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Stellingen
Behorende bij het proefschrift

EGF-TM7 receptors in rheumatoid arthritis

1. De expressie van de EGF-TM7 receptoren CD97 en EMR2 in dichte 
nabijheid van hun respectievelijke liganden CD55, dermatansulfaat en 
integrines in het synovium van patiënten met reumatoïde artritis zou 
retentie van geactiveerde myeloide cellen, waaronder macrofagen, 
kunnen faciliteren. (dit proefschrift)

2. Het voorkomen van EMR3 in het ontstoken synoviaal weefsel en het 
feit dat synoviaal vocht van reumatoïde artritis patiënten en andere pro-
ontstekings cytokines EMR3 expressie induceert suggereert dat EMR3 
een rol in synoviale ontsteking speelt. (dit proefschrift)

3. Het antilichaam gericht tegen de CD97 stalk regio reduceert alloantigeen-
geïnduceerde T cel deling, waarschijnlijk door het verhogen van de 
activeringsdrempel van de T cellen. (dit proefschrift)

4. Behandeling met CD97 monoklonaal antilichaam vermindert de ernst 
van collageen-geïnduceerde artritis. (dit proefschrift)

5. Uit experimenten met muizen die geen CD55 tot expressie brengen, 
blijkt het pathogene effect van de CD97-CD55 interactie sterker dan 
het mogelijk anti-inflammatoire effect van CD55 in het verminderen van 
schade als gevolg van complementactivatie. (dit proefschrift)

6. De kans dat iemand 11 jaar na aanvang zijn promotie onderzoek 
afrondt, is groter dan nul. (dit proefschrift)

7. Een selectief geheugen is een voorwaarde voor geluk.

8. De kans op logopediebezoek in de jeugd neemt evenredig toe met het 
aantal R’s in iemands naam. (naar Rob Rentenaar)

9. Living well is the best revenge. (toegeschreven aan George Herbert, 
(1593-1633) “Jacula Prudentum”)

10. Niet zelden roept wetenschappelijk onderzoek meer vragen op dan dat 
het beantwoordt.
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aminoethylcarbazole 
antigen-presenting cells
anti-citrullinated protein antibodies
L-selectin 
5-(and 6)-carboxyfluorescein succinimidyl ester 
collagen-induced arthritis 
chondroitin sulfate 
chondroitin sulfate B, dermatan sulfate
cytotoxic T lymphocyte antigen 4
diaminobenzidin
decay-accelerating factor, CD55
damage-associated molecular patterns
4’,6-diamidino-2-phenylindole 
dendritic cells
disease-modifying anti-rheumatic drug 
Dulbecco’s modified Eagle’s medium 
ethylenediaminetetraacetic acid
epidermal growth factor
enzyme-linked immunosorbent assay 
EGF-like module-containing mucin-like receptor protein
erythrocyte sedimentation rate
fluorescein isothiocyanate 
fibroblast-like synoviocytes 
N-formyl-methionyl-leucyl-phenylalanine 
glycosaminoglycan
granulocyte–macrophage colony-stimulating factor
G protein-coupled receptor 
horseradish peroxidase
human umbilical vein endothelial cells 
interferon
interleukine
integrated optical density 
monoclonal antibodies 
monocyte chemoattractant protein 
macrophage inflammatory protein
mixed lymphocyte culture
matrix metalloproteinases
osteoarthritis

AEC
APC
ACPA
CD62L
CFSE
CIA
CS
CSB
CTLA4
DAB
DAF
DAMP
DAPI
DCs
DMARD
DMEM
EDTA
EGF
ELISA
EMR
ESR
FITC
FLS
fMLF
GAG
GMCSF
GPCR
HRP
HUVEC
IFN 
IL
IOD
mAb
MCP
MIP
MLC
MMP
OA

abbreviations
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peptidyl arginine deiminase type IV
peripheral blood 
peripheral blood mononuclear cells 
phosphate buffered saline 
psoriatic arthritis 
P-selectin glycoprotein ligand 1 
protein tyrosine phosphatase nonreceptor type 22
rheumatoid arthritis
receptor activator for nuclear factor κB ligand
reactive arthritis 
rheumatoid factor
synovial fluid
synovial tissue
seven-span transmembrane
tumor necrosis factor
tartrate-resistant acid phosphatase 
tetramethylrhodamine isothiocyanate 
very late antigen 5, integrin α5β1 

PADI4
PB
PBMCs
PBS
PsA
PSGL1
PTPN22
RA 
RANKL
ReA
RF
SF
ST
TM7
TNF
TRAP
TRITC
VLA-5
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Pathogenesis and treatment of rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic inflammatory disease that mainly targets the 
synovial membrane in the joints. The disease typically manifests itself as a symmetrical 
peripheral inflammatory polyarthritis that leads to joint destruction and may be 
associated with extra-articular features.1

RA affects 1% of the population (varying across racial and ethnic groups, reflecting the 
prevalence of predisposing genes such as HLA-DR4) and is associated with significant 
morbidity and increased mortality.2,3 The age of onset is typically between 30 and 55 
years with a female : male ratio of 3:1. 
According to criteria co-developed by the American College of Rheumatology and 
the European League against Rheumatism (EULAR)2, classification of ‘definite RA’ 
is based on the confirmed presence of synovitis in at least one joint, absence of an 
alternative diagnosis better explaining the synovitis, and achievement of a total score 
of 6 or greater (of a possible 10) from the individual scores in four domains: 

number and site of involved joints (range 0-5), •	

serological abnormality (range 0-3), •	

elevated acute phase response (range 0-1), and •	

symptom duration (two levels; range 0-1).•	

Although RA involves autoimmune reactions, with presence of autoantibodies like 
rheumatoid factor (RF) and anti-citrullinated protein antibodies (ACPA), the precise 
cause is unknown.3,4 Multiple different factors such as environmental factors (for 
instance smoking), as well as hormonal, infectious, and other variables probably 
interact in genetically susceptible hosts to initiate polyarticular synovitis in a multistage 
manner (Figure 1).5,6 In the first stage, a genetic predisposition (shared epitope HLA-
DR genes, protein tyrosine phosphatase nonreceptor type 22 (PTPN22), peptidyl 
arginine deiminase type IV (PADI4), cytotoxic T lymphocyte antigen 4 (CTLA4), Fc 
receptors for IgG (FcγRs), and various cytokine and cytokine receptor loci) along 
with environmental factors (like smoking in ACPA positive RA) results in an adaptive 
immune response with the generation of auto-reactive T cells, B cells, and production of 
autoantibodies. Presence of RF (antibodies specific for the Fc chain of IgG) and ACPA 
might precede the clinically detectable onset of RA by years.7 A non-specific second 
event (for instance trauma or viral infection leading to synovitis8) could function as a 
secondary event leading to joint inflammation, resulting in increased expression levels 
of citrullinated proteins in the synovium. In the presence of pre-existing circulating 
ACPA, this could contribute to epitope spreading and autonomous disease progression. 
Other mechanisms may be operative in autoantibody negative RA, ultimately leading 
to activation of common final pathways. 
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The enhanced immune response can then lead to increased production of cytokines 
and soluble inflammatory mediators and perpetuation of the synovial inflammation. 
Finally, this inflammation-driven process can cause joint destruction.

On a cellular level, T cells, B cells, monocytes, macrophages, neutrophils, fibroblasts 
and their products are thought to be important in the pathogenesis of RA. The first 
event in the development of RA is probably antigen-dependent T cell activation.9 
Notably, large numbers of CD4-positive T cells accumulate in the joints of patients with 
RA.10,11 However, notwithstanding tremendous efforts, no single initiating antigen has 
been identified up to now.3 In addition to antigen recognition through the T cell receptor, 
activation of CD4+ T cells requires a second, co-stimulatory signal, which is provided 
by the interaction of B7-1 and B7-2 on antigen-presenting cells (APC) with CD28 on 
T cells. The T cells found in synovial tissue (ST) display a memory phenotype11,12 and 
produce a number of cytokines like interferon (IFN)-γ, interleukin (IL)-2, and IL-17, 
although at relatively low levels.13,14 These cytokines induce further T cell proliferation 
and differentiation. Through production of these cytokines and through cell-surface 
interactions, the activated T cells stimulate monocytes, macrophages, and synovial 
fibroblasts to produce IL-1, IL-6, and tumor necrosis factor (TNF), and to secrete matrix 
metalloproteinases (MMP).15 Furthermore, activated T cells may express the receptor 
activator for nuclear factor κB ligand (RANKL), stimulating osteoclastogenesis.16 
They can also bind CD40 ligand on B cells, which can result in the production of 
immunoglobulins. Activated B cells and autoantibody-producing plasma cells are 

Genetic and 
Environmental 
Risk Factors

Joint
Destruction

Increased Production
of Cytokines and

Soluble Inflammatory
Mediators

Enhanced
Adaptive
Immunity

Joint
Inflammation

Genetic
Risk Factors

Secondary Event

TLR Activation
Cytokine Production

T cell Activation
B cell Activation
Autoantibodies

Figure 1. Multistage pathophysiological model of RA development. See text for details. Figure 
adapted from Van der Woude et al. 2005.
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present in the ST. B cells also function as APC and can promote T cell activation.17 
The locally produced immune complexes may fix complement in the joint, leading to 
the release of chemotactic factors and the subsequent recruitment of inflammatory 
cells, for instance neutrophils. Immune complexes can also activate macrophages 
and monocytes by binding to their Fc receptors.18 Alternatively, macrophages can 
be activated by damage-associated molecular patterns (DAMP), binding to pattern 
recognition receptors such as Toll-like receptors, which are highly expressed in ST 
of RA patients.19,20 Joint destruction is thought to be largely mediated by the action 
of proinflammatory or regulatory cytokines and growth factors (eg IL-1, IL-6, IL-10, 
IL-13, IL-15, IL-18, TNF, and granulocyte–macrophage colony-stimulating factor (GM-
CSF)), chemokines and chemoattractants (eg IL-8, macrophage inflammatory protein 
(MIP)-1, and monocyte chemoattractant protein (MCP)-1) , matrix metalloproteinases 
(MMPs), and neopterin generated by activated macrophages.21,22

Immune-mediated inflammation results in activation of macrophages and fibroblast-like 
synoviocytes (FLS), producing degrading enzymes like MMPs, and increased RANKL 
expression by T cells and synovial fibroblasts, Together, these and other mechanisms 
lead to joint destruction and ultimately disability.23,24

Although the immune response in RA is systemic, its main target lies within the ST. The 
synovium is normally a relatively acellular membrane that attaches to skeletal tissues 
at the bone-cartilage interface. In RA, the ST shows a marked intimal lining hyperplasia 
due to an increase in FLS and macrophages that during disease progression is 
associated with accumulation of macrophages, dendritic cells, T cells, B cells, plasma 
cells, natural killer cells, mast cells, and neutrophils in the synovial sublining (Figure 
2).10,23 Recruitment of inflammatory cells, local retention, cell proliferation, and impaired 
apoptosis may all contribute to the increased cellularity of the ST in RA.25

The thickened intimal lining layer in RA consists of intimal macrophages and FLS. Both 
cell types play a key role as effector cells in RA by producing a variety of cytokines, 
MMP, and other soluble mediators that promote joint inflammation and destruction. 
At least two-thirds of the synoviocytes are macrophages, thought to be the result of 
recruitment of bone-marrow-derived monocytes from the bloodstream, entering the 
synovial sublining through the vascular endothelium. These cells might be trapped 
by FLS as well as by extracellular matrix components. Their relative importance in 
sustaining inflammation in RA is supported by the observation that they disappear once 
the disease ameliorates.26 Furthermore, macrophage numbers in ST of patients with 
progressive erosive disease correlate with radiographic outcome in RA, underlining 
their involvement in inducing erosions and bone damage.27

Due to the availably of new effective drugs and the insight that aggressive treatment 
ameliorates the outcome of disease, RA treatment has changed dramatically over the 
past 20 years. The EULAR recommends to treat RA in a multi step manner.28 The 
treatment target is clinical remission or, if remission is unlikely to be achievable, at 
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least low disease activity. In summary: initially (phase I), methotrexate plus or minus 
glucocorticoids are started. If contraindications for methotrexate exist, leflunomide, 
intramuscular gold or sulfasalazine are started. If this regimen is not successful 
after three months (phase II) and prognostically unfavorable factors are present, a 
biological drug (especially a TNF-inhibitor) is added. In less severe disease, a second 
synthetic disease-modifying anti-rheumatic drug (DMARD) is started. If this regimen 
also fails (phase III), the biological treatment is changed; one either switches to a 
second TNF-blocking drug (+ DMARD) or replaces a TNF-blocking drug by abatacept 
(T cell costimulation blocker) (+ DMARD), rituximab (anti-CD20 antibody) (+ DMARD), 
or tocilizumab (IL-6 receptor blockade) (+ DMARD).
Progressive understanding of the critical effector pathways operating in RA has led to 
these new treatments, but although successful, treatment-free remission for patients 
with RA remains an indefinable goal. Elucidating the pathogenesis of RA can present 
novel opportunities for controlling the disease.

CD97-CD55 interaction - a new target for the treatment of RA?

A potential novel target for the treatment of RA is the interaction between CD97 and 
CD55. Our research group previously described a close association between CD55+ 
FLS and CD97+ intimal macrophages in RA synovium29, and we hypothesized that the 
interaction between CD97 and CD55 might be involved in the retention of immune cells 
in the inflamed synovium, which is known to sustain the chronic inflammation in RA.
FLS are mesenchymal cells, which under physiological conditions produce extracellular 
matrix. In RA, FLS display pathological characteristics as they accumulate to form 
pannus tissue that can display local tumor-like destructive and invasive features.30-32 
FLS express decay-accelerating factor (DAF, CD55) at high levels.29,33-35 CD55 is a 
glycosol phosphatidylinositol-anchored cell surface protein that protects autologous 
cells against complement attack.36 The name ‘DAF’ refers to the role of CD55 in 
promoting the dissociation of C3 and C5, two convertases that are crucially involved in 
activation of the complement cascade. FLS express much more CD55 than leukocytes, 
endothelial cells, and epithelia, making it a suitable histological marker for this cell type 
within the intimal lining layer.
The binding partner of CD55, CD97, is a founding member of the EGF-TM7 family of 
Adhesion-GPCRs.37-39 These predominantly leukocyte-restricted cell-surface proteins 
possess large extracellular regions containing multiple N-terminal epidermal growth 
factor (EGF)-like domains.37 CD97 is expressed by a wide range of leukocytes40,41, 
including activated lymphocytes, granulocytes, monocytes, macrophages, and 
dendritic cells. Due to alternative RNA splicing, CD97 is expressed as three isoforms 
containing three, four, or five EGF-like domains (Figure 3).39 All isoforms, albeit with 
different affinity, bind CD55 via the first two EGF domains.42
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In addition to CD55, CD97 interacts with two other cellular ligands: the glycosaminoglycan 
chondroitin sulfate B (CSB, dermatan sulfate) and the integrin α5β1 (VLA-5).43,44 
Integrin α5β1 and possibly αvβ3 bind the RGD motif in the stalk of human CD97.44 
α5β1 is one of the predominant β1 integrins expressed by rheumatoid synovial pannus 
and is expressed by cells in the intimal lining layer and endothelial cells, especially in 
venules and capillaries associated with lymphocyte aggregates.45 The interaction with 

Figure 2. Pathogenesis of rheumatoid arthritis. In the normal knee joint, the synovium consists of 
a synovial membrane (usually one or two cells thick) and underlying loose connective tissue. The 
intimal lining layer consists of macrophages and fibroblast-like synoviocytes. In early rheumatoid 
arthritis, the synovial membrane becomes thickened because of hyperplasia and hypertrophy of 
the synovial lining cells. An extensive network of new blood vessels is formed in the synovium. 
T cells (predominantly CD4+) and B cells (some of which become plasma cells) infiltrate the 
synovial membrane. These cells are also found in the synovial fluid, along with large numbers of 
neutrophils. In the early stages of rheumatoid arthritis, the synovial membrane begins to invade 
the cartilage. In established rheumatoid arthritis, the synovial membrane becomes transformed 
into inflammatory tissue, the pannus. This tissue invades and destroys adjacent cartilage and 
bone. The pannus consists of both macrophages, fibroblast-like synoviocytes, and plasma cells. 
Figure reproduced from Choy et al. 2001.
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Figure 3. (A) Cartoon representation of human CD97 interacting with its cellular ligands. At the cell 
surface, CD97 is expressed as a non-covalently associated dimer consisting of an extracellular 
α and a membrane-spanning β chain. The two chains result from autocatalytic processing of a 
CD97 propeptide.44 Alternative splicing generates isoforms with three, four or five EGF domains.39 
Shown here are the smallest and the largest isoform. While EGF domain 1 and 2 interact with 
CD55, EGF domain 4, which only is present in the largest isoform, binds chondroitin sulfate B. 
Integrins bind a RGD motif in the stalk region of human CD97. (B) Mouse CD97 has a structure 
similar to human CD97 albeit that the maximal number of EGF domains is four.64,65 Shown here is 
the middle isoform. In the largest isoform, the EGF domains 2 and 3 are separated by 45 amino 
acids. (C) Characteristics of human and mouse CD97 isoforms. Depicted is the composition of 
the EGF domain region, the relative amount of transcripts present in leukocytes, and the ligand 
specificity. In humans, affinity for CD55 correlates inversely with the number of EGF domains. 
An interaction of EGF domain 3 of mouse CD97 (the homolog of EGF domain 4 in humans) with 
chondroitin sulfate B still needs to be proven. The binding site of mAbs recognizing specific EGF 
domains in mouse CD97 is indicated. Reproduced with permission from Hamann et al. 2010.
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CSB involves the fourth EGF domain of CD97 and is restricted to the largest isoform 
of CD97.43,46,47 In rheumatoid synovial tissue, CSB has been shown to be the primary 
molecular species of chondroitin sulfates in inflammatory areas.48 Taken together, both 
CD97 and its ligands are abundantly present on cells that are implicated in sustaining 
the chronic inflammation in RA.
CD97 is, as mentioned above, a member of the EGF-TM7 family.37 Other members 
are EMR2, EMR3, EMR1, and EMR4. Expression of the different EMR molecules is 
restricted to myeloid cells. EMR2 (CD312) is expressed by monocytes, macrophages, 
dendritic cells, and granulocytes. Expression is upregulated during differentiation and 
maturation of macrophages and is downregulated during dendritic cell maturation.49 
EMR2, like CD97, binds CSB through EGF domain 4.43 Recently, a role of EMR2 in 
regulating human neutrophil function has been described.50,51 EMR3 is a molecule with 
an as yet unknown function that is expressed predominantly by granulocytes, mature 
monocytes and myeloid dendritic cells.52,53 A ligand for EMR3 was described to be 
located at the surface of monocyte-derived macrophages and activated granulocytes.53 
EMR1 is exclusively expressed in eosinophils.54 Finally, EMR4 is not expressed in 
humans.55

At the starting point of this project, the identification of EGF-TM7 receptors and their 
ligands was the focus of intensive research. This research led to the characterization 
of EMR1 to 453,55 and to the discovery of CSB43,47 and integrins44 as ligands of CD97 
and EMR2. Moreover, antibodies and knockout mice were developed that allowed 
functional studies on CD97 in vivo.56-58 Studies with blocking mAbs against CD97 in 
mice suggested that CD97 was involved in leucocyte trafficking.57



20

Aim and outline of the thesis

The aim of this thesis was to expand our knowledge on the expression of EGF-TM7 
family members CD97, EMR2, and EMR3 in RA ST. Furthermore, we aspired to gain 
insight into the functional consequences of CD97-ligand interaction in RA. The following 
research questions were asked:

Are EGF-TM7 family members EMR2 and EMR3 expressed in ST of RA patients?1. 
What are the functional consequences of CD97 ligation in 2. in vitro models?
What are the functional consequences of CD97 ligation in 3. in vivo models of RA?

Answers to these questions are provided in the three parts of this thesis. The preceding 
Chapter 2 provides a review of the molecular structure, chromosomal localization, 
gene organization, evolution, expression, ligand binding, and function of all members 
of the EGF-TM7 family.

Part 1 In situ studies
To evaluate the potential role of other EGF-TM7 receptor family members in the 
pathogenesis of RA, we investigated the expression of EMR2 (Chapter 3) and EMR3 
(Chapter 4) in RA ST. Moreover, we visualized the distribution of CD97 and EMR2 
ligands. 

Part 2 In vitro studies
To analyze the role of CD97-ligand interactions in vitro, several models were used. In 
Chapter 5, the effect of CD97-directed mAbs, interfering with different ligand binding 
sites, on T cell proliferation, cytokine production and integrin expression was studied 
using mixed lymphocyte cultures. The effect of the same mAbs on neutrophil migration 
was investigated using a flow chamber model and is described in Chapter 6.

Part 3 In vivo studies
To study the role of the CD55-CD97 interaction in the pathogenesis of RA in vivo, 
we used two approaches. Firstly, we applied EGF domain-specific mAbs to block 
the interaction between CD97 and CD55 in the collagen-induced model of RA 
(Chapter 7). Collagen induced arthritis (CIA) shares many clinical, histologic, and 
immunologic features with human RA, like symmetric joint involvement, synovitis, 
and cartilage and bone erosions.59-61 Secondly, we studied CIA and the passive K/
BxN serum-transfer model62 in knockout mice lacking CD97 or CD55 (Chapter 8). 
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ABSTRACT

With the human and mouse genome projects now completed, the receptor repertoire 
of mammalian cells has finally been elucidated. The EGF-TM7 receptors are a family 
of class B seven-span transmembrane (TM7) receptors predominantly expressed 
by cells of the immune system. Within the large TM7 superfamily, the molecular 
structure and ligand-binding properties of EGF-TM7 receptors are unique. Derived 
from the processing of a single polypeptide, they are expressed at the cell surface as 
heterodimers consisting of a large extracellular region associated with a TM7 moiety. 
Through a variable number of N-terminal epidermal growth factor (EGF)-like domains, 
EGF-TM7 receptors interact with cellular ligands such as CD55 and chondroitin sulfate. 
Recent in vivo studies demonstrate a role of the EGF-TM7 receptor CD97 in leukocyte 
migration. The different number of EGF-TM7 genes in man compared with mice, the 
chimeric nature of EMR2 and the inactivation of human EMR4 point toward a still-
evolving receptor family. Here we discuss the currently available information on this 
intriguing receptor family.
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The EGF-TM7 family: a postgenomic view

INTRODuCTION

Seven-span transmembrane (TM7) receptors represent the largest gene family in 
animal genomes.1-5 TM7 receptors respond to a diverse array of sensory and chemical 
stimuli, such as light, taste, odor, pheromones, calcium ions, neurotransmitters, 
hormones and chemokines.6 Upon ligation, TM7 receptors regulate a variety of 
physiological processes via heterotrimeric G proteins, which engage subsequent 
messenger molecules. Although G-protein-coupled receptor (GPCR) is an abundantly 
used synonym for TM7 molecules there is growing evidence that some TM7 receptors 
signal through alternative, G-protein-independent, mechanisms.6,7

TM7 receptors are divided into several classes, which have most likely arisen 
independently through convergent evolution.8 Best established are the rhodopsin 
superfamily (class A), the secretin receptor superfamily (class B) and the metabotropic 
glutamate receptor superfamily (class C). Class B was originally defined as a family 
of insect and mammalian peptide hormone receptors.9 Subsequent identification of 
receptors with homologous TM7 moieties but different extracellular regions have led 
to the classification of class B TM7 receptors into three distinct families: B1, peptide 
hormone receptors; B2, TM7 receptors with a long N-terminal extracellular region 
(LNB-TM7 family); B3, methuselah-like proteins.10,11

The human LNB-TM7 family comprises approximately 30 members.12 They all possess 
large extracellular regions containing a number of welldefined protein domains.11,13 
The structural diversity within the LNB-TM7 family is illustrated by molecules such 
as cadherin EGF LAG seven-pass G-type receptor 1 (Celsr1), a mosaic protein 
containing over 15 repeats belonging to three different types of protein module.14,15 
Another example is the very large G-protein-coupled receptor 1 (VLGR1), with ~6,300 
amino acids the largest cell surface protein yet identified.16 This review will focus on a 
subfamily of the LNB-TM7 receptors that solely contain extracellular epidermal growth 
factor (EGF)-like domains, referred to as EGF-TM7 receptors.17,18

With the human genome now unravelled2,3, the complete family comprises six 
members: CD9719,20, EGF-like module-containing mucin-like receptor protein 1 
(EMR1)21, EMR222, EMR323, EMR424 and EGF-TM7-latrophilin-related protein (ETL)25. 
Four of these molecules have mouse orthologues: CD9726,27, EMR1 (also known as 
F4/80) 28,29, EMR4 (also called F4/80-likereceptor, FIRE)30,31 and ETL32,33. Interestingly, 
surveys of the mouse genome4 have failed to identify EMR2 and EMR3 (Stacey and 
Lin, unpublished observation). More recently EGFTM7 genes have also been identified 
in various other vertebrate species, including rat, pig, cow and zebrafish (see below). 
Schematic structure and key characteristics of human and mouse EGF-TM7 receptors 
are depicted in Fig. 1 and Table 1.
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MOLECuLAR STRuCTuRE

The extracellular region possesses tandemly arranged EGF domains and a 
conserved cleavage motif
EGF-TM7 receptors possess distinct parts, including a cleavable signal peptide, an 
N-terminal EGF domain region, a stalk containing a conserved cleavage site, a class B 
TM7 region and a short and poorly conserved cytoplasmic tail (Figs. 1, 2).
Comprising several hundred amino acids, the extracellular regions of EGF-TM7 
receptors represent one of the largest found in TM7 molecules. Located at the 
N-terminus of every EGF-TM7 receptor are several tandemly arranged EGF-like 
domains (Figs. 1, 2). EGF domains belong to the most broadly expressed protein 
modules in animals.2-4 Through the interaction with other protein modules, they are 
involved in various physiological processes, including blood coagulation, fibrinolysis, 
neural development and cell adhesion.34 Within tandemly linked EGF domains, tertiary 
structures emerge through contacts between succeeding domains, which are stabilized 
by calcium ligation of the C-terminal module. Consequently, the EGF domains in EGF-
TM7 receptors, except for the most proximal ones, possess a calcium-binding site. The 
calcium-binding EGF domains of the EGF-TM7 family belong to the fibrillin-like class I 
type which arrange in a near-linear order.35

Figure 1. Schematic structure of human (black) and mouse (gray) EGF-TM7 family members. 
EGF-TM7 receptors are expressed as noncovalently associated heterodimers consisting of an 
extracellular α subunit and a TM7/cytoplasmic β subunit. Due to alternative RNA splicing, they 
possess a variable number of N-terminal EGF domains, represented as triangles. Depicted here 
are the largest isoforms. Calcium-binding EGF-like domains are shown in gray. Small circles 
indicate the position of the processing site (GPS motif). Human EMR4 is shown with a dotted 
line because the human gene is inactivated by a one-nucleotide deletion in exon 8. See text for 
details.
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A characteristic of CD97, EMR1, EMR2 and ETL is the existence of alternative RNA 
splicing. This results in the expression of various isoforms with differing numbers and 
arrangements of EGF domains. In contrast, EMR3 and EMR4 exist with two EGF 
domains. Closer examination of the EGF domain regions has led to some remarkable 
findings. Firstly, the EGF domains of CD97 and EMR2 are nearly identical22, differing 
by only six amino acids. Secondly, unusual isoforms exist of mouse CD97 and mouse 
and rat ETL. In the largest isoform of mouse CD97, the second and third EGF domains 
are interrupted by a sequence of 45 amino acids that does not show homology to any 
known protein module.26,27 In rodent ETL, two calcium-binding EGF domains with an 
identical amino acid sequence are found.25,32

Name EGF domainsa Expression patternb Ligands

Human
CD97 3-5: (EGF1,2,5), 

(EGF1,2,3,5), 
(EGF1,2,3,4,5)

Activated lymphocytes, monocytes, 
macrophages, dendritic cells, 
granulocytes, smooth muscle cells, 
malignant cells

CD55 (DAF), chondroitin 
sulfate

EMR1 1-6: (EGF4), 
(EGF4,5), 
(EGF4,5,6), 
(EGF1,2,3,4,5,6)

Monocytes, dendritic cells Unknown

EMR2 2-5: (EGF1,2), 
(EGF1,2,5), 
(EGF1,2,3,5), 
(EGF1,2,3,4,5)

Monocytes, macrophages, 
dendritic cells, granulocytes

Chondroitin sulfate

EMR3 2 Monocytes, macrophages, 
granulocytes

Expressed on monocyte-
derived macrophages 
and activated neutrophils

EMR4 2 Monocytes, dendritic cells Unknown
ETL 2 Smooth muscle cells Unknown

Mouse
CD97 3-4: (EGF1,2,4), 

(EGF1,2,3,4), 
(EGF1,2,X,3,4)

Lymphocytes, monocytes, 
macrophages, granulocytes

CD55 (DAF), chondroitin 
sulfate

EMR1 
(F4/80)

0-7: (EGF4,5,6,7), 
(EGF1,2,3,6,7), 
(EGF1,4,5,6,7), 
(EGF1,2,3,4,5,6,7)

Monocytes, macrophages, 
dendritic cells, eosinophils

Unknown

EMR4 
(FIRE)

2 Monocytes, macrophages, 
dendritic cells

Expressed on B 
lymphoma cell line A20

ETL 3 Smooth muscle cells, 
hematopoietic stem cells

Unknown

a The EGF composition of isoforms from alternatively spliced receptors is depicted. For EMR2, also 
alternative splicing that could give rise to truncated, soluble receptors has been observed.22,66

b Data derived by detection of transcripts are given in italics.

Table 1. Characteristics of human and mouse EGF-TM7 receptors. See text for details.
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Figure 2. Alignment of amino acid sequences of human (A) and mouse (B) EGF-TM7 receptors. 
EGF domains, the GPS motif and the seven hydrophobic transmembrane segments are indicated. 
An arrowhead shows the predicted processing site within the GPS motif. Inner and outer borders 
of overlap between the transmembrane segments, found in the different sequences, are given. 
Positions of conserved amino acids are indicated by asterisks for identical residues and by colons 
for homologous residues. In human EMR4, a one-nucleotide deletion in exon 8 causes a shift to 
a different reading frame that results in a translation product terminating in the stalk region. The 
polypeptide sequence downstream from the termination site that, like in nonhuman primates, 
would result from a nonmutated gene is depicted in italics. In mouse CD97, the 45 amino acids 
between the second and third EGF domain that do not correspond to known protein modules are 
shaded. Amino acid sequences were aligned with the ClustalW software. The SMART program 
(http://smart.embl-heidelberg.de) was used to analyze protein architecture.

