accumulation of malignant B cells by relegsspecific chemokines such as CXCL9 and
CXCL12. The chemokine coexpression provides sygmticgisignals to T and malignant
B lymphocytes. This synergistic activity between @ and CXCL12 may explain reactive
perivascular T cell infiltrates and the angiocanb&havior of PCNSL cells. Recent studies confirmed
the in vivo relevance of chemokine heterocomplexes and shewptiential of disrupting their
functional interactions to attenuate cell recruittrfé. CXCR3-agonists also affect CXCL12-induced
migration on plasmacytoid dendritic cells, but midstly with a mechanism that does not imply the
presence of heterocomplexes due to their additiex@iession of CXCRS.

It remains matter of debate whether malignant BdelPCNSL are recruited from the periphery
and/or trapped within the CNS. CXCL12 is a poteattdr for homing and survival of long lived
plasma cells in the bone marrdW* It is therefore possible, that the peculiar exgitrs of B cell
attractant chemokines like CXCL12 and other solubbctors provided by the tumor
microenvironment may provide a niche-like enviromtrfer malignant B cells in the CNS.

Our findings highlight the importance of distinagional expression and cellular sources of
chemokines for the recruitment of TILs, and improwe understanding of both cellular dynamics and

histological features in PCNSL.
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Figure Legends

FIGURE 1.Infiltration and distribution of TILs in 22 caseERCNSL.

(A) Immunohistochemical analysis of CD&D4" and Foxp3 lymphocytes. TILs are limited to the
tumor mass (*) (black lines indicate tumor bordpaositive cells are shown in brown). Scale
bar: 250 um. Bottom panels show, for each stairtiyjgical accumulation of TILs mixed with large
malignant B cells (arrows) in the perivascular aregcale bar: 100 um. Representative pictures are
shown. B) Quantitative analysis of tumor-infiltrating CQ8CD4" and Foxp3TILs. Data are shown
as lymphocyte number/0.3 rranalyzed in three lymphocyte rich ared®). Quantitative analysis of
CDS8" TILs in tumor area compared to peritumoral CO8Ls in 5 cases of PCNSL with ample
peritumoral tissue. CDS8TILs selectively accumulate in the tumor areasO(p%). O) Quantitative
analysis of CD8TILs in perivascular versus diffuse areas witthia tumor mass. CDSTILs tend to

accumulate in the perivascular area within the tumass (p<0.05).

FIGURE 2. Phenotypic characterization of TILs in PCNSB) CD8' TILs express Granzyme B and
proliferate in situ. Expression of Granzyme B (GrzB, left panel) anb7K(right panel) (scale
bars: 20 um). Two higher magnifications of positoeadls are shown for each staining in the lower
panels (scale bars: 10 um). Representative pictumeeshown. Approximately half of CDSILs show

a polarized expression of Granzyme B, whereas alisit are Ki67. Pie charts on the right indicate
the percentage of positive and negative cells lisahples analyzedB) A fraction of TILs shares
phenotypic markers of .. Representative pictures of CDEILs expressing CXCL13 (left panel,
white arrows), CD57 (middle panel, white arrowsXaRRF4 (right panel, white arrows). IRF4
malignant B cells are indicated in the right paméh yellow arrows. Scale bars: 20 pifwo higher
magpnifications of CD3CXCL13", CD3/CD57, and CD3/IRF4" cells are shown in the lower panels

(scale bars: 10 um)

FIGURE 3. CXCL9 is transcribed and translated by the perivisanicroenvironmentA) Analysis of
CXCL9 mRNA performed byin situ hybridization (left panel) show colocalization WICXCL9

protein detected by immunohistochemistry (rightgdarScale bars: 100 unB)(CXCL9 expression is
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associated to vascular/perivascular areas (scale K80 pm). €) Double immunofluorescence
microscopy shows CXCL9 expression in SMpericytes (top panels), and in CD6gerivascular

macrophages/microglia (bottom panels). Scale Ed&rgtm.

