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Prologue 



Chapter 1 

Cloning of EGF-like module-containing mucin-like receptor protein 1 (EMR1) and 
CD97 in the mid-nineties suggested the existence of a new group of seven-span 
transmembrane (TM7) receptors preferentially expressed by cells of the immune 
system.12 Because these receptors possess several N-terminal EGF-like domains they 
were designated EGF-TM7 receptors.3 At the onset of the studies described in this thesis 
EMR2 and mouse CD97 were just identified, expanding the number of receptors of this 
intriguing receptor family.4 6 

Some remarkable characteristics were described for these molecules, in particular 
for CD97. Firstly, CD97 is a heterodimer, resulting from intracellular cleavage of a 
single proprotein in the endoplasmic reticulum, followed by noncovalent reassociation 
of the extracellular oc-part with the membrane-spanning (3-part prior to expression at 
the cell surface.7 Secondly, CD55 (decay accelerating factor) was identified as cellular 
ligand for CD97.8 Among the hundreds of known TM7 receptors, CD97 was the first 
molecule for which a cellular ligand had been demonstrated. Thirdly, CD55 binding is 
mediated exclusively by the EGF-like domain region.9 Alternative RNA splicing of 
CD97 results in isoforms possessing different numbers of EGF-like domains.7 These 
isoforms have different affinities for CD55.10 Finally, soluble CD97 was found in 
increased amounts at sites of inflammation.711 

G-protein-mediated signalling through TM7 receptors is induced by a 
conformational change in the TM7 part.12 As CD55 binds to the most N-terminal part of 
CD97, which is separated from the TM7 region by a large stalk, it is unlikely that CD55 
binding induces a conformational change in the CD97-TM7 region after receptor 
ligation. 

Together, these findings let to a dual-ligand model in which interactions with 
CD55 induce the release of extracellular CD97a after which a second ligand binds to 
and activates the transmembrane-spanning CD97(3. Elucidating this hypothetical 
mechanism was the aim of the project entitled: "Molecular mechanisms engaged by the 
adhesion molecule CD97, a receptor with dual ligand specificity?" of which the results 
are described in this thesis. We analyzed evolution, expression, ligand interactions and 
function of CD97 and its close relative EMR2. In addition, we identified a new member 
of the EGF-TM7 family designated EMR4. 
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Chapter 2 

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 to 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. 

INTRODUCTION 

Seven-span transmembrane (TM7) receptors represent the largest gene family in animal 
genomes.15 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: Bl, peptide 
hormone receptors, B2, TM7 receptors with a long N-terminal extracellular region 
(LNB-TM7 family) and B3, methuselah-like proteins.1011 

The human LNB-TM7 family comprises approximately 30 members.12 They all 
possess large extracellular regions containing a number of well-defined protein 
domains.1113 The structural diversity within the LNB-TM7 family is illustrated by 
molecules such as Cadherin EGF LAG seven-pass G-type receptor 1 (Celsrl), a mosaic 
protein containing over 15 repeats belonging to three different types of protein 
module.1415 Another example is the very large G protein-coupled receptor 1 (VLGR1), 
with ~6300 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.1718 

With the human genome now unravelled,2,3 the complete family comprises six 
members: CD97,219,20 EGF-like module-containing mucin-like receptor proteinl 
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The EGF-TM7 family 

CD97 EMR1 EMR2 EMR3 EMR4 ETL 

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 a 

subunit and a TM7/cytoplasmic p 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. 

(EMR1),21 EMR2,22 EMR3,23 EMR424 and EGF-TM7-latrophilin-related protein (ETL).25 

Four of these molecules have mouse orthologues: CD97,26,27 EMR1 (also known as 
F4/80),2829 EMR4 (also called F4/80-like-receptor, FIRE)30'31 and ETL.3233 Interestingly, 
surveys of the mouse genome4 have failed to identify EMR2 and EMR3 (Stacey and Lin, 
unpublished observation). More recently EGF-TM7 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 Figure 1 and Table 1. 

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 (Figures 1 and 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 (Figures 1 and 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 
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Chapter 2 

Table 1 : Characteristics of human and mouse EGF-TM7 receptors. See text for details. 

Name EGF domains3 Expression pattern" Ligands 

Human 

CD97 

EMR1 

EMR3 

3-5: 

(EGF1.2.5), 

(EGF1,2,3,5), 

(EGF1,2,3,4,5) 

1-6: 

(EGF4), 

(EGF4.5), 

(EGF4,5,6), 

(EGF1,2,3,4,5,6) 

2-5: 

(EGF1.2), 

(EGF1,2,5), 

(EGF1,2,3,5), 

(EGF1,2,3,4,5) 

EMR4 

ETL 

Mouse 

CD97 

EMR1 

(F4/80) 

EMR4 

(FIRE) 

2 

2 

3-4: 

(EGF1,2,4), 

(EGF1,2,3,4), 

(EGF1,2,X,3,4) 

0-7: 

(EGF4,5,6,7), 

(EGF1,2,3,6,7), 

(EGF1,4,5,6,7), 

(EGF1,2,3,4,5,6,7) 

2 

Activated lymphocytes, monocytes, CD55 (DAF), chondroitin sulfate 

macrophages, dendritic cells, granulocytes, 

smooth muscle cells, malignant cells 

Monocytes, dendritic cells Unknown 

Monocytes, macrophages, dendritic cells, Chondroitin sulfate 

granulocytes 

Monocytes, macrophages, granulocytes 

Monocytes, dendritic cells 

Smooth muscle cells 

Expressed on monocyte-derived 

macrophages and activated 

neutrophils 

Unknown 

Unknown 

Lymphocytes, monocytes, macrophages, 

granulocytes 

CD55 (DAF), chondroitin sulfate 

Monocytes, macrophages, dendritic cells, Unknown 

eosinophils 

Monocytes, macrophages, dendritic cells Expressed on B lymphoma cell line 

A20 

ETL 3 Smooth muscle cells, hematopoietic stem Unknown 

cells 

aThe 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 

bData derived by detection of transcripts are given in italics. 
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The EGF-TM7 family 

domains of the EGF-TM7 family belong to the fibrillin-like class I type and are arranged 
in a near-linear order.35 

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 identical,22 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.2627 In rodent ETL, two calcium-binding EGF domains with an 
identical amino acid sequence are found.2532 

A stalk region of 160-260 amino acids separates the EGF domain region from 
the GPCR-proteolytic site (GPS) (Figure 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 (Figure 2). The first functional hint of this motif was revealed 
when Kelly and coworkers 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 a subunit noncovalently associated with 
a TM7/cytoplasmic |3 subunit. Subsequent cloning of the calcium-independent receptor 
of a-latrotoxin (CIRL) revealed a second heterodimeric LNB-TM7 receptor.37 Amino 
acid sequencing demonstrated the cleavage site to be within the cysteine 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 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 

17 



Chapter 2 

hCD97 
hEMRl 
hEMR2 
hEMR3 
hEMR4 
hETL 

hCD97 
hEMRl 
h£MR2 
hEMR3 
hEMR4 
hETL 

< EGF (1/1/1/1/1/1) X 
MGGRVFLAFCVWLTLPGAETQOSRGCARK. .;?;:;SSCV:;. . .ATACRCNPGFSSFS. .EIITTPTETCDDINECATPSKVSCGKFSDCHN 84 