A
< EGF(1/1/1/1/1/1)              >< .

hCD97            MGGRVFLAFCVWLTLPGAETQDSRGCARW..CPQNSSCVN...ATACRCNPGFSSFS..EIITTPTETCDDINECATPSKVSCGKFSDCWN   84
hEMR1   MRGFNLLLFWGCCVMHSWEGHIRPTRKPNTKGNNCRDSTLCPAYATCTNTVDSYYCACKQGFLSSNGQNHFKDPGVRCKDIDECSQSPQP.CGPNSSCKN   99
hEMR2         MGGRVFLVFLAFCVWLTLPGAETQDSRGCARW..CPQDSSCVN...ATACRCNPGFSSFS..EIITTPMETCDDINECATLSKVSCGKFSDCWN   87
hEMR3          MQGPLLLPGLCFLLSLFGAVTQKTKTSCAK...CPPNASCVN...NTHCTCNHGYTSGSGQKLFTFPLETCNDINECTPPYSVYCGFNAVCYN   87
hEMR4       MGSRLLLVLLSGLTVLLALPGSEAKNSGASCPP...CPKYASCHN...STHCTCEDGFRARSGRTYFHDSSEKCEDINECETGLAK.CKYKAYCRN   89
hETL                 MKRLPLLVVFSTLLNCSYTQNCTKTP.CLPNAKCEIRNGIEACYCNMGFSGNG........VTICEDDNECGNLTQS.CGENANCTN   77

*     *   : *        * *: *:               * * :**       *   : * *

cbEGF(2/2/2/2/2/2)           >< cbEGF(-/3/-/-/-/-)          >< cbEGF(3/4/3/-/-/-)  .
hCD97   TEGSYDCVCSPGYEPVSGTKTFK.NESENTCQ........................................DVDECQQNPRLCKSYGTCVNTLGSYTCQ  143
hEMR1   LSGRYKCSCLDGFSSPTGNDWVPGKPGNFSCTDINECLTSSVCPEHSDCVNSMGSYSCSCQVGFISRNSTCEDVDECAD.PRACPEHATCNNTVGNYSCF  198
hEMR2   TEGSYDCVCSPGYEPVSGAKTFK.NESENTCQ........................................DVDECQQNPRLCKSYGTCVNTLGSYTCQ  146
hEMR3   VEGSFYCQCVPGYRLHSGNEQFS.NSNENTCQ....................................................................  118
hEMR4   KVGGYICSCLVKYTLFNFLAGII.DYDHPDCY....................................................................  120
hETL    TEGSYYCMCVPGFRSSSNQDRFITNDG.TVCI....................................................................  108

: * *   :                 *                         *****  :** *  : ** **:* *:* 

>< cbEGF(4/5/4/-/-/-)                >< cbEGF(5/6/5/-/-/-)  .
hCD97   CLPGFK.....FIPEDPKV.CTDVNECTSGQNPCHSSTHCLNNVGSYQCRCRPGWQPIPGSPNGPNN.TVCEDVDECSSGQHQCDSSTVCFNTVGSYSCR  236 
hEMR1   CNPGFESSSGHLSFQGLKASCEDIDECT...EMCPINSTCTNTPGSYFCTCHPGFAPSNGQLNFTDQGVECRDIDECRQDPSTCGPNSICTNALGSYSCG  295
hEMR2   CLPGFK.....LKPEDPKL.CTDVNECTSGQNPCHSSTHCLNNVGSYQCRCRPGWQPIPGSPNGPNN.TVCEDVDECSSGQHQCDSSTVCFNTVGSYSCR  239
hEMR3   ....................................................................................................  118
hEMR4   ....................................................................................................  120
hETL    ....................................................................................................  108

* ***:              * *::***:  : *   : * *  *** * *:**: *  *  *  ::   * *:***      *   ::* *::*****

>
hCD97   CRPGWKPRHGIPNNQKDTVCE..............................................DMTFSTWTPPPGVHSQTLSRFFDKVQDLGRDSK  290
hEMR1   CIAGFHPNPEGSQKDGNFSCQ....RVLFKCKEDVIPDNKQIQQCQEGTAVKPAYVSFCAQINNIFSVLDKVCENKTTVVSLKNTTESFVPVLKQISTWT  391
hEMR2   CRPGWKPRHGIPNNQKDTVCE..............................................DMTFSTWTPPPGVHSQTLSRFFDKVQDLGRDYK  293
hEMR3   ....................................................................DTTSSKTTEGRKELQKIVDKFESLLTNQTLWR  150
hEMR4   ....................................................................ENNSQGTTQSN......VDIWENLR......R  140
hETL    .....................ENVNANCHLDNVCIAANINKTLTKIRSIKEPVALLQEVYRNSVTDLSPTDIITYIEILAESSSLLGYKNNTISAKDTLS  187

*  *::*     ::: :  *:                                   

hCD97   TSSAEVTIQNVIKLVDELMEAPGDVEALAPPVRHLIATQLLSNLEDIMRILAKSLPKGPFT.YISPSNTELTLMIQERGDKNVTMGQSSARMKLNWAVAA  389
hEMR1   KFTKEETSSLATVFLESVESMTLASFWKPSANVTPAVRTEYLDIESKVINKECSEEN.......................VTLDLVAKGDKMKIGCSTIE  468
hEMR2   PGLANNTIQSILQALDELLEAPGDLETLPRLQQHCVASHLLDGLEDVLRGLSKNLSNGLLN.FSYPAGTELSLEVQKQVDRSVTLRQNQAVMQLDWNQAQ  392
hEMR3   TEGRQEISSTATTILRDVESKVLETALKDPEQKVLKIQNDSVAIETQAITDNCSEER.......................KTFNLNVQMNSMDIRCSDII  227
hEMR4   NGSREDFARRATQLIQSVELSIWNASFASPGK......GQISEFDIVYETKRCNETR.......................ENAFLEAGNNTMDINCADAL  211
hETL    NSTLTEFVKTVNNFVQRDTFVVWDKLSVNHRRTHLTKLMHTVEQATLRISQSFQKTTEFDTNSTDIALKVFFFDSYNMKHIHPHMNMDGDYINIFPKRKA  287

:                                         :                 :      : :

hCD97   GAEDPGPAVAGILSIQNMTTLLANASLNLHSKKQAELEEIYESSIRGVQLRRLSAVNSIFLSHNNT.KELNSPILFAFSHLESSDGEAGRDPPAKDVMPG  488
hEMR1   ESESTETTGVAFVSFVGMESVLNERFFQDHQAP.........LTTSEIKLKMNSRVVGGIMTGEKK.DGFSDPIIYTLENV...............QPKQ  543
hEMR2   KSGDPGPSVVGLVSIPGMGKLLAEAPLVLEPEKQMLLHETHQGLLQDGSPILLSDVISAFLSNNDT.QNLSSPVTFTFSHR..............SVIP.  476
hEMR3   QGDTQGPSAIAFISYSSLGNIINATFFEEMDKK..............DQVYLNSQVVSAAIGPKRN.VSLSKSVTLTFQHV...............KMTP  297
hEMR4   KGNLRESTAVAPITYQSLGDILNASFFSKRKGM..............QEVKLNSYVVSGTVGLKEK.ISLSEPVFLTFRHN...............QPGD 281
hETL    AYDSNGNVAVAFVYYKSIGPLLSSSDNFLLKPQN........YDNSEEEERVISSVISVSMSSNPPTLYELEKITFTLSHR................KVT  363

:    :  ::                               * * :  :         :  :: :    

GPS ? TM1            .
hCD97   PRQELLCAFWKSDSD.RGGHWATEGCQVLGSKNGSTTCQCSHLSSFAILMAH..YDV..EDWKLTLITRVGLALSLFCLLLCILTFLLVRPIQGSRTTIH  583
hEMR1   KFERPICVSWSTDV..KGGRWTSFGCVILEASETYTICSCNQMANLAVIMA...SGELTMDFSLYIISHVGIIISLVCLVLAIATFLLCRSIRNHNTYLH  638
hEMR2   .RQKVLCVFWEHGQN.GCGHWATTGCSTIGTRDTSTICRCTHLSSFAVLMAH..YDVQEEDPVLTVITYMGLSVSLLCLLLAALTFLLCKAIQNTSTSLH  572
hEMR3   STKKVFCVYWKSTG..QGSQWSRDGCFLIHVNKSHTMCNCSHLSSFAVLMA...LTSQEEDPVLTVITYVGLSVSLLCLLLAALTFLLCKAIQNTSTSLH  392
hEMR4   KRTKHICVYWEGS...EGGHWSTEGCSHVHSNGSYTKCKCFHLSSFAVLVA...LAPKE.DPVLTVITQVGLTISLLCLFLAILTFLLCRPIQNTSTSLH 374
hETL    DRYRSLCAFWNYSPDTMNGSWSSEGCELTYSNETHTSCRCNHLTHFAILMSSGPSIGIKDYNILTRITQLGIIISLICLAICIFTFWFFSEIQSTRTTIH  463

:*  *          *:  **         * * * ::: :*::::     *  *: :*: :**.** :.  ** :   *:   *  *

TM2          TM3                 TM4           .
hCD97   LHLCICLFVGSTIFLAGIENEGGQVGLRCRLVAGLLHYCFLAAFCWMSLEGLELYF.....LVVRVFQGQGLSTRWLCLIGYGVPLLIVGVSAAIYSKGY  678
hEMR1   LHLCVCLLLAKTLFLAGIHKTDNKT..GCAIIAGFLHYLFLACFFWMLVEAVILFLMVRNLKVVNYFSSRNIKMLHICAFGYGLPMLVVVISASVQPQGY  736
hEMR2   LQLSLCLFLAHLLFLVAIDQTGHKV..LCSIIAGTLHYLYLATFTWMLLEALYLFLTARNLTVVNYSSINRFMKKLMFPVGYGVPAVTVAISAASRPHLY  670
hEMR3   LQLSLCLFLAHLLFLVGIDRTEPKV..LCSIIAGALHYLYLAAFTWMLLEGVHLFLTARNLTVVNYSSINRLMKWIMFPVGYGVPAVTVAISAASWPHLY  490
hEMR4   LELSLCLFLAHLLFLTGINRTEPEV..LCSIIAGLLHFLYLACFTWMLLEGLHLFLTVRNLKVANYTSTGRFKKRFMYPVGYGIPAVIIAVSAIVGPQNY 472
hETL    KNLCCSLFLAELVFLVGINTNTNKL..FCSIIAGLLHYFFLAAFAWMCIEGIHLYL.....IVVGVIYNKGFLHKNFYIFGYLSPAVVVGFSAALGYRYY  556

*   *::   :**  *     :    * ::** **: :** * ** :* : *:: *        :    :   **  * : :  **    : *

TM5           TM6            .
hCD97   GRPRYCWLDFEQGFLWSFLGPVTFIILCNAVIFVTTVWKLTQKFSEINPDMKKLKKARALTITAIAQLFLLGCTWVFGLFIFDDRSL....VLTYVFTIL  774
hEMR1   GMHNRCWLNTETGFIWSFLGPVCTVIVINSLLLTWTLWILRQRLSSVNAEVSTLKDTRLLTFKAFAQLFILGCSWVLGIFQIGPVAG....VMAYLFTII  832
hEMR2   GTPSRCWLQPEKGFIWGFLGPVCAIFSVNLVLFLVTLWILKNRLSSLNSEVSTLRNTRMLAFKATAQLFILGCTWCLGILQVGPA....ARVMAYLFTII  766
hEMR3   GTADRCWLHLDQGFMWSFLGPVCAIFSANLVLFILVFWILKRKLSSLNSEVSTIQNTRMLAFKATAQLFILGCTWCLGLLQVGPA....AQVMAYLFTII  586
hEMR4   GTFTHCWLKLDKGFIWSFMGPVAVIILINLVFYFQVLWILRSKLSSLNKEVSTIQDTRVMTFKAISQLFILGCSWGLGFFMVEEVGKTIGSIIAYSFTII 572
hETL    GTTKVCWLSTENNFIWSFIGPACLIILVNLLAFGVIIYKVFRHTAGLKPEVSCFENIRSCARGALALLFLLGTTWIFGVLHVVHASV....VTAYLFTVS  652

*    ***  :  *:* *:**   ::  * :      : :  : : :: ::  :  *  :  * : **:** :* :*.: .   .     : :* **:

TM7          . 
hCD97   NCLQGAFLYLLHCLLNKKVREEYRKWACLVAGGSKYSEFTSTTSGTGHNQTRALRASESGI  835
hEMR1   NSLQGAFIFLIHCLLNGQVREEYKRWITGKTKPSSQSQTSRILLSSMPSASKTG  886
hEMR2   NSLQGVFIFLVYCLLSQQVREQYGKWSKGIRKLKTESEMHTLSSSAKADTSKPSTVN  823
hEMR3   NSLQGFFIFLVYCLLSQQVQKQYQKWFREIVKSKSESETYTLSSKMGPDSKPSEGDVFPGQVKRKY  652
hEMR4   NTLQGVLLFVVHCLLNRQVRMEYKKWFSGMRKGVETESTEMSRSTTQTKTEEVGKSSEIFHKGGTASSSAESTKQPQPQVHLVSAAWLKMN 663
hETL    NAFQGMFIFLFLCVLSRKIQEEYYRLFKNVPCCFGCLR  690

* :** ::::. *:*. ::: :* :  

A
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A stalk region of 160–260 amino acids separates the EGF domain region from the 
GPCR-proteolytic site (GPS) (Fig. 2). Low amino acid sequence conservation suggests 
that this region serves as a spacer between the ligand binding EGF domains and 
the TM7 part. Because of a serine/threonine content up to 21%, extensive O-linked 
glycosylation of the stalk region has been predicted as reflected by the designation 
EMR (where M refers to mucin). However, detailed biochemical analysis of mouse 
EMR1 provided no evidence for substantial O-linked glycosylation.36

Proximal to the first transmembrane segment EGF-TM7 proteins possess a conserved 
cysteine motif (Fig. 2). The first functional hint of this motif was revealed when Kelly 
and co-workers demonstrated intracellular processing of CD97.19 Translated as a 
single polypeptide, cleavage in the endoplasmic reticulum results in the formation 
of a heterodimer comprised of an extracellular α subunit noncovalently associated 
with a TM7/cytoplasmic β subunit. Subsequent cloning of the calcium-independent 
receptor of α-latrotoxin (CIRL) revealed a second heterodimeric LNB-TM7 receptor.37 
Amino acid sequencing demonstrated the cleavage site to be within the cysteine 

B
< EGF(1/1/1/1)               >< .

mCD97          MRSVRCPGLLVVCILLSLSGAGTQKAEIKNCAKW..CPINSKCVSNRS...CVCKPGFSS..EKELITNPAESCEDINECLLPGFSCGDFAMC   86
mEMR1     MWGFWLLLFWGFSGMYRWGMTTLPTLGQTLGGVNECQDTTTCPAYATCTDTTDSYYCTCKRGFLSSNGQTNFQGPGVECQDVNECLQSDSPCGPNSVC   98
mEMR4   MLMGATRDMGSRCLLHASVPGMLLIWSILQMMNISASCPQ...CNENASCFNSTH...CVCKEGFWTGSENRRIIEPHEKCQDINECLLKELVCKDVSYC   94
mETL                    MRLLPLLVGFSTLLNCSYTQNCSKTT.CLPNAKCEVHNGVEACFCSQGYSG..NGVTI......CEDIDECSES.SVCGDHAVC   74

:               *     *   : *      * *  *:        :      *:*::**      *   : *

cbEGF(2/2/2/2)               >< cbEGF(X/3/-/-)            >< cbEGF(-/4/-/3)  .
mCD97   KNSEGSYTCVCNLGYKLLSGAESFVN.ESENTCQASVNTGTTPVPSRIHTVTTAPGNLPEQTTTVHQTQMGDSEERTPK.....................  134
mEMR1   TNILGRAKCSCLRGFSSSTGKDWILGSLDNFLCADVDECLTIGICPKYSNCSNSVGSYSCTCQPGFVLNGSICEDEDECVTRDVCPEHATCHNTLGSYYC  198
mEMR4   RNKIGTYICSCVVKYPLFNWVAGIIN.IDHPDCY..................................................................  127
mETL    ENVNGGFSCFCREGYQTATGKSQFTP.NDGSYCQ........................................DIDECSESSVCGDHAVCENVNGGFSC  133

*  *   * *   :        :        *                       * ***    ** :*  * *  * : *

>< cbEGF(3/5/-/-)                 >< cbEGF(-/6/-/-)  .
mCD97   ........................DVNECISGQNHCHQSTHCINKLGGYSCICRQGWKPVPGSPNGPVSTV.CE..........................  213
mEMR1   TCNSGLESSGGGPMFQG.LDESCEDVDECSRNSTLCGPTFICINTLGSYSCSCPAGFSLPTFQILGHPADGNCTDIDECDDTCPLNSSCTNTIGSYFCTC  297
mEMR4   ....................................................................................................  127
mETL    FCREGYQTATGKSQFTPNDGSYCQ............................................................................  157

*    ::: *           *:** **      *  :  *** ** *** *  *:        *  :   *

>< cbEGF(4/7/-/-)                 >
mCD97   .....................DVDECSSGQHQCHNSTVCKNTVGSYKCHCRPGWKPTSGSLRGPDTI.CQ..............................  270 
mEMR1   HPGFASSNGQLNFKDLEVTCEDIDECTQDPLQCGLNSVCTNVPGSYICGCLPDFQMDPEGSQGYGNFNCK..................RILFKCKEDLIL  381 
mEMR4   ....................................................................................................  136 
mETL    ......................................................................ESMNSNCHLEHACIAANINKTLKRIGPITE  187

*:***:    **   :** *  *** * *   :: :*   : *

mCD97   EPPFPTWTLLPTAHSQTLLRFSVEVQNLLRDFN....PATVNYTIQKLIEAVDKLLEDP................METQTQQVAAQLLSNLEQSLRTLAQ  341
mEMR1   QSEQIQQCQAVQGRDLGYASFCTLVNATFTILDNTCENKSAPVSLQSAATSVSLVLEQATT..........WFELSKEETSTLGTILLETVESTMLAALL  469
mEMR4   ....................................VNKSKNTGSKTHTLGVLSEFK..................SKEEVAKGATKLLRKVEHHILNENS  155
mETL    QTTLLQEIYRNSEAELSLMDIVTYIEILTESSSLLGHPNSTTSYKDAHFNSTLTEFGETINNFVERSTHKMWDQLPTNHRRLHLTKLMHTAELVTLQIAQ  287

:               : : *:   *   

mCD97   FLPKGPFTYTSPSN.TELSLMVKEQDNKDVTTVHHGQTWMELDWAVTAGAKISENGSSVAGILSSPNMEKLLGNTPLNLEQRRASLEDFYGSPIPSVSLK  435
mEMR1   .IPSGNASQMIQTEYLDIESKVINEECKENESINLAARGDKMNVGCFIIKESVSTGAPGVAFVSFAHMESVLN..ERFFEDGQ...........SFRKLR  540
mEMR4   DIPKKDENPLLDIVYETKRCKTMTLLEAGNNTMKVDCTSG........FKEHNSGGETAVAFIAYKSLGNLLN..GSFFSNEE...........GFQEVT  255
mETL    NIQKNSQ.FDMNSTDLALKVFAFDSTHMKHAHPHMNVDGGYVKISPRRKAAHGTTGNVVVAFLCYKSIGPLLSSSDNFLLDTQN........DNSEGKEK  379

:                               :                     * ::    :  :*      : :

GPS ? .
mCD97   LLSNINSVFLTNTNTEKLASNVTFKFDFTSVESIEPRHELICAFWKAHNG...NGYWDTDGCSMNGTG....FCHCNHLTSFAILMAQ...YHVQDP.RL  533
mEMR1   MNSRVVGGTVT.GEKKEDFS.KPIIYTLQHIQPKQKSERPICVSWNTDVE...DGRWTPSGCEIVEASETHTVCSCNRMANLAIIMAS..GELTMEF.SL  650
mEMR4   LNSHIVSGAIR.SEVKPVLS.EPVLLTLQNIQPIDSRAEHLCVHWEGSEE...GGSWSTKGCSHVYTNNSYTICKCFHLSSFAVLVALPHEEDGVLS.AL  347
mETL    VISSVISASIS.SNPPTLYELEKITFTLSHVK.LSDKHRTQCAFWNYSVDAMNNGXWSTEGCELTHSNDTHTSCRCSHLTHFAILMSSTSSIGIKDYNIL  476

: * :    :   :             :  ::         *  *:        * *   **    :      * * ::: :*::::            *

TM1            TM2          TM3              .
mCD97   ELITKVGLLLSLICLLLCILTFLLVKPIQSSRTMVHLHLCICLFLGSIIFLVGVENEGGEVGLRCRLVAMMLHFCFLAAFCWMALEGVELYFLV.....V  629
mEMR1   YIISHVGTVISLVCLALAIATFLLCRAVQNHNTYMHLHLCVCLFLAKILFLTGIDKTDNQT..ACAIIAGFLHYLFLACFFWMLVEAVMLFLMVRNLKVV  745
mEMR4   SVITYVGLSLSLLCLFLAAITFLLCRPIQNTSTTLHLQLSICLFLADLLFLTGINRTKPKV..LCSIIAGMLHYLYLASFMWMFLEGLHLFLTVSNLKVA  444
mETL    TRITQLGIIISLICLAICIFTFWFFSEIQSTRTTIHKNLCCSLFLAELVFLIGININTNKL..VCSIIAGLLHYFFLAAFAWMCIEGIHLYLIVVG....  574

*: :*  :**:** :   ** :   :*   * :* :*   ***  ::** *:: :    * ::* :**: :** * ** :* : *:: *

TM4            TM5           .
mCD97   RVFQGQGLSTWQRCLIGYGVPLLIVAISMAVVKMDGYGHATYCWLDFRKQGFLWSFSGPVAFIIFCNAAIFVITVWKLTKKFSEINPNMKKLRKARVLTI  724
mEMR1   NYFSSRNIKMLHLCAFGYGLPVLVVIIS.ASVQPRGYGMHNRCWLNTET.GFIWSFLGPVCMIITINSVLLAWTLWVLRQKLCSVSSEVSKLKDTRLLTF  843
mEMR4   NYSNSGRFKKRFMYPVGYGLPAFIVAVS.AIAGHKNYGTHNHCWLSLHR.GFIWSFLGPAAAIILINLVFYFLIIWILRSKLSSLNKEVSTLQDTKVMTF  542
mETL    .VIYNKGFLHKNFYIFGYLSPAVVVGFS.ASLGYRYYGTTKVCWLSTEN.NFIWSFIGPACLIILVNLLAFGVIIYKVFRHTAGLKPEVSCYENIRSCAR  667

:        **  *  :*  * *      **    ***      *:*** **   **  *       :: :  :   :  ::       :  :

TM6               TM7          .
mCD97   TAIAQLLVLGCTWGFGLFLFNPHST....WLSYIFTLLNCLQGLFLYVMLCLLNKKVREEYWKWACMVTGSKYTEFNSSTTGTGTSQTRALRSSESGM  815
mEMR1   KAIAQIFILGCSWVLGIFQIGPLAS....IMAYLFTIINSLQGAFIFLIHCLLNRQVRDEYKKLLTRKTDLSSHSQTSGILLSSMPSTSKMG  931
mEMR4   KAIVQLFVLGCSWGIGLFIFIEVGKTVRLIVAYLFTIINVLQGVLIFMVHCLLNRQVRMEYKKWFHRLRKEVESESTEVSHSTTHTKMGLSLNLENFCPT  637
mETL    GALALLFLLGTTWIFGVLHVVHASV....VTAYLFTVSNAFQGMFIFLFLCVLSRKIQEEYYRLFKNVPCCFGCLR  739        

*:  :::** :* :*::             :*:**: * :** ::::  *:* :::: ** :                   :

mEMR4   GNLHDPSDSILPSTEVAGVYLSTPRSHMGAEDVNSGTHAYWSRTISD  689

B
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box. Consequently, this motif was named GPCR-proteolytic site. Other non-TM7 
membrane-associated proteins such as the sea urchin receptor for egg jelly protein 
(suREJ) and polycystin-1 also possess a GPS motif and are proteolytically processed 
at that site.38,39 A series of recent biochemical studies have confirmed the position of 
the cleavage site and demonstrated that the GPS motif is absolutely necessary but 
not sufficient to facilitate the cleavage reaction.40-42 Additional N-terminal sequences, 
but not the TM7 region, are required. EMR2 cleavage was only observed when the 
complete stalk region was present.41

Nearly all LNB-TM7 receptors have a GPS site and several have proven to be 
expressed at the cell surface as heterodimers.12,19,25,31,37,40,43,44 An exception might 
be EMR1, which has an imperfect GPS site, whose functionality still needs to be 
demonstrated. Although proteolytic processing of LNB-TM7 receptors is now generally 
acknowledged, the functional implications of a heterodimeric receptor structure are 
still elusive. Strikingly, ETL not only has a heterodimeric structure, but also associates 
pairwise at the cell surface.25

CHROMOSOMAL LOCALIzATION, GENE ORGANIzATION 
AND EvOLuTION

The EGF-TM7 family arose by gene duplication and exon shuffling
Table 2 summarizes the organization of human EGF-TM7 receptor genes. The 
structure of CD97, EMR1, EMR2, EMR3 and EMR4, and to a lesser extent ETL, is 
similar. Variability in exon numbers is mainly due to differences in the number of EGF 
domains. Except for ETL, all human EGF-TM7 receptor genes are located on the short 
arm of human Chromosome 19, within clusters in 19p13.1 (CD97, EMR2 and EMR3) 
and 19p13.3 (EMR1 and EMR4) (Fig. 3). These clusters, separated by approximately 
7.4 Mb, diverged by gene duplication in a common vertebrate ancestor as long as 250 

Table 2. Genomic organization of human EGF-TM7 receptors genes.

CD97 EMR1 EMR2 EMR3 EMR4 ETL
5’/SP 2 2 2 2 2 1
EGF 5 6 5 2 2 2
Stalk 6 6 6 5 5 6
TM7 5 5 5 5 5 5
C/3’ 2 2 2 2 2 1

Total 20 21 20 16 16 15

Depicted are the number of exons in relation to the 50-noncoding region and the signal peptide 
(5’/SP), the EGF domain region (EGF), the stalk region (Stalk), the TM7 region (TM7) and the 
cytoplasmic and 30-noncoding region (C/3’). The total number of exons is also given. Exon 
numbers have been derived from the human genome and references (24-26,28,30,80).
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million years ago.45 Close proximity of EMR1 and EMR4 (genes about 12 kb apart), 
as well as CD97, EMR3 and EMR2 (genes about 190 and 57 kb apart, respectively), 
suggests that additional rounds of gene duplication and diversification have contributed 
to the current extent of the EGF-TM7 family in man. The presence of Cd97, Emr1 
and Emr4 in the mouse indicates that these genes evolved prior to divergence of 
rodents and primates about 70 million years ago. The completion of further mammalian 
genomes should show whether EMR2 and EMR3 have evolved later on in primates or 
have been lost in rodents. The sequence of EMR2 (see below) favors a recent origin 
of this EGF-TM7 receptor.
The broad distribution of modules like EGF domains in vertebrate proteins is due to a 
mechanism known as exon shuffling.46 As a prerequisite, these modules need to be 
encoded by individual exons with compatible ends. Indeed, all EGF domains of EGF-
TM7 receptors are encoded by exons that start and stop after the first nucleotide of 
a codon. The presence of mobile modules clearly identifies EGF-TM7 receptors as 
modern animal proteins.

Figure 3. Location of human EGF-TM7 
receptor genes on the short arm of 
Chr 19. Two sections of the map in the 
19p13.3 and 19p13.1 region are shown. 
Numbers along scale bar indicate 
approximate distances (in Mb) from 
p-telomere. Several reference genes 
are given. EGF-TM7 family members 
are depicted in bold, with transcriptional 
orientation indicated by an arrow to the 
right of the name. Extents of homology 
to mouse chromosomes are shown 
by bars at far right. The ETL gene is 
localized on human Chr 1p32-p33 and 
mouse Chr 3, respectively.25 This figure 
has been adapted with kind permission 
from reference 24. (See also references 
20-23,28,31,45,79)
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Thus far, except for one gene in zebrafish (GenBank accession number AAH55171), 
EGF-TM7 receptors seem to be restricted to mammals. The gene found in zebrafish is 
most closely related to ETL emphasizing the (also for structure, chromosomal location 
and expression) secluded position of ETL within the EGF-TM7 family. Sequencing of 
other vertebrate genomes is required to define whether ETL indeed represents a more 
anciently evolved family member.

EMR2 represents an intermediate, closely related to both CD97 and EMR3
Molecular cloning of EMR2 surprisingly revealed a remarkable similarity with two other 
members of the EGF-TM7 family (Figs. 2, 4, Table 3).22 The amino acid sequence of the 
β part is 79% identical with that of EMR3. Due to this similarity, EMR3 was discovered 
by chance when primers designed to the TM7 region of EMR2 coamplified a related but 
not identical sequence.23 In contrast, the α subunit of EMR2 is highly similar to CD97 
(57% amino acid identity) and nearly identical for the signal peptide, the EGF domains 
(see above) and the most upstream part ofthe stalk region. The striking homology of 
EMR2 with CD97 and EMR3 suggests that this EGF-TM7 receptorevolved through a 
combination of gene duplication and gene recombination.

Inactivation of EMR4 in humans
EMR4 has changed during most recent evolution.24 Human EMR4 contains a one-
nucleotide deletion in exon 8 that results in termination of the translation product 
ahead of the TM7 region (Fig. 2). The frameshift mutation is not present in nonhuman 
primates, including chimpanzees, suggesting that EMR4 became nonfunctional only 
after human speciation. Molecular differences between humans and primates related 
to immunity are largely restricted to multi-gene families like the MHC or the NK 
cell receptors).47,48 EMR4 is the first single-copy gene that, on current evidence, is 
nonfunctional in humans but still potentially active in chimpanzees.

Table 3. Amino acid sequence identity (%) between EGF-TM7 family members. 

hCD97a mCD97 hEMR1 mEMR1 hEMR2 hEMR3 hEMR4 mEMR4 hETL

mCD97a 58
hEMR1 28 24
mEMR1 30 25 68
hEMR2 61 43 34 35
hEMR3 34 33 37 36 52
hEMR4 29 27 34 34 38 45
mEMR4 27 27 33 32 34 41 59
hETL 25 23 25 28 26 30 26 26
mETL 27 23 26 26 27 30 26 25 78

Identities higher than 50% are in bold. Pairwise alignments were performed with the ClustalW 
software. Human and mouse orthologues are indicated by the prefix h and m, respectively.
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ExPRESSION

EGF-TM7 receptors are predominantly expressed by hematopoietic cells
Receptors of the EGF-TM7 family are expressed by cells of the immune system and 
by smooth muscle cells. The expression of human and mouse CD97, mouse EMR1, 
human EMR2 and mouse EMR4 has been studied with monoclonal antibodies (mAbs), 
whereas data on the other family members are restricted to the transcription level. 
Three main patterns of cellular distribution can be distinguished between CD97, the 
EMR group and ETL (Table 1).
CD97 is broadly expressed, found on most hematopoietic cells, including activated 
lymphocytes, monocytes, macrophages, dendritic cells, and granulocytes.26,49-51 As yet, 
CD97 is the only EGF-TM7 receptor detected on lymphocytes. Rapid upregulation 
during lymphocyte activation initially led to the definition of CD97 as an activation 
marker.49,52 Expression on myeloid cells is to a lesser extent upregulated by cellular 
activation. Next to hematopoietic cells, smooth muscle cells abundantly express 
CD97.51

On current evidence, the expression of the four EMR molecules is restricted to myeloid 
cells. The EMR1 mAb (F4/80) has been used extensively by Gordon and coworkers in 
order to describe the mononuclear phagocyte system in the mouse18,53-56 (and references 
therein). Due to its characteristic presence on many tissue macrophages, EMR1 is 
broadly used as a defining marker of this cell type in the mouse. Monocytes (low levels), 
CD8- myeloid dendritic cells57,58, Langerhans cells and eosinophilic granulocytes59 also 

Figure 4. Phylogenetic trees of human and mouse EGF-TM7 family members. Amino acid 
sequence analysis has been performed separately for the extracellular α subunit and the TM7/
cytoplasmic β subunit. To avoid effects from domain number, only the first two EGF domains 
were included for alignment of the α subunits. Analysis was performed with the MEGA program 
(http://megasoftware.net) using the neighbor-joining method.
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express mouse EMR1. Other hematopoietic cells, as well as macrophages localized 
to T-cell areas, e.g., in the white pulp of the spleen, are F4/80-. Macrophage activation 
results in downregulation of mouse EMR1. Transcription data from human EMR1 are 
too limited for comparison. 
EMR2 is expressed on monocytes, tissue macrophages, dendritic cells and neutrophilic 
granulocytes (low levels).43 In contrast to the rather equally expressed CD97, presence 
of EMR2 on peripheral blood CD14+CD16- cells is lower than on the more mature 
CD14+CD16+ cells. Interestingly, BDCA4+ lymphoid dendritic cells also seem to express 
EMR2.24 Distribution of EMR3 is probably similar to EMR2 as revealed by the detection 
of transcripts in monocytes, macrophages and neutrophils.
Using a panel of mAbs, expression of mouse EMR4 has been demonstrated on 
monocytes, macrophages and CD8- myeloid dendritic cells.30 Expression is restricted to 
a subpopulation of these cell types and declines after cellular activation. Expression of 
EMR4 shows similarities to EMR1, which might be explained by coordinated regulation 
of the very closely located genes (see Fig. 3). However, unlike mouse EMR4, mouse 
EMR1 is found at much higher levels on macrophages compared with dendritic cells. 
Transcripts of human EMR4 have been detected, albeit at low levels, in monocytes 
and myeloid dendritic cells35; Matmati, unpublished observation.
In contrast to the other EGF-TM7 receptors, ETL is mainly expressed in smooth muscle. 
Rat ETL transcripts have been identified in cardiac myocytes and bronchiolar and 
vascular smooth muscle cells.25 Expression of ETL is not restricted to smooth muscle, 
as indicated by the identification of mouse ETL in a cDNA library of hematopoietic 
stem cells.32 We have found human ETL mRNA in the Blymphoblastic cell line Ramos, 
but have failed to detect it in any type of peripheral blood mononuclear cells (PBMC) 
(Kwakkenbos and Matmati, unpublished observation).

Aberrant expression of EGF-TM7 receptors at sites of inflammation
Increased CD97 expression has been implicated in several diseases linked with 
autoimmunity. In a descriptive study, expression of CD97 on brain tissue of patients 
with multiple sclerosis (MS) was compared with tissue of healthy controls.60 MS is a 
chronic inflammatory demyelinating disease of the central nervous system. While no 
CD97 staining was found in the white matter of healthy controls, infiltrating T cells, 
macrophages and microglia observed in tissue of MS patients expressed CD97.
Another study described the expression of CD97 in synovial tissue of patients with 
rheumatoid arthritis (RA).61 RA is a chronic inflammatory disease affecting synovial 
tissue in multiple joints. It is believed that the chronic inflammation seen in this disease 
is sustained by the interaction of fibroblast-like synoviocytes and macrophages.62 
Fibroblast-like synoviocytes are characterized by high expression of CD55, which is 
a ligand of CD97 (see next section). A close association between the CD97+ intimal 
macrophages and CD55+ fibroblast-like synoviocytes in RA synovium was observed. 
The interaction between CD97 and CD55 might therefore maintain and amplify synovial 
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inflammation and be accountable for the specific architecture of the intimal lining layer. 
Next to CD97, intimal macrophages also abundantly express EMR2.81

Increased expression of CD97 in the synovium is accompanied by detectable levels 
of soluble CD97 in the synovial fluid.19,61 The mechanism of CD97 release is not 
known but might include augmented matrix metalloproteinase activity in the synovium. 
Attempts to detect soluble CD97 in cerebrospinal fluid of MS patients or to correlate 
serum levels with CD97 expression on tumors failed.60,63

Expression of CD97 in malignancies
Initiated by the detection of CD97 in tumor cell lines of different origin, Aust and co-
workers investigated expression of CD97 and EMR2 in various epithelial tumors. 
CD97+ malignant cells were found in thyroid, colorectal, gastric, esophageal and 
pancreatic carcinomas.63,64 In the same tumor entities, little if any expression of EMR2 
was detectable.65,66

Investigation of CD97 in malignancies led to two interesting observations. Firstly, 
expression levels of CD97 are related to dedifferentiation and tumor stage as 
demonstrated in thyroid carcinomas.64 Secondly, different lines of evidence suggest 
a role of CD97 in tumor migration and invasiveness63,65: 1. Expression levels of CD97 
correlate with the in vitro migration and invasion capacity of colorectal tumor cell lines. 
2. Migration and invasiveness of the fibrosarcoma cell line HT-1080 can be increased 
two- to three-fold by inducing expression of CD97. 3. Scattered tumor cells at the 
invasion front of colorectal and gastric carcinomas are stronger CD97+ than tumor cells 
in solid formations of the same tumor.