FIGURE 4. TILs accumulate in areas with high CXCL9 express{gy The CXCL9 positive area was
calculated as percentage of the total tumor arée 42 samples were divided in three groups
according to CXCL9 expression: low (<5%, white)teimediate (>5-20%, light grey) and high
(>20%, black). B) Analysis of CD8 (top panel), CD4 (middle panel) and Foxp3bottom panel)
TILs according to CXCL9 expression. TILs accumulane CXCL9" tissue. C) The analysis of
consecutive slides shows that perivascular CXCLN@HR;,iii), detected byin situ hybridization, is
associated with CD8lymphocytes (ii,iv). Scale bars: 2hén (i, ii), and 10Qum (iii, iv). (D) CD8"
(left panel) and CD%4(right panel) TILs were counted in positive angative CXCL9 area in 5 cases.

CD8' TILs selectively accumulate in CXCL9 positive a(p&0.01).

FIGURE 5. CXCL9 and CXCL12 are coexpressed in the perivascularoenvironment and can form
heterocomplexes.Aj PCNSL reactive perivascular T cell infiltrates. pTpanel shows a typical
accumulation of CD3TILs in the inner rim and of CD2@nalignant B cells in the outer rim. Lower
panel shows a vessel on the tumor border with &péccumulation of CD3TILs and CD20
malignant B cells in the perivascular cuff. Scadesh 100 um.B) CXCL9 (left panels) and CXCL12
(right panels) protein expression in the perivaacuaticroenvironment (top panels) and on the tumor
vasculature (bottom panels)C)(Double immunofluorescence analysis shows colodaizaof
CXCL12 and CXCL9 on PCNSL vesseD)(CXCL9 forms heterocomplexes with CXCL12. Western

blot analysis of immunecomplexes identified withi-&8XCL9 and CXCL12 antibodies.

FIGURE 6.CXCL9 enhances CXCL12-induced migration of CO8cells and malignant B cells
(A) Flow cytometric analysis of CXCR3 and CXCR4 expres, and migratory responses towards
CXCL9 and CXCL12 of CDBT cells. Migrated cells were counted in 5 high povields and are

shown as mean+SEM of 3 independent experimentompeet] with cells from different donors.
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(B) Migratory responses of CXCR3BXCR4'CD8" T cells towards 300 nM CXCL9 (checker bar),
different concentration of CXCL12 alone (white Baos in the presence of 300 nM CXCL9 (grey
bars). Migrated cells were counted in 5 high podietds and are shown as meantSEM of
3 independent experiments performed with cells fobfferent donors. ) Flow cytometric analysis

of CXCR3 and CXCR4 expression, and migratory respsntowards CXCL9 and CXCL12 of
OCI-Ly10. O) Chemotaxis assays performed on 4 DLBCL cell lim¢ssub-optimal CXCL12

concentration (10 nM) in the absence and preseih@@0mM CXCL9. Migrated cells were counted in

5 high power fields and are shown as mean+SEMrektindependent experiments.

Supplementary Figure S1Expression of CXCL13, CD57 and IRF4 byyTcells in the light zone of
the germinal center from human tonsil. Represemaiictures of CXCL13, CD57 and IRF4 at three
different magnifications.X) CXCL13 is restricted to FDCs, andTcells of the light zone of the
germinal center (left panel). Higher magnificatiftox CD3'CXCL13" lymphocytes (middle panel,
white arrows). Two higher magnifications of C@XCL13" lymphocytes are shown on the right
panels. B) CD57 is restricted toff; in the light zone of the germinal center (left aniidle panels,
white arrows). Two higher magnifications of CI@D57 cells are shown on the right panel€) (
IRF4 is expressed by CDJ cells (white arrows), as well as B cells (IR#4) mostly in the light
zone of the germinal center (left and middle pgnelsvo higher magnifications of CDIRF4"

lymphocytes are shown on the right panels. Scale bdite 40um, green 10um.