MRGFNLLLFWGCCVMHSWEGHIRPTRKPNTKGNNCRDSTLCPAYATCTNTVDSYYCACKQGFLSSNGQNHFKDPGVRCKDIDECSQSPQP.CGPNSSCKN 99 

MGGRVFLVFLAFCVWLTLPGAETQDSRGCARW. -CPQDSSCVW. . .ATACRCNPGFSSFS. .EIITTPMETCDDINECATLSKVSCGKFSDCWN 87 

MQGPLLLPGLCFLLSLFGAVTQKTKTSCAK. . .CPPNASCVN. . -NTHCTCNHGYTSGSGQKLFTFPLETCNDINECTPPYSVYCGFNAVCYN 87 

MGSRLLLVLLSGLTVLLALPGSEAKNSGASCPP. . .CPKYASCHN. . . STHCTCEDGFRARSGRTYFHDSSEKCEDINECETGLAK. CKYKAYCRN 89 

MKRLPLLWFSTLLNCSYTQNCTKTP.CLPNAKCEIRNGIEACYCNMGFSGNG VTICEDDNECGNLTQS .CGENANCTN 77 

CbEGF(2/2/2/2/2/2) >< cbEGF <-/3/-/-/-/-> > < cbEGF (3/4/3/-/-/-) 
TEGSYDCVCSPGYEPVSGTKTFK.NESENTCQ DVDECQQNPRLCKSYGTCVNTLGSYTCQ 143 
LSGRYKCSCLDGFSSPTGNDWPGKPGNFSCTDINECLTSSVCPEHSDCVNSMGSYSCSCQVGFISRNSTCEDVDECAD.PRACPEHATCNNTVGNYSCF 198 
TEGSYDCVCSPGYEPVSGAKTFK.NESENTCQ DVDECQQNPRLCKSYGTCVNTLGSYTCQ 146 
VEGSFYCQCVPGYRLHSGNEQFS.NSNENTCQ 118 
KVGGYICSCLVKYTLFNFLAGII.DYDHPDCY 120 
TEGSYYCMCVPGFRSSSNQDRFITNDG.TVCI 108 

hCD97 
hEMRl 
hEMR2 
hEMR3 
hEMR4 
hETL 

- • ^ l - ; ? ! 4 / 5 / 4 / - / - / - > •v: £ : - r i 5 / é / 5 / - / - / - ) 

CLPGFK FIPEDPKV.CTDVNECTSGQNPCHSSTHCLNNVGSYQCRCRPGWQPIPGSPNGPNN.TVCEDVDECSSGQHQCDSSTVCFNTVGSYSCR 2 3 6 

CNPGFESSSGHLSFQGLKASCEDIDECT. . -EMCPINSTCTNTPGSYFCTCHPGFAPSNGQLNFTDQGVECRDIDECRQDPSTCGPNSICTNALGSYSCG 2 9 5 

CLPGFK LKPEDPKLXTDVNECTSGQNPCHSSTHCLNNVGSYQCRCRPGWQPIPGSPNGPNN.TVCEDVDECSSGQHQCDSSTVCFNTVGSYSCR 2 3 9 

1 1 8 

1 2 0 

1 0 8 

hCD97 CRPGWKPRHGIPNNQKDTVCE DMTFSTWTPPPGVHSQTLSRFFDKVQDLGRDSK 2 90 
hEMRl CIAGFHPNPEGSQKDGNFSCQ RVLFKCKEDVIPDNKQIQQCQEGTAVKPAYVSFCAQINNIFSVLDKVCENKTTVVSLKNTTESFVPVLKQISTWT 391 
hEMR2 CRPGWKPRHGIPNNQKDTVCE DMTFSTWTPPPGVHSQTLSRFFDKVQDLGRDYK 293 
hEMR3 DTTSSKTTEGRKELQKIVDKFESLLTNQTLWR 150 
hEMR4 ENNSQGTTQSN VDIWENLR R 140 
hETL ENVNANCHLDNVCIAANINKTLTKIRSIKEPVALLQEVYRNSVTDLSPTDIITYIEILAESSSLLGYKNNTISAKDTLS 187 

hCD97 TSSAEVTIQNVIKLVDELMEAPGDVEALAPPVRHLIATQLLSNLEDIMRILAKSLPKGPFT.YISPSNTELTLMrQERGDKNVTMGQSSARMKLNWAVAA 389 
hEMRl KFTKEETSSLATVFLESVESMTLASFWKPSANVTPAVRTEYLDIESKVINKECSEEN VTLDLVAKGDKMKIGCSTIE 468 
hEMR2 PGLANNTIQSILQALDELLEAPGDLETLPRLQQHCVASHLLDGLEDVLRGLSKNLSNGLLN.FSYPAGTELSLEVQKQVDRSVTLRQNQAVMQLDWNQAQ 392 
hEMR3 TEGRQEISSTATTILRDVESKVLETALKDPEQKVLKIQNDSVAIETQAITDNCSEER KTFNLNVQMNSMDIRCSDII 227 
hEMR4 NGSREDFARRATQLIQSVELSIWNASFASPGK GQISEFDIVYETKRCNETR ENAFLEAGNNTMDINCADAL 211 
hETL NSTLTEFVKTVNNFVQRDTFVVWDKLSVNHRRTHLTKLMHTVEQATLRISQSFQKTTEFDTNSTDIALKVFFFDSYNMKHIHPHMNMDGDYINIFPKRKA 2 87 

hCD97 GAEDPGPAVAGILSIQNMTTLLANASLNLHSKKQAELEEIYESSIRGVQLRRLSAVNSIFLSHNNT.KELNSPILFAFSHLESSDGEAGRDPPAKDVMPG 4 88 
hEMRl ESESTETTGVAFVSFVGMESVLNERFFQDHQAP LTTSEIKLKMNSRVVGGIMTGEKK.DGFSDPIIYTLENV QPKQ 54 3 
hEMR2 KSGDPGPSWGLVSIPGMGKLLAEAPLVLEPEKQMLLHETHQGLLQDGSPILLSDVISAFLSNNDT.QNLSSPVTFTFSHR SVIP. 476 
hEMR3 QGDTQGPSAIAFISYSSLGNIINATFFEEMDKK DQVYLNSQWSAAIGPKRN. VSLSKSVTLTFQHV KMTP 297 
hEMR4 KGNLRESTAVAPITYOSLGDILWASFFSJÏRKGM QEVKLNSYWSGTVGLKEK. ISLSEPVFLTFRHN QPGD 281 
hETL AYDSNGNVAVAFVYYKSIGPLLSSSDNFLLKPQN YDNSEEEERVISSVISVSMSSNPPTLYELEKITFTLSHR KVT 363 

GPS 
hCD97 
hEMRl 
hEMR2 
hEMR3 
hEMR4 
hETL 

PRQELLCAFWKSDSD.RGGHWATEGCQVLGSKNGSTTCQCSHLSSFAILMAH 
KFERPICVSWSTDV. . KGGRWTSFGCVILEASETYTICSCfJQMANLAVIMA. 
. RQKVLCVFWEHGQN . GCGHWATTGCSTIGTRDTSTICRCTHLSSFAVLMAH 
STKKVFCVYWKSTG. . QGSQWSRDGCFLIHVNKSHTMCNCSHLSSFAVLMA. 
KRTKHICVYWEGS. . . EGGHWSTEGCSHVHSNGSYTKCKCFHLSSFAVLVA. 