LIGAND BINDING AND FuNCTION

EGF-TM7 receptors bind cellular ligands via their EGF domains
The ability of EGF domains to interact with other protein modules34 suggested that 
EGFTM7 receptors might be involved in cell-cell interactions. Indeed, cell adhesion 
studies have demonstrated that both lymphocytes and erythrocytes specifically bind to 
human CD97 transfectants. Generating a ligand-specific mAb, the ligand was identified 
as CD55/decay accelerating factor (DAF)67, a molecule that protects host cells from 
complement-mediated damage by accelerating the decay of C3/C5 convertases68. 
Erythrocytes deficient in CD55, due to either paroxysmal nocturnal hemoglobinuria 
(PNH) or the Inab phenotype, are not capable of adhering to CD97-transfected cells. 
Characterization of mouse CD97 demonstrated the interaction with CD55 to be 
phylogenetically restricted.26,27

A series of studies has verified the critical role of the EGF domains in CD55 binding 
26,67,69,70,82. Antibody blocking, domain deletion and domain swapping experiments 
showed that the first two EGF domains of CD97 mediate the interaction. A third, 
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tandemly arranged EGF domain is necessary for the structural integrity of the binding 
region. Interestingly, in human CD97 the presence of additional EGF domains reduces 
the binding affinity. Another remarkable observation is that EMR2 does not bind 
CD55.22,70 Although the first two EGF domains differ by only three amino acids from 
that of CD97, this small difference dramatically alters ligand specificity.
Many of the cell-cell interactions within the immune system are of low affinity and 
transient in nature.71 Surface plasmon resonance experiments confirmed this 
observation for the CD97-CD55 interaction.70 Contacts with human CD97(EGF1,2,5) 
are of low affinity (86 µM) and have a rapid off-rate (at least 0.6 s-1). Because of the 
expected low affinity, multivalent probes have been used in the search for ligands for 
the other EGF-TM7 receptors. Recombinant soluble protein of the extracellular part 
of EGF-TM7 receptors containing a biotinylation sequence was biotinylated in vitro 
and coupled to avidin-coated fluorescent beads. Multivalency increases the avidity of 
the molecular association allowing detection by flow cytometry and immunohistology. 
Use of this approach has resulted in localization of an EMR3 ligand at the surface 
of monocyte-derived macrophages and activated human neutrophils.23 A ligand for 
mouse EMR4 was detected on the B-lymphoma cell line A20.31 Recently, we identified 
chondroitin sulfate as ligand for the largest isoform of EMR2 and CD97.72,83 Chondroitin 
sulfate is a glycosaminoglycan side chain abundantly found as component of cell 
surfaces proteoglycans and in extracellular matrixes.73 Binding to chondroitin sulfate is 
mediated by the fourth EGF domain, whose amino acid sequence is identical in CD97 
and EMR2 and which is present only in the largest isoform of both molecules.
Differences in ligand specificity of CD97 and EMR2 isoforms raised the question 
whether alternative RNA splicing is regulated under physiological or pathological 
conditions. A first study addressing this problem failed to detect substantial variation in 
the ratio of human CD97 isoforms expressed by several cell types.74

A role for EGF-TM7 receptors in cell migration
The almost exclusive expression of most EGF-TM7 receptors on leukocytes strongly 
points to a role in immunity. The unusual structure of the α subunit and the ability 
of this region to bind cellular ligands suggest that this function might relate to cell 
adhesion and migration. Evidence for this assumption was provided when migration 
and invasiveness of tumor cells was found to correlate with CD97 expression (see 
above). In a recent investigation, we used a panel of newly generated mAbs to the EGF 
domain region of mouse CD97 to evaluate the function of CD97 in leukocyte migration 
in vivo.82 Because of their fast migration and their important role in the eradication 
of pathogens we choose neutrophils as a model system. In dextran sulfate sodium 
(DSS)-induced experimental colitis we showed that homing of adoptively transferred 
neutrophils to the colon was significantly delayed when cells were preincubated with 
CD97 mAb. The consequences of this defect in neutrophil migration for host defense 
became evident in a mouse model of Streptococcus pneumoniae-induced pneumonia. 
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Mice treated with CD97 mAb displayed a reduced granulocytic inflammatory infiltrate 
that was associated with a significantly enhanced outgrowth of bacteria in the lungs 
and a strongly diminished survival.
Different from infections, leukocyte recruitment is detrimental in autoimmune diseases 
like rheumatoid arthritis. We recently found that the severity of collagen-induced 
arthritis (CIA), a model of RA, was diminished in mice treated with CD97 mAb (Kop et 
al., manuscript in preparation). Together, these findings indicate an essential role for 
CD97 in leukocyte migration.
In vivo data on other EGF-TM7 receptors are scarce and limited to mouse EMR1. It 
has been reported that the release of inflammatory cytokines from spleen cell cultures 
exposed to heat-killed Listeria monocytogenes was inhibited by the mAb F4/80.75 
More recent investigation of EMR1-deficient mice, however, failed to detect defects 
in the defense of L. monocytogenes infection.76 Development of resident macrophage 
populations in EMR1-deficient mice was found to be normal.

Do EGF-TM7 receptors signal through G proteins?
Certainly the most important limitation in our understanding of EGF-TM7 receptors is the 
absence of data elucidating signal transduction. Several approaches to demonstrate 
signaling of EGF-TM7 receptors by either overexpression in reporter cell lines, 
stimulation with purified ligand molecules like CD55 or site-directed introduction of 
mutations that could give rise to constitutive activation in class B TM7 peptide hormone 
receptors77,78 have failed as yet (Garritsen, van Puijenbroek, van Elsas, Covineau 
and Laburthe, personal communication). This failure might be explained in different 
ways. One is that EGF-TM7 receptors might engage G-protein-independent signaling 
pathways. Through recent years, a growing number of nonclassical signaling cascades 
engaged by TM7 receptors have been reported.6,7 Secondly, EGF-TM7 receptors might 
facilitate cell-cell or cell-extracellular matrix interactions without engaging signaling 
cascades. Although possible, this option is unlikely as the TM7 regions resemble that 
of class B TM7 peptide hormone receptors, which are known to engage Gαs.

9
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CONCLuDING REMARKS

With completion of the human and mouse genome project, the search for new human 
EGF-TM7 receptors is finished. Draft sequences of other vertebrate genomes are 
forthcoming, which will hopefully shed more light on the evolution of the EGF-TM7 
family.
Structurally, EGF-TM7 receptors belong to the most complex TM7 molecules. 
Intracellular processing and transcriptional regulation give rise to heterodimeric 
surface expression and variable numbers of EGF domains. We are just beginning to 
understand the implications of these characteristics.
EGF-TM7 receptors are the only TM7 molecules hitherto known to bind cellular ligands. 
Several lines of evidence suggest a role in leukocyte migration. Better understanding 
of the physiological function and the underlying molecular mechanisms will depend 
on the generation and in-depth analysis of genetically modified mice. The relatively 
smaller size of the EGF-TM7 family in mice might thereby be an advantage as less 
molecular redundancy could be expected.
EGF-TM7 receptors are chimeric molecules consisting of an extracellular α subunit with 
the ability to bind cellular ligands and a TM7/cytoplasmic β subunit with the potential to 
induce intracellular signal cascades. Linking the action of both subunits at a molecular 
level will be the final challenge in EGF-TM7 biology.
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ABSTRACT

Objective: EMR2 and CD97 are closely related members of the epidermal growth 
factor (EGF)–TM7 family of adhesion class 7-span transmembrane (TM7) receptors. 
Chondroitin sulfates (CS) have recently been identified as ligands for EMR2 and 
CD97. CS have been implicated in the pathogenesis of rheumatoid arthritis (RA). 
We undertook this study to determine the expression of EMR2 and the distribution of 
EMR2 and CD97 ligands within RA synovial tissue (ST).
Methods: ST samples were obtained by arthroscopy from 19 patients with RA, 13 
patients with inflammatory osteoarthritis (OA), and 13 patients with reactive arthritis 
(ReA). Immunohistochemistry was performed with a monoclonal antibody against 
EMR2, and stained STs were analyzed by digital image analysis. Coexpression of 
EMR2 with cell lineage– and activation-specific markers was determined by double 
immunofluorescence microscopy. To evaluate the expression of EMR2 and CD97 
ligands in RA synovium, binding assays were performed using EMR2- and CD97- 
specific multivalent fluorescent probes.
Results: EMR2 expression in the synovial sublining was found to be significantly 
higher in RA patients compared with OA and ReA control patients. Most EMR2+ cells 
were macrophages and dendritic cells expressing costimulatory molecules and tumor 
necrosis factor α. Dermatan sulfate was shown to be the ligand of the largest isoforms 
of EMR2 and CD97 in rheumatoid synovium. In addition, the smaller isoforms of CD97, 
but not those of EMR2, bound CD55 on fibroblast-like synoviocytes.
Conclusion: The EGF-TM7 receptors EMR2 and CD97 are abundantly expressed on 
myeloid cells in ST of RA patients where their cognate ligands dermatan sulfate and 
CD55 are detected. These results suggest that these interactions may facilitate the 
retention of activated macrophages in the synovium. 
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Identification of the epidermal growth factor-TM7 
receptor EMR2 and its ligand dermatan sulfate in 
rheumatoid synovial tissue

INTRODuCTION

EMR2 and CD97 belong to the epidermal growth factor (EGF)–TM7 family of 
adhesion class 7-span transmembrane (TM7) receptors.1–3 The EGF-TM7 receptors 
are predominantly leukocyte-restricted cellsurface proteins that possess extended 
extracellular regions containing variable numbers of N-terminal EGF-like domains.4 
CD97 is found on a broad range of leukocytes5,6, whereas expression of EMR2 is 
restricted to myeloid cells, including monocytes, macrophages, dendritic cells (DCs), 
and granulocytes. Interestingly, the EGF domains of EMR2 and CD97 are nearly 
identical (97% amino acid identity)1, and due to alternative RNA splicing, isoforms with 
2, 3, 4, and 5 EGF domains are expressed. 
Increased expression of CD97 at sites of inflammation3 previously led us to investigate 
its distribution in rheumatoid arthritis (RA)7, and a close association was found between 
CD97+ macrophages and CD55+ fibroblast-like synoviocytes in the intimal lining layer. 
This observation suggests a possible role of the CD97–CD55 interaction in macrophage 
retention and activation at this site. Interestingly, aberrant CD97 expression in the 
synovium is accompanied by detectable levels of soluble CD97 in the synovial fluid.3,7

The EGF-TM7 receptors interact via the EGF domains with cellular ligands.4 Recently, 
both EMR2 and CD97 have been shown to bind chondroitin sulfate (CS) through 
EGF domain 4.8 In addition, EGF domains 1 and 2 of CD97, but not those of EMR2, 
specifically interact with CD55.1,9,10 Thus, the composition of the EGF domain region 
defines the ligand specificity of EMR2 and CD97 isoforms. Whereas CS is exclusively 
bound by the largest isoform of both molecules8, the affinity for CD55 varies with the 
different isoforms of CD97.10,11 
CS is a class of glycosaminoglycan (GAG) that is abundantly present both in extracellular 
matrix and in the synovial fluid of RA patients.12 CS occurs in a number of forms varying 
in site and degree of sulfation. Three types are recognized: CSA, CSB (dermatan 
sulfate), and CSC. Dermatan sulfate is an isomer of chondroitin 4-sulfate in which a 
variable number of glucuronic acid residues are replaced with iduronic acid. Several 
changes in GAG expression in synovial tissue (ST) and cartilage of RA and osteoarthritis 
(OA) patients have been described. In ST of RA patients, dermatan sulfate has been 
shown to be the primary molecular species of CS in inflammatory areas compared 
with fibrotic areas, where CSA/C expression dominates.13 Basic activity of the disease 
and proliferation of the synovium correlate with an increased percentage of dermatan 
sulfate of the total GAG content in the synovium.14 Furthermore, RA chondrocytes are 
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known to synthesize an increased proportion of proteoglycans, enriched in dermatan 
sulfate.15 Recently, it was shown that infiltrating cells can bind GAGs in rheumatoid 
ST.16 Importantly, ST from healthy individuals or from patients who had joint trauma did 
not exhibit GAG binding. 
We hypothesized that the interaction between EMR2 and CS is involved in the retention 
of inflammatory cells in the inflamed synovium. To test this hypothesis, we investigated 
the expression of EMR2 as well as that of CD97 and identified their ligands in ST. 

PATIENTS AND METHODS

Patient selection
Nineteen patients with RA and active arthritis of the knee joint underwent synovial 
biopsy. All patients fulfilled the American College of Rheumatology (formerly, the 
American Rheumatism Association) 1987 revised criteria for the classification of 
RA.17 In addition, synovial biopsy specimens were obtained from 13 patients with 
inflammatory OA and from 13 patients with reactive arthritis (ReA) of the knee joint. 
Laboratory assessment included measurement of serum levels of rheumatoid factor 
and the erythrocyte sedimentation rate.

Specimen collection
Biopsy specimens were obtained from the knee joint with a Parker-Pearson needle, 
as previously described.18 The different tissue samples (at least 6 per patient) were 
processed as described previously in detail.19

Immunohistology and double immunofluorescence
All patients were studied for expression of EMR2 and CD97 and for coexpression of 
EMR2 with CD68 or tumor necrosis factor α (TNFα). In 7 RA patients, 4 OA patients, 
and 4 ReA patients with marked expression of EMR2 in their ST, doublelabeling 
experiments were performed for EMR2 in combination with CD3, CD22, CD38, CD40, 
CD55, CD80, CD83, and CD86.
Serial sections were stained with monoclonal antibodies (mAb) against EMR2 (2A1; 
final concentration 1.7 µg/ml) or CD97 (CLB-CD97/3, directed against the stalk region 
of CD97; final concentration 2.5 µg/ml) or with mAb CLBCD97/1 (directed against the 
first EGF domain of both EMR2 and CD97; final concentration 5 µg/ml)20 as previously 
described.19.21 Briefly, following a primary incubation step for 1 hour at room temperature, 
bound mAb was detected by a 3-step immunoperoxidase method using horseradish 
peroxidase (HRP)–conjugated goat anti-mouse antibody (Dako, Glostrup, Denmark), 
HRP-conjugated swine anti-goat antibody (BioSource International, Camarillo, CA), 
and aminoethylcarbazole (AEC; Vector, Burlingame, CA). In negative control sections, 
the primary mAb was replaced by an appropriate isotype control mAb.
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To stain for coexpression of TNFα and EMR2, EMR2 was detected as described above. 
After development with AEC and preincubation with mouse serum (Central Laboratory of 
The Netherlands Red Cross Blood Transfusion Service, Amsterdam, The Netherlands), 
an anti-TNFα mAb (clone Mab1; PharMingen, Alphen aan den Rijn, The Netherlands) 
was added to the slides, followed by HRP-conjugated goat antimouse antibody (Perkin 
Elmer, Boston, MA), biotinylated tyramide (Dako), and streptavidin–alkaline phosphatase 
(Dako), and finally developed by the addition of FastBlue (Vector).
Using double immunofluorescence techniques, we determined the expression of EMR2 
on B cells, T cells, macrophages, DCs, fibroblast-like synoviocytes, and cells that 
express costimulatory molecules. The staining procedure was modified from a previously 
described method.22 First, EMR2 mAb (IgG1) was incubated on serial sections, followed 
by incubation with tetramethylrhodamine isothiocyanate (TRITC)–conjugated goat anti-
mouse IgG1 (BioSource International). Then, after incubation of the slides with mouse 
serum, fluorescein isothiocyanate (FITC)–conjugated anti-CD3 (clone SK7; Becton 
Dickinson, Verviers, Belgium), anti-CD22 (clone Rfb-4; BioSource International), anti-
CD38 (clone HIT2; PharMingen), anti-CD55 (clone IA10; PharMingen), or anti-CD86 
(clone 2331; PharMingen) mAb were applied. For the detection of CD40 (clone 5L3; 
PharMingen) and CD80 (clone L307.4; PharMingen), the signal was augmented by 
subsequently adding rabbit anti-FITC antibody (Dako), HRPconjugated swine anti-rabbit 
antibody (Dako), biotinylated tyramide, and streptavidin-FITC (Dako). CD83 expression 
was detected using an IgG2a mAb (HB15A; Immunotech, Montreal, Quebec, Canada), 
followed by biotin-conjugated goat anti-mouse IgG2a antibody (Nordic, Tilburg, The 
Netherlands) and streptavidin-FITC.
EMR2 staining in combination with CD68 was performed by incubating sections with 
anti-CD68 mAb (clone PG-M1, IgG3; Dako) and EMR2, followed by incubation with 
FITC-conjugated goat anti-mouse IgG3 antibody (Nordic) and TRITC-conjugated 
goat anti-mouse IgG1 antibody (Nordic).23,24 The sections were examined under a 
fluorescence photomicroscope (Leitz, Wetzlar, Germany).

Microscopic and digital image analysis
To evaluate staining for EMR2 and CD97, digital image analysis was used as previously 
described.25 All sections were coded and analyzed in a random order by an independent 
observer (ENK) who was blinded to the clinical diagnoses. Slides were analyzed in two 
ways. First, the number of EMR2+ or CD97+ cells per mm2 was counted. Since ST of 
RA patients is characterized by an increase in cell numbers, higher expression of EMR2 
and CD97 could theoretically only be related to higher cell numbers. Therefore, we also 
calculated the integrated optical density (IOD) per cell (expressed as IOD/nucleus/mm2).
Coexpression of EMR2 with CD3, CD22, CD38, CD40, CD55, CD68, CD80, CD83, CD86, 
and TNFα was quantified by having 2 independent observers (GJDT and ENK) count 
at least 50 and, if possible, up to 200 EMR2+ cells. The percentage of double-staining 
cells was noted. The percentages were stratified into 5 groups: 0–5%, 6–25%, 26–50%, 
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51–75%, and 76–100%. Conversely, we also counted the cells that were positive for CD3, 
CD22, CD38, CD40, CD55, CD68, CD80, CD83, CD86, and TNFα and that coexpressed 
EMR2. If there were <15 cells positive for any of these markers per section, the results 
were discarded to prevent disproportionately high percentages. TNFα expression was 
measured separately for the intimal lining layer and the synovial sublining. 

Generation of multivalent fluorescent probes
Generation of EMR2- and CD97-specific multivalent fluorescent probes was performed 
as described previously.8 Briefly, sequences encoding the EGF domain regions of 
EMR2 and CD97 isoforms were cloned upstream of the coding sequence for truncated 
mouse IgG2b and the peptide recognition sequence for the Escherichia coli biotin 
holoenzyme synthetase BirA. HEK 293 cells were then transfected with 40 µg DNA 
per 175-cm2 flask and cultured for 5 days in conditioned Opti-MEM 1 medium (Life 
Technologies, Paisley, UK). Secreted soluble recombinant protein was purified using 
a protein A column (Sigma-Aldrich, St. Louis, MO) and biotinylated using the BirA 
enzyme (Avidity, Denver, CO) according to the manufacturer’s protocol. Biotinylated 
proteins were aliquoted and stored at 80°C after quantification by the Bradford assay.
To generate multivalent probes, 10 µl of avidin-coated fluorescent beads (Spherotech, 
Libertyville, IL) was washed with phosphate buffered saline (PBS)/0.5% bovine serum 
albumin and incubated with saturating amounts (>1 µg) of biotinylated recombinant 
protein. After 1 hour, nonbinding protein was removed by washing with PBS. The 
bead–protein complexes were sonicated immediately before use.

Binding assays with multivalent fluorescent probes
Slides were thawed, fixed in acetone, washed in ice-cold PBS, and preincubated 
with pooled human serum to prevent nonspecific binding. The different bead–protein 
complexes (10 µl complex plus 40 µl PBS) were added to the ST sections. After 
incubation for 1 hour at 4 °C, unbound protein–bead complexes were removed by 
washing with PBS. To determine the specificity of the binding, slides were pretreated 
with 50 µl 0.8 units/ml chondroitinase AC or B (Sigma-Aldrich), 50 µl anti-CD55 mAb 
(CLB-CD97/L1 [9]; 10 µg/ml), or 50 µl 5 mM EGTA for 30 minutes before addition of 
the beads. Furthermore, beads were preincubated with 50 µl chondroitin sulfate A, B, 
or C (10 µg/ml; Sigma-Aldrich) before addition to the slides. Slides were coverslipped 
after addition of 100 µl of Vectashield (Vector) or Imsol-Mount (Klinipath, Duiven, 
The Netherlands). Two microliters of 4’,6-diamidino-2-phenylindole (5 mg/ml; Sigma-
Aldrich) was added per slide for nuclear staining.

Statistical analysis
Means and SDs were calculated, and the Kruskal-Wallis test was used to compare 
measures between all diagnostic groups (RA, OA, and ReA). The Mann-Whitney U 
test was used to compare differences between 2 groups.
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RESuLTS

Patients
Clinical data on the patients are presented in Table 1. The mean duration of disease 
was 58 months (range 1–336 months) in RA patients, 57 months (range 2–240 months) 
in OA patients, and 11 months (range 1–42 months) in ReA patients.

Increased EMR2 expression in rheumatoid ST
Figure 1 depicts representative images of the distribution of EMR2 and CD97 in the 
ST of patients with RA and OA. Figure 2 shows the distribution of EMR2 and CD97, 
expressed as IOD/nucleus/mm2, in the ST of patients with RA, OA, and ReA. EMR2 
was expressed in the intimal lining layer and synovial sublining of all patients with 
RA, 12 of 13 patients with OA, and 11 of 13 patients with ReA. EMR2 expression was 
significantly higher in the synovial sublining of RA patients compared with OA and 
ReA control patients, even after correction for cell numbers (P <0.002). A similar trend 
was noted in the intimal lining layer, although the difference did not reach statistical 
significance. EMR2 expression did not correlate with measures of disease activity 
(data not shown).
Expression of EMR2 was generally more restricted compared with that of CD97. 
Detection of CD97 with the monospecific mAb CLB-CD97/3 showed expression in all 
compartments of the synovium, but particularly in the lymphocyte aggregates and in 
the intimal lining layer. This expression pattern was similar to the CD97 staining pattern 
we observed in a previous study7, in which we used CLB-CD97/1 (directed to the first 
EGF domain), which is cross-reactive with EMR2.
Considering the great similarity between the staining patterns of CLB-CD97/1 and 
CLB-CD97/3, and in light of the fact that CD97 expression is much more abundant 
than EMR2 expression, we might conclude that this cross-reactivity did not significantly 
affect the staining pattern.

Expression of EMR2 by activated macrophages and DCs in ST
While CD97 is found on most hematopoietic cells, expression of EMR2 has been shown 

RA patients
(n = 19)

OA patients
(n = 13)

ReA patients
(n = 13)

Sex (no. males/females)
Age (years, mean ± SD) 
RF (no. pos./neg.)*
ESR (mm/h, mean ± SD)*

6/13
58 ± 12

13/6
30 ± 15

3/10
74 ± 9
1/12

25 ± 18

8/5
45 ± 15

1/12
18 ± 13

Table 1. Clinical features of rheumatoid arthritis, osteoarthritis, and reactive arthritis patients 
included in the study. 

* RF = rheumatoid factor; ESR = erythrocyte sedimentation rate.
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to be restricted to cells of the myeloid lineage (2,5,6,20). To gain more insight into the 
distribution of EMR2 in inflamed synovium, we determined which cells express EMR2 
by performing double staining with markers for macrophages (CD68), DCs (CD83), T 
cells (CD3), B cells (CD22), plasma B cells (CD38), fibroblast-like synoviocytes (CD55), 
and cells expressing costimulatory molecules (CD40, CD80, CD86) or the inflammatory 
cytokine TNF (Table 2). These experiments enabled us to determine whether EMR2 
has a similar expression pattern in various arthritides. First, we studied EMR2 cells 
and counted the percentage of cells that also showed staining for phenotypic markers 
(Table 2). Second, cells defined by the expression of phenotypic markers were studied 
to determine coexpression of EMR2 (Table 3).
In all patient groups, expression of EMR2 was mainly restricted to macrophages and 
DCs (Table 2). Little if any expression was found on fibroblast-like synoviocytes or 
lymphocytes in any form of arthritis. A significant proportion of macrophages in all 
groups expressed EMR2 (Table 3). 
To study the activation state of the cells expressing EMR2, double staining for 
costimulatory molecules and TNF α was performed. Of the EMR2+ cells in RA ST, a 
mean ± SD of 34 ± 8% coexpressed CD40, 23 ± 8% coexpressed CD80, and 7 ± 0.1% 
coexpressed CD86. Furthermore, 50 ± 6% of the EMR2+ cells in RA ST expressed 

Figure 1. Expression of EMR2 and CD97 in synovial tissue from patients with rheumatoid arthritis 
(A and B) and osteoarthritis (C and D). Sections were stained with monoclonal antibody (mAb) 
2A1 for EMR2 (A and C), with mAb CLB-CD97/3 for CD97 (B and D), and with control Ig (E). 
Monostaining peroxidase technique was used, followed by counterstaining with Mayer’s hemalum. 
(Original magnification x200)
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TNFα, irrespective of the localization in the intimal lining layer of the synovial sublining. 
The above results indicate that EMR2+ cells in the synovium are either activated 
macrophages or mature DC’s.

Dermatan sulfate in ST is a ligand of the largest isoforms of EMR2 and CD97
Having demonstrated the expression of EMR2 and CD97 in rheumatoid ST, we 
aimed to detect the ligands of these members of the EGF-TM7 family in situ in the 
synovium. Therefore, we generated multivalent probes. Recombinant soluble protein 
of the extracellular part of EMR2 and CD97 was biotinylated in vitro and coupled to 
avidin-oated fluorescent beads. Isoform-specific beads enabled us to study the ligand 
distribution of all isoforms of EMR2 and CD97 in RA, OA, and ReA synovial tissue.
The largest isoforms, EMR2(EGF1,2,3,4,5) and CD97(EGF1,2,3,4,5), broadly 
bound throughout the entire synovial sublining in a largely similar manner (Figure 
3). However, the staining obtained using the other isoforms clearly differed between 
EMR2 and CD97. Whereas no ligands for EMR2(EGF1,2), EMR2(EGF1,2,5), and 
EMR2(EGF1,2,3,5) were detected (results not shown), CD97(EGF1,2,5) and, to a 
lesser extent, CD97(EGF1,2,3,5) specifically attached to the intimal lining layer. No 
apparent difference in the ligand distribution was observed between RA, OA, and ReA 
(results not shown).

Figure 2. Expression of EMR2 and CD97 in the intimal lining layer and synovial sublining of 19 
patients with rheumatoid arthritis (RA), 13 patients with osteoarthritis (OA), and 13 patients with 
reactive arthritis (ReA), shown as integrated optical density per nucleus per mm2 (IODp/nucleus/
mm2). Monoclonal antibody (mAb) CLB-CD97/1 recognizes both EMR2 and CD97, while mAb 
2A1 and CLB-CD97/3 are monospecific. Horizontal bars represent median values. * = P<0.002.
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To confirm that EMR2 and CD97 isoform beads bind to their specific ligands, control 
experiments were performed (Figures 3 and 4). The addition of EGTA prevented 
binding of all EMR2 and CD97 isoforms, emphasizing that ligand interactions were 
mediated through the EGF domains. It has been previously documented that the 
smaller isoforms of CD97 bind CD559, which is a defining marker of synovial fibroblast-
like synoviocytes in the intimal lining layer.26 Incubating the synovium with an anti-CD55 
mAb prior to the addition of beads completely prevented binding (Figures 3B and D). 
In addition, we found that CD97(EGF1,2,5) beads, but not control beads, bound to in 
vitro–cultured fibroblast-like synoviocytes (results not shown). The largest isoforms of 
CD97 and EMR2 have been recently shown to bind dermatan sulfate.8 The specificity 
of this interaction was confirmed by a clear decrease in bead binding after addition 
of chondroitinase B or after pretreating the beads with dermatan sulfate (Figure 4). 
While preincubating the slides with chondroitin sulfate A had no effect, pretreatment 
with chondroitinase AC or chondroitin sulfate C resulted in a decrease in bead binding. 

Table 2. Co-expression of phenotypic markers by EMR2+ cells in synovial tissue from patients 
with rheumatoid arthritis, osteoarthritis, and reactive arthritis. 

Marker
% of EMR2+ cells coexpressing (n)

RA patients OA patients ReA patients

CD68 51-75 (16) 51-75 (8) 51-75 (10)
CD83 6-25 (3) 6-25 (2) 6-25 (3)
CD3 0-5 (7) 0-5 (4) 0-5 (4)

CD22 0-5 (7) 0-5 (4) 0-5 (4)
CD38 0-5 (7) 0-5 (4) 0-5 (4)
CD55 0-5 (7) 0-5 (4) 0-5 (4)
CD40 26-50 (6) 6-25 (4) 26-50 (3)
CD80 26-50 (3) 26-50 (2) 26-50 (2)
CD86 6-25 (3) 0-5 (3) 0-5 (2)
TNF-α 26-50 (8) 26-50 (5) 51-75 (4)

Table 3. Expression of EMR2 by various cell types in synovial tissue from patients with rheumatoid 
arthritis, osteoarthritis, and reactive arthritis. 

Cell type
% of EMR2+ cells coexpressing (n)

RA patients OA patients ReA patients

CD68+ 26-50 (15) 26-50 (10) 26-50 (10)
CD83+ 6-25 (3) 6-25 (1) 6-25 (2)
CD3+ 0-5 (5) 0-5 (2) 0-5 (3)
CD22+ 0-5 (5) 0-5 (4) 0-5 (2)
CD38+ 0-5 (7) 0-5 (4) 0-5 (4)
CD55+ 0-5 (7) 0-5 (4) 0-5 (4)
CD40+ 26-50 (6) 6-25 (3) 26-50 (3)
CD80+ 26-50 (3) 6-25 (3) 6-25 (2)
CD86+ 6-25 (6) 0-5 (2) 0-5 (3)
TNF-α 6-25 (12) 6-25 (4) 6-25 (4)
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These observations are consistent with previously reported data. In conclusion, we 
can state that the largest isoforms of EMR2 and CD97 bind specifically to dermatan 
sulfate, while the smallest and intermediate isoforms of CD97 bind CD55 in RA ST.

DISCuSSION

Rheumatoid synovium is characterized by intimal lining layer hyperplasia and marked 
infiltration of the synovial sublining by inflammatory cells.27 The intimal lining layer is 
formed by two types of cells: intimal macrophages expressing the EGF-TM7 receptor 
CD97 and fibroblast-like synoviocytes expressing its ligand CD55.7 The cells mainly 
found in the synovial sublining are macrophages, T cells, and plasma cells, in addition 
to lower numbers of B cells, mast cells, natural killer cells, DCs, and neutrophils.27 The 
importance of macrophages is supported by the clinical observation that macrophage 
numbers in the synovium are associated with clinical signs of disease activity28, as well 
as by the success of therapies targeting macrophagederived cytokines.
In RA, two-thirds of the intimal lining layer is formed by macrophages, which are thought 
to be recruited from bone marrow–derived monocytes from the bloodstream and which 
subsequently enter the synovial sublining through the vascular endothelium. These cells 
might be trapped by fibroblast-like synoviocytes as well as by extracellular matrix components. 
In the present study, we confirmed previous observations suggesting that the CD97/CD55 
pair might be involved in the interaction between intimal macrophages and fibroblastlike 
synoviocytes, thereby supporting the specific architecture of the intimal lining layer.7

The current investigation focused on the distribution of the related EGF-TM7 receptor 
EMR2.1 EMR2 was detected on intimal macrophages as well as on macrophages and 
DCs in the synovial sublining. Interestingly, expression in RA was higher than in OA 
and ReA. These observations are consistent with earlier findings demonstrating that 
EMR2 expression is restricted to the myeloid lineage, with the highest levels on more 
mature cells.20 A substantial proportion of EMR2 macrophages in RA were found to be 
activated, as shown by coexpression of costimulatory molecules such as CD40 and 
CD80 and the inflammatory mediator TNF. Whether macrophages are activated as a 
consequence of EMR2 expression remains to be shown.
To localize ligands of EMR2 and CD97 in RA ST, we used multivalent probes 
generated by coupling biotinylated recombinant soluble protein (derived from the 
extracellular part of the receptors) to avidin-coated fluorescent beads. This approach, 
originally developed by Brown et al.29, has been very helpful in the analysis of cell–cell 
interactions within the immune system.30 We applied this technique here for the first 
time in an investigation of pathologic tissue. Specificity was convincingly demonstrated 
by binding of CD97(EGF1,2,5) and, to a lesser extent, CD97(EGF1,2,3,5) beads to 
CD55 on fibroblast-like synoviocytes. The intensity of staining was in accordance with 
known affinities between CD55 and different CD97 isoforms.10,11
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Beads loaded with the largest isoform of EMR2 or CD97 bound extracellular matrix in 
the synovial sublining. Dermatan sulfate is abundantly expressed in the extracellular 
matrix of inflamed ST.31 The observed binding pattern of EMR2(EGF1,2,3,4,5) and 
CD97(EGF1,2,3,4,5) fits this extracellular matrix distribution pattern. The varied 

Figure 4. Evidence that dermatan sulfate is the ligand of the largest isoform of EMR2 in synovial 
tissue. Shown is the binding of green immunofluorescent beads loaded with recombinant soluble 
protein of the extracellular part of the largest isoform of EMR2 after pretreatment of the slides 
with A, medium, B, chondroitinase B, C, chondroitinase AC, D, chondroitin sulfate A, E, dermatan 
sulfate, and F, chondroitin sulfate C (see Results). Cell nuclei were stained with 4,6-diamidino-2-
phenylindole. The largest isoform of EMR2 bound specifically to dermatan sulfate as illustrated 
by ablation of bead binding after pretreatment with dermatan sulfate or chondroitinase B. (Original 
magnification 400x)

Chapter 3

Figure 3. Localization of EMR2 and CD97 ligands in rheumatoid arthritis synovial tissue. Shown 
is the binding of green immunofluorescent beads coated with recombinant soluble protein of the 
extracellular part of A, the largest isoform of EMR2, B, the intermediate isoform of CD97, C, the 
largest isoform of CD97, and D, the smallest isoform of CD97 (see Results). Small panels show 
control binding in the presence of anti-CD55 monoclonal antibody and EGTA. Cell nuclei were 
stained with 4,6-diamidino-2-phenylindole. (Original magnification 400x)
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molecular structure of dermatan sulfate is determined by a number of factors, including 
polysaccharide chain length, iduronic acid placement, and sulfation.32 Variability is tightly 
regulated in a tissue- and cell type–specific manner, generating complex subregional 
heterogeneity.33 For example, it has been suggested that in OA cartilage, the sulfation 
of the terminal residues of dermatan sulfate is altered.34 Conceivably, such changes in 
sulfation might alter the capacity of synovial dermatan sulfate to bind to receptors such 
as EMR2 and CD97.
Using specific mAb, Worrall and colleagues previously showed that dermatan sulfate 
in normal synovium is homogeneously distributed throughout the interstitium.13 In ST 
of RA patients, however, dermatan sulfate is especially found in the deeper layers 
underlying the intimal lining layer. Previous research has shown that the expression of 
dermatan sulfate is positively correlated with basic activity of RA and proliferation of
the synovium.14 The results presented here support the notion that increased or 
altered expression of dermatan sulfate might be involved in the retention of activated 
EMR2+ macrophages and DCs in the synovium, promoting synovial inflammation. 
Consistent with this view, involvement of CD97 in leukocyte infiltration has recently 
been demonstrated in an animal model of colitis as well as in a model of streptococcal 
infection.35 We are currently investigating the molecular mechanism by which CD97 
and EMR2 affect leukocyte migration.
Taken together, these results indicate that upregulation of dermatan sulfate might 
facilitate the recruitment and/or retention of leukocytes in the inflamed synovium. In this 
process, CD97, which is present on all leukocytes (especially on activated lymphocytes 
and monomyeloid cells), can function as a primary dermatan sulfate receptor. EMR2, 
expressed by activated macrophages and DCs, may serve as a second dermatan 
sulfate receptor contributing to the massive increase in the numbers of both types of 
cells in rheumatoid ST.
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ABSTRACT

Objectives: Previous work has suggested a role for the EGF-TM7 receptors CD97 
and CD312 (EMR2) in the pathogenesis of arthritis. There are as yet no data on their 
family member EMR3. We undertook this study to determine the expression of EMR3 
in peripheral blood (PB), synovial fluid (SF), and synovial tissue (ST), and to assess 
the effect of SF and various cytokines on EMR3 expression in vitro.
Methods: ST samples were obtained from patients with rheumatoid arthritis (RA), 
psoriatic arthritis (PsA), and inflammatory osteoarthritis (OA). EMR3 was detected 
by immunohistochemistry, and stained sections were evaluated by digital image 
analysis. Co-expression of EMR3 with cell-lineage markers was determined by double 
immunofluorescence microscopy. Expression of EMR3 in paired PB and SF leukocyte 
samples of arthritis patients was analyzed by flow cytometry. Neutrophils incubated 
with EMR3 mAb were analyzed for adhesion, rolling and clustering on TNFα-activated 
endothelial cells in a flow chamber model.
Results: EMR3 was expressed by granulocytes and dendritic cells (DCs) in inflamed 
ST. SF granulocytes expressed significantly more EMR3 than PB granulocytes. EMR3 
expression on blood cells increased after addition of RA SF. Stimulation of granulocytes 
with TNFα, CXCL8 (IL-8), or GM-CSF also resulted in an increase in EMR3 expression. 
Ligation of EMR3 does not affect neutrophil mediated rolling.
Conclusions: EMR3 is the first EGF-TM7 receptor that is mainly expressed on 
neutrophils. Its expression in the inflamed synovial compartment and its induction by 
SF and specific pro-inflammatory cytokines suggest that EMR3 plays a role in synovial 
inflammation.
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EMR3, a member of the EGF-TM7 receptor family: a 
possible role in regulating synovial neutrophils and 
dendritic cells of patients with rheumatoid arthritis, 
psoriatic arthritis, and inflammatory osteoarthritis

INTRODuCTION

Rheumatoid arthritis (RA) is a chronic inflammatory disease that mainly targets the 
synovial membrane, cartilage, and bone.1-3 Joints affected by RA are characterized 
by an influx of inflammatory cells in synovial tissue (ST)4 and dramatically elevated 
numbers of leukocytes (predominantly neutrophils) in the synovial fluid (SF)5,6. 
Neutrophils have great capacity to inflict tissue damage by producing degradative 
proteinases, cytokines (amongst others TNFα, IL-1, IL-15, IL-16, and IL-18), and 
reactive oxygen species, contributing to joint destruction and signs and symptoms 
associated with inflammation.7 Commonly used disease-modifying antirheumatic 
drugs (DMARDs) like methotrexate and anti-TNF affect neutrophil function, implying 
a functional role of neutrophils in perpetuating the chronic inflammation in ST of RA 
patients. 8,9 However, little is known about the molecular mechanisms involved in the 
neutrophils’ contribution to the inflammatory process in the synovial compartment.
EMR3 is a molecule with an as yet unknown function that is expressed predominantly by 
mature granulocytes and, to a lower extent, by CD16-positive monocytes and myeloid 
dendritic cells (DCs).10,11 Its tissue distribution has not been determined yet. A ligand for 
EMR3 was described to be located at the surface of monocyte-derived macrophages 
and activated granulocytes.10 EMR3 is a member of the EGF-TM7 family of Adhesion-
type G-protein-coupled receptors (GPCRs), consisting of CD97, EMR1, EMR2, EMR3, 
and EMR4.12 Epidermal growth factor (EGF)-like domains at the N-terminus of CD97 
and EMR2 have been demonstrated to bind cellular ligands.13-15

Previous research has shown CD97 and EMR2 and their ligands CD55 and chondroitin 
sulfate to be upregulated in ST of RA patients.16,17 Furthermore, CD97 antibody treatment 
in a mouse model for RA, collagen-induced arthritis (CIA), proved beneficial.18 Both 
CD97- and CD55-negative mice have increased resistance to actively and passively 
induced arthritis (CIA and K/BxN serum transfer model).19 Functional studies suggested 
that CD97 may be involved in granulocyte migration.20,21 EMR2 has been implicated 
in potentiating the inflammatory response of neutrophils by augmenting the effects 
of proinflammatory mediators. Furthermore, ligation of EMR2 increased neutrophil 
adhesion to endothelium and migration.22

Since CD97 and EMR2 and their ligands are both abundantly expressed in RA, we 
studied the expression of EMR3 in the synovial compartment of RA patients and 
other arthritides in situ as well as the effect of SF and pro-inflammatory cytokines on 
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its expression in vitro. Furthermore, given the potential role of EMR2 and CD97 in 
leukocyte trafficking, we investigated the effects of EMR3 antibody binding in an in vitro 
flow model of cell migration. 