Supplementary Figure S2. Chemokine receptor profile and surface markers for different
DLBCL cell lines.

Cytofluorimetric analysis of the 4 different DLBQtell lines used (OCI-Ly7, OCI-Ly10, OCI-Ly19,
SU-HDL6) for phenotypic markers. Color code showsemce (green), low (yellow) or high (red)

expression of the appropriate molecule.
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Venetz et al - FIGURE 2
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Venetz et al - FIGURE 3
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Venetz et al. Figure 4
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Venetz et al - FIGURE 5
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Venetz et al. Figure 6
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Venetz et al. Supplementary Figure ST
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Venetz et al. Supplementary Figure S2

DLBCL lines
SU-HDL6 OCI-Ly7 OCI-Ly10 OCI-Ly19

CCR1
CCR2
CCR3
CCR4
CCRS
CCRS
CCR7
CCR9
CXCR1
CXCR2
CXCR3
CXCR4
CXCRS
CXCR6
CD20
cD21
cD27
CcDe62L
CD138
IgM
IgG
IgA
CD40
CcD80
CcD8é
cD6es
CD7%b
CTLA4
PD-1
ICOS-L

absent

low
high

79



DISCUSSION Chemokines in secondary lymphoid organs

5. DISCUSSION

5.1 B cell attractant chemokines in secondary lymgdid organs

Understanding chemokine-guided immune responsashigect of intense research and many questions
remain to be resolved. Previous work on human sesnahd in murine models has investigated the
role of T and B cell attractant chemokines anddrastly improved our understanding of lymphocyte
trafficking within secondary lymphoid organs. Seslion lymphocyte trafficking in secondary
lymphoid organs have been mainly performed in neurmodels. The work presented here has been
entirely performed on human tissue samples andridescin more detail the expression of B cell
attractant chemokines, CXCL12 and CXCL13, and & thflammatory chemokine CXCL9 in
secondary lymphoid organs under homeostatic ardnmmhatory conditions, as well as in B cell
maligancies at extranodal site.

Recent work in murine infection models have rewvéalewnregulation of homeostatic CCL21 and
CXCL13 under acute inflammatory conditons, whichade to disruption of lymph node
architecture.(283,284) Our date show a clear gradif CXCL13 between the dark and the light zone
of the germinal center. Interestingly, the majoofythe T, cells expressing CXCL13 are located at
the border between the ligh zone of the germinatereand the mantle zone. Yet, they represented
only a minority of follicular T cells, indicatinghé presence of different T cell subtypes or
upregulation of CXCL13 during a distinct time poinithin the germinal center. It is well known, tha
Ty cells provide help to B cells in the light zonetloé germinal center, but whether germinal center
B cells also play a role in the differentiationfollicular T cells remains to be clarified.

Beside CXCRS5, the chemokine receptor for CXCL13ORA is a classical B cell chemokine receptor
and is constitutively expressed on normal and mahg B cells. We analyzed the expression of its
ligand, CXCL12, in human secondary lymphoid organs.

The reticular network of epithelial cells in thensdlar crypts, creates a mesh in which B cells and
plasma cells are in close proximity to incomingigers.(288) We have observed a high expression of
CXCL12 by tonsillar crypt epithelial cells that maccount for a significant CXCL12 gradient

between underlying B cell follicles and the crypitieelium. Plasma cells and memory B cells which
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have been generated in the light zone of germiealers underlying the crypt epithelium, upregulate
CXCR4 during late B cell differentiation.(76,92) &hmay sense a CXCL12 gradient outside the
germinal center and migrate towards the epithelafnthe tonsillar crypts. This hypothesis is also
supported by the finding that CDI3glasma cells generated within the germinal cealign at the
germinal center border underlying the crypts. Itémpting to hypothesize, that plasma cells and
memory B cells generated in the germinal centefick towards the tonsillar crypt, where they
encounter a niche like-environment build up by CAZLexpressing epithelial cells. CXCL12
expression in normal lymph nodes was mainly founthe subcapsular sinuses. In line with the crypt
epithelium in the tonsil, the subcapsular sinusxigosed to incoming antigens. Shuttling of follaul