TM1 
YDV..EDWKLTLITRVGLALSLFCLLLCILTFLLVRPIQGSRTTIH 583 

638 .SGELTMDFSLYIISHVGIIISLVCLVLAIATFLLCRSIRNHNTYLH 
-YDVQEEDPVLTVITYMGLSVSLLCLLLAALTFLLCKAIQNTSTSLH 572 
.LTSQEEDPVLTVITYVGLSVSLLCLLLAALTFLLCKAIQNTSTSLH 392 
.IAPKE.DPVLTVITQVGLTISLLCLFLAILTFLLCRPIQNTSTSLH 374 

DRYRSLCAFWNYSPDTMNGSWSSEGCELTYSNETHTSCRCNHLTHFAILMSSGPSIGIKDYNILTRITQLGIIISLICLAICIFTFWFFSEIQSTRTTIH 4 63 

TM2 

hCD97 LHLCICLFVGSTIFLAGIENEGGQVGLRCRLVAGLLHYCFLAAFCWMSLEGLELYF LWRVFQGQGLSTRWLCLIGYGVPLLIVGVSAAIYSKGY 678 
hEMRl LHLCVCLLLAKTLFLAGIHKTDNKT. -GCAIIAGFLHYLFLACFFWMLVEAVILFLMVRNLKWNYFSSRNIKMLHICAFGYGLPMLVWISASVQPQGY 736 
hEMR2 LQLSLCLFLAHLLFLVAIDQTGHKV. . LCSIIAGTLHYLYLATFTWMLLEALYLFLTARNLTWNYSSINRFMKKLMFPVGYGVPAVTVAISAASRPHLY 670 
hEMR3 LQLSLCLFLAHLLFLVGIDRTEPKV. . LCSIIAGALHYLYLAAFTWMLLEGVHLFLTARNLTWNYSSINRLMKWIMFPVGYGVPAVTVAISAASWPHLY 4 90 
hEMR4 LBLSLCLFLAHLLFLTGINRTEPEV. . LCSIIAGLLHFLYLACFTWMLLEGLHLFLTVRNLKVANYTSTGRFKKRFMYPVGYGIPAVIIAVSAIVGPQNY 4 72 

hETL KNLCCSLFLAELVFLVGINTNTNKL. . FCSIIAGLLHYFFLAAFAWMCIEGIHLYL IWGVIYNKGFLHKNFYIFGYLSPAVVVGFSAALGYRYY 556 

TM5 TM6 
hCD97 GRPRYCWLDFEQGFLWSFLGPVTFIILCNAVIFVTTVWKLTCKFSEINPDMKKLKKARALTITAIAQLFLLGCTWVFGLFIFDDRSL. . . .VLTYVFT1L 774 
hEMRl GMHNRCWLNTETGFIWSFLGPVCTVIVINSLLLTWTLWILRQRLSSVNAEVSTLKDTRLLTFKAFAQLFILGCSWVLGIFQIGPVAG. . . -VMAYLFTII 832 
hEMR2 GTPSRCWLQPEKGFIWGFLGPVCAIFSVNLVLFLVTLWILKNRLSSLNSEVSTLRNTRMLAFKATAQLFILGCTWCLGILQVGPA ARVMAYLFTII 7 66 
hEMR3 GTADRCWLHLDQGFMWSFLGPVCAIFSANLVLFILVFWILKRKLSSLNSEVSTIQNTRMLAFKATAQLFILGCTWCLGLLQVGPA. . . .AQVMAYLFTII 58 6 
hEMR4 GTFTHCWLKLDKGFIifSFMGPVAVIILINLVFYFOVLWILRSKLSSLNKEVSTIQDTRVMTFKAISQLFILGCSWGLGFFMVEEVGKTIGSIIAYSFTII 572 

hETL GTTKVCWLSTENNFIWSFIGPACLIILVNLLAFGV1IYKVFRHTAGLKPEVSCFENIRSCARGALALLFLLGTTWIFGVLHVVHASV VTAYLFTVS 652 

TM7 
hCD97 NCLQGAFLYLLHCLLNKKVREEYRKWACLVAGGSKYSEFTSTTSGTGHNQTRALRASESGI 8 35 
hEMRl NSLQGAFIFLIHCLLNGQVREEYKRWITGKTKPSSQSQTSRILLSSMPSASKTG 88 6 
hEMR2 NSLQGVFIFLVYCLLSQQVREQYGKWSKGIRKLKTESEMHTLSSSAKADTSKPSTVN 823 
hEMR3 NSLQGFFIFLVYCLLSQQVQKQYQKWFREIVKSKSESETYTLSSKMGPDSKPSEGDVFPGQVKRKY 652 
hEMR4 NTLOGVLLFWHCLLNRQVRMEYKKMFSGMRKGVETESTEMSRSTTQTKTEEVGKSSEIFHKGGTASSSAESTKQPQPQVHLVSAAMLKMN 663 
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raCD97 
mEMRl 
mEMR4 
mETL 

< EGF(1/1/1/1) >< 
MRSVRCPGLLWCILLSLSGAGTQKAEIKNCAKW..CPINSKCVSNRS...CVCKPGFSS..EKELITNPAESCEDINECLLPGFSCGDFAMC 

MWGFWLLLFWGFSGMYRWGMTTLPTLGQTLGGVNECQDTTTCPAYATCTDTTDSYYCTCKRGFLSSNGQTNFQGPGVECQDVNECLQSDSPCGPNSVC 
MLMGATRDMGSRCLLHASVPGMLLIWSILQMMNISASCPQ...CNENASCFNSTH...CVCKEGFWTGSENRRIIEPHEKCQDINECLLKELVCKDVSYC 

MRXLPLLVGFSTLLNCSYTQNCSKTT.CLPNAKCEVHNGVEACFCSQGYSG. .NGVTI CEDIDECSES.SVCGDHAVC 

mCD97 
mEMRl 
mEMR4 
mETL 

cbEGF(2/2/2/2) >< cbEGF<X/3/-/-> >< cbEGFI-/4/-/3) 
KNSEGSYTCVCNLGYKLLSGAESFVN.ESENTCQASVNTGTTPVPSRIHTVTTAPGNLPEQTTTVHQTQMGDSEERTPK 134 

TNILGRAKCSCLRGFSSSTGKDWILGSLDNFLCADVDECLTIGICPKYSNCSNSVGSYSCTCQPGFVLNGSICEDEDECVTRDVCPEHATCHNTLGSYYC 198 

RNKIGTYICSCWKYPLFNWVAGIIN.IDHPDCY 1 2 7 

133 ENVNGGFSCFCREGYQTATGKSQFTP.NDGSYCQ. .DIDECSESSVCGDHAVCENVNGGFSC 

mCD97 
mEMRl 
mEMR4 
mETL 

>< cbEGF(3/5/-/-) >< cbEGF(-/6/-/-) 
DVNECISGQNHCHQSTHCINKLGGYSCICRQGWKPVPGSPNGPVSTV.CE 213 

TCNSGLESSGGGPMFQG.LDESCEDVDECSRNSTLCGPTFICINTLGSYSCSCPAGFSLPTFQILGHPADGNCTDIDECDDTCPLNSSCTNTIGSYFCTC 297 
127 
157 FCREGYQTATGKSQFTPNDGSYCQ. 

mCD97 
mEMRl 
mEMR4 
mETL 

X c b E G F ( 4 / 7 / - / - J > 
DVDECSSGQHQCHNSTVCKNTVGSYKCHCRPGWKPTSGSLRGPDTI . CQ 2 7 0 

HPGFASSNGQLNFKDLEVTCEDIDECTQDPLQCGLNSVCTNVPGSYICGCLPDFQMDPEGSQGYGNFNCK RILFKCKEDLIL 3 8 1 
1 3 6 

ESMNSNCHLEHACIAANINKTLKRIGPITE 187 

mCD97 EPPFPTWTLLPTAHSQTLLRFSVEVQNLLRDFN PATVNYTIQKLIEAVDKLLEDP METQTQQVAAQLLSNLEQSLRTLAQ 341 
mEMRl QSEQIQQCQAVQGRDLGYASFCTLVNATFTILDNTCENKSAPVSLQSAATSVSLVLEQATT WFELSKEETSTLGTILLETVESTMLAALL 469 
„1EMR4 VNKSKNTGSKTHTLGVLSEFK SKEEVAKGATKLLRKVEHHILNENS 155 
mETL QTTLLQEIYRNSEAEL3LMDIVTYIEILTESSSLLGHPNSTTSYKDAHFNSTLTEFGETINNFVERSTHKMWDQLPTNHRRLHLTKLMHTAELVTLQIAQ 287 