PATIENTS AND METHODS

Patients
Ten patients with RA23, 10 patients with psoriatic arthritis (PsA)24, and 10 patients with 
inflammatory osteoarthritis (OA) underwent synovial biopsy; all patients had active 
arthritis. In addition, paired blood samples and SF samples were collected from 9 RA 
patients and 16 non-RA patients with active arthritis. The study was approved by the 
local medical ethics committee, and written informed consent was obtained from all 
patients.

Specimen collection
Biopsy specimens were taken from the knee joint with a Parker-Pearson needle. The 
different tissue samples (at least 6 per patient) were processed as described previously 
in detail.25

Antibodies
The following monoclonal antibodies (mAbs) directed against EGF-TM7 receptors 
were used: 3D7 (anti-EMR3), 2A1 (anti-EMR2), and 1B5 (anti-CD97) were generated 
previously in our laboratory11,13,14,26; MEM180 (anti-CD97) was a kind gift of Prof. Vaclav 
Horejsi (Prague, Czech Republic). 

Immunohistology and double immunofluorescence
ST of 10 RA, 10 PsA, and 10 inflammatory OA patients was studied for the expression of 
EMR3. Serial frozen tissue sections were stained with mAb 3D7 against EMR3 (biotin-
labeled F(ab’)2 fragment, dilution 1:20). In brief, following a primary incubation step 
for 1h at room temperature, bound mAb was detected by a 4-step immunoperoxidase 
method using streptavidin-horse radish peroxidase (HRP) (Dako, Glostrup, Denmark), 
biotinylated tyramide (Dako), streptavidin-HRP, and amino ethylcarbazole (AEC) 
(Vector, Burlingame, CA). In negative control sections, biotin-labeled 3D7 F(ab’)2 
fragment was replaced by non-labeled 3D7 F(ab’)2 fragment.
Using double immunofluorescence techniques, we determined the expression of EMR3 
on T cells, macrophages, myeloid DCs, granulocytes, and fibroblast-like synoviocytes 
in ST of 8 RA patients. The staining procedure was modified from a previously 
described method.27 First, 3D7 (biotin-labeled F(ab’)2 fragment) was incubated on serial 
tissue sections, followed by incubation with streptavidin-HRP, biotinylated tyramide 
(Perkin Elmer Life Sciences, Boston, MA) and streptavidin-tetramethylrhodamine 
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isothiocyanate (TRITC) (Zymed laboratories, San Francisco, CA). Then, fluoresceine 
isothiocyanate (FITC)-conjugated mAb to CD3 (clone SK7; Becton Dickinson, Franklin 
Lakes, NJ), CD55 (clone M2192; CLB, Amsterdam, The Netherlands), or BCDA1 
(CD1c) (clone AD5-8E7; Miltenyi Biotec, Bergisch Gladbach, Germany) was applied. 
CD15 (clone C3D-1; Dako) and CD68 (clone EBM11; Dako) expression was detected 
using an ALEXA 488-conjugated goat anti-mouse mAb (clone A11001; Invitrogen, 
Breda, The Netherlands) as secondary reagent. Stained sections were examined 
under a fluorescence photomicroscope (Leica, Wetzlar, Germany).

Microscopic and digital image analysis
To evaluate staining for EMR3, digital image analysis was used, as previously 
described.28

Co-expression of EMR3 with cellular markers was quantified by counting up to 100 
EMR3+ cells by two independent observers. The mean percentage of double-staining 
cells was noted. The percentages were stratified in 5 groups: 0%, 1-25%, 26-50%, 
51-75%, and 75-100%. Conversely, we also counted the cells positive for CD1c, CD3, 
CD15, CD55, and CD68 co-expressing EMR3. 

Flow cytometry
To study whether EMR3 and its family members are expressed on SF cells, fresh SF 
and corresponding blood samples of 9 RA and 16 non-RA patients were analyzed 
immediately after they were obtained in a 2-step staining procedure as described 
previously in detail.29 In summary cells were incubated with appropriate concentrations 
of mAbs directed against CD97 isoforms (biotin-labeled 1B5, non-labeled MEM180), 
EMR2 (biotin-labeled 2A1), and EMR3 (biotin-labeled 3D7 F(ab’)2 fragment). Mouse 
IgG1 (unlabeled), mouse IgG2a (biotin-labeled), and hamster Ig (biotin-labeled) were 
used as controls (all Pharmingen, San Diego, CA). Secondly cells were incubated with 
allophycocyanin (APC)-conjugated streptavidin, or phycoerythrin (PE)-labeled goat 
anti-mouse. All samples were treated with Lysis buffer (BectonDickinson, San Diego, 
CA) according to the manufacturer’s instructions. Cells were analyzed on a dual laser 
flow cytometer (FACSCalibur, BectonDickinson). Data analysis was performed using 
Cellquest software (BectonDickinson). Geometric mean fluorescence intensity (MFI) 
was measured. 

In vitro stimulation of whole blood cells by SF and chemokines
To determine whether factors in SF regulate EMR3 expression, blood samples of 
healthy donors were incubated with frozen pooled SF (n=3, pools with 5 patients 
per pool) or fresh SF (n=1) for 30 or 60 min, and analyzed for EMR3 expression. 
Furthermore, we stimulated blood cells of healthy donors with 0.01 μg/ml CXCL8 
(n=9), TNFα (n=7), GM-CSF (n=9), SDF (n=2), IL-1β (n=3), or IL-6 (n=3) to determine 
whether EMR3 upregulation would occur. If upregulation occurred stimulation with 
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different concentrations was performed. (0.001, 0.01, 0.1, and 0.5 μg/ml) for 30 or 60 
min (n=4-6). Values are expressed as fold increase, in which the medium control is 
defined as 1. All stimulation experiments were done in triplo. Cells were analyzed by 
flow cytometry. 

Isolation of neutrophils
Neutrophils were isolated by the isotonic Ficoll gradient method (Pharmacia, Uppsala, 
Sweden). All preparations contained > 95% neutrophils.

Endothelial cells
Human umbilical vein endothelium cells (HUVECs) were isolated from human umbilical 
cord veins according to Jaffe et al.30 with some minor modifications31. Cell monolayers 
were grown to confluence in 5-7 days. Endothelial cells of the second or third passage 
were used in perfusion assays. HUVECs was activated by 100 U/ml TNFα (5-7 h, 
37°C) before the perfusion experiments.32

Perfusion chamber
Perfusions under steady flow were performed in a modified form of transparent parallel 
plate perfusion chamber.33 This microchamber has a slit height of 0.2 mm and width 
of 2 mm. The chamber contains a circular plug on which a coverslip with confluent 

HUVECs was mounted. 

Neutrophil perfusion and evaluation
Neutrophils were incubated with mAbs (10 μg/ml) against EMR3, L-selectin (DREG 
56; positive control), or HLA-A, -B, -C (W6/32; negative control) at 37°C during 20 min. 
The individual runs occurred all in a 37°C temperature box. Perfusion experiments 
were recorded on video tape. The neutrophil suspension was perfused during 5 min at 
a shear stress of 3 dyn/cm2. To automatically determine the percentage of rolling cells, 

custom-made software was developed in Optimas 6.1.32 Furthermore, video images 
were evaluated for the number of adhered cells with a Quantimet 570C image-analysis 
system (Leica Cambridge LTD). 

Statistics
EMR3 expression on ST was compared using the Kruskal-Wallis test for non-parametric 
measures. Difference in expression of CD97, EMR2, and EMR3 on SF cells versus 
blood cells was analyzed by the Wilcoxon matched pair test, since the Kolmogorov-
Smirnov test showed non-Gaussian distribution. Expression of EMR3 on blood cells 
after cytokine stimulation was expressed as fold increase of medium control and 
analyzed by one way ANOVA for repeated measures test, and if this was significant, 
followed by a paired t-test.
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RESuLTS

Patients
Clinical data on the patients are presented in Table 1. 

EMR3 is expressed in ST of patients with inflammatory arthritis by granulocytes 
and myeloid dendritic cells
Figure 1A,B depicts a representative example of the distribution of EMR3 in ST of a 
patient with inflammatory arthritis. EMR3 staining was present in all ST compartments, 
albeit scarcely. EMR3 was expressed in ST of patients with RA, PsA, and inflammatory 
OA. No significant difference in mean counts per mm2 was noted (mean ± SEM: RA 
122.6 ± 36.2, PsA 136.6 ± 49.0, and OA 59.5 ± 18.7; P = 0.3) (Figure 1C).
To determine which cell types express EMR3, RA ST was double-stained with 
markers for T cells (CD3), neutrophils (CD15), macrophages (CD68), DCs (CD1c), 
and fibroblast-like synoviocytes (CD55). EMR3-positive cells were either neutrophils 
or myeloid DCs (Table 2). Of the neutrophils 51-75% was EMR3-positive, while 26-
50% of the DCs expressed EMR3 (Table 2). T cells, macrophages, and fibroblast-like 
synoviocytes did not express EMR3.

Table 1. Clinical features of rheumatoid arthritis (RA), osteoarthritis (OA), and psoriatic arthritis 
(PsA) patients included in the histological study and of RA and a heterogenous group of non-RA 
patients analyzed for expression on paired blood versus synovial fluid cells.

RA patients
(n = 18)

OA patients
(n = 10)

PsA patients
(n = 10)

Non-RA patients
(n = 16)

Sex (no. males/females) 6/12 2/8 7/3 6/10
Age (years, mean ± SD) 55 ± 13 70 ± 10 49 ± 14 43 ± 18
RF (no. pos./neg.)* 16/2 2/8 0/10 1/8, 7 ND*
CRP (mg/l, mean ± SD)* 52 ± 41 24 ± 35 14 ± 13 58 ± 69

* RF = rheumatoid factor; CRP = C-reactive protein; ND = not done

Cell type
 

Marker
 

Percentage of cells 
positive for EMR3

Percentage of EMR3-
positive cells coexpressing 

the cell type marker

T cells CD3 0% (n=4) 0% (n=4)
Neutrophils CD15 51-75% (n=6) 26-50% (n=6)
Macrophages CD68 0% (n=4) 0% (n=4)
Myeloid dendritic cells CD1c 26-50% (n=4) 1-25% (n=4)
Fibroblast-like synoviocytes CD55 0% (n=3) 0% (n=3)

Table 2. Expression of EMR3 by various cell types in synovial tissue.
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All EGF-TM7 receptor family members are upregulated on SF cells compared to 
blood cells
To study whether EGF-TM7 receptor family members are upregulated on SF immune 
cells, we compared expression of EMR3, CD97, and EMR2 on blood cells with fresh 
SF cells in patients with active arthritis by FACS analysis (Figure 2A-C). On SF-derived 
immune cells, expression of the EGF-TM7 receptors was increased. In general, no 
different expression patterns were observed between RA compared to non-RA 
patients. 
EMR3 was predominantly expressed by granulocytes and to a lesser extent by 
monocytes. This is in concordance with previously published results.11 Granulocytes 
on SF cells expressed significantly more EMR3 than their blood cell counterparts 
(Figure 2A). 
To analyze expression of CD97, two mAbs were used: one recognizing the stalk region 
of CD97 and thus all isoforms of CD97 (MEM180), the other binding the fourth EGF 
domain present only in the largest isoform of CD97 (1B5). Both antibodies detected 
CD97 on lymphocytes, monocytes, and granulocytes. In SF, all measured cell types 

RA OA PsA
0

200

400

600

m
ea

n 
co

un
ts

 p
er

 m
m2

Figure 1. EMR3 is expressed in inflamed 
synovial tissue (ST). A-B: Representative 
example of EMR3 expression in ST of patients 
with RA (A). Sections were stained with biotin-
labeled monoclonal antibody (mAb) 3D7, non-
labeled 3D7 was used as control. Bound mAb 
was detected by a 4-step immunoperoxidase method using streptavidin-horse radish peroxidase, 
biotinylated tyramide, streptavidin-HRP, and amino ethylcarbazole (AEC) (original magnification x 
200 and x 400). C: Quantification of EMR3 staining in ST of patients with rheumatoid arthritis (RA, 
n=10), osteoarthritis (OA, n=10), and arthritis psoriatica (PsA, n=10). No statistical difference in 
mean counts per mm2 was found.
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expressed significantly more CD97 than the cells derived from blood in both RA and 
non-RA groups (Figure 2B and data not shown). 
EMR2 was predominantly expressed on monocytes, consistent with previous 
observations.34 A significant increase in the expression on SF-derived immune cells as 
compared to blood cells was observed for both monocytes and granulocytes (Figure 
2C). 

Figure 2. EMR3 (A) and its family members CD97 (B) and EMR2 (C) are upreglated on synovial 
fluid (SF)-derived immune cells compared to blood-derived immune cells. Expression of CD97 
was detected with an antibody recognizing all isoforms (MEM180). Values represent mean 
fluorescence intensity (MFI) based on the geometric mean revealed by flow cytometry. Results of 
patients with RA are depicted in the left panels, those of non-RA patients are depicted in the right 
panels. Filled symbols present blood derived cells, open symbols cells from SF. Data points of the 
same patient are connected by a line. * indicates statistical significance P < 0.05. 
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EMR3 expression on blood-derived granulocytes increases after stimulation 
with SF of RA patients likely due to the presence of pro-inflammatory cytokines
To determine whether EMR3 upregulation of SF-derived granulocytes might be the 
consequence of environmental factors (i.e. factors in SF), blood cells of healthy donors 
were stimulated with fresh RA SF (n=1) or with pools of previously frozen RA SF (n=3, 
5 patients per pool). Upregulation of EMR was found after 30 and 60 min. The mean 
fold increase ± SEM was 1.3 ± 0.1 (P<0.05) (data not shown). 
We next tested whether pro-inflammatory cytokines that are abundantly present in SF 
of RA patients35 increase the expression of EMR3 in vitro. Upon stimulation with the 
cytokines TNFα, GM-CSF, and CXCL8, all potent primers and activators of human 
neutrophils, EMR3 expression on granulocytes augmented in a dose-dependent 
manner after stimulation for 30 or 60 min (Figure 3). Stimulation with SDF, IL-1β, and 
IL-6 had no effect on EMR3 expression (data not shown).

Figure 3. Inflammatory mediators increase the expression of EMR3 on granulocytes. Whole 
blood granulocytes were stimulated for 30 min (open bars) or 60 min (striped bars) with (A) TNFα 
(n=5), (B) GM-CSF (n=6), and (C) CXCL8 (n=4) and subsequently analyzed by flow cytometry. 
EMR3 expression is depicted as fold increase related to non-stimulated cells. * indicates statistical 
significance P < 0.05.
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Figure 4. EMR3 does not affect rolling (A), adhesion (B), or clustering (C) of neutrophils on TNFα-
stimulated human umbilical vein endothelium cells (HUVEC). Neutrophils were perfused over 
TNFα-activated HUVEC in an in vitro flow chamber model, and adhesion, clustering, and rolling 
were measured. Each experiment (n = 3) was performed in duplo or triplo. Shown are the mean 
values. Data of the same experiment are connected by lines.
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The EMR3 mAb 3D7 does not affect rolling, adhesion, or clustering of granulocytes 
on endothelial cells under flow conditions
Having shown that EMR3 expression on SF-derived neutrophils is augmented, we 
decided to investigate whether the EMR3 mAb used in this study affects the ability 
of neutrophils to roll or adhere on endothelium, i.e. affects the initial phases of cell 
migration into the tissue. No differences between the negative control antibody and 
3D7 were observed in rolling, adhesion or clustering (Figure 4A-C).

DISCuSSION

This is the first study on the expression, distribution, and functional role of EMR3 in 
human arthritis. We found that EMR3 is expressed in ST of all patients with arthritis, 
irrespective of the disease etiology. While the pathogenesis of RA, OA, and PsA is 
different, EMR3 expression patterns in ST from patients suffering from these diseases 
was comparable.36-39 Therefore, EMR3 may exert an effect in a common final effector 
pathway in joint inflammation. 

The cell types expressing EMR3 in inflamed joints were mainly neutrophilic granulocytes 
and, to a lesser extent, myeloid DCs and monocytes. This is in accordance with a 
previous study demonstrating that EMR3 expression in peripheral blood is limited 
to granulocytes and few other cells derived from myeloid precursors, mainly CD16 
(FcγRIII)-positive peripheral blood monocytes.11 Importantly, EMR3 could not be 
found on RA synovial macrophages. It seems possible that in inflamed joints EMR3 
expression is lost during maturation of monocyte into macrophage. Alternatively, 
EMR3-expressing monocytes may be more likely to differentiate into myeloid DCs than 
into macrophages. 

In ST of patients with arthritis, relatively few neutrophils are present, and in general, 
these neutrophils are located in the inflamed ST at the interface of cartilage with 
pannus.4 In contrast, accumulation of polymorphonuclear leukocytes in SF is a hallmark 
of arthritis.5 In RA, neutrophils can constitute more than 90% of the cellular exudate 
in SF.6 Yet their role in pathogenesis is incompletely understood. They may simply be 
responding to chemoattractants generated by other cells or alternatively may have a 
more primary role in promoting inflammation within the joint. 

It has previously been reported that in RA SF-derived neutrophils have a more 
active phenotype compared to blood neutrophils.7 By secretion of myeloperoxidase, 
elastase, lysozyme, collagenase, acid hydrolases, matrix metalloproteinases, IL-1β, 
and prostaglandins, neutrophils potentiate inflammation in the adjacent synovium 
and promote joint destruction. Furthermore, the secretion of the chemoattractants 
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platelet-activating factor (PAF) and leukotriene B4 (LTB4) facilitates recruitment of 
more neutrophils to the SF compartment.7,40 Together, these effects add to elevated 
levels of proinflammatory cytokines in the SF.35 We found that EMR3 is significantly 
upregulated on SF-derived granulocytes and propose that this upregulation is due to 
the inflammatory micro-environment in the SF. This proposition is substantiated by the 
fact that 1) SF derived from RA patients increases EMR3 expression levels on human 
blood-derived neutrophilic granulocytes and 2) TNFα, GM-CSF, and CXCL8 all exert a 
similar EMR3-increasing effect on these cells. 

TNFα, GM-CSF, and CXCL8 are all potent activators of human neutrophils. 
Thus, expression of EMR3 is upregulated by cytokines that are involved in neutrophil 
activation and influx in inflamed joints. In conjunction with the fact that two other EGF-
TM7 molecules, CD97 and EMR2, are thought to be involved in leukocyte trafficking18,22, 
it seems conceivable that this increased EMR3 expression is instrumental in neutrophil 
migration in arthritis. The EMR3 mAb used in this study did not affect the initial steps 
of neutrophil migration in vitro. 

In this study we show that the related EGF-TM7 receptors CD97 and EMR2 are also 
expressed on immune cells in SF. Previously, we hypothesized that macrophages in 
RA might get trapped in the ST by interaction of CD97 and EMR2 with their ligands 
CD55 and dermatan sulfate.16,17 The observation that neutrophils in SF express vast 
quantities of EMR2 and CD97, in combination with the sparse presence of granulocytes 
in ST, indicates that interaction of EMR2 and CD97 and their ligands alone is not 
sufficient for neutrophils to accumulate in ST.
In summary, the EGF-TM7 receptor EMR3 is the first EGF-TM7 family member that 
is mainly expressed on neutrophils, and, except for low level expression on myeloid 
DCs, is virtually absent from other cells in inflamed joints. Its expression in the inflamed 
synovial compartment and its induction by SF and specific pro-inflammatory cytokines 
suggest that EMR3 plays a role in synovial inflammation.
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ABSTRACT

CD97 is a large heptahelical EGF-TM7 receptor broadly expressed on hematopoietic 
cells as three isoforms with respectively three, four, or five epidermal growth factor 
(EGF)-like domains. We here describe the expression characteristics of CD97 on 
human lymphocyte subsets. We found CD97 to be present on all lymphocytes in blood 
and lymphoid tissue. Expression of CD97 on B cellswas lower compared to T and NK 
cells and did not differ between B-cell subsets. In CD4+ T cells, CD97 expression was 
higher on memory cells compared to naive cells. In CD8+ T and NK cells, we found 
a downregulation of CD97 on cytolytic effector cells. Stimulation through CD3 and 
CD28 resulted in a rapid upregulation of CD97 in all T-cell subsets within 2–4 h. A link 
between CD97 expression and lymphocyte proliferation was established in NK cells, 
which markedly upregulated CD97 in response to IL-2 and IL-15. Mixed lymphocyte 
cultures revealed a limited ability of the stalk region-specific monoclonal antibody CLB-
CD97/3 to inhibit CD8+ and CD4+ allogeneic T-cell proliferation.
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Differential expression of CD97 on human 
lymphocyte subsets and limited effect of CD97 
antibodies on allogeneic T-cell stimulation

INTRODuCTION

Human CD971–3 is a member of the EGF-TM7 family of adhesion class heptahelical 
receptors4, further consisting of EMR15, EMR26, EMR37, and EMR48. At the cell 
surface, EGF-TM7 receptors are expressed as non-covalently associated dimers, 
consisting of a large extracellular α- and a seven-transmembrane (TM7) β-chain.9 The 
extracellular chain possesses at its N-terminus tandemly arranged epidermal growth 
factor (EGF)-like domains. Due to alternative RNA splicing, CD97 is expressed as 
three isoforms containing three (EGF1,2,5), four (EGF1,2,3,5), or five (EGF1,2,3,4,5) 
EGF-like domains. The extracellular region of CD97 contains binding sites for 
cellular ligands as first demonstrated for EGF domain 1 and 2, which bind CD55, the 
decay-accelerating factor for complement.10 Affinity for CD55 differs between CD97 
isoforms and is highest for CD97(EGF1,2,5) and lowest for CD97(EGF1,2,3,4,5).11,12 
Another ligand, the glycosaminoglycan chondroitin sulfate B, also known as dermatan 
sulfate, interacts with EGF domain 4, which is only present in the largest isoform 
CD97(EGF1,2,3,4,5).13-15 Finally, the integrins α5β1 (VLA-5) and, possibly, ανβ3 bind a 
RGD motif in the stalk region of human CD97.16 
EGF-TM7 receptors are expressed on leukocytes.4 CD97 was originally identified as an 
early activation antigen on lymphocytes.1,17 Later studies detected CD97 on almost all 
types of leukocytes as well as on normal and malignant epithelial and muscle cells.18-21 
Two recently generated CD97-deficient mice were essentially normal at steady state, 
except for a mild granulocytosis, which increased under inflammatory conditions.22,23 
Treatment of wild-type mice with monoclonal antibodies (mAbs) in various disease 
models suggested a role for CD97 in granulocyte trafficking.24-26 While these in vivo 
studies mainly focused on the role of CD97 on granulocytes, a detailed description of 
CD97 on lymphocytes is still lacking. Recently, Spendlove and colleagues reported 
that CD97 can act as a costimulatory ligand modulating the activation of human CD4+ 
T cells through CD55.27 In a subsequent study, CLB-CD97/1, a mAb to the first EGF 
domain of CD97, was shown to block proliferation and IFN-γ production of both CD4+ 
and CD8+ T-cell clones, co-cultured with peptide-pulsed autologous monocytes.28

Based on the different function and compartmentalization of lymphocyte subsets, 
knowledge on the expression of CD97 could provide additional clues on the role of 
CD97 in adaptive immunity. By using mAbs to EGF domain 1, EGF domain 4, and the 
stalk region, we here assessed the surface expression of human CD97 on subsets of 
T, B, and NK cells in blood and in different lymphoid compartments. In addition, we 
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evaluated the ability of these mAbs that selectively block CD97-ligand interactions in 
vitro to interfere with allogeneic lymphocyte proliferation in mixed lymphocyte cultures 
(MLCs). 

MATERIALS AND METHODS

Cells
Heparine-treated blood samples and buffy coats were obtained fromhealthy volunteers. 
Bone marrow samples were obtained from patients who underwent a diagnostic biopsy 
and whose bone marrow turned out to be normal. Tonsils were obtained from patients 
who underwent therapeutic tonsillectomy. Small parts of spleen that had been obtained 
from organ transplant donorswere received from the tissue typing laboratory and could 
be used for scientific research according to paragraph 13 of the Dutch Law for Organ 
Donation. Splenic parts, containing both red and white pulp, and tonsil partswere 
minced and then rubbed over a 70-µm gauze. Isolated cells from tonsil, spleen, and 
bone marrowwere suspended in IMDM supplemented with 10% fetal calf serum (FCS), 
before Ficoll-Isopaque PLUS (Amersham Bioscience, Freiburg, Germany) density 
gradient centrifugation to purify the mononuclear cells. The study was approved by the 
local medical ethics committee and written informed consents were obtained where 
applicable.

Monoclonal antibodies
Three CD97-specific mAbs, all biotinylated, were used: CLBCD97/1 (mouse IgG2a, 
directed against EGF domain 1), 1B5 (hamster IgG2, directed against EGF domain 
4), and CLB-CD97/3 (mouse IgG1, directed against the stalk region).10,13 In addition, 
directly labeled mAbs with the following specificity were used: CD3-FITC, CD4-PE/APC/
PECy5.5, CD8-PE/APC/PECy5.5, CD11a-APC, CD19-PECy5.5, CD38-PE, CD49d-
PE, CD56-PE, CD103-PE, IgD-FITC (all Becton Dickinson, San Jose, CA), CD11a-
APC (Imgen, The Netherlands), CD27-FITC (Immunotools, Friesoythe, Germany), 
and CD45RA-PE (Beckman Coulter, Fullerton, CA). FITC-, PE-, APC-, and PECy5.5-
labeled mouse IgG1 (Becton Dickinson), biotinylated mouse IgG1 and IgG2a (Caltag 
Laboratories, Burlingame, CA), and biotinylated hamster IgG (Southern Biotech, 
Birmingham, AL) were used as isotype controls. Streptavidin-APC/PE (Pharmingen, 
San Diego, CA) was applied as second step reagent.

Flow cytometry
All flow cytometry was performed on a FACSCalibur (Becton Dickinson) using 
standard procedures. Leukocyte subpopulations were defined based on their 
forward and sideward scatter characteristics. To detect the expression of CD97 
on different lymphocyte subtypes, cells were first incubated with biotinylated CD97 
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mAbs at saturating concentrations. In a second step, the samples were incubated 
with lymphocyte subset-specific mAbs along with streptavidin-APC or streptavidin-
PE. Prior to cytometry, erythrocytes were lysed using FACS lysing solution (Becton 
Dickinson). All incubation steps were performed on ice. Data were analyzed 
using Cellquest software (Becton Dickinson). To measure apoptosis, cells were 
harvested and washed in icecold HEPES buffer (10mM HEPES, 150mM KCl, 1mM 
MgCl2, and 1.3mM CaCl2, pH 7.4) supplemented with 1mg/ml glucose and 0.5% 
BSA. Cells were then incubated with APC-labeled Annexin V (ImmunoQuality 
Products, Groningen, The Netherlands) (diluted 1:200 in HEPES buffer) for 30min 
andwashed in HEPES buffer. Just before analysis of the samples by flowcytometry, 
propidium iodide (PI)was added (final concentration 5 µg/ml) to distinguish necrotic 
cells (annexinV−/PI+) from early apoptotic cells (annexinV+/PI−) and late apoptotic 
cells (annexinV+/PI+).

Stimulation assay
Peripheral blood mononuclear cells (PBMCs)were isolated from heparine-treated 
blood samples by centrifugation over a Ficoll-Paque PLUS density gradient. Cells 
were incubated for 4 h in IMDM supplemented with 10% FCS at 37 °C and 5% CO2. 
Agonistic mAbs against CD3 (1XE)29 and CD28 (15E8)30 were added at concentrations 
of 1:1000 and 5 µg/ml, respectively. Expression of CD97 on the CD4+ and CD8+ 
T-cell subsets was assessed by flow cytometry. NK cells were isolated from PBMC 
through negative depletion of monocytes and non-NK lymphocytes using the NK cell 
isolation kit of Miltenyi (Bergisch Gladbach, Germany). Cells were incubated in culture 
medium in the presence or absence of 50 ng/ml recombinant human IL-2, IL-12, IL-15, 
or IL-18 (R&D Systems Inc., Minneapolis, MN). After 3 days, expression of CD97 was 
assessed by flow cytometry.

Mixed lymphocyte culture
Experiments were performed as described previously.31 In short, frozen PBMCs, 
isolated from buffy coats by density gradient centrifugation, were thawed, pelleted, and 
resuspended at a final concentration of 10 × 107 cells/ml in phosphate buffered saline 
(PBS). Cells were labeled with 2.5 µM (final concentration) 5-(and 6)-carboxyfluorescein 
succinimidyl ester (CFSE; Molecular Probes Europe BV, Leiden, The Netherlands) for 
10 min at 37 °C. Subsequently, cells were washed in Hank’s Balanced Salt Solution 
(Bio Whittaker, Verviers, Belgium) supplemented with 0.025M Tris (hydroxymethyl) 
aminomethane, 100 U/ml sodium penicillin G (Brocades Pharma BV, Leiderdorp, The 
Netherlands), 100 µg/ml streptomycin sulfate (Gibco BRL, Paisley, Scotland), and 5% 
FCS (Intero, Zaandam, The Netherlands) (wash medium) and resuspended in IMDM 
supplemented with antibiotics as above, 3.57 × 10−4 % β-mercaptoethanol (Merck), 
and 10% heat-inactivated human pooled serum (BioWhittaker) (culture medium). 
50,000 CFSE-labeled responder cells were incubated with 50,000 gamma-irradiated 
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(3000 rads) allogeneic or autologous stimulator PBMC at 37 °C and 5% CO2 in 96-
well round-bottom culture plates in a final volume of 170 µl of culture medium/well. 
CD97-directed or control antibodies were added at a final concentration of 10 µg/ml. 
Isotype-matched control antibodies were F23-49 (IgG2a, mouse-anti Mycobacterium 
tuberculosis), F24-2 (IgG1, mouse-anti M. tuberculosis), both kind gifts from Dr. A.H. 
Kolk (Royal Tropical Institute, Amsterdam, The Netherlands), and purified hamster Ig 
(Tebu-bio, Heerhugowaard, The Netherlands).
After 6 days, the cells were harvested and analyzed by flow cytometry. CD4bright and 
CD8bright T cells, which retained maximal CFSE fluorescence, were presumed to be non-
dividing and therefore designated as non-responding cells. CD4bright and CD8bright T 
cells that lost any CFSE fluorescencewere presumed to have undergone at least one 
cell division and were therefore designated as alloreactive CD8+ T cells. Calculation 
of precursor frequencies was performed as described.32 Since allogeneic proliferation 
of T cells differs with every stimulator-responder combination, most summary results 
are expressed as normalized ratios, i.e. results from the allogeneic stimulations in the 
absence of antibodieswere set at 100%.

Granzyme B ELISA
Granzyme B was measured by ELISA (CLB, Amsterdam, The Netherlands) following 
manufacturer’s instructions. Except for B cells, CD97 expression on the investigated 
cells was normally distributed as assessed by the D’Agostino-Pearson omnibus 
normality test. Consequently, differences between the groups were analyzed using the 
Student’s t-test or the one way ANOVA test followed by a Tukey’s post test. Data for 
the B-cell subsets in peripheral blood and tonsil were analyzed with the Kruskal–Wallis 
test followed by a Dunn’s post test. Differences between modes of MLC stimulations 
were analyzed by repeated measure ANOVA, and, if significant, subsequent Student’s 
t-tests.
In all experiments, a P value smaller than 0.05 was considered statistically significant. 
Statistical analyses were performed using the GraphPad Prism 4 and 5 statistical 
package (GraphPad Software Inc., San Diego, CA).