B cells towards the sinus where they take up amtigem subcapsular macrophages has been recently
reported by several groups.(289,290) Our findinghuman lymph nodes indicate, that CXCL12
expression in the subcapsular sinuses may playnaortant role in a B cell shuttling towards the
subcapsular sinus. Of interest, we have found @&€L12 mRNA expression is downmodulated
upon inflammation, whereas protein levels remainfiool to vessels, subcapsular sinuses, and in the
GC. The role of CXCL12 inside the germinal centeeas further investigation. Our findings reveal,
that the CXCL12 expression in the T area is gehemabre abundant than in GC. GC-derived
CXCL12 was mainly found on highly phagocytic tingilbody macrophages. Whether the CXCR4-
CXCL12 axis between tingible body macrophages a@dBxells is important in phagocytic activity

is currently unknown. The finding that CD28 cells in the T area accumulate around CXCL12-
expressing HEVs is in line with a previous reparthe mouse.(126) Yet, the phenotype and the role
of perivascular B cells around CXCL12-expressingydiin secondary lymphoid organs need further
characterization. Interestingly, malignant B call$CNSL also tend to accumulate around CXCL12-
expressing vessels and it is tempting to hypotkesiiat perivascular B cells around HEVs and
malignant perivascular B cells in PCNSL share armitric behaviour due to common genetic
programs. It remains to be clarified, whether pesowlar B cells around HEVs are pre- or post-GC
B cells. Of special interest is the coexpressiorC@L21 and CXCL12 in the T area. This finding
highlights the fact, that T and B cells in the Eaof secondary lymphoid organs are simultaneously

exposed to several chemokines and adds a new &fvebmplexity to lymphocyte trafficking.
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Lymphocyte movement within the T area may thereb@eegulated by minor changes in CCL21 and
CXCL12 chemokine expression between stromal cellsexpression of chemokines at low
concentrations may overcome higher concentratibrasssingle chemokine. In addition, coexpression
of homeostatic chemokines by stromal cells may leggurafficking of different immune effectors to
the same area.

CXCL?9 as a classical inflammatory chemoattractantlf cells and plasma cells was found in distinct
areas within the T cell area of inflamed tonsil®8CT cell accumulation could be observed in these
distinct areas. This is a strong indicator that CD&ell distribution in the T area is at least [yart
regulated by CXCL9 expression in the environmenhilé/previous work in the mouse has described
CXCL9 expression on HEV, which induces CDBcell recruitmen into secondary lymphoid organs
(97), we could not detect CXCL9 on HEVSs. Its expies was restricted to cells in the parafollicular
area with dendritic cell-like morphology. The retefor CXCL9, CXCR3 is classically expressed on
activated CDAT cells and the majority of CD& cells. CD4 T helper cells are well known for their
role in providing critical signals during primind oytotoxic CD8 T lymphocytes. These interactions
take place in the T cell area of secondary lymploogins. CXCL9 expression by dendritic cells in the
T area may therefore be a good chemokine candiddteng recently activated CDA cells in close

contact with CD8T cells.
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5.2 B and T cell attractant chemokine environmentri PCNSL

PCNSL is a poorly understood extranodal CNS lymphanainly due to limited access to tissue and
the lack of animal models. This study focused foe tfirst time primarily on the tumor
microenvironment, with special emphasis on thectimmokine environment and the potential impact
on the recruitment of adaptive immune effectore PCNSL.