mCD97 FLPKGPFTYTSPSN.TELSLMVKEQDNKDVTTVHHGQTWMELDWAVTAGAKISENGSSVAGILSSPNMEKLLGNTPLNLEQRRASLEDFYGSPIPSVSLK 435 
mEMRl .IPSGNASQMIQTEYLDTESKVINEECKENESINLAARGDKMNVGCFIIKESVSTGAPGVAFVSFAHMESVLN..ERFFEDGQ SFRKLR 540 
mEMR4 DIPKKDENPLLDIVYETKRCKTMTLLEAGNNTMKVDCTSG FKEHNSGGETAVAFIAYKSLGNLLN..GSFFSNEE GFQEVT 255 
mETL NIQKNSQ.FDMNSTDLALKVFAFDSTHMKHAHPHMNVDGGYVKISPRRKAAHGTTGNVWAFLCYKSIGPLLSSSDNFLLDTQN DNSEGKEK 379 

mCD97 
mEMRl 
mEMR4 
mETL 

GPS ? 
LLSNINSVFLTNTNTEKLASNVTFKFDFTSVESIEPRHELICAFWKAHNG...NGYWDTDGCSMNGTG FCHCNHLTSFAILMAQ...YHVQDP.RL 533 
MNSRVVGGTVT.GEKKEDFS.KPIIYTLQHIQPKQKSERPICVSWKTDVE...DGRWTPSGCEIVEASETHTVCSCNRMANLAIIMAS..GELTMEF.SL 650 
LNSHIVSGAIR.SEVKPVLS.EPVLLTLQNIQPIDSRAEHLCVHWEGSEE...GGSWSTKGCSHVYTNNSYTICKCFHLSSFAVLVALPHEEDGVLS.AL 34 7 
VISSVI5ASIS.SNPPTLYELEKITFTLSHVK.LSDKHRTQCAFWNYSVDAMNNGXWSTEGCELTHSNDTHTSCRCSHLTHFAILMSSTSSIGIKDYNIL 476 

mCD97 
mEMRl 
mEMR4 
mETL 

TM1 TM2 TM3 
ELITKVGLLLSLICLLLCILTFLLVKPIQSSRTMVHLHLCICLFLGSIIFLVGVENEGGEVGLRCRLVAMMLHFCFLAAFCWMALEGVELYFLV V 
YIISHVGTV1SLVCLALAIATFLLCRAVQNHNTYMHLHLCVCLFLAKILFLTGIDKTDNQT..ACAIIAGFLHYLFLACFFWMLVEAVMLFLMVRNLKW 
SVITYVGLSLSLLCLFLAAITFLLCRPIQNTSTTLHLQLSICLFLADLLFLTGINRTKPKV..LCSIIAGMLHYLYLASFMWMFLEGLHLFLTVSNLKVA 
TRITQLGIIISLICLAICIFTFWFFSEIQSTRTTIHKNLCCSLFLAELVFLIGININTNKL..VCSIIAGLLHYFFLAAFAWMCIEGIHLYLIWG 

629 
745 

mCD97 
mEMRl 
mEMR4 
mETL 

TM4 TM5 
RVFQGQGLSTWQRCLIGYGVPLLIVAISMAVVKMDGYGHATYCWLDFRKQGFLWSFSGPVAFIIFCNAAIFVITVWKLTKKFSEINPNMKKLRKARVLTI 724 
NYFSSRNIKMLHLCAFGYGLPVLWIIS.ASVQPRGYGMHNRCWLNTET.GFIWSFLGPVCMIITINSVLLAWTLWVLRQKLCSVSSEVSKLKDTRLLTF 843 
NYSNSGRFKKRFMYPVGYGLPAFIVAVS.AIAGHKNYGTHNHCWLSLHR.GFIWSFLGPAAAIILINLVFYFLIIWILRSKLSSLNKEVSTLQDTKVMTF 542 
.VIYNKGFLHKNFYIFGYLSPAVWGFS.ASLGYRYYGTTKVCWLSTEN.NFIWSFIGPACLIILVNLLAFGVIIYKVFRHTAGLKPEVSCYENIRSCAR 667 

TM6 TM7 
mCD97 TAIAQLLVLGCTWGFGLFLFNPHST....WLSYIFTLLNCLQGLFLYVMLCLLNKKVREEYWKWACMVTGSKYTEFNSSTTGTGTSQTRALRSSESGM 815 
mEMRl KAIAQIFILGCSWVLGIFQIGPLAS IMAYLFTIINSLQGAFIFLIHCLLNRQVRDEYKKLLTRKTDLSSHSQTSGILLSSMPSTSKMG 931 
mEMR4 KAIVQLFVLGCSWGIGLFIFIEVGKTVRLIVAYLFTIINVLQGVLIFMVHCLLNRQVRMEYKKWFHRLRKEVESESTEVSHSTTHTKMGLSLNLEKFCPT 637 
mETL GALALLFLLGTTWIFGVLHWHASV VTAYLFTVSNAFQGMFIFLFLCVLSRKIQEEYYRLFKNVPCCFGCLR 739 

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 boarders 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. 
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Chapter 2 

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 19pl3.1 (CD97, EMR2and EMR3) and 
19pl3.3 (EMR1 and EMR4) (Figure 3). These clusters, separated by approximately 7.4 
Mb, diverged by gene duplication in a common vertebrate ancestor as long as 250 
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) suggest 
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, Emrl 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) favours a recent origin of this EGF-
TM7 receptor. 

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

57SP 

EGF 

Stalk 

TM7 

C/3' 

Total 

CD97 

2 

5 

6 

5 

2 

20 

EMR1 

2 

6 

6 

5 

2 

21 

EMR2 

2 

5 

6 

5 

2 

20 

EMR3 

2 

2 

5 

5 

2 

16 

EMR4 

2 

2 

5 

5 

2 

16 

ETL 

1 

2 

6 

5 

1 

15 

Depicted are the number of exons in relation to the 5' noncoding region and the signal peptide (57SP), 

the EGF domain region (EGF), the stalk region (Stalk), the TM7 region (TM7) and the cytoplasmic and 

3' noncoding region (C/3'). Given is also the total number of exons. Exon numbers have been derived 

from the human genome and references.30'69'26'24'2822'25 

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. 
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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. 

mCD97 

EMR2 

hCD97 

0.2 

hEMR3 

/ 
mEMR1 

hEMR4 

\ 
hEMR1 

alpha su units 

11EMR4 ÜEMR1 

hEMR4 / ^ - m E M R 1 

beta subunits 

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 chromosome 1p32-p33 and mouse chromosome 3, respectively.25 This figure has been adapted 

with kind permission from reference.24 See also references. 20,21.22,23,28,29.31.45 

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 (Figures 2 and 4, Table 3).22 The amino acid 
sequence of the (3 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 a 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 of the stalk region. 
The striking homology of EMR2 with CD97 and EMR3 suggests that this EGF-TM7 
receptor evolved 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 (Figure 2). The frame shift 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. 
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Table 3: Amino acid sequence identity (%) between EGF-TM7 family members. Identities higher than 

50% are in bold. Pairwise alignments were performed with the ClustalW software. 

mCD97" 

hEMR1 

mEMR1 

hEMR2 

hEMR3 

hEMR4 

mEMR4 

hETL 

mETL 

hCD97" 

58 

28 

30 

61 

34 

29 

27 

25 

27 

mCD97 

24 

25 

43 

33 

27 

27 

23 

23 

hEMR1 

68 

34 

37 

34 

33 

25 

26 

mEMR1 

35 

36 

34 

32 

28 

26 

hEMR2 

52 

38 

34 

26 

27 

hEMR3 

45 

41 

30 

30 

hEMR4 

59 

26 

26 

mEMR4 

26 

25 

hETL 

78 

"Human and mouse orthologues are indicated by the prefix h and m, respectively. 

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' 
51As 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 mouse.185356and 

references therein r j u e t 0 j t s 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 cells,5758 Langerhans cells and eosinophilic granulocytes59 also 
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 
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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. 