RESuLTS

All lymphocytes in blood and lymphoid organs express CD97
As a first step,we assessed the expression of CD97 on peripheral blood lymphocytes. 
This was done by using mAbs binding three distinct epitopes of CD97 (Fig. 1A). 
BecauseCD97 is readily upregulated on lymphocytes17, we stained whole blood 
samples to limit activation resulting from isolation procedures. Cells were analyzed by 
flow cytometry, and lymphocyte populations were defined based on the expression of 
CD19 (B cells), CD3 (T cells), and CD56 (NK cells), respectively. CD97 was expressed 
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on almost all lymphocytes, albeit markedly lower compared to myeloid cells like 
granulocytes and monocytes (Fig. 1B and C). Staining with CLB-CD97/1 and CLB-
CD97/3, which both recognize all three isoforms of CD97, was comparable, although 
the later mAb has a higher affinity for CD97.33 The largest and least abundant isoform 
CD97(EGF1,2,3,4,5), specifically recognized by the mAb 1B5, was hardly detectable 
on most lymphocytes except for B cells in some donors (Fig. 1B and C). Among 
lymphocytes, T and NK cells expressed more CD97 than B cells. Expression levels of 
CD97 on NKT cells, defined by expression of a Vα24/Vβ11 TCR, was comparable to T 
and NK cells (data not shown).

Figure 1. Expression of CD97 on lymphocytes in peripheral blood and lymphoid organs.
A, Schematic structure of the largest isoform of human CD97 possessing five EGF domains. 
Indicated are the binding sites of the mAbs CLB-CD97/1, 1B5, and CLB-CD97/3 within EGF 
domain 1, EGF domain 4, and the stalk region, respectively. Next to full-length CD97, smaller 
isoforms exist that are designated CD97 (EGF1,2,5) and CD97 (EGF1,2,3,5) (see Section 1). 
While CLB-CD97/1 and CLB-CD97/3 recognize all CD97 isoforms, binding of 1B5 is restricted 
to CD97 (EGF1,2,3,4,5). B, Expression of CD97 on peripheral blood leukocytes assessed with 
CLB-CD97/1 (grey bars), CLB-CD97/3 (black bars), and 1B5 (open bars). Lymphocytes were 
subdivided into B cells (B; CD19+), T cells (T; CD3+CD56−), and NK cells (NK; CD3−CD56+). 
Granulocytes (G) and monocytes (M) were defined based on forward and sideward scatter 
characteristics. Values are mean fluorescence intensities (MFI, based on the geometric mean) 
± SD from ≥ eight donors. Control antibodies did not exceed a geometric MFI of 5. C, Histogram 
plots for the binding of CLB-CD97/1, CLB-CD97/3, and 1B5 on lymphocytes in blood. Shown 
here is a donor with a relatively strong expression of the largest isoform CD97 (EGF1,2,3,4,5) 
on B cells. Gray histograms show control Ig staining. D, Expression of CD97 on lymphocytes 
in bone marrow, spleen, and tonsil. Analysis was performed as for blood cells in five (bone 
marrow), two (spleen), or five (tonsil) donors, respectively. Control antibodies did not exceed a 
geometric MFI of 5.
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Next, we tested if the expression of CD97 differed between blood lymphocytes and 
lymphocytes located in different lymphoid organs. As shown in Fig. 1D, bone marrow, 
spleen, and tonsil lymphocytes expressed CD97. While expression on B and T cells 
was largely comparable with the situation in blood, we observed a higher expression 
on NK cells in all three compartments. 

Figure 2. Expression of CD97 on 
lymphocyte subsets in peripheral blood 
and tonsil. 
A, CD19+ peripheral blood B cells 
(B) were subdivided, based on the 
expression of CD27 into CD27− naive 
B cells (N) and CD27+ memory B cells 
(M) (upper left panel). CD19+ tonsilar 
B cells (B) were subdivided, based on 
the expression of CD38 and IgD, into 
IgD+ naive B cells (N), IgD−CD38++ 
germinal center B cells (GC), and 
IgD−CD38+ memory B cells (M) (lower 
left panel). Expression of CD97 was 
assessed with CLB-CD97/1 (grey 
bars), CLB-CD97/3 (black bars), and 
1B5 (open bars) (right panels). Values 
are mean fluorescence intensities 
(MFI, based on the geometric mean) ± 
SD for ≥ eight donors (blood) and five 
donors (tonsil). Control antibodies did 
not exceed a geometric MFI of 5. 
B, Peripheral blood T cells were divided 
based on the expression of CD4, 
CD8, CD27, and CD45RA into CD27+ 
CD45RA+ naive (N) and CD27+ 
CD45RA−memory (M) CD4+ T cells 
and into CD27+ CD45RA+ naive (N), 
CD27+ CD45RA− memory (M), and 
CD27− CD45RA+ effector (E) CD8+ T 
cells (left panels). Expression of CD97 
was analyzed as described above for 
eight donors (right panels). 
C, CD3−CD56+ peripheral blood NK 
cells were divided into CD56bright and 
CD56dim cells (left panel). Expression 
of CD97 was analyzed as described 
above for eight donors (right panels). 
*P < 0.05 and **P < 0.01.
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Lymphocyte subsets differentially express CD97
In the next step of our analysis,we investigated if CD97 is differentially expressed on 
functionally different subsets of B, T, and NK cells. To define B-cell subsets in blood 
and tonsil, CD19+ cells were co-stained for CD27 or CD38 and IgD, respectively (Fig. 
2A).34,35 No significant difference in expression could be seen between naïve and 
memory B cells in blood and between naive, germinal center, or memory B cells in 
tonsil (Fig. 2A).
We then measured the expression of CD97 on the different T-cell subsets in blood. 
These subsets were defined based on the expression of CD4 and CD8 in combination 
with CD27 and CD45RA (Fig. 2B).36-38 While memory CD4+ T cells had a significantly 
higher expression of CD97 compared to naive CD4+ T cells, no significant difference 
was found between naive and memory CD8+ T cells (Fig. 2B). Interestingly, CD8+ 
cytolytic effector T cells expressed lower amounts of CD97 compared to naive and 
memory cells.
Finally, we evaluated the expression of CD97 on blood NK cells. NK cells can be 
subdivided into two subsets based on the expression of CD56 (Fig. 2C).39 Expression 
of CD97 was significantly higher for the CD56bright population compared to the cytolytic 
CD56dim NK cells (Fig. 2C). Moreover, the CD56bright cells had the highest expression of 
all lymphocyte subsets investigated in this study (Figs. 1 and 2).

Proliferating NK cells express high levels of CD97
Because cytokines are critically involved in the development of NK cells40, we tested 
the ability of IL-2, IL-12, IL-15, and IL-18 to regulate CD97 expression on purified NK 
cells. CD97 expression was assessed after 3 days of culture using the pan-CD97 
mAb CLB-CD97/3. As shown in Fig. 3, CD97 expression was significantly increased 
on cells cultured with IL-2 or IL-15. These common γ-chain cytokines are known for 
their ability to induce proliferation of CD56bright cells without additional stimuli.40 IL-12 
and IL-18, which stimulate NK-cell cytokine production and cytotoxicity, respectively, 
did not affect CD97 levels. Thus, proliferating NK cells exhibit strongly upregulated 
expression of CD97.

Figure 3. Upregulation of CD97 
on cytokine-stimulated NK cells. 
NK cells, isolated from PBMC, 
were stimulated with the indicated 
cytokines for 3 days, and CD97 
expression was assessed with 
CLB-CD97/3. Values are the 
means ± SD of the fold change 
of expression compared to time point 0 (set on 1) for four donors in two different experiments.
**P < 0.01 compared to the fold change in CD97 expression in cells incubated with medium alone.
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CD97 can be rapidly upregulated on all T-cell subsets
The rapid upregulation of CD97 during lymphocyte activation is well established.1,17 
Based on our finding that subsets of CD4+ and CD8+ T cells in blood express different 
levels of CD97, we wanted to know if CD97 upregulation during cellular activation 
differs between these subsets. Therefore, we stimulated PBMC with soluble anti-CD3 
either alone or in combination with soluble anti-CD28. CD97 expression was assessed 
after 2 and 4 h using mAb CLB-CD97/3 (Fig. 4). As reported before, CD97 was already 
upregulated when the cells were incubated with medium alone.17

Compared to the respective medium controls, all CD4+ and CD8+ T-cells subsets 
showed a significant upregulation of CD97 between 2 and 4 h of stimulation with 
anti-CD3. Expression increased with time and was accelerated when cells were co-
stimulated with anti-CD28.

Allogeneic T-cell proliferation is partially inhibited by an antibody directed 
against the stalk region of CD97
We measured the possible function of CD97 in T-cell activation in MLCs, in which 
CFSE dilution is used to track the division kinetics of alloreactive T cells.41 As depicted 
in Fig. 5, increased levels of CD97 isoforms appeared on all proliferating CD8+ T cells. 
In CD4+ T cells, similar results were obtained (data not shown). Autologous stimulation 
resulted in only marginal proliferation.
Next, we tested the capacity of the three CD97 mAbs to affect allogeneic T-cell 
proliferation. Addition of CLB-CD97/1 or 1B5, which in vitro interfere with CD55 and 
chondroitin sulfate B binding, respectively, did not result in a significant alteration of 
CD8+ T-cell proliferation (Figs. 6 and 7A). In contrast, addition of the stalk region-
specific mAb CLB-CD97/3 led to a limited but significant reduction in proliferation of 

Figure 4. Upregulation of CD97 on CD4+ and CD8+ T-cell subsets after cellular activation. PBMC 
were stimulated with soluble anti-CD3 either alone or in combination with anti-CD28 for 2 and 4 h. 
T-cell subsets were defined as described in Fig. 2 and CD97 expression was assessed with CLB-
CD97/3. Values are the means ± SD of the fold change of expression compared to time point 0 
(set on 1) for naive (N) and memory (M) CD4+ T cells (left panel) and naive (N), memory (M), 
and effector (E) CD8+ T cells (right panel) for five donors in at least three different experiments. 
Geometric mean fluorescence of the control antibodies did not change during stimulation. 
*P < 0.05 compared to the fold change in CD97 expression in cells incubated with medium alone.

Chapter 5

CD4+ T cells CD8+ T cells

t = 0
medium
anti-CD3 (2 h)
anti-CD3/anti-CD28 (2 h)
anti-CD3 (4 h)
anti-CD3/anti-CD28 (4 h)

re
la

tiv
e 

ex
pr

es
si

on

re
la

tiv
e 

ex
pr

es
si

on

N                           M N                      M                      E



 CD97 and lymphocytes

93

CD8+ T cells. Similar results were obtained for CD4+ T cells (data not shown). No 
inhibitory effect of the threemAbswas observeduponT-cell proliferation byCD3/CD28 
stimulation, implicating that cell-cell interactions are required for the inhibitory effect 
of CD97/3.
Close inspection of the cells revealed that addition of CLBCD97/3 to theMLCs resulted 
in a decreased frequency of alloreactive CD8+ T-cell precursors (Fig. 7B). Thus, the 
observed decrease in proliferation was probably caused by decreased numbers of 
potentially alloreactive T cells entering the cell cycle. Alternatively, proliferation may be 
halted at a premature number of divisions. However, frequencies of apoptotic and necrotic 
cells in the MLCs were similar in the presence or absence of CLB-CD97/3 (Fig. 7C). 

Figure 5. CD97 expression is upregulated upon alloantigen-induced proliferation. CFSE-labeled 
responder cells were co-cultured for 6 days with irradiated stimulator PBMCs. Expression of 
CD97 on gated CD8+ T cells was detected with CLB-CD97/1, CLB-CD97/3, and 1B5 after 6 
days of either autologous (left column) or allogeneic (middle column) stimulation. In the right 
column, isotype control stainings are shown. Shownare dotplots of CFSE dilution versus binding 
antibodies within gated CD8bright T cells representative for four experiments.
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CD8+ T cells, stimulated in the presence of CLB-CD97/3, produced significantly 
lower amounts of the cytotoxic effector molecule granzyme B (mean ± SD in pg/ml: 
allogeneic stimulation 2116 ± 753, allogeneic stimulation + CLB-CD97/3 1334 ± 347, 
P < 0.05, n = 4). In addition, expression levels of the adhesion molecules CD11a and 
CD49, the α-chains of respectively LFA-1 and VLA-4, which both are instrumental for 
the formation of T cell–antigen-presenting cell (APC) interaction [42], were reduced. 
Expression of the αEβ7 integrin CD103 is a marker for alloantigen-induced regulatory 
CD8+ T cells.43 Upon allogeneic stimulation, CD103 was induced in CD8+ T cells, 
but not in CD4+ T cells. However, frequencies of CD103-expressing cells were not 
affected by addition of any of the CD97-directed antibodies.

Figure 6. Allogeneic T-cell proliferation is partially inhibited by the monoclonal antibody CLB-
CD97/3. CFSE-labeled responder cells were co-cultured for 6 days with irradiated autologous or 
allogeneic stimulator PBMCs (left column). Allogeneic MLCs in the presence of CD97 mAbs or 
isotype controls are shown in the middle and right column, respectively. Depicted are histogram 
plots of CFSE dilution with indicated the frequencies of dividing cells representative for four 
experiments.
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DISCuSSION

CD97 has in the past been described as an early activation marker for human 
lymphocytes, which display low expression levels at the resting state.1,44 Nevertheless, 
the expression of CD97 on individual lymphocyte subsets has still been elusive. 
We here show that CD97 is present on the surface of all human lymphocytes in 
blood and lymphoid tissue and confirm its upregulation upon cellular activation. 
In addition, we demonstrate significant differences in expression levels between 
lymphocytes. In general, T and NK cells possess higher levels of CD97 than B cells. 
The highest expression of CD97 was detected on CD56bright NK cells. These cells 
have predominantly an immunoregulatory role, modulating the activity of activated 
monocytes and dendritic cells.40 Acquisition of a cytolytic effector cell phenotype 
correlated with a downregulation of CD97, as illustrated by the lower expression of 
the receptor on CD56dim NK cells compared to CD56bright cells and, to a lesser extent, 
on CD8+ effector T cells compared to naive and memory CD8+ cells. Furthermore, 
memory CD4+ but not CD8+ T cells expressed more CD97 than naive cells. 
Nonetheless, CD97 expression was readily upregulated on all T-cell subsets between 
2 and 4 h of activation.
The high expression on CD56bright NK cells illuminated an as yet overlooked aspect 
of CD97 expression. CD56bright NK cells are rapidly proliferating cells40, suggesting 
a correlation between lymphocyte division and CD97 expression. Indeed, we found 
that proliferating NK and T cells that had been stimulated in vitro, either by cytokines 
or by allogeneic activation, expressed CD97 levels that were 5- to 10-fold higher as 
compared to non-dividing cells.

Figure 7. Reduced CD8+ T-cell proliferation in the presence of CLB-CD97/3 can be attributed to 
increased thresholds for activation. (A) Frequencies of proliferating CD8+ T cells, expressed as 
normalized ratios ± SD. (B) Calculated alloreactive CD8+ T-cell precursor frequencies, expressed 
as normalized ratios ± SD. (C) Percentage of viable (white), apoptotic (black), and necrotic 
(striped) CD8+ T cells. Apoptotic and necrotic cells were identified by annexin V/PI staining. N= 4 
for all experiments. *P < 0.05.
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In humans, the isoforms CD97 (EGF1,2,5), CD97 (EGF1,2,3,5), and CD97 
(EGF1,2,3,4,5) are transcribed at a relatively stable ratio that equals approximately 
60%, 30%, and 10%, respectively.45,46 The mAbs CLB-CD97/1 and CLB-CD97/3, 
which recognize all three isoforms, stained all leukocyte populations, investigated 
in this study, albeit with different intensity. In non-hematopoietic cells, the epitope 
recognized by CLB-CD97/1 can be absent due to impaired N-glycosylation of the 
first EGF domain.47 We found no evidence for a specific regulation of this epitope in 
human leukocytes. The third mAb used in this study, 1B5, specifically binds the largest 
isoforms. In general, the fluorescence signal obtained with 1B5 correlated well with that 
of the pan-CD97 mAbs, implying that the relative presence of surface-expressed CD97 
(EGF1,2,3,4,5) was rather stable in lymphocyte subsets. However, in some donors, 
we observed an increased expression of the largest CD97 isoform on circulating B 
cells. Interestingly, B cells are the only leukocytes that express chondroitin sulfate B 
that is recognized by CD97(EGF1,2,3,4,5).13,14 Conceivably, chondroitin sulfate B can 
stabilize the expression of its specific receptor CD97(EGF1,2,3,4,5) on B cells. 

The available mAbs allowed us to study the role of individual CD97–ligand interactions 
in the proliferation of T cells in vitro. Remarkably, we did not observe an effect of the 
EGFdomain-specific mAbs CLB-CD97/1 and 1B5 on allogeneic proliferation. In contrast, 
CLB-CD97/3, which binds to the stalk region of CD97, caused a small but significant 
inhibition of CD8+ and CD4+ T-cell proliferation. It appears likely that this effect was 
caused by decreased numbers of potentially alloreactive T cells entering the cell cycle. 
CD8+ T cells, stimulated in the presence of CLB-CD97/3, produced lower amounts 
of granzyme B. In addition, expression levels of the adhesion molecules CD11a and 
CD49, which are crucially involved in the formation of T cell–APC interaction42, were 
reduced. The mechanism by which CLB-CD97/3 may affect T-cell function remains to 
be shown. A possible explanation might be interference with the interaction between 
the RGD motif in the CD97 α-chain and VLA-5. VLA-5 is a β1 integrin and functions, 
amongst others, as an adhesion molecule for binding to extracellular matrix.48 
Importantly, in T cells, VLA-5 ligation facilitates CD3-mediated Tcell proliferation. Since 
APCs are CD97 positive49, blockade of the VLA-5-binding site in the CD97 stalk portion 
could thus affect both T-cell binding to VLA-5-positive APCs and vice versa. However, 
no evidence was obtained that CLB-CD97/3 can inhibit binding of recombinant CD97 
to VLA-5 on endothelial cells (K. Kelly, personal communication). Alternatively, an 
effect of CLB-CD97/3 on CD97 itself seems possible. Still, it needs to be stressed that 
allogeneic T-cell proliferation in the MLCs was reduced by only approximately 15%.
Different to our results, Abbott and co-workers recently reported that CLB-CD97/1 
almost completely blocked the proliferation of CD4+ and CD8+ T-cell clones whereas 
CLB-CD97/3 had no effect in their experiments.28 Differences in the utilized in vitro 
assays may have contributed to the contradictory outcome of our studies. Whereas 
Abbott and colleagues co-cultured clonally expanded, activated T cells with peptide-
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pulsed monocytes, we made use of polyclonal activation of resting T cells by allogeneic 
dendritic cells. Based on its capacity to bind CD55, a role of CD97 in T-cell immunity 
seems feasible. The groups of Medof and Song recently demonstrated that CD55, 
next to its role in accelerating the decay of the complement convertases C3 and C550, 
suppresses T-cell responses.51,52 A mechanism was suggested according to which CD55 
regulates co-stimulation provided by locally produced C3a and C5a.53 Thus, blocking 
the interaction of CD97 with CD55 through CLB-CD97/1 could dampen T-cell immunity 
by increasing the amount of free CD55. However, this explanation is questionable as it 
was shown that CD55 can bind complement and CD97 simultaneously.28

The identification and understanding of biological effects caused by EGF-TM7 mAbs 
is crucial, especially as the signaling mechanism of these non-classical heptahelical 
molecules is still unknown. Interestingly, 2A1, another stalk region-specific mAb directed 
against the closely related EGF-TM7 receptor EMR2, was recently shown to regulate 
adhesion and cytotoxic activity of human granulocytes in vitro.54 Like CLB-CD97/3, 2A1 
does not interfere with known ligand interactions. Combining antibody application and 
genetic approaches will be needed to clarify the role of CD97 in lymphocyte function.
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ABSTRACT

Background: The EGF-TM7 receptor CD97 is abundantly expressed on granulocytes 
and has been implicated in neutrophil trafficking in mice. Human CD97 binds three 
cellular ligands: CD55, chondroitin sulfate B and CD49e (VLA-5, α5β1).
Objective: To study whether monoclonal antibodies (mAbs) directed against different 
functional regions of CD97 affect human neutrophil adhesion under flow conditions.
Materials and methods: Peripheral blood neutrophils were incubated with mAbs 
against CD97. Neutrophils were perfused over TNFα-activated human umbilical vein 
endothelial cells (HUVEC) in an in vitro flow chamber model and adhesion, clustering 
and rolling were measured.
Results: CLB-CD97/3, a mAb binding at the stalk region of CD97 significantly decreased 
the percentage of neutrophils rolling over HUVEC and augmented firm adhesion. CLB-
CD97/3 did not affect expression of L-selectin or β2 integrins on neutrophils. However, 
treatment of neutrophils with a blocking antibody against β2 integrins abolished the 
effect of CD97/3 mAb on neutrophils, implicating CD97 mAb may exert its effect by 
altering the activation state of β2 integrin. CLB-CD97/1, a mAb blocking the interaction 
with CD55, did not affect rolling, adhesion or clustering.
Conclusion: Antibody binding to CD97 at the stalk region impedes neutrophil rolling 
and increases firm adhesion to activated endothelial cells under flow conditions, 
possibly by altering the activation state of β2 integrins.

Chapter 6



CD97 and neutrophilic granulocytes

105

Antibody binding at the stalk region of the EGF-
TM7 receptor CD97 impairs rolling of neutrophilic 
granulocytes on TNFα-activated endothelial cells 
under flow conditions

INTRODuCTION

CD97 is a member of the EGF-TM7 family1 of Adhesion-type G protein-coupled 
receptors (GPCRs).2,3 These predominantly leukocyte-restricted cell-surface molecules 
possess large extracellular regions containing multiple N-terminal epidermal growth 
factor (EGF)-like domains.1 Due to alternative RNA splicing, CD97 isoforms with three, 
four, and five EGF domains are expressed (figure 1).3 These isoforms interact with 
different cellular ligands (figure 1). All CD97 isoforms bind the complement control 
protein CD55 (decay accelerating factor, DAF) via the first two EGF domains4 and the 
integrin α5β1 (very late antigen-5, VLA-5), and possibly αvβ3, via the RGD motif in the 
stalk region.5 In addition, the largest CD97 isoform also interacts through EGF domain 
4 with glycosaminoglycan chondroitin sulfate B (dermatan sulfate).6-8

CD97 is expressed by a wide range of leukocytes, including granulocytes, monocytes, 
macrophages, dendritic cells and activated lymphocytes.9,10 It is rapidly upregulated 
after cell activation and expression of CD97 is increased at sites of inflammation.3,11 
In addition, CD97 is expressed on a variety of non-immune cells including (malignant) 
epithelial and smooth muscle cells.9,12,13
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Figure 1. Schematic diagram of 
human CD97 isoforms.
CD97 consists of an extended 
extracellular alpha chain 
comprising EGF domains 
and a stalk region and is non-
covalently linked to the seven-
transmembrane spanning beta 
chain. Alternative RNA splicing 
gives rise to isoform with (A) 
five, (B) four and (C) three 
EGF domains. The first EGF 
domain, present in all isoforms, is 
instrumental in the interaction with CD55 and is recognized by the mAb CLB-CD97/1. The fourth 
EGF domain, which is present only in the largest isoform of CD97, mediates binding to chondroitin 
sulfate and is recognized by the 1B5 mAb. A third mAb, CLB-CD97/3, binds to the stalk region.
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Previous research showed CD97 mAbs to impede migration of granulocytes in mice 
resulting in impaired innate immune responses. Neutrophils incubated with CD97 
mAb failed to home to the gut in a model of experimental colitis.14 In addition, in 
Streptococcus pneumoniae-induced pneumonia, CD97 mAbs treatment prevented 
neutrophil migration to the lungs and resulted in enhanced outgrowth of bacteria in 
the lungs.14 Furthermore, application of CD97 mAbs in collagen-induced arthritis, a 
mouse model for rheumatoid arthritis that is partially neutrophil dependent, proved 
beneficial.15,16 Finally, antibodies to CD97 inhibited interleukin-8-induced hematopoietic 
stem cell mobilization in mice, which depends on granulocytes.17 These data initially 
supported the idea that CD97 might interfere with neutrophil adhesion and migration 
processes. However, the effect of CD97 mAbs in mice has recently been linked to the 
depletion of granulocytes under inflammatory conditions.18 Independently developed 
CD97 null mice showed normal recruitment of granulocytes to sites of inflammation 
but developed a mild granulocytosis compared to wild-type mice19,20 Moreover, they 
developed less disease activity in actively and passively induced arthritis models.21 
The mechanism underlying this protective effect is currently not known.
Functional studies have implicated a role for human CD97 in angiogenesis, regulation 
of T cell function and tumor invasion.5,22,23 Neutrophil migration in humans appeared 
not to be affected by blockade of the CD97-CD55 interaction.24 However, blockade of 
other functional regions of CD97 has so far not been tested.
Based upon the abundant expression of CD97 on neutrophils, as well as the migration 
impeding effects of CD97 mAbs in mouse models, we decided to further explore the 
role of this molecule in adhesion processes of human neutrophils. To this end, the 
capacity of neutrophils to adhere to and roll on endothelial cells under flow conditions 
was studied in an in vitro flow model in the presence or absence of CD97 mAbs. We 
here show that CLB-CD97/3 antibody binding to the stalk region of CD97 on neutrophils 
resulted in an increase in firm adherent cells under flow conditions.

MATERIAL AND METHODS

Antibodies
For functional studies, the following mAbs were used: CLB-CD97/1 (directed against 
the first EGF domain of CD97 and EMR2; mouse IgG2a), CLB-CD97/3 (directed 
against the stalk region of CD97; mouse IgG1) and 1B5 (directed against the fourth 
EGF domain of CD97, only present on the largest CD97 isoform; hamster Ig) were all 
generated by hybridoma culture as described previously.4 DREG 56 (anti-L-selectin, 
CD62L), IB4 (anti-β2 integrin) and the control mAb W6/32 (anti-HLA-A, -B, -C) were 
isolated from the supernatant of a hybridoma obtained from the American Type Culture 
Collection (Rockville, MD). Purified hamster Ig (Tebu-bio, Heerhugowaard, The 
Netherlands) was used as control for 1B5.
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For expression analysis, mouse anti-human fluorescent dye conjugated mAbs to the 
following molecules were used: CD62L-FITC, CD18-FITC, CD11b-APC, IgG1-PE and 
IgG2a-FITC (all BD biosciences, Verviers, Belgium).

Isolation of neutrophils
Neutrophils were isolated by using an isotonic Ficoll gradient (Pharmacia, Uppsala, 
Sweden). Venous blood was obtained from healthy volunteers using sodium heparin as 
anticoagulant (Greiner, Alphen a/d Rijn, The Netherlands). In short, blood was diluted 
2.5:1 with phosphate-buffered saline (PBS) containing 0.32% (w/v) sodium citrate 
and 4 g/l human pasteurized plasma-protein solution (GPO; Sanquin, Amsterdam, 
The Netherlands). Granulocytes were separated by centrifugation over Ficoll-Paque 
for 20 min at 2200 rpm. After lysis of remaining erythrocytes with isotonic ice-cold 
NH4Cl, granulocytes were resuspended in ice cold HEPES incubation buffer (20 mM 
HEPES, 132 mM NaCl, 6 mM KCl, 1 mM MgSO4, 1.2 mM KH2PO4, supplemented 
with 5 mM glucose and 0.5% human serum albumin) and kept on ice. All preparations 
contained > 95% neutrophils.

Endothelial cells
HUVEC were isolated from human umbilical cord veins according to Jaffe et al.25, 
with some minor modifications.26 The cells were cultured in Endothelial cell Growth 
Medium-2 (EGM-2; Biowhittaker, Walkersville, MD). Cell monolayers were grown to 
confluence in 5-7 days. Endothelial cells of the second or third passage were used in 
perfusion assays. HUVEC were activated with 100 U/ml TNFα for 5-7 h at 37°C prior 
to the perfusion experiments.27

Perfusion chamber
Perfusions under steady flow were performed in a modified form of a transparent 
parallel plate perfusion chamber.28 This microchamber has a slit height of 0.2 mm 
and width of 2 mm. The chamber contains a circular plug on which a coverslip (18 
mm x 18 mm) with confluent HUVEC was mounted. Immediately after mounting the 
activated HUVEC, the flow chamber was flushed with HEPES buffer for 2 min to wash 
out residual TNFα.

Neutrophil perfusion and evaluation
Neutrophils in suspension (4 x 106 cells/ml in incubation buffer) were incubated with 
mAbs (10 μg/ml) at 37°C during 20 min. Right before the experiments, the incubation 
buffer was diluted 1:1 with incubation buffer containing 2.0 mM CaCl2, so that the final 
concentration was 1.0 mM CaCl2 (perfusion buffer). Neutrophils were aspirated from 
a reservoir through plastic tubing and the perfusion chamber with a Harvard syringe 
pump (Harvard Apparatus, South Natick, MA). The individual runs occurred all in a 37°C 
temperature box. Perfusion experiments were recorded on video tape. The neutrophil 
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suspension was perfused during 5 min at shear stress 2.5 or 3 dyn/cm2. All experiments 
were performed in duplo or triplo. Analysis of rolling and firm adhesion was performed 
as described previously.29 Total number of surface-adhered neutrophils per mm2 was 
measured after 5 min of perfusion at a minimum of 30 randomized fields (minimal 
area was 1 mm2). Experiments were excluded from analysis if rolling of isotype control 
treated neutrophils was less than 10% or DREG56 (anti-CD62L) did not affect rolling 
(i.e. the positive control was negative).

Flow cytometry
Neutrophils were isolated and resuspended in perfusion buffer and incubated with 
W6/32 or CLB-CD97/3 for 20 min at room temperature. Control cells without mAbs 
were stimulated with 1 μM N-formyl-methionyl-leucyl-phenylalanine (fMLF) during 
5 min. Granulocytes were analyzed using a FACSvantage flow cytometer (Becton 
Dickinson, Mountain View, CA).

Generation of multivalent fluorescent probes
Generation of CD97-specific multivalent fluorescent probes was performed as 
described previously.6,7 In short, 10 μl avidin-coated fluorescent beads (Spherotech 
Inc., Libertyville, IL) were washed with PBS/0.5% BSA and incubated with saturating 
amounts (>1 μg) of biotinylated recombinant CD97-Fc protein. After 1 h, non-binding 
protein was removed by washing with PBS. The bead-protein complexes were 
sonicated immediately before use.

Binding assays with multivalent fluorescent probes
TNFα stimulated HUVEC slides were treated with acetone, washed in ice-cold PBS, and 
preincubated with human pooled serum to prevent non-specific binding. The different 
bead-protein complexes (10 μl complex plus 40 µl PBS) were added to the sections. 
After incubation for 1 h at 4°C, unbound protein-bead complexes were removed by 
washing with PBS. To determine the specificity of the binding, slides were pretreated 
with 50 μl CD55 mAb (CLB-CD97/L14 10 μg/ml), or 50 μl 5 mM EGTA for 30 min before 
addition of the beads. Slides were embedded in 100 μl of Vectashield (Vector) or Imsol-
Mount (Klinipath, Duiven, The Netherlands). 2 μl 4’,6-diamidino-2-phenylindole (DAPI) 
(5 mg/ml; Sigma, St. Louis, MO) was added per slide for nuclear staining.

Statistical analysis
Differences between different mAb treated neutrophils were analyzed by repeated 
measure ANOVA, and, if significant, subsequent student T tests for repeated 
measurements. Since no differences in data were observed between experiments 
performed at shear 2.5 or 3.0 dyn/cm2 data were pooled. Tests were performed using 
GraphPad Prism 5 software.
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RESuLTS 

TNFα-activated HUVEC express CD97 ligands
It has previously been reported that HUVEC express the CD97 ligands CD5530, 
dermatan sulphate and VLA-5.31 In order to confirm the presence of these molecules 
on HUVEC activated with TNFα in vitro, we used multivalent immunofluorescent beads 
coated with the extracellular part of the smallest or largest isoform, CD97(EGF1,2,5) 
(figure 2A) and CD97(EGF1,2,3,4,5) (figure 2B), respectively. Both constructs showed 
clear binding in situ, implicating CD55 as well as dermatan sulfate to be present, while 
no binding of control protein was found (figure 2C). Pre-treating the slides with CD55 
mAb abolished binding of the three EGF domain containing isoform CD97(EGF1,2,5) 
and reduced binding of the five EGF domain containing isoform CD97(EGF1,2,3,4,5) 
(data not shown). Since the recombinant CD97 proteins loaded on the beads lack the 
stalk region, VLA-5 binding could not be verified.