In this work, we analyzed in detail the lymphocgtédsets in PCNSL, and the role that different T and
B cell attractant chemokines might have in regntatiheir recruitment. We have found that TILs
consist of a heterogeneous population of T cefisluding CD8, Granzyme B T cells showing an
activated phenotype and T cells which share phemotypnarker of Fy in the germinal center,
indicating that a fraction of TILs may provide heétpmalignant B cells.

The chemokine environment showed upregulation Biémint B and T cell attractant chemokines,
such as CXCL9, CXCL12 and CXCL13 in PCNSL microeoniment. These chemoattractans
modulate migratory behaviour of lymphocytes expressheir cognate receptors CXCR3, CXCR4
and CXCRS5. Previous reports have shown that maiigBecells in PCNSL are typically positive for
CCR7, CXCR4 and CXCR5.(108) This chemokine recepimfile is also found on antigen
experienced B cells, which upon activation upregulaCR7 but do not downregulate CXCR4 and
CXCR5.(129) While we could detect CCR7 expressiorhalf of the cases, CCL21 could not be
detected within PCNSL. In contrast, the findingtttiee two B cell attractant chemokines CXCL12
and CXCL13 are expressed by activated macrophaggsftia in PCNSL indicates that there is a
crosstalk between macrophage/microglia-derived ofémes and malignant B cells. CXCL12 is
known to play a central role in trapping of hemaiefic stem cells, B cell precursor and plasmascell
in the bone marrow.(67-71) (74,75) In addition, GX3 regulates B cell trafficking of germinal
center B cells.(33,76) The release of these twoelB chemoattractant in the PCNSL
microenvironment may strongly influence the behawgifomalignant B cells in PCNSL. It is tempting
to hypothesize, that the inflammatory responsehénCNS during PCNSL may create a niche-like
environment for malignant B cells. Of note, thegarece of chemokines induces activation of integrins
such as LFA-1 and VLA-4 in normal B cells. It wilerefore be important to investigate whether the

inflammatory CNS environment in PCNSL expressesctignate ligands for B cell integrins, such as
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ICAM-1 and VCAM1. ICAM-1 expression by activated eroglia may enhance B cell adhesion.
Previous reports have shown that activated miciogikpress ICAM-1.(291,292) FDCs in germinal
center light zone also express ICAM-1 and VCAM-I dhe interaction of LFA-1 and VLA-4 on
germinal center B cells have been shawnitro to prevents them from undergoing apoptosis.(293)
Upregulation of CXCL12 and CXCL13 has also beercdesd in other CNS pathologies (294-297),
such as multiple sclerosis, indicating their pasntole in inflammatory CNS conditions. While
upregulation of CXCL12 and CXCL13 in the CNS miareeonment during the course of an
infection may be important to attract and trap rar cells in the CNS, the presence of a malignant
proliferating B cell clone may induce a positiveddack mechanism, which drives tumor expansion
by inducing peritumoral edema which leads to thevation of peritumoral microglia, upregulation of
chemoattractants and subsequent migration of naigB cells towards activated microglia in the

peritumoral space.

S Endothelium (CXCL12*/CXCLY")

= Pericyte (CXCLYY)

C‘> Perivascular macrophage (CXCL9*/CXCL12")
® CXCR4*/CXCR3* Tumor infiltrating lymphocytes

@ CXCR4* Malignant B cells
Model for perivascular accumulation of infiltrating CD8" T cells and angiogenctric behaviour of

malignant B cells in PCNSL Vascular and perivascular CXCL9 and CXCL12 fownd endothelium and

pericytes act in an additive and synergistic wayndiitrating T cells and malignant B cells.
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This scenario is supported by the finding, thaitperoral microglia stains positive for CXCL12. In
addition to a previous report from the laboratdhgt has found CXCL13 expression by malignant
B cells in PCNSL (203), we found here that alsoivattd microglia/macrophages as well as
infiltrating T cells express CXCL13. Microglial ¢glshare morphological and functional features of
dendritic cells and are able to present antigelyrtgphocytes. This raises the question whether there
are parallels between CXCL13-expressing follicandritic cells during germinal center reactions
and CXCL13-expressing activated microglia in PCN$h.addition, we found TILs expressing
CXCL13, a typical feature forgf; cells in the light zone of germinal centers. FI0d T cells play

a key role during late germinal center reaction provide costimulatory signals to late germinal
center B cells which support their survival. (79nh&ther proliferating malignant B cells are able to
influence their CNS microenvironment is currenthknown and requires further investigation.