19p-tel 

1 

Figure 4. Phylogenetic trees of human and 

mouse EGF-TM7 family members. Amino acid 

sequence analysis has been performed 

separately for the extracellular a subunit and 

the TM7/cytoplasmic p subunit. To avoid 

effects from domain number, only the first two 

EGF domains were included for alignment of the 

a subunits. Analysis was performed with the 

MEGA program (http://megasoftware.net) 

using the neighbor-joining method. 

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 Figure 3). However, unlike mouse EMR4, mouse 
EMR1 is found at much higher levels on macrophages compared to dendritic cells. 
Transcripts of human EMR4 have been detected, albeit at low levels, in monocytes and 
myeloid dendritic cells24 (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 B lymphoblastic cell line Ramos 
but have failed to detect it in any type of peripheral blood mononuclear cells (PBMC) 
(Kwakkenbos and Matmati, unpublished observation). 
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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 to 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 characterised 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 inflammation and be accountable for the specific architecture of the 
intimal lining layer. Next to CD97, intimal macrophages also abundantly express EMR2 
(Kop et al, manuscript in preparation). 

Increased expression of CD97 in the synovium is accompanied by detectable 
levels of soluble CD97 in the synovial fluid.1961 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.6063 

Expression of CD97 in malignancies 
Initiated by the detection of CD97 in tumor cell lines of different origin, Aust and 
coworkers investigated expression of CD97 and EMR2 in various epithelial tumors. 
CD97+ malignant cells were found in thyroid, colorectal, gastric, esophageal and 
pancreatic carcinomas.6365 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 invasiveness:6365 (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 2-3 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 
EGF-TM7 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 
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as CD55/decay accelerating factor (DAF),67 a molecule that protects host cells from 
complement-mediated damage by accelerating the decay of C3/C5 convertases.68 

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.2627 

A series of studies has verified the critical role of the EGF domains in CD55 
binding26,69"71 (Leemans et al, submitted for publication). Antibody blocking, domain 
deletion and domain swapping experiments showed that the first two EGF domains of 
CD97 mediate the interaction. A third, 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 CD55.2271 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.72 Surface plasmon resonance experiments confirmed this 
observation for the CD97-CD55 interaction.71 Contacts with human CD97(EGF1,2,5) 
are of low affinity (86 uM) and have a rapid off-rate (at least 0.6 s1). 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 CD9773 (Kwakkenbos 
etal, manuscript in preparation). Chondroitin sulfate is a glycosaminoglycan side chain 
abundantly found as component of cell surfaces proteoglycans and in extracellular 
matrixes.74 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.75 

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 a 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 (Leemans et al., submitted for publication). Because of their fast migration and 
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their important role in the eradication of pathogens we choose neutrophils as a model 
system. In dextran sulphate 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 murine model of 
Streptococcus pneumoniae-induced pneumonia. 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 
F4/80.76 More recent investigation of EMR1-deficient mice however failed to detect 
defects in the defense of L. monocytogenes infection.77 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 
signalling 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 
receptors7879 have failed as yet (Garritsen, van Puijenbroek, van Elsas, Covineau and 
Laburthe, personal communication). This failure might be explained in different ways. 
One is EGF-TM7 receptors might engage G-protein-independent signalling pathways. 
Through recent years, a growing number of nonclassical signalling cascades engaged by 
TM7 receptors have been reported.67 Secondly, EGF-TM7 receptors might facilitate 
cell-cell or cell-extracellular matrix interactions without engaging signalling 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 Gets.9 

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. 
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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 a 
subunit with the ability to bind cellular ligands and a TM7/cytoplasmic p 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 

The EGF-TM7 receptors CD97 and EMR2 are heptahelical molecules predominantly 
expressed on leukocytes. A characteristic of these receptors is their ability to interact 
with cellular ligands via the N-terminal epidermal growth factor (EGF)-like domains. 
The first two EGF domains of CD97 (but not EMR2) bind CD55 (decay accelerating 
factor), while the fourth EGF domain of both CD97 and EMR2 interacts with the 
glycosaminoglycan (GAG) chondroitin sulphate (CS). Using fluorescent beads, coated 
with soluble recombinant CD97 and EMR2 protein, and isoform-specific mAb, we have 
determined the cellular and molecular characteristics of the interaction with CS. The 
fourth EGF domain of CD97 and EMR2 is expressed on activated lymphocytes and 
differentiated myeloid cells whereas the ligand specifically found on B cells within the 
peripheral blood. The interaction between CD97/EMR2 and CS may therefore play a 
role in the interaction of activated T cells, dendritic cells, and macrophages with B cells. 

INTRODUCTION 

Membrane proteins that are involved in cell-cell interactions are critical for a normal 
immune response. These proteins can be divided into different categories, namely those 
involved in antigen recognition, costimulation, and cellular adhesion and migration.1 A 
group of receptors, which has recently been recognized to have a function in cell 
adhesion and/or migration is the EGF-TM7 family.2 4 The EGF-TM7 receptors belong to 
the adhesion class (LNB-TM7 family) of seven-span transmembrane (TM7) receptors.5 7 

Five predominantly leukocyte-restricted human EGF-TM7 receptors have been 
identified: CD97,89 Epidermal growth factor (EGF)-like module-containing mucin-like 
receptor protein (EMR) l,10 EMR2,11 EMR3,12 and EMR4.13 Whereas expression of 
EMR1-4 is restricted to myeloid cells,3 CD97 is more widely expressed on myeloid and 
lymphoid cells as well as smooth muscle cells.814,39 

The EGF-TM7 receptors are characterized by an extended extracellular region 
comprising N-terminal EGF-like domains.3 These EGF domains are coupled to the TM7 
part via an extended spacer region. As a result of alternative RNA splicing, receptor 
isoforms possessing variable numbers of EGF domains are expressed. 

The EGF domains of EGF-TM7 receptors have shown to mediate binding to 
cellular ligands. Two ligands for CD97 have so far been identified. Whereas EGF 
domain 1 and 2 facilitate binding to CD55,41517 EGF domain 4 interacts with the 
glycosaminoglycan (GAG) chondroitin sulphate (CS).18 CD97 has three isoforms 
containing three (EGF1,2,5), four (EGF1,2,3,5), or five (EGF1,2,3,4,5) EGF domains.9 

While all isoforms can bind CD55, only the largest isoform, containing EGF domain 4, 
interacts with CS. The affinity for CD55 differs between the different CD97 isoforms 
and is highest for the three EGF domain-containing isoform.1617 The largest isoform 
possessing five EGF domains has the lowest affinity for CD55. 

Ligand specificity for CS is shared by EMR2, whose EGF domain region is 
highly similar to that of CD97. Only six out of 236 amino acids differ within the five 
EGF domains.11 Despite this small difference, EMR2 does not bind to CD55.1117 Four 
isoforms have been described for EMR2, containing two (EGF1.2), three (EGF1,2,5), 
four (EGF1,2,3,5), or five (EGF1,2,3,4,5) EGF domains. As for CD97, only the largest 
isoform binds CS.18 
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Specific binding of CD97 and EMR2 to chondroitin sulphate on B cells 

In a recent in vivo study, we demonstrated an essential role of CD97 in the 
migration of neutrophilic granulocytes.4 In experimental colitis, 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 apparent in a model of pneumococcal pneumonia. Application 
of CD97 mAb impaired the recruitment of neutrophils to the lungs thereby significantly 
reducing bacterial clearance and survival. 