The stalk region specific mAb CLB-CD97/3 affects neutophil adhesion in vitro
To test if CD97 mAbs affect adhesion of neutrophils in vitro, a flow chamber model 
with activated endothelial cells was used. Neutrophils were incubated with control 
antibody (W6/32) or CD97 mAbs directed against the stalk region (CLB-CD97/3), the 
first EGF domain (CLB-CD97/1) or the fourth EGF domain (1B5). CLB-CD97/1 and 
1B5 block the interaction of CD97 with CD5532 and chondroitin sulfate6;8, respectively. 
CLB-CD97/3 does not inhibit binding of recombinant CD97 to VLA-5 on endothelial 
cells (K. Kelly, personal communication) suggesting binding of the mAb outside the 
VLA-5 interaction site. 
Total adhesion of neutrophils pre-incubated with CLB-CD97/3 to TNFα-activated 
HUVEC did not differ significantly from cells treated with control mAb (mean 
neutrophils per mm2 ± SD: W6/32 496 ± 161, CLB-CD97/3 432 ± 140; p = 0.4) (figure 
3A). Since total adhesion is the sum of rolling and firmly adherent cells, we calculated 

Figure 2. TNFα stimulated HUVEC express the CD97 ligands CD55 and chondrotin sulfate.
Shown is the binding of immunofluorescent beads (green) coated with recombinant soluble proteins 
of (A) CD97(EGF1,2,5), (B) CD97(EGF1,2,3,4,5) or (C) the non-binding control EMR2(EGF1,2) 
to TNFα-activated HUVEC. Cell nuclei (blue) were stained with DAPI. Original magnification x 
250. Representative of 3 experiments.
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the number of firmly adherent cells separately. Experiments of neutrophils incubated 
with control mAb W6/32 showed an average of 48.6 % ± 30.7 (mean ± SD) rolling 
cells and thus 51.4% of firmly adhering cells. In the CLB-CD97/3-treated group 
the average rolling percentage was 31.8% ± 26.7, and thus the remaining 68.2% 
of the granulocytes was firmly adhering. Absolute numbers of firm adhesion were 
calculated as ((100 - percentage rolling cells) * adhesion number) / 100) i.e. 51* 496 
/ 100 = 253 firmly adhered cells (W6/32) and 68* 432/ 100 = 294 firmly adhered cells 
(CLB-CD97/3 mAb) (p<0.03). Thus, a significant difference in absolute firm adhesion 
between isotype control and CLB-CD97/3 was observed (figure 3B). Furthermore, the 
difference found in rolling between neutrophils incubated with CLB-CD97/3 antibodies 
and control antibodies was significant p<0.01) (figure 3C). To investigate whether cells 
have a preference for clustering on the surface, a read out for secondary tethering, 
the cluster index was measured. The cluster index per cell was set to be the difference 
between the measured and the expected number of cells inside an arbitrary area 
around the cell.33 CLB-CD97/3 did not affect clustering (mean ± SD: W6/32 1.2 ± 0.1, 
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Figure 3. CLB-CD97/3 increases firm adhesion and reduces rolling of neutrophils on TNFα 
stimulated HUVEC. 
(A) Effect of the stalk-specific mAb CLB-CD97/3 on total adhesion consisting of absolute firm 
adhesion ■ and absolute rolling □. CLB-CD97/3 increases firm adhesion (* p<0.03) (B) and reduces 
rolling (* p<0.01) (C). CLB-CD97/3 does not affect clustering (D). Each experiment was performed 
in duplo or triplo and mean values ± SD were counted for each experiment (n = 7). Lines connect 
data of the same experiment. Percentage rolling is depicted in the individual absolute rolling bars 
and is calculated as percentage of total adhesion.
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CLB-CD97/3 1.0 ± 0.1; p = 0.06) (n = 7) (figure 3D).
Ligation of CD97 at the CD55 binding region (CLB-CD97/1) did not affect total adhesion 
(mean neutrophils per mm2 ± SD: W6/32 652 ± 324, CLB-CD97/1 576 ± 195; p = 0.4) 
(figure 4A), firm adhesion (mean firmly adhered cells ± SD: W6/32 461 ± 196, CLB-
CD97/1 427 ± 172; p = 0.1) (figure 4B), rolling (mean percentage ± SD: W6/32 27.4 ± 
9.0, CLB-CD97/1 25.5 ± 12.9; p = 0.8) (figure 4C) or clustering (mean ± SD: W6/32 1.0 
± 0.3, CLB-CD97/1 0.9 ± 0.2; p = 0.1) (n = 4) (figure 4D).
1B5, directed at the CS binding site of CD97, appeared to reduce rolling and adhesion, 
compared to a mouse control mAb, however when compared to a hamster Ig no 
difference was observed (data not shown). Both 1B5 and hamster Ig reduced rolling 
and adhesion to the same extent, implicating that both hamster derived mAbs activated 
neutrophils. Indeed, mAb DREG (anti-CD62L), used as control, reduced rolling, 
adhesion and clustering as compared to hamster antibody treatment (p<0.001, n = 12) 
(data not shown).
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Figure 4. CLB-CD97/1 does not affect adhesion, rolling or clustering of neutrophils on TNFα 
stimulated HUVEC. 
(A) Effect of mAb CLB-CD97/1, directed against the first EGF domain, on total adhesion consisting 
of absolute firm adhesion ■, and absolute rolling □. CLB-CD97/1 does not affect firm adhesion 
(B), rolling (C) or clustering (D) of neutrophils on TNFα stimulated HUVEC. Each experiment was 
performed in duplo or triplo and mean values ± SD were counted for each experiment (n = 4). Lines 
connect data of the same experiment. Percentage rolling is depicted in the individual absolute 
rolling bars and is calculated as percentage of total adhesion.
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CLB-CD97/3 mAb does not affect selectin or integrin expression
Having found an impeding effect of CLB-CD97/3 mAb on granulocyte rolling, we decided 
to analyze whether incubation with CLB-CD97/3 mAb alters selectin and/or integrin 
expression on granulocytes. Granulocytes were incubated with control mAb W6/32 
or CLB-CD97/3 and subsequently CD62L, CD18 and CD11b levels were measured 
using flow cytometry. Incubation with CLB-CD97/3 did not affect CD62L, CD18 and 
CD11b expression on granulocytes (n = 4), implicating CLB-CD97/3 to exert its effect 
on rolling via a different mechanism. Addition of fMLF was used as positive control and 
was shown to reduce CD62L and to up regulate CD11b and CD18 significantly (figure 
5 A, B and C).

Blocking β2 integrins on neutrophils abolishes the effects of CLB-CD97/3 mAb
It is well known that not the mere expression but the activation state of the β2 integrins 
is important for firm adhesion.34,35 β2 integrins adopt different activation states, which 
can support rolling and when further activated mediate firm adhesion. We hypothesized 
that treatment of neutrophils with CLB-CD97/3 might increase the activation state of 
β2 integrins thereby decreasing the percentage of rolling cells. If this was the case, 
incubation with CLB-CD97/3 mAb in the presence of blocking antibodies against β2 
integrin would not decrease the percentage rolling cells. Blockade of CD18 with mAb 
IB4 resulted, as expected, in an increase in rolling neutrophils (mean percentage rolling 
± SD: control mAb W6/32 29.8 ± 3, W6/32 plus IB4 89.5 ± 1). Addition of CLB-CD97/3 
to IB4 treatment did not affect the percentage rolling significantly (78.0 ± 8; p = 0.1) (n 
= 3) compared to W6/32 plus IB4 (figure 6). Firm adhesion was, as expected, reduced 
after blockade of the β2 integrin (mean firmly adhered cells ± SD: W6/32 551 ± 87, IB4 
78 ± 7). Addition of CLB-CD97/3 mAb did not affect firm adhesion significantly after 
blockade of β2 integrin (n = 3) (data not shown), implicating CLB-CD97/3 mAb possibly 
exerts its effect on neutrophils by affecting β2 integrin function.
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Figure 5. CLB-CD97/3 does not affect selectin or integrin expression.
Preincubating neutrophils with CLB-CD97/3 did not affect expression of CD62L (A), CD18 (B), or 
CD11b (C), while activation with fMLF resulted in a significant loss of CD62L (mean fold increase 
± SD 0.08 ± 0.06, p<0.01) (A) and upregulation of CD18 (mean fold increase ± SD 2.5 ± 0.6, 
p<0.01) and CD11b (mean fold increase ± SD 8.2 ± 1.1, p< 0.01) (B,C). Data are expressed as 
fold increase (n = 4). Lines connect data of the same experiment. 
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DISCuSSION

In this paper, the effect of antibodies directed against different epitopes of the EGF-
TM7 receptor CD97 on neutrophil adhesion to TNF-a-activated endothelial cells was 
evaluated in vitro. We show that the CD97 stalk region specific mAb CLB-CD97/3 
caused a significant yet modest shift in the balance of cells that rolled towards more 
firm adhesion under physiological flow conditions. In contrast, the CLB-CD97/1 mAb 
directed against the CD55 binding first EGF domain of CD97 did not exert an effect on 
neutrophil adhesion.
Since CD97 directed antibodies inhibit inflammation and neutrophil influx in mouse 
models of arthritis and colitis, a role for CD97 in leukocyte trafficking has been suggested 
previously.14,15 Neutrophils leave the circulation through a cascade of extravasation 
steps that involve capture or tethering, rolling, activation, slow rolling, arrest, adhesion 
strengthening, intraluminal crawling, and finally paracellular or transcellular migration36 

(and references therein). Neutrophils express multiple adhesion molecules, of which 
L-selectin (CD62L), P-selectin glycoprotein ligand 1 (PSGL1), MAC-1 (CD11b/CD18, 
αMβ2 integrin) and LFA-1 (CD11a/CD18, αlβ2 integrin) are functionally the most 
important ones. CD62L is instrumental in capturing the neutrophils and in secondary 
tethering. Activated β2 integrins support slow rolling and induce neutrophil arrest and 
adhesion strengthening. Of the β2 integrins αLβ2 (LFA-1) is thought to play a role 
in initial firm adhesion whereas αMβ2 (MAC-1) has been shown to be involved in 
stabilizing firm adhesion and crawling of the neutrophils over the endothelium.37

In the present study, the ligation of CD97 at the stalk region impeded neutrophil rolling 
and increased firm adhesion to TNFα-activated HUVEC significantly, but expression of 
L-selectin, CD18 (β2 integrin) and CD11b (the αM subunit of MAC-1) was not affected. 
Therefore, CD97 ligation exerts its effects via a mechanism different from upregulation 
of these proteins. Integrins on circulating neutrophils are in a fairly inactive state under 
physiological conditions. Upon exposure to an appropriate external stimulus, functional 

Figure 6. Blockade of β2 integrins abolishes the 
effect of CLB-CD97/3 on rolling of neutrophils 
on TNFα stimulated HUVEC. 
Effect of β2 integrin blockade +/- the stalk-
specific mAb CLB-CD97/3 on rolling. 
Pretreatment with IB4 (β2 mAb) alone increases 
rolling of neutrophils significantly (* p<0.01). 
Combining CLB-CD97/3 and IB4 does not alter 
rolling compared to IB4 alone (p = 0.1). Each 
experiment was performed in duplo or triplo 
and mean values ± SD were counted for each 
experiment (n = 3).
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activity of integrins is rapidly enhanced, resulting in increased adhesion that does not 
require changes in levels of integrin expression on the cell surface, but instead, affects 
the activation state of these integrins, a process called inside-out signaling.34,35,38 
Addition of a mAb directed against β2 integrins did abolish the effects of CD97 ligation 
on neutrophil rolling and adhesion. Therefore, the CLB-CD97/3 mAb most likely 
increased the activation state of β2 integrins thereby inducing a shift towards more 
firm adherent cells. Up to now, signaling has not been demonstrated for CD97 nor for 
any of the other EGF-TM7 family members. Therefore, the exact mechanism by which 
CD97/3 mAb exerts this effect remains to be elucidated.
In humans, we previously showed that CLB-CD97/3 mAb causes a small but significant 
reduction of allogenic T-cell proliferation in mixed lymphocyte culture, possibly by 
decreasing numbers of potentially alloreactive T cells entering the cell cycle.10 T cells 
incubated with CLB-CD97/3 mAb expressed less CD49d (VLA-4) and CD11a. While 
VLA-4 is not expressed by neutrophils CD11a, associated with CD18 (LFA-1), affects 
rolling of neutrophils and by binding ICAM-1 mediates firm adhesion and neutrophil 
arrest.36 It is tempting to speculate that CLB-CD97/3 affects LFA-1 function and/or 
expression in different cell systems.
Alternatively, interference with the interaction between the RGD motif in the CD97 
α-chain and VLA-5 might be responsible for the effects observed. VLA-5 is a β1 
integrin and functions, amongst others, as an adhesion molecule for binding to 
extracellular matrix and aiding neutrophil migration through the interstitial tissues.39,40 
VLA-5 is expressed on HUVEC31 and on neutrophils41. Therefore, hindrance of this 
interaction may have contributed to the observed effect. However, CLB-CD97/3 mAb 
does not inhibit binding of recombinant CD97 to VLA-5 on endothelial cells (K. Kelly, 
personal communication), making it less likely that interference with these receptors is 
responsible for the observed effects. Still, we cannot exclude that CLB-CD97/3 mAb 
may affect neutrophil function via a different mechanism not affecting L-selectin or β2 
integrins.
Blockade of CD97 at the CD55 binding site did not alter the capability of neutrophils to 
roll or adhere at shear 2.5-3.0 dyn/cm2. This is in concordance with previously published 
research by Yona et al.24 In that study, CLB-CD97/1 mAb was found not to affect rolling 
of neutrophils at shear 1.0 dyn/cm2. Next to being a ligand for CD97, CD55 (decay 
accelerating factor) is a regulator of the complement system. Lack of this molecule 
led to aggravation of (auto-)immune diseases in various models.42-44 Moreover, CD55 
is an apical epithelial ligand for neutrophils, promoting the release of neutrophils from 
the luminal surface after transmigration.45 This effect is probably mediated by CD55’s 
short consensus repeat domain 3 (SCR-3). CD97 interacts with the N- terminal SCR-1 
domain on CD55 and blockade of CD97 did not affect PMN transmigration or apical 
clustering involvement.45

In humans, CD97 expression levels correlate with migration and invasion in colorectal 
tumor cells lines23, suggesting that human CD97 affects migration. This notion is 
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strengthened by the fact that neutrophils incubated with mAbs to the stalk region of 
EMR2 (CD312), another EGF-TM7 family member, adhered and migrated better than 
control treated neutrophils under both static and shear stress conditions.24 CD312 is 
an EGF-TM7 family member, which is closely related to CD97. Its EGF domains are 
highly homologous (97% sequence identity) and its fourth EGF domain also binds 
chondroitin sulfate. It might therefore be possible that both receptors exert their effect 
via similar mechanisms.
Taken together, the results presented here support the view that CD97 can regulate 
neutrophil rolling and adhesion processes under physiological flow conditions.
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ABSTRACT

Synovial tissue of rheumatoid arthritis (RA) patients is characterised by an influx and 
retention of CD97-positive inflammatory cells. The ligands of CD97, CD55, chondroitin 
sulfate B, and α5β1 (very late antigen [VLA]-5) are expressed abundantly in the synovial 
tissue predominantly on fibroblast-like synoviocytes, endothelium, and extracellular 
matrix. Based upon this expression pattern, we hypothesise CD97 expression to 
result in accumulation of inflammatory cells in the synovial tissue of RA patients. To 
determine the therapeutic effect of blocking CD97 in an animal model of RA, collagen-
induced arthritis was induced in a total of 124 DBA/J1 mice. Treatment was started on 
day 21 (early disease) or on day 35 (longstanding disease) with the blocking hamster 
anti-mouse CD97 monoclonal antibody (mAb) 1B2, control hamster immunoglobulin, 
or NaCl, applied intraperitoneally three times a week. The paws were evaluated for 
clinical signs of arthritis and, in addition, examined by radiological and histological 
analysis. Mice receiving 0.5 mg CD97 mAb starting from day 21 had significantly less 
arthritis activity and hind paw swelling. Furthermore, joint damage and inflammation 
were reduced and granulocyte infiltration was decreased. When treatment was started 
on day 35, CD97 mAb treatment had similar effects, albeit less pronounced. The 
results support the notion that CD97 contributes to synovial inflammation and joint 
destruction in arthritis. 
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CD97 neutralisation increases resistance to 
collagen-induced arthritis in mice

INTRODuCTION

Synovial tissue of patients with rheumatoid arthritis (RA) is characterised by a striking 
increase in cellularity.1 The accumulation of inflammatory cells is probably due to 
multiple processes, including enhanced migration, local retention, and proliferation of 
these cells as well as reduced apoptosis.2 
CD97 is a member of the epidermal growth factor (EGF)-seven-span transmembrane 
(TM7) family3 of TM7 adhesion receptors.4,5 These predominantly leukocyte-restricted 
cellsurface proteins possess a large extracellular region containing multiple N-terminal 
EGF-like domains.3 CD97 is expressed by a wide range of leukocytes, including 
activated lymphocytes, granulocytes, monocytes, macrophages, and dendritic cells. 
Due to alternative mRNA splicing, isoforms with three, four, and five EGF domains are 
expressed.5

CD97 interacts with cellular ligands. All isoforms, albeit with different affinity, bind 
CD55, which is also known as DAF (decay accelerating factor).6,7 The largest isoform, 
in addition, interacts with the glycosaminoglycan chondroitin sulfate B (dermatan 
sulfate).8,9 More recently, a third ligand of CD97 was identified by demonstrating that 
the integrin α5β1 (very late antigen (VLA)-5) and possibly also αvβ3 binds the Arg-Gly-
Asp (RGD) motif in the stalk region of human CD97.10 Recent functional studies have 
implicated a role of CD97 in leukocyte trafficking and angiogenesis.4,10

We have previously shown CD97 to be abundantly expressed by inflammatory cells in 
the synovial tissue of patients with RA.11 Furthermore, using fluorescent CD97 protein-
covered probes, we showed that interaction between CD97 and its ligands CD55 
and chondroitin sulfate B can indeed occur in synovial tissue of patients with RA.12 
Interestingly, all known ligands of CD97 are abundantly expressed in the rheumatoid 
synovium: CD55 on fibroblast-like synoviocytes and chondroitin sulfate B as a 
component of the extracellular matrix.12-14 In rheumatoid synovial tissue, chondroitin 
sulfate B has been shown to be the primary molecular species of chondroitin sulfates 
in inflammatory areas.14 Furthermore, α5β1 is one of the predominant β1 integrins 
expressed by rheumatoid synovial pannus and is expressed by cells in the intimal 
lining layer and endothelial cells, especially in venules and capillaries associated with 
lymphocyte aggregates.15

Based upon the ability of CD97 to bind various ligands expressed in RA synovial 
tissue and its abundant expression on inflammatory cells, we hypothesise that 
CD97 expression by infiltrating cells may be involved in migration and retention of 
inflammatory cells in the inflamed synovium with a detrimental effect on RA. To test our 
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hypothesis, we used a well-established mouse model for RA, murine collagen-induced 
arthritis (CIA)16, to evaluate the potential effects of CD97 blockade. 

MATERIALS AND METHODS

Animals
Male DBA/J1 mice were purchased from Harlan (Horst, The Netherlands) and housed 
under conventional conditions at the animal facility of the Academic Medical Center 
(Amsterdam, The Netherlands). Feeding was ad libitum. All experiments were approved 
by the animal ethical committee of the Academic Medical Center.

Preparation of CD97 monoclonal antibody
The hybridoma 1B217 was grown in large amounts, and monoclonal antibody (mAb) 
was purified using protein ASepharose CL-4B (Sigma-Aldrich, St. Louis, MO, USA). 
Contamination with lipopolysaccharide was detected by the European Endotoxin 
Testing Service (Cambrex Bio Science Verviers S.p.r.l., Verviers, Belgium, formerly 
BioWhittaker Europe s.p.r.l.) and did not exceed 10 EU/ml (890 pg/ml). The CD97 
mAb was diluted to the required concentration (0.25 or 0.5 mg in 100 μl 0.9% NaCl). 
Hamster immunoglobulin (Ig) (Rockland, Gilbertsville, PA, USA) and 0.9% NaCl (tebu-
bio, Heerhugowaard, The Netherlands) were used as controls.

Induction and assessment of CIA
Bovine collagen type II (Chondrex, Inc., Redmond, WA, USA) was mixed with complete 
Freund’s adjuvant (CFA) (Chondrex, Inc.) and injected intradermally on day 0 at the 
base of the tail of 8- to 11-week-old mice (100 μg collagen type II and 100 μg CFA in a 
total volume of 100 μl emulsion). On day 20, mice received an intraperitoneal booster 
injection with 100 μg of collagen type II in phosphate-buffered saline (PBS).
The severity of the arthritis was assessed using a semi-quantitative scoring system 
(0 to 4): 0, normal; 1, redness and/or swelling in one joint; 2, redness and/or swelling 
in more than one joint; 3, redness and/or swelling in the entire paw; and 4, deformity 
and/or ankylosis.18,19 Furthermore, hind paw ankle joint thickness was measured 
using a dial caliper (POCO 2T 0- to 10-mm test gauge; Kroeplin Längenmesstechnik, 
Schlüchtern, Germany).

Treatment protocols and evaluation of arthritis activity
Our study was designed to examine whether, and at which dosage, CD97 mAb 
treatment had an effect on CIA in different phases of the disease. Three experiments 
were performed in succession.

Experiment 1: To determine the optimal dosage, treatment with NaCl, control Ig (cIg), 
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or CD97 mAb (0.25 or 0.5 mg) (eight mice per group) was started 24 hours after the 
collagen booster. Mice were treated intraperitoneally three times a week for a period 
of 28 days.

Experiments 2 and 3: To study the effect of treatment in early arthritis compared with 
longstanding disease, treatment with the optimal dosage was started 21 days (eight 
mice per group) or 35 days (20 mice per group) after arthritis induction in two successive 
experiments. We decided to include a larger group of mice in experiment 3 because it 
is usually more difficult to achieve clinical improvement in longstanding disease. Mice 
were treated three times a week for 28 or 14 days, respectively.

Disease activity was monitored by clinical scoring of the paws and measurements of 
the ankle diameter three times a week by two researchers who had no knowledge 
of the treatment groups.19 Cages (four mice per cage) were matched for arthritis 
score before random assignment to treatment. At the end of the experiment, mice 
were sacrificed and paws were collected for radiological and histological evaluation. 
Furthermore, inguinal lymph nodes and spleen were removed for in vitro studies, and 
blood was collected.

Radiological analysis
The left hind paws were used for x-ray radiographic evaluation. Joint destruction was 
scored on a scale from 0 to 5 as described before:20 0, no damage; 1, minor bone 
destruction observed in one enlightened spot; 2, moderate changes, two to four spots 
in one area; 3, marked changes, two to four spots in multiple areas; 4, severe erosions 
afflicting the joint; and 5, complete destruction of the joints. The radiographs were 
scored by observers without knowledge of the treatment groups. Minor differences 
between the observers were resolved by mutual agreement.

Histological analysis
Arthritic paws were fixed in 10% buffered formalin for 48 hours and decalcified in 15% 
EDTA (ethylenediaminetetraacetic acid) in buffered 5.5% formalin. The paws were then 
embedded in paraffin, and 5-μm saggital serial sections of whole hind paws were cut. 
Tissue sections were stained with haematoxylin and eosin or safranin O fast green.
Inflammation was graded on a scale from 0 (no inflammation) to 3 (severely inflamed 
joint) based on infiltration by inflammatory cells in the synovium. Bone erosions were 
scored using a semi-quantitative scoring system from 0 (no erosions) to 3 (extended 
erosions and destruction of bone).20 Sections were also stained with safranin O 
fast green to determine the loss of proteoglycans. Safranin O staining was scored 
with a semi-quantitative scoring system (0 to 3), in which a score of 0 represents 
no loss of proteoglycans and a score of 3 indicates complete loss of staining for 
proteoglycans.21
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Furthermore, a tartrate-resistant acid phosphatase (TRAP) staining was performed to 
detect the presence of osteoclasts (Sigma-Aldrich). TRAP staining was scored semi-
quantitatively (on a scale from 0 to 4): 0, no osteoclasts per paw; 1, 1 to 10 osteoclasts 
per paw; 2, 11 to 20 osteoclasts per paw; 3, 21 to 50 osteoclasts per paw; and 4, more 
than 50 osteoclasts per paw.

Immunohistochemistry
Immunohistochemical staining on sequential sections (8 to 12 paws per group) was 
performed to detect Ly-6-positive granulocytes (clone RB6-8C5; BD Pharmingen, San 
Diego, CA, USA), F4/80-positive macrophages (clone 6F12; BD Pharmingen), and 
CD3-positive T cells (clone A0452; Dako, Carpinteria, CA, USA). For control sections, 
the primary mAb was omitted or irrelevant IgG was applied. The sections were washed 
with PBS between all steps, unless otherwise specified. Paraffin-embedded sections (5 
μm) were dewaxed using xylene and dehydrated in a gradient of alcohols. Endogenous 
peroxidase activity was quenched with methanol and 0.3% H2O2.

For Ly-6 staining, the slides were treated with 0.25% pepsine in 0.1 M HCl at 37°C. 
After preincubation with PBS containing 10% normal goat serum, Ly-6G-fluorescein 
isothiocyanate (FITC) was applied and incubated for 3 hours at room temperature. 
Thereafter, the slides were incubated with rabbit anti-FITC (Dako) for 30 minutes. 
Subsequently, the slides were incubated with PowerVision goat anti-rabbit poly-
horseradish peroxidase (HRP) (ImmunoVision Technologies, Co., Brisbane, CA, USA).
For F4/80 staining, antigen retrieval was performed by heating the sections for 5 
minutes at 95°C in 0.1 M citric acid at pH 6.0. Slides were preincubated with PBS 
containing 10% normal goat serum. Then, F4/80 rat IgG2b was applied and incubated 
overnight at 4°C, followed by biotinylated rabbit anti-rat (BD Pharmingen) in PBS 
with 5% human pool serum for 30 minutes. Subsequently, avidin-biotin complex was 
applied (ABC-kit; Dako).
For CD3 staining, slides were subsequently kept in EDTA/Tris (pH 9.0) overnight at 
60°C, preincubated with PBS containing 10% normal goat serum, incubated with rabbit 
anti-human CD3 overnight at 4°C, and treated with PowerVision goat antirabbit poly-
HRP.
For all stainings, HRP activity was detected using H2O2 as substrate and DAB 
(diaminobenzidin) as dye. All sections were briefly counterstained with Mayer’s 
haemalum solution.
All sections were analysed in a blinded manner by two independent observers. After 
immunohistochemical staining, expression of the different markers in the synovial 
tissue of ankle and knee joints was scored semi-quantitatively on a fourpoint scale.21 A 
score of 0 represented minimal expression, whereas a score of 3 represented abundant 
expression of a marker. Minor differences between the observers were resolved by 
mutual agreement.
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In vitro assays on lymph node cells and splenocytes
Single-cell suspensions were obtained by crushing spleens or lymph nodes through a 
40-μm cell strainer (BD Pharmingen, Franklin Lakes, NJ, USA). The erythrocytes of the 
spleen cell suspension were lysed with ice-cold isotonic NH4Cl solution (155 mM NH4Cl, 
10 mM KHCO3, and 100 mM EDTA, pH 7.4), and the remaining cells were washed 
twice. Splenocytes and lymph node cells were resuspended in Dulbecco’s modified 
Eagle’s medium (DMEM) (Cambrex Bio Science Walkersville, Inc., Walkersville, MD, 
USA, formerly BioWhittaker, Inc.) containing 10% fetal calf serum and 1% antibiotic-
antimycotic solution (Invitrogen, Carlsbad, CA, USA, formerly Life Technologies, 
Inc.), seeded in 96-well round-bottom culture plates at a cell density of 1 × 106 cells 
(splenocytes) or 1 × 105 cells (lymph node cells) (in triplicate), and stimulated with 
10 μg/ml collagen (Chondrex, Inc.). In a separate experiment, round-bottom plates 
were coated overnight with anti-CD3 (clone 145.2c11; BD Pharmingen) and washed 
twice with sterile PBS. Aliquots of 1 × 106 cells (splenocytes) or 1 × 105 cells (lymph 
node cells) (in triplicate) were added to each well and diluted with DMEM containing 
anti-CD28 (clone 37.51; BD Pharmingen). Supernatants of both experiments were 
harvested after a 48-hour incubation period at 37°C in 5% CO2.

Enzyme-linked immunosorbent assay
Cytokine and anti-collagen antibody (Ab) levels were detected by enzyme-linked 
immunosorbent assay (ELISA). Interleukin (IL)-6, IL-10, and interferon-γ (IFN-γ) (BD 
Pharmingen) assays were performed according to the manufacturer’s instructions. 
Detection limits were 20 pg/ml for IL-6 and 30 pg/ml for IL-10 and IFN-γ. Anti-collagen 
Ig was detected using the anti-bovine collagen Ab detection kit (Chondrex, Inc.).

Statistical analysis
To evaluate the effects of the different treatments, we determined the change in arthritis 
scores (delta arthritis score) and caliper measurements (delta ankle joint swelling). 
Delta scores were calculated by subtracting the scores of day 21 (experiments 1 and 
2) or the scores of day 35 (experiment 3) from the measured scores of days 23 to 49 
(experiments 1 and 2) or 37 to 49 (experiment 3), as described previously.22

Delta clinical scores, delta caliper measurements, and radiological and histologic scores 
were compared using non-parametric tests (Kruskal-Wallis followed by Mann-Whitney 
U). Areas under the curve were calculated for the delta clinical scores and delta caliper 
measurements of each mouse and were compared using one-way analysis of variance 
(ANOVA), followed by Student t test, because the Kolmogorov-Smirnov test showed 
normal distribution. Incidence was compared using Kaplan-Meier survival analysis. For 
the evaluation of the incidence, mice were considered to have arthritis if they had an 
increase compared with baseline of at least two points. Mice suffering from arthritis before 
or at the onset of treatment were excluded from the incidence calculation. Cytokine levels 
and collagen-specific Ig levels were compared using one-way ANOVA/Student t test.
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RESuLTS

CD97 blockade reduces arthritis activity
We first investigated the effect of CD97 mAb treatment on CIA when initiated 21 days 
after the induction of arthritis (experiment 1). Mice received NaCl, cIg (0.5 mg), or the 
CD97 mAb 1B2 (0.25 or 0.5 mg) three times a week starting 24 hours after the booster. 
No statistical difference was found between the control groups. Mice treated with CD97 
mAb had reduced signs of arthritis, in a dose-dependent fashion (Figure 1A). The 
beneficial effect was maximal when mice were treated with the 0.5 mg dosage (P < 
0.05 on days 30 up to 42). The areas under the curve for the delta arthritis scores 
were significantly reduced in the CD97 mAb group (P < 0.05) (Figure 1B). Similar 
results were obtained using caliper measurements, although the dose dependency 
was not as prominent (P < 0.05 on days 30 and 35 up to 42) (Figure 2A). This lack of 
dose response might be explained by the fact that, for caliper measurements, only the 

Figure 1. CD97 monoclonal antibody (mAb) treatment ameliorates art arthritis activity in a dose-
dependent manner. Mice were treated with NaCl (■), 0.5 mg control immunoglobulin (cIg) (●), or 
0.25 mg (○) or 0.5 mg (□) anti-CD97 mAb. Delta arthritis scores were calculated by subtracting the 
score at the day of initiation of treatment from the measured score. Values are mean ± standard 
error of the mean. Areas under the curve (AUCs) were calculated for the delta clinical scores of 
each mouse. Experiment 1 (A,B) was performed to find an effective dosage of the CD97 mAb. 
Mice were treated from day 21 on (n = eight mice per group). In experiments 2 and 3, the effect of 
treatment in early (C,D) and longstanding (E,F) disease was studied. Treatment was started from 
day 21 (eight mice per group) or day 35 (20 mice per group) on, respectively. *P < 0.05.
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diameter of the ankles of the hind paws is evaluated, whereas clinical arthritis scores 
also take into account redness, and all joints of all four paws are included. The areas 
under the curve for the delta caliper scores were significantly reduced in the CD97 
mAb group (P < 0.05) (Figure 2B).
Next, we performed independent experiments 2 and 3 using the same approach, starting 
treatment at different stages of the disease. We confirmed the beneficial effect of CD97 
blockade using the high (0.5 mg) dosage in early arthritis. CD97 mAb-treated mice had 
significantly lower arthritis scores (Figure 1C,D) and ankle joint swelling (Figure 2C,D). 
The results in chronic arthritis (treatment started at day 35) were similar, although not as 
pronounced compared with early initiation of treatment (Figures 1E,F and 2E,F).

CD97 blockade reduces the synovial cell infiltrate
The effect of CD97 mAb on synovial inflammation was assessed by histology and 
immunohistochemistry. Haematoxylin and eosin staining revealed a significant 
reduction in inflammation in the group that received treatment from day 21 on 

Figure 2. CD97 monoclonal antibody (mAb) treattmentt reduces ankle joint swelling. Mice were 
treated with NaCl (■), 0.5 mg control immunoglobulin (cIg) (●), or 0.25 mg (○) or 0.5 mg (□) anti-
CD97 mAb. Delta hind paw ankle joint swelling was calculated by subtracting the diameter on 
the day of initiation of treatment from the measured diameter. Values are mean ± standard error 
of the mean. Areas under the curve (AUCs) were calculated for the delta caliper measurements 
of each mouse. Experiment 1 (A,B) was performed to find an effective dosage of the CD97 mAb. 
Mice were treated from day 21 on (n = eight mice per group). In experiments 2 and 3, the effect of 
treatment in early (C,D) and longstanding (E,F) disease was studied. Treatment was started from 
day 21 (eight mice per group) or day 35 (20 mice per group) on, respectively. *P < 0.05.
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(Figure 3A,B). This effect was also observed when treatment was started at day 
35, although the difference did not reach statistical significance (Figure 3D).
We subsequently applied immunohistochemical analysis to see whether different 
leukocyte subsets were evenly decreased by CD97 mAb treatment. A consistent trend 
toward reduced granulocyte numbers was found in the CD97 mAb-treated groups, 
irrespective of the start of treatment (granulocytes mean immunohistological score ± 
standard error of the mean (SEM) on day 21: NaCl 1.6 ± 0.4, cIg 1.6 ± 0.5, CD97 mAb 
0.9 ± 0.4, P = 0.3; on day 35: NaCl 0.8 ± 0.4, cIg 1.8 ± 0.4, CD97 mAb 0.4 ± 0.2, P = 
0.09 (n = 8 to 12 per group)). There were no significant differences in macrophage and 
T-cell numbers (data not shown).

CD97 blockade protects against joint damage
Treatment with CD97 mAb at the onset of symptoms significantly reduced bone 
erosions as detected by x-ray analysis (Figure 4A–C). No difference was found when 
treatment was started on day 35, presumably due to the fact that irreversible bone 
damage had already occurred before the treatment was initiated (Figure 4D).
Histological analysis confirmed a significant reduction in erosions in the group that 
received CD97 mAb treatment from day 21 on (Figure 3C). This effect was also 
observed, albeit to a lesser extent, when treatment was started at day 35 (Figure 3E). 

Figure 3. CD97 monoclonal antibody (mAb) treatment protects against i inflammation and erosion 
when treatment is started at the onset of symptoms. Mice were treated with NaCl, 0.5 mg control 
immunoglobulin (cIg), or 0.5 mg anti-CD97 mAb. Paws (n = 8 to 12 mice per group) were stained 
with haematoxylin and eosin. (A) Representative examples of joints showing intact (left) and 
destructed (right) cartilage derived from mice treated from day 21 on with 0.5 mg CD97 mAb or 
cIg, respectively. Infiltration (B,C) and erosion (D,E) scores of mice treated from day 21 (B,D) or 
day 35 (C,E) on. Values are mean ± standard error of the mean. *P < 0.05.
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Subsequently, cartilage destruction was assessed by safranin O staining, a method 
to detect proteoglycan depletion. A consistent, protective effect was observed in the 
group treated from day 21 on, but the differences did not reach statistical significance 
(Figure 5A–C).
TRAP staining showed low numbers of osteoclasts in all groups, irrespective of 
treatment, suggesting bone loss had already occurred at the time of sacrifice 
(TRAP mean score ± SEM on day 21: NaCl 0.5 ± 0.3, IgG 0.4 ± 0.2, CD97 mAb 0.3 ± 
0.3, P = 0.7 (n = 4 to 8 per group)). 