While CXCL12 and CXCL13 show a scattered expresgiatiern within PCNSL, CXCL9 is
specifically expressed in perivascular areas aremmal and intermediate size vessels by perivascula
macrophages/microglia. Its distinct expression goattwithin the tumor could therefore regulate
recruitment and trapping of TILs and malignant Blscén the perivascular cuff. The finding that
CXCL9 expression correlates with CD& cell recruitment to PCNSL indicates its role time
attraction of adaptive immune effectors to the CHBhough CD8 TILs represent the major T cell
subset in PCNSL, CD8T cell recruitment into PCNSL shows variations agalifferent patients.
This might be due to a reduced CXCL9 expressiaénperivascular area. Our findings support the
idea, that perivascular macrophages/microglia ply$mportant role in the recruitment of adaptive
immune effectors to PCNSL. It remains to be deteety whether perivascular
macrophages/microglia are activated in an antigeaific or cytokine-driven manner. In contrast to
CXCL12 expression, we could not find CXCL9 upregiola and CD8 T cells outside the tumor
mass, indicating that TILs access the tumor vitainéd vessels inside the tumor. Interestingly we
found that CXCL12 and CXCL9 can be coexpressedassels within PCNSL and could therefore
simultaneously act on circulating T lymphocytesaedl as on resident malignant B cells via CXCR3
and CXCRA4. A histopathological peculiarity of PCN&Lthe angiocentric behaviour of malignant

B cells and reactive perivasular T cell infiltrat€irin vitro findings reveal that coexpressed CXCL9
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and CXCL12 on tumor vessels synergize on maligBacells to induce stronger migratory responses
and lead to perivascular accumulation of maligriauttells. Circulating CD8T cells did not show
synergistic, but rather additive migration capadityards simultaneous exposure to CXCL9 and
CXCL12. These findings support a model, in whickotdar and perivascular expressed CXCL9 and
CXCL12 act in a synergistic way in malignant B sedind on an additive way on infiltrating CD8
T cells and build up an inner rim of T cells and @rther rim of malignant B cells and therefore
angiocentric behaviour. Our findings highlight thmportance of distinct regional expression of
chemokines in PCNSL, and improve our understandfrgellular dynamics and histological features
in this tumor.

It remains matter of debate whether perivasculdigmant B cells are recruited from the periphery or

are relocated in areas due to a particular cheraakiwironment in the perivascular cuff.

5.3 Adaptive immune responses in PCNSL

Our results reveal that adaptive immune effectamnfdifferent T cell subsets are recruited to PCNSL
and show different phenotypes. Tumor-infilatrat@@8" T cells represent the major T cell subset in
PCNSL. Proliferating CD8T cells are numerous and are a strong indicationTlOR-mediated
recognition and activation-induced proliferatiom tertain cases, the number of proliferating
Ki67"'CD8" was comparable to the number of proliferating tumells. Yet, we can not formerly
prove that CD8 TILs specifically kill malignant B cells in an agén-specific manner in PCNSL,
because their activation may be cytokine-drivenaniigen independent. The isolation of COBLS
from tissue to analyze their killing activity witle a difficult and challenging task due to the la€k
sufficient tissue. Nevertheless, the large numib&@m8" T cells in many PCNSL cases remains rather
surprising, taking into account the poor prognasishis tumor. Our results reveal that the adaptive
immunity might be able to mount a specific cytotoknmune response against PCNSL, indicated also
by the high numbers of apoptotic calissitu within the tumor mass (data not shown). Neverdgle
the adaptive immune response is not sufficient gpr@priately counterbalance tumor growth. In
addition, CD8+ T cell recruitment is typically seianvarious viral infections. Despite the fact tiadt