As yet, it is not clear how the molecular interactions engaged by CD97 
contribute to cell migration. Whereas CD55 is a GPI-linked molecule that protects cells 
from complement-mediated damage by accelerating the decay of C3/C5 convertases,19 

CS is a GAG structure implicated in a wide range of physiological processes.2021 

Following the recent identification of CS as ligand of the largest isoform of 
CD97 and EMR2,18 we here investigated the cellular and molecular characteristics of 
this interaction. Soluble recombinant CD97 and EMR2 isoforms were generated and 
coupled to fluorescent beads in order to generate multivalent probes. Using these tools 
in combination with isoform-specific mAb, we analyzed whether the CD55-binding 
EGF domains 1 and 2 and the CS-binding EGF domain 4 cooperate in cellular contacts. 
In addition, we studied were physiological interactions between CS and EGF-TM7 
receptors can take place in the immune system. 

MATERIAL AND METHODS 

Cell culture 
Cells were cultured in Iscove's modified Dulbecco's medium (IMDM) supplemented 
with 10% heat inactivated foetal calf serum (FCS), 2 mM L-glutamine, 50 IU/ml 
penicillin and 50 ug/ml streptomycin. All cells were incubated at 37°C in 5% CCh, and 
95% humidity incubator. 

Production of biotinylated recombinant Fc proteins 
CD97 isoform sequences, encoding three (EGF1,2,5), four (EGF1,2,3,5), or five 
(EGF1,2,3,4,5) EGF domains and 48 amino acids of the stalk region, were amplified by 
PCR using primers KE5 (5'-GCTGGTACCATGGGAGGCCGCGTCTTTCTCG) and 
CD97BIO-3 (5'-ACGAATTCGATGACATTCTGGATGGT) and a pcDNA3.1(+) vector 
containing the CD97 isoforms as template.16 PCR products were ligated into pGEM-T 
easy vector (Promega, Madison, WI) and after digestion with Kpnl and EcoRI (sites 
introduced by primers, underlined) subcloned into a pcDNA3.1(+) vector (Invitrogen, 
Leek, The Netherlands). This vector contained C-terminal the CH3-CH2-hinge region 
sequence of mouse IgG2b linked to a peptide recognition sequence 
(DPNSGSLHHILDAQKMVWNHR) for the Escherichia coli biotin holoenzyme 
synthetase BirA. After translation, resulting soluble proteins comprised the CD97 EGF 
domains, part of the stalk region, truncated mouse IgG2b, and the BirA recognition 
peptide sequence. Generation of EMR2 constructs has been reported recently.18 Soluble 
biotinylated Fc proteins were produced as described earlier.22 Briefly, conditioned 
Optimem 1 medium (Life Technologies Ltd, Paisly, Scotland), containing soluble 
recombinant protein collected from transfected HEK293 cells was purified using a 
Protein A (Sigma, St. Louis, MO) column. After purification, recombinant protein 
derived from four transfected 225-cm2 cell culture flasks was concentrated to ~0.5 ml 
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using a 30-kDa molecular weight cut-off filter (Millipore, Bedford, MA), dialyzed 
against 10 mM Tris-HCl (pH 8) buffer, and incubated with 2 ul BirA enzyme and 
supplied substrates (Avidity, Denver, CO) overnight at room temperature. Excess biotin 
was subsequently removed by dialyses against 10 mM Tris-HCl (pH 7.3) buffer 
containing 10 mM CaCb. and 150 mM NaCl. The biotinylated proteins were then 
aliquoted and stored at -80°C after quantification by Bradfort assay. 

Flow cytometry using biotinylated protein-coupled fluorescent beads 
Cell binding assays using biotinylated Fc proteins coupled to fluorescent beads were 
performed as described previously.22 Briefly, 10 ul avidin-coated fluorescent beads 
(Spherotech Inc., Libertyville, IL) were washed with PBS/0.5% BSA and incubated with 
saturating amounts (> 1 ug) of biotinylated recombinant protein in a volume of 10 ul. 
After 1 h non-binding proteins were removed by washing with PBS/0.5% BSA. The 
bead-protein complexes were sonicated immediately before addition to the cells (0,5 x 
106 cells/50 ul PBS/0.5% BSA). For blocking studies, 1 ug of mAb was added to the 
bead-protein complexes and incubated for 10 min at 4°C before adding the complexes to 
the cells. The cell-bead mixture, in a 96-well flat bottom plate, was spun at 1000 x g at 
4°C for 10 min, incubated for another 50 min at 4°C, and finally resuspended in 300 ul 
of PBS/0.5% BSA for flow-cytometric analysis. All flow cytometry was performed on a 
FACSCalibur (Becton Dickinson, San Jose, CA). 

Flow cytometry using antibodies 
mAb against CD97 and EMR2 were described previously. CLB-CD97/323 and 2A124 

recognize the stalk region of CD97 and EMR2, respectively. CLB-CD97/115 recognizes 
EGF domain 1 of CD97 and EMR2, and 1B518 recognizes EGF domain 4 of CD97 and 
EMR2. 

Ab were obtained from Becton Dickinson (San Jose, CA) unless otherwise 
specified. CD3-PE, CD3-APC, CD4-PerCP, CD8-PerCP, CD14-PE, CD14-APC 
(PharMingen, San Diego, CA), CD16-FITC (CLB, Amsterdam, The Netherlands), CD19-
PerCP-Cy5.5, CD69-APC (Caltag Laboratories, Burlingame, CA), and biotinylated 
mouse IgGl (DAKO A/S, Glostrup, Denmark) were used. To characterize monocyte-
derived cell subsets, three-color flow cytometry was performed on human PBMC. 
PBMC were incubated in a first step with biotinylated 1B5, 2A1, or CLB-CD97/3, 
followed by a second step with mAb to CD14 (PE-labeled) and CD16 (FITC-labeled) 
and streptavidin-APC (PharMingen). To analyze 1B5 expression, human whole blood 
samples were incubated in a first step with biotinylated CLB-CD97/3, 2A1, 1B5, or 
control IgGl, followed by a second step with streptavidin-APC. Prior to flow 
cytometry, erythrocytes were lysed using FACS lysing solution (Becton Dickinson, San 
Jose, CA). Leukocyte populations were defined by forward- and side-scatter. 

Lymphocyte activation 
For lymphocyte activation studies, PBMC were cultured at 1 x 106 cells/ml in IMDM 
without or without 1 ug/ml phytohemagglutinin (PHA), 10 ng/ml phorbol 12-myristate 
13-acetate (PMA), or 1:1000 CD3 ascites (CLB-T3/3; CLB). After 0, 4, and 24 h, cells 
were harvested, washed, and analyzed by flow cytometry. 
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Glycosaminoglycan assays 
Cell binding assays were done as described above. Cells were treated with 
chondroitinase ABC (Sigma, 0.8 U/4 x 106 cells/ml) or heparinase III (Sigma, 4 U/4 x 106 

cells/0.3 ml) or incubated in buffer without enzyme as control. After enzymatic 
treatment, some samples were incubated for 10 min with 1 ug CD55 mAb (CLB-
CD97L/115) to block CD55-mediated binding. For GAG competition assays, 0.5 x 106 

cells were incubated in 10 ng/ml exogenous CS-A (C-8529, Sigma), CS-B (C-3788, 
Sigma), or CS-C (C-4384, Sigma) before addition of protein-bead complexes. 

RESULTS 

CD97-5EGF has a ligand specifically expressed on B cells 
A multivalent assay, developed by Brown and Barclay25 for the investigation of low-
affinity interactions between leukocyte cell surface molecules has recently proved 
successfully in studying EGF-TM7 receptors.12171822 This approach was therefore used to 
study the interactions of CD97 and its ligand. Soluble recombinant Fc proteins of the 
ligand-binding extracellular part of all naturally occurring splice variants of CD97 and 
EMR2 were generated in order to compare their ligand-binding capacity. These 
proteins were biotinylated and coupled to avidin-coated fluorescent beads, for use in 
flow cytometry. 