CD97 blockade does not affect serum levels of cytokine and anti-collagen Abs
We finally assessed the possibility that CD97 mAb treatment affects B- or T-cell function. 
Measurement of collagen-induced IL-6 and Ab production revealed no significant 
difference between CD97 mAb-treated mice and control mice (Table 1).
To explore whether treatment had an effect on the Th1/Th2 balance, draining lymph 
nodes and spleen were isolated on day 50 and stimulated with collagen, CD3/CD28, 
or culture medium. IL-10 and IFN-γ levels were measured by ELISA. No significant 

Figure 4. CD97 monoclonal antibody (mAb) treatment reduces bone damage when initiated at 
the onset of arthrtis. Mice were treated with NaCl, 0.5 mg control immunoglobulin (cIg), or 0.25 
mg or 0.5 mg anti-CD97 mAb. X-rays of hind paws (n = 8 to 20 mice per group) were analysed 
for erosions. (A) Representative x-rays of paws showing no bone or joint abnormalities (left) and 
complete bone destruction (right) derived from mice treated from day 21 on with 0.5 mg CD97 
mAb or cIg, respectively. (B-D) Radiological scores of mice treated from day 21 (B,C) or day 35 
(D) on, corresponding with the experiments 1, 2, and 3, respectively (Figures 1 and 2). Values are 
mean ± standard error of the mean. *P < 0.05.
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difference was found in cytokine production (Table 2), suggesting that CD97 mAb did 
not exert its beneficial effect on CIA primarily by influencing cytokine profiles in the 
lymphoreticular system.

DISCuSSION

In this study, we observed a significant decrease in arthritis severity after blocking 
CD97, especially when treatment was initiated in early disease. The effects were, in 
general, dosedependent. Of importance, CD97 mAb treatment also protected against 
joint destruction in early arthritis. The beneficial effects could not be explained by an 
effect on cytokine profiles in the lymphoreticular system or the humoral response. 
Conceivably, CD97 blockade exerts its effects by interference with the binding of 
CD97-positive leukocytes to the ligands CD55 and/or chondroitin sulfate B, leading to 
a reduction of the synovial cell infiltrate.

Figure 5. CD97 monoclonal antibody (mAb) treatment protects against proteoglycan depllettiion. 
Mice were treated with NaCl, 0.5 mg control immunoglobulin (cIg), or 0.5 mg anti-CD97 mAb. 
Paws were stained with safranin O (n = 8 to 12 per group). (A) Representative examples of joints 
with normal (left) and depleted (right) proteoglycan derived from mice treated from day 21 on with 
0.5 mg CD97 mAb or cIg, respectively. (B,C) Staining scores of mice treated from day 21 (B) or 
day 35 (C) on. Values are mean ± standard error of the mean.
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Consistent with this notion, recent studies have shown an effect of anti-CD97 treatment 
on cell migration in mouse models of infection and inflammation. In Streptococcus 
pneumoniae-induced pneumonia, in which clearance of the bacteria is strongly 
dependent on neutrophil function, CD97 blockade prevented neutrophil migration to 
the lungs.17 This resulted in enhanced outgrowth of bacteria in the lungs and reduced 
survival. In addition, neutrophils incubated with CD97 mAb failed to home to the gut in 
a model of experimental colitis.17

In the early phase of CIA, the synovial tissue is characterised by massive infiltration 
of predominantly polymorphonuclear cells followed by an influx of mononuclear cells. 
During this acute phase, formation of erosive pannus tissue and remodeling of the 
joint occur. The active inflammatory process subsides 3 to 4 weeks after the onset of 
disease, leaving a destroyed joint.16,23,24 Clinical signs of arthritis usually occur between 
days 21 and 28, and the inflammation starts to become quiescent after day 42. This 
could be one of the reasons that the beneficial effect of CD97 blockade on arthritis was 
more modest in longstanding arthritis compared with early treatment, given that cell 
infiltration already tends to decrease in later stages of the disease.
Still, we did observe a significant reduction in arthritis activity even when treatment 
was initiated in chronic arthritis. The natural course of CIA could also explain the 

Table 1. Serum levels of IL-6 and anti-collagen Ab do not differ between CD97 mAb-treated and 
control groups (mean ± SEM).

NaCl cIga CD97 mAba

IL-6 (pg/ml) 
Treatment started on day 21
Treatment started on day 35

28 ± 4
24 ± 3

28 ± 4
29 ± 5

20 ± 1
23 ± 3

Anti-collagen Ab (μg/ml)
Treatment started on day 21
Treatment started on day 35

2186 ± 592
494 ± 143

1539 ± 499
600 ± 137

1001 ± 199
578 ± 135

aMice were treated with 0.5 mg.

Table 2. Cytokine secretion by stimulated splenocytes or lymph node cells do not differ between 
CD97 mAb-treated and control groups (mean ± SEM).

aMice were treated with 0.5 mg.

NaCl cIga CD97 mAba

IL-10 (pg/ml) 
Splenocytes
Lymph node cells

49 ± 11
35 ± 5

53 ± 14
31 ± 3

76 ± 29
78 ± 27

IFN-γ (pg/ml)
Splenocytes
Lymph node cells

76 ± 11
98 ± 28

65 ± 15
76 ± 12

156 ± 33
204 ± 62
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relatively small differences in cellularity shown for individual cell populations by 
immunohistochemistry, given that the tissue samples were obtained not earlier than 
day 49. In the synovium, we detected significantly reduced overall cellularity, as shown 
by conventional histology, and a trend toward reduced granulocyte infiltration. However, 
we cannot exclude the possibility that other synovial cells were affected as well during 
earlier phases of the treatment.
The results presented here show that early anti-CD97 treatment may protect against 
joint damage. The process of degradation of the integrity of the joint is, at least in 
part, dependent on the inflammatory process.25 Osteoclasts play a crucial role in the 
development of bone erosions and these cells are derived from monocytes infiltrating 
the synovial tissue.26

Together with fibroblast-like synoviocytes, synovial tissue macrophages are also 
involved in the production of mediators of degradation that are involved in the 
degradation of cartilage matrix.1 Thus, strategies interfering with migration and retention 
of inflammatory cells may protect bone and cartilage against destruction. Consistent 
with this notion, the present study showed a protective effect of CD97 blockade in 
early disease. Because destruction of cartilage and bone occurs in the early phase 
of CIA, the observation that initiation of treatment in chronic disease did not result 
in reduced destruction is probably due to the fact that irreversible bone damage had 
already occurred before the treatment was initiated.
As described above, human CD97 exists in three isoforms and has several ligands, 
including CD556, chondroitin sulfate B8, and α5β110. There are also three isoforms of 
murine CD97.27,28 In addition to isoforms with three and four EGF domains, a third 
isoform exists with an intervening sequence of 45 amino acids between the second 
and third EGF domains which does not show homology to known protein modules.
Murine CD97 has an expression profile similar to human CD9727,28, and its EGF 
domains presumably recognise the same ligands. Although EGF domains 1 and 2 
mediate binding to CD5517, interaction of EGF domain 3 (the homolog of EGF domain 
4 in humans28) still needs to be formally shown. In contrast to human CD97, murine 
CD97 lacks an RGD motif in the stalk region27,28 which facilitates integrin binding in 
humans.10

The 1B2 mAb used in this study blocks binding to CD5517. This molecule is expressed by 
endothelial cells and fibroblastlike synoviocytes, and blocking the interaction between 
CD97-positive leukocytes and CD55-expressing cells in the synovium might explain, 
in part, the beneficial effects of CD97 blockade in the CIA model. In contrast, it has 
been reported that mice deficient of CD55 have accelerated autoimmune disease29-31, 
an effect that is thought to be attributable mainly to the missing complement-regulating 
function of CD55 in these mice. So far, CD97 has never been shown to affect the 
complement-regulatory capacity of CD55. One might hypothesise that CD55 through 
its interaction with CD97 provides an additional, complement-independent molecular 
function.
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We cannot completely exclude the possibility that the mAb used in this study 
abrogated binding to chondroitin sulfate B in addition to blocking binding to CD55. 
Although 1B2 does not block chondroitin sulfate B binding in vitro17, it could sterically 
hinder this interaction in vivo. This notion is supported by the observation that the 
effects of treatment with the 1B2 mAb were similar to those using the 1C5 mAb that 
interferes with EGF domain 3 (expected to block binding to chondroitin sulfate B) in 
the S. pneumoniae-induced pneumonia model.17 The exact molecular mechanism by 
which the mAb 1B2 inhibits infiltration of CD97-positive cells in the synovium needs to 
be elucidated in future studies.
The increased expression of CD97 in rheumatoid synovial tissue11, the interaction 
between CD97 and its ligands which may occur in the synovium12, and the beneficial 
effects of anti-CD97 treatment in an animal model of RA, as presented in this study, 
suggest a therapeutic potential of CD97 blockade. It has previously been proposed 
that blocking proinflammatory cell migration might be sufficient to achieve clinical 
improvement in RA.32,33 In addition to inhibiting cell migration, CD97 blockade could 
interfere with neoangiogenesis, which is intimately involved in the pathogenesis of 
RA.2 Recent work has shown that the integrin-binding RGD motif of human CD97 is 
able to induce angiogenesis.10 Obviously, the clinical potential of anti-CD97 treatment 
needs to be investigated in clinical trials. The present study supports the rationale for 
such trials.
Taken together, the results presented here support the view that the interaction between 
CD97 and its ligands is involved in cell migration to the site of inflammation in arthritis. 
We have shown for the first time the potential of CD97 blockade as a novel therapeutic 
strategy to reduce synovial inflammation and joint destruction in a model of RA.

CONCLuSION

We postulate CD97 to be involved in migration and retention of inflammatory cells 
in the inflamed synovium with a detrimental effect on RA. To test this hypothesis, we 
investigated the effect of a CD97-blocking mAb in CIA. Treatment of mice starting 
from day 21 on (early disease) significantly reduced arthritis activity and joint damage. 
Treatment started on day 35 (longstanding disease) had similar, albeit less-pronounced, 
effects. These results imply that blockade of CD97 might be potentially useful in the 
treatment of RA.
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ABSTRACT

Objective: CD55 (decay-accelerating factor) is best known for its role in the negative 
regulation of the complement system. Indeed, lack of this molecule leads to disease 
aggravation in many autoimmune disease models. However, CD55 is abundantly 
present on fibroblast-like synoviocytes and is also a ligand of the adhesion-class 
heptahelical receptor CD97, which is expressed by infiltrating macrophages. Treatment 
with antibodies to CD97 ameliorates the collagen-induced model of rheumatoid arthritis 
(RA) in DBA/1 mice, but the net contribution of CD55 is unknown. This study was 
undertaken to investigate the role of CD55 in experimental RA.
Methods: Arthritis was induced in wild-type, CD55-/-, and CD97-/- mice using collagen-
induced and K/BxN serum–transfer models. Incidence of arthritis was monitored 
over time, and disease activity was assessed by clinical and immunohistochemical 
evaluation.
Results: In contrast to observations in many inflammatory disease models, lack of 
CD55 resulted in decreased arthritis in experimental models of RA. Consistent with the 
previously reported effects of anti-CD97 antibody treatment, CD97-/- mice had reduced 
arthritis activity compared with wild-type controls.
Conclusion: Our findings indicate that the lack of CD55 or CD97 in 2 different models 
of arthritis increases resistance to the disease. These findings provide insight into a role 
for CD55 interaction with CD97 in the pathogenesis of RA and suggest that therapeutic 
strategies that disrupt CD55/CD97 may be clinically beneficial.
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Deletion of either CD55 or CD97 ameliorates arthritis 
in mouse models

INTRODuCTION

The glycosyl phosphatidylinositol–anchored cell surface protein CD55 is well known 
for its role in protecting self cells against autologous complement attack.1,2 Its 
alternative name, decay-accelerating factor, refers to the role of CD55 in promoting 
the dissociation of C3 and C5 convertases that assemble on self cells. Thus, CD55 
regulates complement activation at the point of convergence between the classical, 
lectin, and alternative pathways.3 In various disease models, among which are several 
autoimmune diseases, the absence of CD55 aggravates clinical symptoms.4-12 In many 
of these cases it has been shown that overactivation of the system’s complement is the 
cause of the observed disease exacerbation.
Complement activation has been connected both with human rheumatoid arthritis (RA) 
and with several animal models of RA. For example, it has been observed that levels of 
terminal complement components are elevated in the synovial fluid of RA patients.13,14 
Additionally, in collagen-induced arthritis (CIA), the most widely used actively induced 
murine arthritis model, mice lacking either C3, C5, or factor B are more resistant to 
disease.15-17 These findings were reiterated in the passive K/BxN serum–transfer 
model.18,19 The observation that CD55 is expressed at very high levels on fibroblast-
like synoviocytes (FLS)20–23 has prompted speculation on its role in RA in connection 
with the complement system.24,25

Interestingly, CD55 can also act as a ligand for the adhesion-class heptahelical receptor 
CD9726, which is expressed on all leukocytes and several other cell types.23,27,28 Indeed, 
polyvalent recombinant CD97 probes efficiently adhere to FLS in a CD55-specific 
manner.29 Furthermore, we previously described the amelioration of actively induced 
arthritis using a CD97 antibody that blocks CD97–CD55 interaction.30 The question 
thus arose of whether mice lacking CD55 would display aggravated clinical symptoms 
of arthritis in either the CIA or the K/BxN serum–transfer models (due to the protective 
role of CD55 in relation to its regulatory role in the complement system) or reduced 
disease activity (due to its role as a cellular ligand for CD97). Herein we report that, 
contrary to many other disease models, in both actively and passively induced models 
of RA, CD55-/- mice showed reduced arthritis. Moreover, our findings in CD97-/- mice 
were comparable to those in CD55-/- mice in both of these models of RA.
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MATERIALS AND METHODS

Mice
CD55-/- and CD97-/- mice were generated as described previously31,32 and kept in the 
animal facility of the Academic Medical Center. The gene-targeted mice that were 
used were backcrossed to C57BL/6J mice at least 8 times. C57BL/6J wild-type mice 
were either purchased from Charles River (Lyon, France) or obtained from a colony 
maintained at the Academic Medical Center. Age- and sex-matched mice were used 
in all experiments. The institutional Animal Care and Use Committee of the Academic 
Medical Center approved all experiments.

Induction and scoring of arthritis
CIA was induced as previously described33, with minor changes. Briefly, isoflurane-
anesthetized mice (10–12 weeks of age) were immunized intradermally at the base 
of the tail with 100 µl of inoculum containing 1 mg/ml of chicken type II collagen 
(Sigma-Aldrich, St. Louis, MO) in Freund’s complete adjuvant (CFA) with 2.5 mg/ml 
of Mycobacterium tuberculosis H37Ra (Difco, Detroit, MI) on day 0 and day 21. Over 
a period of ~60 days, clinical manifestations of the disease were scored on a scale 
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Figure 1. Joint morphology in wild-type and CD55-/- mice. A and B, Sections of knee tissue from 
wild-type mice (A) and CD55/ mice (B) snap-frozen in Tissue-Tek compound and stained with the 
CD55-specific monoclonal antibody 2C6. C–F, Hematoxylin and eosin staining (C and E) and 
Safranin O staining (D and F) of specimens from wild-type mice (C and D) and CD55-/- mice (E 
and F). Lack of CD55 did not lead to changes in morphology in uninflamed joints. Bar in F  25 µm 
in A and B; 15 µm in C–F.
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of 1–3, where 1 = swelling of a single joint, 2 = swelling of ≥2 joints, and 3 = swelling 
of the entire paw. Scores were summed over all 4 paws to give a maximum possible 
score of 12. Furthermore, the cumulative incidence of arthritis was determined by 
permanently including mice in the group of sick animals from the day of the first 
occurrence of clinical disease. In addition, ankle swelling was assessed using dial 
calipers (POCO 2T 0–10-mm test gauge; Kroeplin Längenmesstechnik, Schlüchtern, 
Germany).
The K/BxN serum–transfer model was induced as previously described18, using 
recipient C57BL/6J, CD55-/-, and CD97-/- mice that were 6–7 weeks of age. Briefly, 
K/BxN serum pools were prepared from 5–6-week-old arthritic mice generated from 
the cross between the KRN and Bl10g7 mice (carrying the NOD-derived g7 major 
histocompatibility complex allele)34 and stored at 20 °C. Intraperitoneal injection of 190 
µl and 180 µl of serum was performed on day 0 and day 2, respectively. Mice were 
evaluated over a period of 21 days using the method for caliper measurements and the 
clinical scoring system described above.

Histologic and immunohistochemical staining
Hind limbs of mice were decalcified by means of a procedure described by Jonsson 
et al.35 Following this treatment, the tissue was either processed for embedding in 
paraffin or snap-frozen in Tissue-Tek compound. Four-micron–thick microtome 
sections of paraffin-embedded tissues were stained with hematoxylin and eosin (H&E) 
or Safranin O–fast green, using previously described procedures.36 These sections 
were evaluated for the level of inflammation and loss of proteoglycans. Inflammation 
was graded on a scale of 0 (no inflammation) to 3 (severely inflamed joint) based on 
infiltration by inflammatory cells in the synovium. Safranin O staining was scored using 
a semiquantitative scoring system with a scale of 0–3, where 0 represents no loss of 
proteoglycans and 3 indicates complete loss of staining for proteoglycans.30

For immunohistochemistry, hind limbs were embedded in OCT compound and snap-
frozen in the gas phase of liquid nitrogen without decalcification. Six-micron–thick 
cryostat sections of this material were stained with a monoclonal antibody specific 
for mouse CD55 (2C6; a kind gift from Dr. P. Morgan). This antibody was visualized 
by staining with a horseradish peroxidase–conjugated anti-rat antibody (Jackson 
ImmunoResearch, Newmarket, UK).

Anticollagen antibody enzyme-linked immunosorbent assay (ELISA)
High-binding 96-well ELISA plates (catalog no. 3590; Costar, Cambridge, MA) were 
coated overnight at 4 °C with 5 µg/ml of chicken collagen (5 mg) (catalog no. C9301; 
Sigma-Aldrich) dissolved in 2.5 ml of sterile filtered 0.1M acetic acid on a rotator and 
dissolved overnight at 4 °C in phosphate buffered saline (PBS; 50 µl/well) for IgG1 and 
for IgG2a collagen-specific antibodies. Plates were washed 3 times with 0.05% Tween 
20 in PBS (100 µl/well). Plates were then blocked for 1 hour with PBS/1% bovine 
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serum albumin (BSA; 100 µl/well). Mouse sera were added in serial dilutions in 2% 
milk/PBS and incubated overnight at 4 °C, followed by washing and incubation with 1 
µg/ml of biotinylated rat anti-mouse IgG1 or IgG2a (SouthernBiotech, Birmingham, AL) 
in 2% milk/PBS for 1 hour at room temperature. After washing, plates were incubated 
with streptavidin-conjugated alkaline phosphatase (Jackson ImmunoResearch) for 
1 hour at room temperature, washed, and developed with p-nitrophenyl phosphate 
substrate (Sigma-Aldrich). The reaction was quenched with 1M H2SO4. The resulting 
optical density was measured at 450/540 nm.

Statistical analysis
The effects of the lack of CD55 or CD97 on paw swelling and mean clinical score were 
assessed by calculating the area under the curve using the trapezoidal rule, followed 
by the Wilcoxon rank sum test. Differences in cumulative incidence were analyzed on 
a per-day basis, using chi-square analysis-of-contingency tables. In some cases, data 
for individual days were analyzed using the Mann-Whitney U test.

RESuLTS

unaffected joint morphology in mice lacking CD55
CD55 is abundantly expressed by FLS in humans21,23,37 and rats38. As shown in Figures 
1A and B, CD55 was also expressed by intimal lining layer cells in the synovium of 
wild-type mice, the staining of which was lost in CD55-/- animals. However, this loss 
of CD55 on FLS did not lead to morphologic changes or changes in proteoglycan 
expression, as shown by H&E staining (Figures 1C and E) and Safranin O staining 
(Figures 1D and F).

Mitigation of actively induced arthritis in mice with CD55 deficiency
To analyze the contribution of CD55 to arthritis, we induced CIA in CD55-/- and wild-
type mice by intradermal immunization near the base of the tail with chicken type II 
collagen in CFA. To our surprise, the CD55-/- mice showed diminished disease, as 
assessed by several different parameters (Figure 2). First, CD55-/- mice lagged behind 
the wild-type mice in disease development until day 46, as shown by the cumulative 
disease incidence (Figure 2A). Second, the area under the curve of the clinical scores 
in CD55-/- mice was significantly smaller compared with wild-type mice from day 25 to 
day 32 (mean ± SEM 8.25 ± 3.01 in wild-type mice and 0.95 ± 1.00 in CD55-/- mice) 
(Figure 2B). Third, the mean clinical scores on days 30 and 32 after immunization 
were significantly lower in CD55-/- mice (Figure 2B). Fourth, there were significant 
differences in mean paw swelling from day 28 until day 44 (Figure 2C).
Anticollagen antibody titers measured at the end of this experiment (63 days after initial 
immunization) showed no significant differences for the IgG1 isotype and marginally 
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lower IgG2a levels in CD55-/- mice than in wild-type mice. Mean ± SEM titers of IgG1 
were 2,226 ± 592 in wild-type mice (n = 13) and 3,871 ± 1,833 in CD55-/- mice (n = 
11). Mean ± SEM titers of IgG2a were 29,103 ± 5,495 in wild-type mice and 14,340 
± 3,426 in CD55-/- mice (P ≤ 0.05). Histopathologic analysis of hind paws obtained 
from wild-type and CD55-/- mice on day 63 showed no significant differences, although 
CD55-/- mice showed a trend toward less erosion and leukocyte infiltration (Figures 2D 
and E).

Amelioration of actively induced arthritis in CD97-/- mice
To test whether the observed alleviation of CIA was attributable to loss of CD97–CD55 
interaction, we evaluated CD97-/- mice in the same experimental model. As with the 

Figure 2. Amelioration of collagen-induced arthritis in CD55-/- mice. A, Cumulative arthritis 
incidence in CD55-/-mice and wild-type (WT) mice. Cumulative incidence was lower in CD55-/- 
mice until 47 days after immunization. B, Clinical scores in wildtype and CD55-/- mice. The mean 
clinical score was lower in CD55-/- mice throughout the experiment and was significantly different 
from that in wild-type mice on days 30 and 32. Values are the mean and SEM. C, Paw swelling 
in wild-type and CD55-/- mice. Swelling of the ankle joints in CD55-/- mice was less than that 
measured in wild-type mice for the duration of the experiment and was significantly different from 
day 28 until day 44. Values are the mean and SEM (n = 15 CD55-/- mice; n = 14 wild-type mice). * = 
P < 0.05; ** = P < 0.01. D and E, Histopathologic analysis of Safranin O–stained and hematoxylin 
and eosin–stained sections of hind paws. Proteoglycan erosion (D) and leukocyte infiltration (E) 
scores (arbitrary units; maximum score 3) in wild-type mice and CD55-/- mice determined 63 days 
after immunization were not significantly different. Values are the mean and SEM.
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CD55-/- mice, CD97-/- mice developed signs of the disease later than their wild-type 
counterparts (Figure 3A), with a significant difference in cumulative incidence on days 
33 and 35 after immunization. The difference in disease severity, however, did not 
reach statistical significance (Figure 3B).

Diminished serum-transfer arthritis in mice lacking either CD55 or CD97
To address the question of whether hampered complement regulation due to the 
lack of CD55 could have an effect on an arthritis model that is strongly affected by 
a dysregulated complement system, we used the K/BxN serum–transfer model.18,19 
We adoptively transferred serum from spontaneously arthritic K/BxN mice to either 
C57BL/6J wildtype, CD55-/-, or CD97-/- mice. One would anticipate that lack of CD55 
would lead to disease exacerbation compared with wild-type mice, while loss of 
CD97 would result in findings consistent with those described above. Surprisingly, 
the CD55-/- mice failed to display enhanced disease, but rather, had somewhat less 
disease activity. Although the cumulative disease incidence did not differ significantly 
between CD55-/- and wild-type mice, CD55-/- mice showed a trend toward lower clinical 
scores until 11 days after serum transfer (Figure 4A), and disease incidence was 100% 
in wild-type mice by day 7, whereas disease incidence did not reach 100% in CD55-/- 
or CD97-/- mice until day 10.
CD55-/- mice showed significantly less paw swelling over time, as measured by the 
area under the curve between days 2 and 6, and on average, paw swelling was below 
that in wild-type mice until day 10 (Figure 4B). Furthermore, the CD97-/- mice showed 
significantly lower disease severity as compared with wild-type mice from day 5 to day 
6, as measured by the area under the curve (Figure 4A), and there was a significant 
difference in cumulative disease incidence between CD97-/- mice and wild-type mice 
on day 5 only. At this time point, 3 of 5 wild-type mice and 2 of 5 CD55-/- animals had 
clinical signs of disease, while none of the CD97-/- animals were affected. Interestingly, 

Figure 3. Amelioration of collagen-induced arthritis in CD97-/- mice. A, Cumulative arthritis 
incidence was lower in CD97-/- mice (n = 15) than in wild-type (WT) mice (n = 15) from day 28 
until day 42 after immunization and was significantly different on days 33 and 35. B, Mean clinical 
scores in wild-type and CD97-/- mice. * = P < 0.05.
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from 2 days after the start of the passive immunization until the end of the experiment 
on day 14, the CD97-/- mice showed significantly less paw swelling over time, as 
measured by the area under the curve (Figure 4B).
These findings were consistent with the results of a second experiment showing a 
marginal delay in onset of arthritis and overall lower mean clinical score in CD55-/- 
compared with wild-type animals (Table 1 and data not shown). The CD97-/- mice had 
significantly lower clinical scores from day 4 until the end of the experiment on day 
14 (data not shown). Furthermore, a significant delay in disease onset was noted in 
CD97-/- mice (mean ± SEM day of onset 3.5 ± 0.6 in wild-type mice and 7.8 ± 0.9 in 
CD97-/- mice; P < 0.05) (Table 1). Because of the high disease penetrance, unaffected 
hind paws at the end of the experiment were rare, being observed in the first experiment 
only once in the CD55-/- group and twice in the CD97-/- group, but never in wild-type 
mice. In the second experiment, in which disease was more severe, all hind paws in 
all groups were affected. As in the actively induced arthritis model, histopathologic 
analysis of Safranin O–stained sections of inflamed hind paws from wild-type, CD55-/-, 
or CD97-/- mice did not show major differences (results not shown).

Figure 4. Amelioration of K/BxN serum–induced arthritis in both CD55-/- and CD97-/- mice. Arthritis 
was induced in wild-type (WT), CD55-/-, and CD97-/- mice (n = 5 mice per group). A, Clinical 
scores in wild-type mice, CD55-/- mice, and CD97-/- mice. There was a significant difference in 
the area under the curve from day 5 to day 6 in CD97-/- mice versus wild-type mice. Values are 
the mean and SEM. Error bars were omitted from the CD55-/- mouse data for readability. B, Paw 
swelling in wild-type mice, CD55-/- mice, and CD97-/- mice. Caliper measurements of paw swelling 
showed a significant difference in the area under the curve from day 2 to day 6 in CD55-/- mice 
versus wild-type mice, and from day 2 until the end of the experiment in CD97-/- mice versus wild-
type mice. Values are the mean and SEM. Lines under the graphs indicate periods of significant 
difference between wild-type mice and CD97-/- mice (top line) or between wild-type mice and 
CD55-/- mice (bottom line) at the indicated P value.
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DISCuSSION

It is well established that the primary function of CD55 is to regulate complement 
activation in self tissues.1,2 It blocks progression of the protease conversion cascade 
by accelerating the decay of the components that lead to C3 and C5 convertases 
that assemble on self tissues. As indicated above, this is the point at which the 3 
pathways (the classical, lectin, and alternative pathways) converge and give rise to 
the effector molecules/ complexes (C3a/C5a and C5b–9) of the complement system.3 
Indeed, CD55-/- mice show enhanced complement activation and, to our knowledge, 
in all disease models tested so far show augmented complementactivation and clinical 
symptoms.4-9 Hence, it was surprising that subjecting CD55-/- mice to CIA, an actively 
induced model of RA, resulted in a significant reduction in arthritis activity, especially 
in terms of paw swelling.
Alternatively, CD55 can act as a ligand for CD97, an interaction that can be blocked 
by anti-CD97 antibody treatment.26,39,40 We previously showed that treatment of CIA 
with CD97 antibody ameliorates disease30, a finding that has been corroborated in an 
extended study.41 However, a recent study has also shown that antibody treatment can 
have a different outcome than the use of gene-targeted mice.32 To verify that a lack 
of interaction between CD55 and CD97 was the cause of the observed improvement 
in clinical outcome, we subjected CD97-/- mice to CIA. Consistent with the results of 
the antibody treatment studies, CD97-/- mice showed reduced disease scores in the 
course of developing CIA. This finding supports the notion that the effect of the antibody 
treatment is likely attributable to interference with ligand binding to CD97 in this disease 
model, and our findings in CD55-/- mice further support this interpretation.
To further assess whether CD55–CD97 interaction rather than complement dysregulation 
in CD55-/- mice impacts arthritis, we analyzed CD55-/- and CD97-/- mice in a K/BxN 
serum–transfer model. In this model, serum from spontaneously arthritic K/BxN mice 

Table 1. Summary of clinical parameters in mice with K/BxN serum–induced arthritis.

* P ≤ 0,05 versus wild-type mice, by Mann-Whitney U test.

Disease
incidence

Days of onset
in each animal

Maximum
clinical score,
mean ± SEM

Experiment 1
wild-type mice 5/5 5, 5, 5, 6, 7 4,6 ± 1,0
CD55 -/- mice 5/5 5, 5, 6, 6, 10 5,0 ± 1,1
CD97 -/- mice 5/5 6, 6, 7, 9, 10 4,4 ± 0,9

Experiment 2
wild-type mice 4/4 2, 4, 4, 4 8,0 ± 0,0
CD55 -/- mice 4/4 2, 4, 5, 5 8,3 ± 0,3
CD97 -/- mice 4/4 6, 7, 9, 9* 8,0 ± 0,5
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is used to induce arthritis, and the disease is strongly complement dependent.18,19 
Importantly, in this experiment, the CD55-/- mice did not show aggravated disease, 
but instead showed some protection against disease development, although it was 
not as clear as that seen in the CD97-/- animals. Thus, although altered contributions 
of complement activation due to the lack of CD55 cannot be excluded, our results 
emphasize the importance of the alternative role of CD55 as interacting with CD97 in 
arthritis.
Our results do not address the question of how CD55–CD97 interaction contributes 
to the development of arthritis. It is noteworthy that CD55 expression in synovial 
tissue is known to be much higher than necessary for protection against complement 
attack. For example, CD55 expression on leukocytes, endothelial cells, and epithelia 
is considerably lower, while it still adequately protects these cells against complement 
lysis. Because of this, CD55 is widely used as a defining marker for FLS.21,23,42 This might 
reflect an alternative role of CD55 at the interface that the synovial tissue constitutes. At 
this location, it is likely that CD55 acts as an instigator for immune cells to pass into the 
joint. Interestingly, Lawrence et al. addressed this possibility with respect to neutrophil 
transmigration across mucosal epithelia.43 In an altered and highly proinflammatory 
environment, as constituted by the arthritic joint, such instigator molecules would be 
counterproductive and facilitate the inflammation to culminate. These insights have 
potential clinical relevance, since blocking the CD55–CD97 interaction in RA might 
have a beneficial effect on the clinical outcome of the disease.
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Summary and discussion

This thesis focuses on the consequences of CD97 interaction with its ligands CD55, 
chondroitin sulfate B (CSB) and very late antigen-5 (VLA-5) in rheumatoid arthritis (RA). 
Furthermore, the role of the related epidermal growth factor-seven transmembrane 
(EGF-TM7) family members EMR2 and EMR3 in RA was studied.

BACKGROuND

In RA, the synovial tissue (ST) shows a marked intimal lining layer hyperplasia due to 
an increase in fibroblast-like synoviocytes (FLS) and intimal macrophages; the latter 
is thought to be the result of recruitment of bone-marrow derived monocytes from 
the bloodstream, entering the synovial sublining through the vascular endothelium.1 
These cells might be trapped by FLS as well as by extracellular matrix components. 
Macrophages and FLS play a key role as effector cells in RA by producing a variety 
of cytokines, matrix metalloproteinases and other soluble mediators that promote joint 
inflammation and destruction.2

Previous research showed a close association between CD97+ macrophages and 
CD55+ FLS in the intimal lining layer.3 This observation suggested a possible role of the 
CD97–CD55 interaction in macrophage retention and activation at this site. The initial 
aim of this thesis was to study the consequences of this receptor–ligand pair in RA. 
The past years, additional ligands for CD97 have been described – CSB4 and VLA-55 
– and novel EGF-TM7 receptors have been identified6;7, necessitating an expansion of 
the research questions.

Chapter 2 provides a systemic overview of the literature on the EGF-TM7 family of 
Adhesion type G protein coupled receptors (GPCRs). With the human genome completed, 
a total of five EGF-TM7 receptors have been identified: CD97 and EMR1 to 4. These five 
receptors are located on the short arm of chromosome 19. They are composed of an 
extracellular α chain, containing tandemly arranged epidermal growth factor (EGF)-like 
domains at the N-terminus, which is non-covalently linked to a seven transmembrane 
spanning β chain.8;9 Due to alternative RNA splicing, isoforms with different numbers 
of EGF domains exist. These domains can mediate interactions with cellular ligands: 
CD97 binds CD55 via its first and second EGF domain, CSB via its fourth EGF domain 
and VLA-5 (α5β1) and possibly also αvβ3 via the stalk region. EMR2 also binds CSB via 
its fourth EGF domain.4 Other ligands await identification. With the exception of CD97, 
expression of the EGF-TM7 receptors is restricted to cells of the myeloid lineage. CD97 
is expressed on a broad range of leukocytes as well as on a variety of non-immune cells 
including (malignant) epithelial and smooth muscle cells.10-12
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MAIN FINDINGS 

Part I. EGF-TM7 family members and their ligands are expressed in synovial 
tissue of RA patients.
Chapter 3 describes the expression of EMR2 and the distribution of EMR2 and CD97 
ligands within RA ST. EMR2 expression in the synovial sublining was found to be 
significantly higher in RA compared to disease controls. Most EMR2-positive cells 
were macrophages and dendritic cells (DCs), expressing co-stimulatory molecules 
and tumor necrosis factor α (TNFα). CSB was shown to be the ligand of the largest 
isoform of EMR2 and CD97 in rheumatoid synovium. In addition, the smaller isoforms 
of CD97, but not EMR2, bound CD55 on FLS. The abundant expression of EMR2 and 
CD97 on myeloid cells in ST of RA patients in close proximity to their cognate ligands 
CSB, CD55 and VLA-5 suggests that these interactions may facilitate the retention of 
activated leukocytes including macrophages in the synovium.

EMR3 is another EGF-TM7 receptor on myeloid cells with highest expression levels 
on fully maturated granulocytes.13 Given the abundant presence of EGF-TM7 family 
members CD97 and EMR2 in ST of patients with RA, expression of EMR3 was studied 
in Chapter 4. EMR3 was expressed by granulocytes and DCs in inflamed ST from 
patients with RA and other arthritides. Synovial fluid (SF) granulocytes expressed 
significantly more EMR3 – as well as EMR2 and CD97 – than peripheral blood (PB) 
derived granulocytes. EMR3 expression could be increased on granulocytes by 
addition of RA SF as well as TNFα or IL-8 (CXCL8). Its expression in the inflamed 
synovial compartment and its induction by SF and specific pro-inflammatory cytokines 
suggest that EMR3 plays a role in synovial inflammation.