investigated PCNSL cases were negative for EB\grotiral pathogens cannot be excluded. Analysis
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of clonality and TCR specificity of tumor infiltriag CD8 T cells may shed new light into their
specific antitumoral function in PCNSL. Despitergeihe most prominent T cell subset in PCNSL,
tumor-infiltrating CD8 T cells varied significantly between patients.r@fe, patients with low CO8

T cell infiltration showed low or no CXCL9 express| indicating that activated perivascular
macrophages/microglia and pericytes may have aratertle in CD8 TIL recruitment. A recent
report in a mouse model describes CD&ells recruited to the lymph node via CXCL9. $ae&CD8

T cells kill antigen presenting cells and in thisyMimit the ability of dendritic cells to activate
additional T cells.(97) It is therefore also possithat a higher ratio of CDFILs may dampen the
antitumor immune response. Further investigationeisded to verify the effect of tumor-infiltrating
CDS8' T cells in counterbalancing PCNSL.

Compared to CD8T cells, intratumoral CD4lymphocytes are less abundant and their distobuti
within the tumor mass does not reflect CO8cell infiltration and CXCL9 expression. This fingd
indicates that alternative chemotactic cues mightrésponsible for CD4T cell recruitment to
PCNSL. Interestingly, numerous TILs show IRF4 egpien indicating TCR-mediated activation and
differentiation towards Th2 or Th17.(167,298,299)ekent report highlighted the importance of Th2
cell help for the development of lymphomas in a s@mmodel.(300) Those large B cell lymphomas
are also IRF4 as PCNSL (197), and developed consistently ateatlal sites.(300) It is tempting to
hypothesize that a subset of TILs representlike phenotypes and can provide costimulatory and
antiapoptotic signals, or modulate the activityAdD, similar to Tgy cells in the light zone of the
germinal center. Future studies are needed to tigags the clonality and TCR specificity of tumor
infiltrating CD4" T cells to assess their potential tumor-promogotivities.

It has been previously shown, that the B cell ating chemokine-1, CXCL13 is constitutively
expressed in secondary lymphoid organs, in the kghe of the germinal center by FDCs ang T
cells(24,301), as well as under several patholbgitanditions.(24,110,203,296) We show that
CXCL13 is also expressed by activated microgliatmplcages as well as by a fraction of TIL. Further
characterization of T cell subsets and their spe@ihction will be important to distinguish betwee

tumor-suppressive and tumor-promoting T cell ati&igi
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A recent gene expression study reported a stromggufation of the extracellular matrix molecule
Osteopontin in PCNSL cases.(287) Interestinglye@sbntin similar to CXCL13, is expressed in the
light zone of germinal centers. It remains to beedrined, whether malignant proliferating B cells
can educate their environment to produce solubi¢ofa or upregulate costimulatory signals on

infiltrating T cells, to build up a germinal cerdée environment.

5.4 Outlook

The data presented here has been performed endinelyjuman tissue samples. This underlies its
relevance for human immunology and human immunapagly. The availability of PCNSL murine
models would help verifying our hypothesis and perf proof of principle studies. Distinct
expression of CXCL12 by subcapsular macrophagesate\a role as chemoattractant towards the
subcapsular sinus. This gradient may be responfibl® cell shuttling to the subcapsular sinus,
where B cells can pick up antigens from subcapsukerophages.(289,290) B cell shuttling towards
the subcapsular sinus may be reduced by spediibiiion of CXCR4.