CD97-3EGF 
CD97-4EGF 
CD97-5EGF 
EMR2-2EGF 

nil >1 mil 11 mil 

Mean fluorescence intensity 

Figure 1. CD97 isoforms differently bind 

to PBMC. Binding of multivalent fluorescent probes 

as indicated to (A) PBMC and to (B) monocytes, B 

cells, T cells, and NK cells (defined by forward- and 

side-scatter and the expression of CD14, CD19, 

CD3, and CD56, respectively) was analyzed by 

flow cytometry. The smallest isoform of EMR2 was 

used as negative control for binding.19 Probe 

binding to CD4+ and CD8+ T cells was similar (data 

not shown). NK cells do not express CD55.20 (C) 

Binding of multivalent fluorescent probes to spleen 

cells, treated with CD55 mAb or in the presence of 

EGTA (EGF domains in EGF-TM7 receptors are 

stabilized by Ca2* ions) as indicated. Splenic 

lymphocytes mainly consist of B cells. 
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As depicted in figure 1A, the three CD97-isoform probes displayed different 
binding to PBMC. In general, the CD97-3EGF probe showed the highest binding to 
PBMC, the CD97-4EGF probe intermediate levels, while the CD97-5EGF probe caused 
only a modest shift in fluorescence. This is in complete concurrence with the reported 
affinities of the different isoforms of CD97 for CD55.1617 Binding of the CD97-3EGF and 
CD97-4EGF probes could be prevented entirely by preincubating the cells with a mAb 
against CD55, demonstrating the CD55 specificity of these interactions (data not 
shown). 

Surprisingly, costaining of PBMC with cell type-specific markers for monocytes 
(CD14), B cells (CD19), T cells (CD3, CD4, and CD8), and NK cells (CD56) revealed that 
CD97-5EGF probe binding to B cells exceeded the binding of the CD97-3EGF probe to 
these cells (Figure IB). In a similar test, specific binding to B cells was also observed for 
EMR2-5EGF. Preincubation of B cells with CD55 mAb only slightly reduced CD97-
5EGF probe binding and did not affect EMR2-5EGF binding indicating the interaction 
with a different structure on B cells (Figure 1C). 

CD97-5EGF binds chondroitin sulfate B on B cells 
We previously showed that CS expressed on fibroblastic cell lines is a ligand for the 
largest isoform of EMR2.18 To evaluate the contribution of B-cell GAG to CD97-5EGF 
binding, B cells were treated with GAG-degrading enzymes (Figure 2A). Whereas 
heparinase III treatment had no effect (data not shown), chondroitinase ABC digestion 
of B-cell strongly diminished CD97-5EGF binding and completely blocked EMR2-5EGF 
binding. Treatment with either enzyme did not affect CD97-3EGF probe binding, 
indicating that binding to CD55 is not influenced by the GAG expression of the cell. 

A Spleen cells 

Figure 2. CD97-

5EGF binds to CS present 

on primary B cells. (A) 

Binding of multivalent 

fluorescent probes to 

spleen cells, treated with 

chondroitinase ABC and 

CD55 mAb as indicated, 

was measured by flow 

cytometry. (B) Effect of 

exogenous CS on CD97 

ligand binding. Bars 

represent binding of 

multivalent fluorescent 

probes to spleen cells. 

Data shown are mean 

fluorescence intensity ± 

SD in percent from three 

separate experiments. 

a) 
ü 

B 

c 
0 

1= 
CD 
U 

Mean fluorescence intensity 

no addition Chondroitinase ABC 
Chondroitinase ABC + CLB-CD97/L1 (anti-CD55) 

Spleen cells 

CD97-3EGF CD97-5EGF EMR2-5EGF 

• medium Q CS-A > C S - B • CS-C 
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To determine which type of CS binds CD97-5EGF on B cells, the different 
types of soluble CS were used as blocking agents. CS-A (chondroitin-4-sulfate), CS-B 
(dermatan sulfate), or CS-C (chondroitin-6-sulfate) were added to the probes before 
addition to the cells. As can be seen in Figure 2B, CS-B reduced the binding of the 
CD97-5EGF probe to B cells to approximately 60%. A similar effect on binding of the 
EMR2-5EGF probe was observed. The discrepancy in blocking efficiency, seen between 
chondroitinase ABC and purified CS is likely due to heterogeneity of animal-derived 
GAG preparations (see Discussion). In conclusion, the EGF domains of largest isoforms 
of CD97 and EMR2 bind to CS-B expressed specifically on B cells. 

CD97-5EGF has dual ligand specificity for CS and CD55 
It was noted that not all binding of the CD97-5EGF probe was prevented by 
chondroitinase ABC treatment of B cells (Figure 2A). Furthermore, a small shift in 
fluorescence was seen when B cells were preincubated with CD55 mAb (Figure 1C). 
This indicated that CD55 also contributed to CD97-5EGF binding to B cells. To test 
whether EGF domain 1 (binding CD55) and EGF domain 4 (binding CS) cooperate in 
cell binding, we used the human fibroblast cell line HEK293 (Figure 3). HEK293 cells 
express high amounts of both CD55 and CS, which facilitated detection of both 
interactions. CD97-3EGF, CD97-5EGF, and EMR2-5EGF probes all bound to HEK293 
cells. We made use of mAb against the first and the fourth EGF domain of both CD97 
and EMR2 to analyze the role of CD55 and CS in probe binding, respectively. Binding 
of CD97-3EGF to HEK293 cells was completely prevented when the probe was 
preincubated with CLB-CD97/1 (anti-EGF domain 1) whereas 1B5 (anti-EGF domain 4) 
had no effect. EMR2-5EGF showed the opposite. Probe binding was completely blocked 
by 1B5 (anti-EGF domain 4) while CLB-CD97/1 (anti-EGF domain 1) had no effect. For 
CD97-5EGF, a strikingly different pattern was observed. 37% of binding was blocked 
when the probe was incubated with CLB-CD97/1, showing the effect of loss of CD55 
binding. A reduction of 16% was seen when the CD97-5EGF probes were incubated 
with 1B5, which blocks the CS binding site. When both mAb were added, binding was 
completely abolished. This shows that CD97-5EGF can simultaneously bind CS and 
CD55 on the same cell. 

HEK293 

c a o 

o 
3 

ra 
CD 

D 

CD97-3EGF CD97-5EGF EMR2-5EGF 

control lg M CLB-CD97/1 • 1B5 • CLB-CD97/1 + 1B5 
(CLB-CD97/1: anti-EGF domain 1, 1B5: anti-EGF domain 4) 

Figure 3. CD97-5EGF can bind to 

both CD55 and CS present on one 

cell. Bars represent binding of 

multivalent fluorescent probes to 

HEK293 cells. Probes were 

preincubated with mAb to EGF 

domain 1 (CD55 binding site) and 

EGF domain 4 (CS binding site) 

as indicated. Data shown are 

mean fluorescence intensity + SD 

in percent from three separate 

experiments. 
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Monocytes 

Granulocytes 

:iüi"ïïïiïi'i 11 iirKilnpWiMi 

Lymphocytes 
Figure 4. Monocytes and granulocytes 

express the largest isoform of CD97 and 

EMR2. PBMC were analyzed by flow 

cytometry with mAb as indicated. 

Streptavidin-APC was used as a second-step 

reagent. Leukocyte lineages were defined by 

forward- and side-scatter. 

Mean fluorescence intensity 

CLB-CD97/3 (anti-CD97) 
2A1 (anti-EMR2) 

control IgG 

1B5 (anti-EGF domain 
4 of CD97 and EMR2) 

CD97-5EGF and EMR2-5EGF do not signal to B cells 
Several in vitro experiments were done to investigate the consequence of the 
CD97/EMR2-5EGF-ligand interaction on cellular B-cell responses. PBMC-derived B 
cells were stimulated through the B-cell receptor and/or CD40 and, in addition, 
triggered with CD97- or EMR2-coated beads. First, induction of cellular activation was 
monitored by analyzing CD69 expression levels after overnight stimulation. Second, B-
cell proliferation was measured after 5 to 7 days of culture. Third, Ig secretion and class 
switching were analyzed by measuring IgG and IgM levels after 7 days of stimulation. 
No effect of CD97 or EMR2 in any of these assays could be detected (data not shown). 