Part II. Antibodies to the EGF domains of CD97 do not affect T cell proliferation 
and granulocyte migration in vitro.
Chapter 5. To gain more insight into the functional consequences of the CD97–ligand 
interaction, the effects of CD97 ligation were studied in mixed lymphocyte cultures. 
Antibodies directed at the CD97 stalk region, marginally but significantly inhibited 
alloantigen-induced T cell proliferation. Since no effect on T cell apoptosis was observed, 
decreased proliferation was presumably caused by augmentation of the threshold 
for T cell activation. CD97 stalk region-directed antibodies significantly decreased 
the release of the T cell effector molecule granzyme B. Finally, a tendency towards 
inhibited expression of the adhesion molecules CD11a and CD49d was observed. 
Antibody binding to EGF domain 1 (CD55 binding site) or 4 (CSB binding site) of CD97 
did not inhibit any of these key parameters of T cell activation. Furthermore, we studied 
expression of CD97 on different lymphocyte subsets and found that naive and memory 
T cells express more CD97 than effector cells and that CD97 is upregulated upon T 
cell activation.
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Chapter 6. Since antibodies against CD97 have been implicated to hinder leukocyte 
trafficking in mouse models14-19, we studied the effects of CD97 antibodies on 
human neutrophil migration in a flow chamber model. Ligation of CD97 at the stalk 
region impeded neutrophil rolling and increased firm adhesion to activated human 
umbilical vein endothelial cells (HUVEC) under flow conditions, possibly by altering 
the activation state of β2 integrins while not affecting expression of CD62L, CD18 or 
CD11b. An antibody binding to EGF domain 1 (CD55 binding site) did not affect rolling, 
adhesion or clustering. We concluded that ligand interactions mediated by the EGF 
domains of CD97 are likely not involved in the recruitment of granulocytes to sites of 
inflammation.

Part III. CD97 antibody interference and gene targeting ameliorates arthritis in 
different in vivo models of RA. 
Chapter 7. We evaluated the consequences of CD97 blockade in collagen induced 
arthritis (CIA), a mouse model of RA. Mice receiving CD97 monoclonal antibody 1B2, 
blocking the CD55 binding site in vitro, at the onset disease developed significantly less 
disease activity and hind paw swelling compared to control mice. Furthermore, joint 
damage and inflammation were reduced and granulocyte infiltration was decreased. 
The effects of CD97 antibody treatment on established disease were similar, albeit 
less pronounced. The results supported the notion that CD97 contributes to synovial 
inflammation and joint destruction in arthritis, possibly by interfering with migration 
and/or retention of the immune cells. 

Chapter 8. To further investigate the role of CD97–CD55 interaction in the development 
of arthritis, we studied mice that lack expression of these molecules. The onset of CIA 
was delayed in both CD97 and CD55 null mice. CD55 knockout mice also showed less 
disease activity and hind paw swelling. In addition, passively induced K/BxN serum 
transfer arthritis was diminished in both knockout mice. CD55 protects cells from 
complement attack. Since CIA and K/BxN serum-transfer arthritis both partially depend 
on complement activity, one could have predicted an aggravated course of arthritis in 
CD55 null mice. However, the pathogenic aspect of CD97–CD55 interaction seems to 
outweigh the beneficial effect of complement inactivation during the course of arthritis 
development, providing further support for the detrimental role of the CD97–CD55 
interaction in RA. 
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CONCLuDING REMARKS AND DISCuSSION

Mice
During the research described in this thesis, monoclonal antibodies against mouse 
CD97 were found to block the recruitment of granulocytes to sites of inflammation 
in vivo.14 Impaired recruitment of neutrophils resulted in defective anti-bacterial host 
defense and stem cell mobilization from bone marrow.14;16. In line with these findings, 
we showed that monoclonal antibody 1B2, directed against the first EGF domain of 
CD97 (CD55 binding site), was protective in the CIA model of RA (Chapter 7). This 
finding was confirmed and extended by an independent study using the same antibody 
as well as an antibody to the third EGF domain of CD97 (the presumed CSB binding 
site).18 Both antibodies efficiently prevented granulocyte infiltration, inflammation and 
bone destruction in DBA/J1 mice during early and late CIA. More recently, a mouse with 
a defective CD97 gene was generated in our laboratory.19. We showed that this mouse 
as well as a mouse lacking CD55 developed reduced arthritis in actively (CIA) and 
passively (K/BxN serum transfer) induced models of RA (Chapter 8). We concluded 
that abrogation of the CD97–CD55 interaction by means of antibody interference and 
antibody treatment protects against experimental arthritis.
The findings summarized here let us to hypothesize that the interaction between 
CD97 and its ligands likely is involved in the trafficking of immune cells to sites of 
inflammation. Recently, this concept was challenged. Firstly, granulocyte infiltration 
in thioglycollate induced peritonitis – a model strongly affected by CD97 antibody 
treatment – was not disturbed in two independently developed CD97 knockout mice.19;20 
Secondly, studies on the working mechanism of CD97 antibodies raised questions as 
to whether these antibodies indeed interfere with cell trafficking: (1) Despite the rather 
ubiquitous presence of CD97 on immune cells, targeting of CD97 with antibodies 
selectively affected immune responses depending on granulocytes. (2) Antibodies that 
prevented recruitment of mouse granulocytes in vivo did not impact on the migration 
of these cells in vitro. (3) Antibodies that block CD55 interaction of human CD97 did 
not inhibit interaction of granulocytes with activated endothelium in the flow chamber 
model (Chapter 6). Collectively, these data suggested that CD97 could be dispensable 
for leukocyte migration and CD97 antibodies may actively disturb extravasation of 
granulocytes in a different way. Recent work from our laboratory has proven this idea. 
The CD97 antibody 1B2 (also used in this thesis) was shown to prevent neutrophil 
recruitment by inducing neutropenia under specific conditions of acute inflammation, 
which was solely dependent on Fc receptor activation.21

The unexpected mechanism of action of CD97 antibodies in vivo not only explained 
the different consequences of antibody treatment versus gene targeting with respect 
to cell recruitment.19 It also raised novel questions about the physiological function of 
CD97. These questions directly relate to the role of the ligand interactions of CD97. 
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The role of ligands for the functioning of nonclassical GPCRs of the Adhesion type is 
currently a matter of intensive debate (5th Adhesion-GPCR Workshop, Leipzig 2010). It 
is not clear whether molecules that bind Adhesion-GPCRs act as agonists that activate 
the receptors or whether their activity is restricted to the generation of adhesive 
contacts between cells. So far, none of the known Adhesion-GPCR binding partners 
has been demonstrated to initiate signaling. In contrast, a number of studies have 
shown involvement of Adhesion-GPCRs in the positioning of cells within tissues and in 
the formation of cell-cell contact.22 It seems possible that the interaction between CD97 
and CD55 facilitates contacts between cells expressing these molecules like FLS, 
including the surrounding extracellular matrix, and immune cells in the synovium. 
Whether the amelioration of RA in CD55 and CD97 null mice (Chapter 8) could be 
explained by lack of establishing cell-cell contact or interference with cell positioning in 
ST is still the subject of research. 

Humans
At the onset of the work described in this thesis, effects of CD97 blockade on human 
cells had been studied sparsely. Moreover, although murine CD97 has an expression 
profile similar to human CD9719;23;24 CD55, and its EGF domains presumably recognize 
the same ligands (CD55 and CSB), it lacks an RGD motif in the stalk region23;24 CD55 
that facilitates integrin binding in humans5 (Figure 3 in Introduction). Effects of CD97 
ligation at the stalk region can therefore not be investigated in mice.
In our experiments with human cells (neutrophil migration and mixed lymphocyte 
culture), we did not find consequences of blocking CD97–CD55 interaction but observed 
effects when applying monoclonal antibody CLB-CD97/3 directed against the CD97 
stalk region. The leukocyte adhesion cascade comprises of eight steps: capture or 
tethering, rolling, activation, slow rolling, arrest, adhesion strengthening, intraluminal 
crawling, and finally paracellular or transcellular migration25 (and references therein). In 
the flow chamber model we used, the first six steps of the neutrophil adhesion cascade 
can be studied. We can therefore conclude that in humans, these steps do not depend 
on CD55–CD97 interaction (Chapter 6). In contrast, ligation of CD97 at the stalk region 
partially impeded neutrophil rolling and increased firm adhesion to TNFα-activated 
human umbilical vein endothelial cells (HUVEC) likely by increasing the activation state 
of β2 integrins. Integrins on circulating neutrophils are in a fairly inactive state under 
physiological conditions. Upon exposure to an appropriate external stimulus, functional 
activity of integrins is rapidly enhanced, resulting in increased adhesion that does not 
require changes in levels of integrin expression on the cell surface, but instead, affects 
the activation state of these integrins, a process called inside-out signaling.26-28

While blockade of CD97–CD55 interaction did not affect T cell proliferation, ligation 
of the stalk region of CD97 in mixed lymphocyte cultures resulted in a decreased 
frequency of alloreactive T cells (Chapter 5). Of note, expression of CD11a, the α 
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chain of LFA-1, was decreased. On neutrophils LFA-1 mediates firm adhesion and 
neutrophil arrest by binding ICAM-1. Possibly ligation of CD97 at the stalk region exerts 
it effects (decreased T cell proliferation, decreased rolling percentage neutrophils) by 
affecting CD11a. The group of Spendlove found that blockade of the CD97–CD55 
interaction resulted in a proliferation block of CD4+ and CD8+ T-cell clones, co-cultured 
with peptide-pulsed autologous monocytes.29 However, we could not reproduce these 
data in mixed lymphocyte cultures, and an explanation for this incongruence is still not 
found.
Together, antibody binding to the stalk region of CD97 affected neutophil migration and 
T cell responsiveness. Yet, it needs to be stressed that these effects were limited and 
that they are not properly understood. Up to now, signaling in response to ligation by 
physiological binding partners or antibodies has not been demonstrated for CD97 or 
any of the other EGF-TM7 family members. 

CD97–CD55 blockade: a potential target in RA?
RA is characterized by the influx of inflammatory immune cells including macrophages 
and neutrophils.30 In chronic RA, inflammation of the joints is sustained by retention 
and reduced apoptosis of these cells.1;31;32 A therapy, which reduces migration or 
retention of immune cells to/in the joint or induces their death might therefore be 
successful in preventing and treating disease. CD97–ligand interactions could be 
interesting novel targets for the treatment of RA. Mainly the finding that lack of CD97 
and CD55 in mice has a protective effect in the CIA and K/BxN serum transfer models 
of RA is encouraging. In vitro and in vivo studies have excluded a role for CD97–CD55 
in leukocyte migration (and this thesis).21 However, it seems likely that CD97–ligand 
interactions contribute to the retention of immune cells in inflamed tissue. Due to the 
very abundant presence of the CD97 ligand CD55 on FLS, synovial tissue might be 
an interesting site for therapeutic intervention. It seems possible that biologicals that 
target CD97–ligand interactions have a protective effect in RA. For the development of 
potential therapeutics, several points need to be considered. Firstly, antibodies need to 
be developed in such a way that they do not deplete or activate leukocytes. Secondly, 
interfering with the first line of immune defense, it will be of crucial importance to 
exclude uncontrolled suppression or activation of the immune system. Thirdly, given 
the abundance of CD97 expression on all immune cells, unwanted therapeutic effects 
need be controlled properly. Here, EMR2 and EMR3 could be alternative targets, as 
expression of both EGF-TM7 receptors is restricted to myeloid cells. EMR2 has been 
implicated in potentiating the inflammatory response of neutrophils by augmenting 
the effects of proinflammatory mediators. Furthermore, ligation of EMR2 increased 
neutrophil adhesion to endothelium and migration.33 However, EMR2 and EMR3 have 
no ortholog in mice, which limits experimental approaches. 
In conclusion, CD97, EMR2 and EMR3 are interesting novel targets for the treatment 
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of RA. Future research needs to address the feasibility of therapeutic approaches 
directed at these EGF-TM7 receptors and to unravel the role of these molecules in the 
pathophysiology of RA.
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Achtergrond

Reumatoïde artritis (RA) is een chronische ontstekingsziekte waarbij vooral de 
gewrichten zijn aangedaan. De belangrijkste symptomen zijn pijn, gezwollen gewrichten 
en bewegingsbeperking. Circa 1% van de Nederlandse bevolking lijdt aan RA; dat zijn 
dus ongeveer 160.000 mensen. Alhoewel de oorzaak nog niet helemaal duidelijk is, 
weten we wel dat sommige mensen een verhoogde kans hebben op het ontwikkelen 
van RA als gevolg van hun genetische achtergrond. Andere factoren die een rol spelen 
zijn onder andere roken en paradontitis. 
Hoewel bij sommige mensen de ziekte betrekkelijk mild verloopt, ontstaat er bij de 
meeste mensen zonder behandeling forse gewrichtsschade met als uiteindelijk gevolg 
verlies van gewrichtsfunctie en invaliditeit. 
In het aangedane gewricht van een RA patiënt ziet men een ontsteking in 
de binnenbekleding van het gewrichtskapsel, het synovium. Onder normale 
omstandigheden bestaat het synovium slechts uit een dun laagje cellen. In RA ziet men 
een forse toename van het synoviale weefsel dat het kraakbeen en het onderliggende 
bot destrueert. Het synovium bestaat uit twee lagen: de ‘intimal lining layer’ die in 
contact staat met het synoviale vocht en de ‘synovial sublining’. Bij RA ziet men een 
forse toename van fibroblast-achtige synoviocyten (FLS) en macrofagen in de intimal 
lining layer. Naast deze celtypen worden in the sublining ook andere ontstekingscellen 
gevonden, o.a. T cellen, B cellen en granulocyten. Deze ontstekingscellen en hun 
producten dragen bij aan de destructie van de gewrichten. 
Macrofagen en FLS spelen een belangrijke rol bij het in stand houden van de 
ontsteking en in het proces waardoor de gewrichten beschadigd raken. Het belang 
van macrofagen in het onderhouden van RA wordt onderstreept door het feit dat deze 
cellen verdwijnen zodra de ziekteactiviteit vermindert. De macrofagen zijn afkomstig 
van monocyten uit het beenmerg die via het perifere bloed gerecruteerd worden en 
vervolgens hechten via extracellulaire matrix en cel-cel contacten.
De macrofagen brengen veel CD97 tot expressie op het oppervlak, en de FLS 
veel CD55. Deze moleculen kunnen aan elkaar binden. Het is daarom mogelijk dat 
de interactie tussen CD97 en CD55 tot retentie van afweercellen in het ontstoken 
synovium kan leiden. Doel van dit onderzoek was onder andere de gevolgen van de 
interactie tussen CD97 positieve macrofagen en CD55 positieve FLS te bestuderen in 
de gewrichten van patiënten met RA. 
FLS maken onder fysiologische omstandigheden bestanddelen van de extracellulaire 
matrix. In RA dragen deze cellen bij aan het ontstekingsproces en de destructie van 
de gewrichten. FLS exprimeren veel CD55, ook wel ‘decay accelerating factor’ (DAF) 
genoemd, een molecuul dat autologe cellen tegen de gevolgen van complementactivatie 
beschermt.
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CD97, dat kan binden aan CD55, behoort tot de EGF-TM7 receptor groep van Adhesie-G 
protein-coupled receptors (GPCRs). Deze receptoren bestaan uit twee delen: een 
extracellulair deel met aan het uiteinde EGF domeinen dat via een verbindingstukje 
(stalk) (samen de alpha unit genoemd) aan het transmembraan deel (de beta unit) 
gekoppeld is. CD97 komt tot expressie op witte bloedcellen, o.a. op geactiveerde T 
cellen, granulocyten, monocyten, macrofagen en dendritische cellen. CD97 komt voor 
in drie isovormen met respectievelijk drie, vier of vijf EGF domeinen. Alle vormen van 
CD97 kunnen, in wisselende mate, CD55 binden via de eerste twee EGF domeinen. 
CD97 kan tevens aan twee andere cellulaire liganden binden: aan het glycosaminoglycaan 
chondroïtinesulfaat B (dermatansulfaat, DS) via het 4e EGF domein en het integrine 
α5β1 (Vla-5) welke wordt gebonden door middel van het RGD motief in de stalk van 
humaan CD97. α5β1 is een β1 integrine dat in RA synoviale weefsel verhoogd tot 
expressie komt.
Alleen de grootste isovorm van CD97 is in staat om DS te binden. De expressie van DS 
is verhoogd in het ontstoken synoviale weefsel van RA patiënten. Kortom, de expressie 
van zowel CD97 als ook zijn liganden α5β1 en DS is verhoogd in het synoviale weefsel 
van RA patiënten.
CD97 is, zoals hierboven vermeld, een lid van de EGF-TM7 familie. Andere leden zijn 
EMR1, EMR2, EMR3, en EMR4. De EMR receptoren komen alleen voor op myeloïde 
cellen. EMR2 (CD312) komt tot expressie op monocyten, macrofagen, dendritische 
cellen, en granulocyten. De mate van expressie van EMR2 neemt toe tijdens 
differentiatie en rijping van macrofagen en neemt af tijdens dendritische celrijping. 
EMR2 bindt, net als CD97, aan DS via het 4e EGF domein. EMR2 speelt een rol bij de 
regulatie van neutrofielen. 
De functie van EMR3 is tot nu toe onbekend. EMR3 komt hoofdzakelijk tot expressie 
op granulocyten, rijpe monocyten en myeloïde dendritische cellen. Een tot nog toe 
ongeïdentificeerde ligand voor EMR3 komt eveneens tot expressie op macrofagen en 
geactiveerde granulocyten. EMR1 komt alleen tot expressie op eosinofiele granulocyten 
en EMR4 komt niet tot expressie op menselijke cellen. 

Aan het begin van dit project, was de identificatie van EGF-TM7 receptoren en 
hun liganden onderwerp van intensief onderzoek. Dit onderzoek heeft geleid tot 
karakterisering van EMR1 tot en met 4 en ontdekking van DS en integrines als liganden 
van CD97 en EMR2. Voorts werden antilichamen en knock-out muizen ontwikkeld om 
de functie van CD97 in vivo te kunnen onderzoeken. Studies verricht met blokkerende 
antilichamen tegen CD97 in muizen suggereerden een rol voor CD97 bij migratie van 
leukocyten.

Doel en overzicht van de thesis
Het doel van dit onderzoek was onze kennis over expressie van de EGF-TM7 
familieleden CD97, EMR2, en EMR3 in het synoviale weefsel bij RA uit te breiden. 



Samenvatting in het Nederlands

171

Voorts streefden wij na inzicht te verwerven in de functionele gevolgen van CD97-
ligand interacties bij RA. De volgende onderzoekvragen werden gesteld:

Komen de EGF-TM7 familieleden EMR2 en EMR3 tot expressie in het 1. 
synoviale weefsel van patiënten met RA?
Welke functionele gevolgen heeft de interactie van CD97 met zijn liganden 2. 
in vitro? 
Wat zijn de effecten van blokkade of afwezigheid van CD97 of CD55 in 3. 
muizenmodellen voor reumatoïde artritis?

Antwoorden op deze vragen worden gegeven in de drie delen van dit proefschrift. Het 
eerste hoofdstuk geeft een samenvatting van de bestaande kennis over de EGF-TM7 
receptoren.

Deel 1 In situ studies (hoofdstuk 2 en 3)

EGF-TM7 familieleden en hun liganden komen tot expressie in het synoviale 
weefsel van patiënten met RA.
Om de potentiële rol van andere EGF-TM7 leden in de pathogenese van RA te 
evalueren, onderzochten wij de expressie van EMR2 (Hoofdstuk 2) en EMR3 
(Hoofdstuk 3) in het synoviale weefsel van RA patiënten. Voorts visualiseerden wij de 
distributie van CD97 en EMR2 liganden in het synoviale weefsel. 
Eerder onderzoek heeft aangetoond dat de expressie van CD97 op macrofagen in de 
lining layer verhoogd is. CD97 bindt CD55 door middel van zijn EGF domeinen. Ten 
behoeve van onderzoek naar de functie van deze binding, werden eiwitconstructen 
gemaakt van de EGF domeinen. Door deze recombinant eiwitten te koppelen aan 
fluorescerende beads, konden we de ligand-distributie van CD97 in het synoviale weefsel 
met behulp van microscopisch onderzoek bestuderen. Dit onderzoek bevestigde dat 
de kleinste twee isovormen van CD97 aan CD55 binden, terwijl de grootste isovorm 
aan DS bindt. DS komt vooral tot expressie in de extracellulaire matrix. Bij RA is de 
expressie van DS verhoogd in het synoviale weefsel. Dit draagt mogelijk bij aan de 
retentie van CD97 positieve macrofagen in het ontstoken synovium.

Tijdens dit onderzoek is EMR2 ontdekt. Dit molecuul is net als CD97 een EGF-
TM7 familielid, met een groot extracellulair deel en aan het uiteinde meerdere EGF 
domeinen. Slechts 6 aminozuren van de EGF domeinen van CD97 en EMR2 zijn 
verschillend: de rest van hun aminozuursequenties is identiek. Niettemin zijn deze 
minimale verschillen groot genoeg zijn om interactie van EMR2 met CD55 te voorkomen. 
Het anti-CD97 (CLB-CD97/1) antilichaam dat is gebruikt in eerdere studies, is gericht 
tegen het eerste EGF domein. Daar dit domein bijna identiek is aan het eerste EGF 
domein van EMR2, herkent het antilichaam zowel EMR2 als CD97. Gebruik makend 
van nieuwe molecuul-specifieke antilichamen hebben wij immunohistochemisch 
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onderzoek gedaan naar het synoviale weefsel van patiënten met RA, artrose en 
reactieve artritis. In overeenstemming met onze eerdere bevindingen was CD97 
expressie op macrofagen in de lining layer verhoogd ten opzichte van macrofagen 
in de sublining. Ook werd gevonden dat EMR2 expressie significant hoger was in 
het synovium van patiënten met RA dan in het synovium van patiënten met andere 
vormen van artritis. Deze verhoogde EMR2 expressie was het meest uitgesproken 
in de sublining. EMR2 expressie in het synovium was gelokaliseerd op geactiveerde 
macrofagen en dendritische cellen. De hoge mate van expressie van CD97 en EMR2 
op witte bloedcellen in het synovium van RA patiënten in dichte nabijheid van hun 
liganden DS, CD55 en Vla-5 betekent mogelijk dat deze moleculen betrokken zijn bij 
de retentie van geactiveerde immuuncellen in het synoviale weefsel.

EMR3 is een andere EGF-TM7 receptor die tot expressie komt op rijpe granulocyten. 
Omdat CD97 en EMR2 sterk op cellen in het synoviale weefsel aanwezig zijn, waren 
wij benieuwd of EMR3 eveneens tot expressie komt op ontstekingscellen in het 
synovium van patiënten met RA of andere vormen van artritis. EMR3 werd aangetoond 
op granulocyten en dendritische cellen. Granulocyten uit synoviale vocht hadden een 
hogere mate van EMR3 expressie in vergelijking met granulocyten uit bloed. Incubatie 
van granulocyten uit perifeer bloed met het synoviale vocht van patiënten met RA, 
verhoogde de expressie van EMR3. Cytokinen, waarvan bekend is dat ze tot activatie 
van granulocyten leiden (IL-8, TNFα), hadden hetzelfde effect op EMR3 expressie. Het 
voorkomen van EMR3 in het ontstoken synoviale weefsel en het feit dat het synoviale 
vocht van RA patiënten en inflammatoire cytokines EMR3 expressie induceren 
suggereert dat EMR3 een rol speelt bij synoviale ontsteking.

Deel 2 In vitro studies (hoofdstuk 5 en 6)

Blokkerende antilichamen tegen EGF domeinen van CD97 hebben geen effect 
op T cel proliferatie en granulocyten migratie in vitro
Om de functionele gevolgen van de CD97 – ligand interactie in vitro te bestuderen 
werden verschillende celmodellen gebruikt. In hoofdstuk 5 zijn antilichamen tegen 
verschillende delen van CD97 gebruikt in mixed lymphocytes cultures. Het antilichaam 
gericht tegen de CD97 stalk regio, reduceerde alloantigeen-geinduceerde T cel 
deling, waarschijnlijk door het verhogen van de activeringsdrempel van de T cellen. 
Ook was de productie van granzyme B significant verminderd na behandeling met dit 
antilichaam.
Antilichamen gericht tegen het EGF domein 1 (CD55 bindings site) en 4 (DS bindings 
site) van CD97 hadden geen effect op T cel proliferatie in mixed lymphocyte cultures. 
Voorts bestudeerden wij de expressie van CD97 op verschillende lymfocyten populaties 
en vonden dat naïeve en memory T cellen meer CD97 tot expressie brengen dan 
effector T cellen. CD97 expressie was verhoogd na activatie van T cellen.
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Aangezien in muismodellen antilichamen tegen CD97 migratie van leukocyten naar 
plaatsen van ontsteking leken te belemmeren, hebben wij het effect van CD97 
antilichamen op migratie van menselijke neutrofielen onderzocht. Hierbij werd alleen 
een effect van het antilichaam dat tegen de stalk regio is gericht gevonden; met anti-
stalk antilichaam behandelde neutrofielen rolden minder goed en adhereerden meer 
aan geactiveerde human endothelial cells (HUVEC) onder flow condities dan de 
controle neutrofielen. Dit effect werd niet gemoduleerd door veranderingen in CD62L, 
CD18 of CD11b expressie. Mogelijk wordt het effect bewerkstelligd door verandering 
van de activeringsstaat van β2 integrines. Antilichaam gericht tegen de CD55 
bindingsplaats had geen effect op het rollen of adhereren op HUVEC door neutrofielen. 
We concludeerden dat ligand binding van CD97 via EGF domeinen waarschijnlijk niet 
betrokken is bij het rekruteren van granulocyten naar gebieden van ontsteking. 

Deel 3 In vivo studies (hoofdstuk 7 en 8)

Behandeling met antilichamen tegen CD97 en het genetisch uitschakelen van 
CD97 en CD55 leidt tot een milder beloop van artritis in muizenmodellen voor RA 
In een muizenmodel voor reumatoïde artritis (collageen-geïnduceerde artritis) is het 
effect bestudeerd van CD97 blokkade middels monoklonale antilichamen gericht 
tegen de EGF domeinen. Bij muizen komt CD97 op dezelfde cellen tot expressie als 
bij mensen. In een eerste experiment is gekeken of CD97 blokkade effect heeft en bij 
welke dosis dit effect maximaal is. Er werd een significante reductie in artritisactiviteit 
gevonden bij de met CD97 antistof behandelde groep. Dit uitte zich door minder ernstig 
ontstoken gewrichten bij de behandelde muizen, en minder bot- en gewrichtsschade 
aangetoond door middel van histologische, immunohistochemische en radiologische 
analyse. 
In een tweede experiment is gekeken op welk tijdspunt blokkade het meest effectief 
was: direct bij het verschijnen van de symptomen of bij ziekte die al enige tijd bestaat. 
CD97 blokkade was in beide situaties gunstig, dus zelfs nadat de ziekte zich al 
gemanifesteerd had.
Deze bevindingen werden gevalideerd in genetisch gemodificeerde muizen; de cellen 
van deze muizen brengen geen CD97 of CD55 meer tot expressie. In het collageen-
geïnduceerde artritis model bleken zowel de muizen die geen CD97 hebben als ook de 
muizen die geen CD55 meer hebben pas op een later tijdstip gewrichtsontstekingen te 
ontwikkelen dan de controlemuizen. Daarbij hadden de CD55 knock-out muizen ook 
minder heftige gewrichtsontstekingen. In een ander artritismodel (passief geïnduceerd 
middels K/BxN serumtransfer) kregen de CD97 en CD55 knock-out muizen ook minder 
artritis.
CD55 beschermt cellen tegen de gevolgen van complementactivatieiteit. Daar de 
gebruikte artritis modellen deels complementafhankelijk zijn, zou de afwezigheid 
van CD55 tot een verergering van ziekte kunnen leiden in CD55 knock-out muizen. 
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Dit gebeurde echter niet, de artritis verliep juist milder. CD55 vervult twee functies: 
bindingspartner van CD97 en remmer van complementactiviteit; waarschijnlijk 
is het pathogene effect van de CD97-CD55 interactie sterker dan het mogelijk 
anti-inflammatoire effect van CD55 in het verminderen van schade als gevolg van 
complementactivatie. Deze bevindingen ondersteunen de hypothese dat de CD97-
CD55 interactie een schadelijke rol speelt bij RA.

Belangrijkste conclusies

EGF-TM7 receptoren EMR2 en CD97 en hun respectievelijke liganden komen 
verhoogd tot expressie in het synoviale weefsel van reumatoïde artritis patiënten.
De CD97-CD55 interactie speelt waarschijnlijk een rol bij de retentie van 
ontstekingscellen in het synoviale weefsel.
EMR3 is een activatiemarker voor neutrofiele granulocyten.
De CD97-CD55 interactie speelt geen rol bij T cel proliferatie.
De CD97-CD55 interactie speelt geen rol bij het rekruteren van granulocyten naar 
ontstoken gebieden.
Blokkade van de CD97-CD55 interactie heeft een gunstig effect heeft op het beloop 
van artritis in een diermodel voor reumatoïde artritis. 
Afwezigheid van CD97 of CD55 vermindert de incidentie en ernst van artritis in 
muizenmodellen.
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Alhoewel dit project voor mij regelmatig leek op een tunnel zonder eind, schemert dan 
nu in de verte het licht van het post-promotionele tijdperk. Driewerf hoera!

Velen hebben geholpen bij de totstandkoming van dit proefschrift, waarvoor mijn dank. 
Een aantal van hen wil ik hier expliciet bedanken.

Allereerst mijn promotor professor dr. P.P. Tak: beste PP, ik ben je zeer erkentelijk voor 
je blijvende vertrouwen dat het proefschrift voltooid zou worden, voor je onuitputtelijke 
energie en de ontelbare manieren waarop jij dit proefschrift verbeterd en bijgeschaafd 
hebt. Ik heb veel respect voor de wijze waarop je, onder andere, de afdeling KIR hebt 
opgebouwd.

Mijn co-promotor, dr. J. Hamann: beste Jörg, jij hebt samen met PP de begeleiding 
van dit project gedragen. Jullie gezamelijke ideeën vormden de basis van dit project. 
Heel hartelijk dank voor je volhardende en, met name bij het schrijven, minutieuze 
begeleiding.

Vele patiënten hebben mee willen werken aan wetenschappelijk onderzoek. In een deel 
van dit onderzoek is hun lichaamsmateriaal bestudeerd. Ik ben hun dank verschuldigd 
voor hun bereidheid tot vaak belangeloze deelname aan het wetenschappelijke 
onderzoek.

Alle leden van de promotiecommissie wil ik bedanken voor het kritisch lezen van dit 
proefschrift en hun bereidheid zitting te nemen in de oppositiecommissie.

Veel dank ben ik verschuldigd aan alle mensen van de klinische immunologie en 
reumatologie die mij op weg hebben geholpen in en rond het lab. Beste Tom Smeets, 
Margriet Vervoordeldonk en Maarten Kraan, bedankt voor de gezellige en effectieve 
samenwerking.

Ook alle mensen die mij vaak hebben meegeholpen wil graag bedanken: Gwendoline, 
hartelijk dank voor je hulp bij de hybridrama’s en de muizenproeven. (We hebben 
er zin in… en alles is leuk!). Petra, Barbara, Tamara en Si-la hebben soms volledig 
belangeloos tijd willen besteden aan mijn project, hartelijk dank hiervoor.

Alle collega-onderzoekers van de KIR van het AMC: Judith, Jasper, Marc, Pol en mijn 
briljante ex-kamergenoten (ondanks gebrek aan daglicht!) Laila, Godelieve, Mireille, 
Ester, en Nuno wil ik bedanken voor hun steun, gezelligheid en de collegiale sfeer die 
zij meebrachten.

De collega’s van de EGF-TM7 groep Mark, Robert, Mourad en Walter wil ik hartelijk 
danken voor hun bijdragen aan dit proefschrift.
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Laurien Ulfman, beste Laurien, bedankt voor jouw bereidheid mij de rollingproeven te 
leren. Ik heb veel van je geleerd en het was altijd prettig om de laatste resultaten met 
je door te nemen. Ik ben dan ook blij dat dit werk als hoofdstuk is opgenomen in dit 
proefschrift.

Mijn huidige opleider Dermatologie in het UMC St Radboud, professor dr. P.C.M. van 
de Kerkhof wil ik bedanken voor zijn interesse in mijn proefschrift en verdediging en 
de ruimte die hij me geboden heeft om tijdens mijn opleiding tijd vrij te maken voor 
de voltooiing van mijn proefschrift. Zijn energie en positieve instelling zijn een groot 
voorbeeld.

Alle leden van de opleidingsgroep, hartelijk dank voor de steun en interesse tijdens mijn 
vrijwel gehele opleiding. Al mijn collega’s van de dermatologie, mijn oud- en huidige 
kamergenoten, met name Judith, Maartje, Demia, Manon, Marjolein, Lenny, Denise en 
Saskia v L. wil ik bedanken voor hun gezelligheid in de afgelopen jaren.

Matthijs Poll wil ik bedanken voor het lay-outen van dit proefschrift. Anja bedankt voor 
het maken van de foto!

Mijn vriendinnen Maartje (eregast), Hannan (backup paranimf), Saskia (getuige van 
en voor mijn leven) en Laila (2e keer): helaas waren jullie niet de reden dat het zo lang 
geduurd heeft dat het af is. Gerrie, René & Ellen M wat fijn dat jullie ook de sprong naar 
het verre Nijmegen hebben gemaakt.

Speciale dank gaat uit naar de boekenclub (Ditke, Ellen en Baruch)…..zonder 
hen…..

Mijn paranimfen: lieve Geert, er is niemand met wie ik liever een eindeloos 
promotietraject deel dan jij. Volgende keer wil IK de paranimf zijn.

Lieve Riteke, ik ben vereerd dat je mijn paranimf wilt zijn. Je weet wat je te doen 
staat.

Mijn familie: Mijn superzussen: Nicolien en Ariane en favoriete half Bart. Ik ben heel blij 
dat jullie er zijn. Dankzij mijn ouders heb ik mij kunnen ontplooien tot wie ik nu ben.

Lieve Rob, een prettig bijgevolg van dit project is dat ik jou beter heb leren kennen. 
Nu delen we de meest mooie dingen van ons leven. Jij bent op vele manieren direct 
betrokken geweest bij de totstandkoming van dit boekje. Dit proefschrift is aan jou 
opgedragen, maar meest van al het motto.

Mijn lieve kleine grote mannen, Thijs, Finn en Ivar. Alles loopt uiteindelijk goed af; en 
ze leefden nog lang en gelukkig. En zo is het echt gegaan.
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