A better understanding of germinal center reactiamghe cradle for plasma cell and memory cell
development requires special attention. On one kamtdprove our knowledge on the generation and
maintenance of immunological memory and on the rottend to improve our understanding on
germinal center derived B cell malignancies. Wensttbhere that there are paralles between the light
zone of the germinal center and the tumor micraenment in PCNSL, such as the presence of
CXCL12 and CXCL13 expressing myeloid cells andghesence of CXCL13 expressing T cells, The
mutual interactions between germinal center B cailid the germinal center environment is not fully
understood yet and it remains to be determinedivenagterminal center B cells are able to instruet th
germinal center environment, such as FDCs and Télld. ¢<C-derived B cell malignacies may also
have the capacity to induce GC-like propertieshiirtenvironment, which support their survival in a
niche-like environment.

The role of germinal center CDg cells remains unknown. They are less numerouspaced to
CD4" T cells in the germinal center, but present incatall germinal center reactions. Why are some

CD8' T cells able to migrate into the GC, whereas thagonity is not and what is their role within the
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germinal center? Our data in inflamed secondaryphwmid organs reveals that CXCL9 plays an
important role in CD8T cell distribution in the T area. Future studieslymphocyte trafficking may
have to distinguish between lymphocyte recruitminthe tissue and distribution of lymphcytes
within a given tissue. As presented here, simelbais coexpression of different chemokines is not an
exception, but rather common, particularly unddtammatory conditions. The mechanisms how
lymphocytes integrate simultaneous signals frorfeckht chemokines needs to be investigate, as well
as the ability of chemokines to form heterocomptexied induce stronger migratory responsasvo.
Further studies in PCNSL may focus on role of tifmmmatory CNS microenvironment as niche for
malignant B cells. Chemokines such as CXCL12 ammmnto induce inside-out signals to induce
activation of integrins by conformational changehkich leads to tight binding of lymphocytes to sell
expressing the appropriate integrin ligands. Spdo@us should be given to the crosstalk between

malignant B cells and activated microglia/macropsag

5.5 Concluding remarks

This study adds valuable and important data orithestalk between the tumor microenvironment and
malignant B cells in the CNS. The results preseitee describe the chemokine environment in
PCNSL and its potential implication on intracerélbuanor expansion, as well as on the recruitment of
adaptive immune effectors to the tumor. B cell cbatimactants such as CXCL12 and CXCL13 are
expressed by the inflammatory microenvironment,levimalignant B cells in PCNSL express the
cognate receptors CXCR4 and CXCRS5 and are therefgpable of responding to the ligands in the
microenvironment. These findings reveal a direosstalk between activated microglia/macrophages
and malignant B cells in PCNSL and indicate a paéniche-like environment for malignant B cells
in the inflamed CNS. Blocking these interactionsspgcific inhibitorsn such as a CXCR4 antagonist
(AMD3100), may disrupt CXCL12-induced effects on ligi@ant B cells and inhibit CXCL12-
dependent expansion. Our results refer to PCNSImiayt also be valid for other CNS diseases where
inflammatory cells accumulate in the perivasculegaa The results presented here highlight the

importance of distinct analysis of bystander cgfes present in a given malignancies to better
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understand its seeding behavior. In this regarde gxpression studies on whole tissue samples may
be misleading in terms of interpretation.

The immune system is likely to play an importanierdn PCNSL, given the fact that
immunosuppressed patient have a higher risk for ICMdaptive immune responses in PCNSL
seem to be elicited in the majority of the cases. dscribed various T cells subsets in PCNSL with
potential tumor suppressive as well as tumor prorgqgtroperties. A difficult but important task will

be to discriminate different T cell subsets in timmor, and to address their tumor promoting or tumo
suppressive effects. Regulatory T cells do notsteplay a major role for tumor escape in PCNSL,
nevertheless, the presence gf-like T cells within the tumor may provide tumorpaeorting signals.
The simultaneous coexpression of chemokines intth®r microenvironment and their synergistic

activites on malignant B cells adds an additioaa&l of complexity.
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