CD97-5EGF and EMR2-5EGF are expressed on myeloid cells and on activated 
lymphocytes 
To analyze the cellular distribution of the largest, CS-binding isoform of CD97 and 
EMR2, we used the mAb 1B5, which is directed against the fourth EGF domain of both 
molecules, in combination with CLB-CD97/3 (anti-CD97 stalk) and 2A1 (anti-EMR2 
stalk). Flow-cytometric analysis of PBMC is shown in Figure 4. CD97 is expressed on all 
cell types while EMR2 expression is restricted to myeloid cells. The CS-binding isoform 
of both receptors was detected only on monocytes and granulocytes. 

Next, we analyzed whether CD97-5EGF is upregulated during lymphocyte 
activation, as has been shown previously for CD97 with mAb that do not differentiate 
between isoforms.14-24 Cells were stimulated with PHA, PMA, or CD3 mAb and 
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Figure 5. Expression of CD97-5EGF is upregulated on 

activated lymphocytes. PBMC were stimulated with PHA, 

PMA, or CD3 mAb. Expression of CD97 and EMR2 was 

analyzed at different time points by flow cytometry with mAb 

as indicated. Streptavidin-APC was used as second-step 

reagent. Staining for CD69 was used as positive control for 

cellular activation. Lymphocytes were defined by forward-

and side-scatter. 
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analyzed after 4 and 24 h (Figure 5). Increased staining with 1B5 was detected after 24 
h. As no upregulation of EMR2 expression on lymphocytes was detected, consistent 
with previous findings,24 1B5 staining solely reflects the upregulation of CD97-5EGF 
expression. 

Table I. Expression of the largest isoform of CD97 and EMR2 on peripheral blood monocyte subsets. 

mAb 

Common monocytes (CD14"CD16~) 

Macrophage-like monocytes (CD14"CD16*) 

Dendritic cell-like monocytes (CD14*CD16*) 

CLB-CD97/3 

(anti-CD97) 

100(1828) 

103 ± 8 

61 ± 1 4 

2A1 

(anti-EMR2) 

100(154) 

241 ± 61 

373 ±121 

1B5 

(anti-EGF domain 4 

of CD97 and EMR2) 

100(195) 

179 ±20 

216 ±36 

Results are mean fluorescence intensity ± SEM in percent of ten experiments. For monocytes, absolute 

numbers of mean fluorescent intensity are given in brackets. Blood monocytes, determined on the basis 

of forward- and side-scatter, were analyzed by three-color flow cytometry with directly labeled CD14 and 

CD16 mAb and biotinylated CD97 and EMR2 mAb as indicated. Streptavidin-APC was used as second-

step reagent. 
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Previously, EMR2 expression levels were found to increase during 
differentiation of myeloid cells.24 We determined whether expression of the CS-binding 
isoforms is specifically regulated within the myeloid lineage. Based on expression of 
CD 14 and CD 16, peripheral blood monocytes can be subdivided into common 
monocytes (CD14++CD16), monocytes with properties of tissue macrophages 
(CD14++CD16+), and monocytes that exhibit characteristics of dendritic cells 
(CD14+CD16+).26-27 CD16+ monocytes have an increased capacity to migrate and to 
secrete proinflammatory cytokines.2829 Analysis of 1B5 staining in these subpopulations 
revealed an increase of 1B5 staining on CD16+ populations compared to the CD16" 
population (Table 1). As CD97 expression was relatively stable and EMR2 expression 
increased, increased 1B5 staining likely reflected upregulation of EMR2-5EGF. 

DISCUSSION 

Previous studies have demonstrated that EGF-TM7 receptors bind cellular ligands. 
CD97 can interact through its first and second EGF domain with CD55. More recently, 
we reported that the fourth EGF domain of EMR2 and CD97 specifically binds the GAG 
CS.18 We here demonstrate that both interactions can be engaged cooperatively by the 
largest isoform of CD97. Furthermore, we show that the interaction with CS may play a 
role in the adhesion of activated lymphocytes and differentiated myeloid cells with B 
cells. 

We previously found that the EMR2-5EGF probe binds CS on fibroblast cell 
lines and within connective tissue and the extracellular matrix (ECM) of various 
tissues.18 In addition, binding was observed to areas within the white pulp of the spleen, 
suggesting that also leukocytes express the ligand. This study shows that also B cells, but 
no other leukocytes, express CS, bound by the fourth EGF domain of CD97 and EMR2. 
This B-cell specificity could be due to at least two potential mechanisms. First, the 
recognized CS is attached to a B cell-specific core protein. Second, the CS is modified in 
a B cell-specific manner. Variability in total length of the polysaccharide chain, in 
iduronic acid placement, and in sulphation dictate a high level of complexity of CS.30 

This fine structure is tightly regulated in a tissue- and cell type-specific fashion, 
generating high regional heterogeneity of CS. We previously reported binding of 
EMR2-5EGF probes to transfectants of the lymphoblastoid B-cell line ARH-77, stably 
expressing syndecan-1, -2, and -4 andglypican-1.18 In contrast to this, the CD97/EMR2-
5EGF probes did not bind to syndecan-1 when transfected into the Burkitt's lymphoma 
cell line Namalwa (data not shown). In addition, major CS-bearing molecules like 
syndecans are differentially expressed during B-cell development.3132 The CS bound by 
CD97/EMR2-5EGF, however, is rather evenly distributed on B cells as shown by similar 
probe binding to CD27-negative and CD27-positive (memory) B cells (data not shown). 
These observations suggest that CD97 and EMR2 bind B cell-specific CS rather than 
core protein-specific CS. The importance of glycosylation in shaping the specificity of 
molecular interactions is increasingly recognized. For example, cell-specific 
glycosylation determines whether ICAM2 and ICAM3 are recognized by the C-type 
lectin DC-SIGN.33 

In vivo studies with blocking mAb recently revealed a pivotal role for CD97 in 
the migration of neutrophils.4 Based on this study and the ability of CD97 to bind CS we 
proposed a model according to which CD97 binds to extracellular matrix (ECM) and 
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thereby facilitates binding of ECM-attached molecules to their cellular receptors. CS 
and other GAG bind a diverse range of molecules including, growth factors, protease 
inhibitors, cytokines, chemokines, and pathogen virulence factors.2021 It has been 
shown that GAG on the endothelial cell surface immobilize and enhance local 
concentrations of chemokines, promoting the presentation of these chemokines to their 
receptors.34 In addition, chemokines gradients in tissues can be formed by soluble GAG-
chemokine complexes.35 It seems possible that CD97 and EMR2 may play a crucial role 
in the capturing of such complexes. 

The cellular distribution of CD55 partially overlaps with that of CS. CD55 is 
found on endothelial cells and on virtually all types of leukocytes.19 Expression is 
upregulated during physiological and pathological conditions, as indicated by the 
presence on fibroblast-like synoviocytes and various malignant cells.314-36"38 In addition, 
CD55 is abundantly present in the extracellular matrix. Recent evidence that CD97 has 
a role in cell migration4 is not conclusive about the role of the different ligands. 
Neutrophil migration was similarly impaired by blocking of the CD55- and the 
presumed CS-binding site of mouse CD97 with mAb. 

The broad distribution of CD97 raises the question how ligand interactions are 
regulated. Expression of CD97 has been extensively analyzed.3814'3940 Whereas 
expression on myeloid cells is constitutive and hardly affected by activation or 
differentiation, CD97 on lymphocytes is rapidly upregulated during cellular stimulation. 
We found no evidence that expression of the binding sites for CD55 and CS is 
independently regulated. Consequently, activated lymphocytes and most myeloid cells 
can engage with both CD55 and CS through CD97. Thereby the interaction with CD55 
is mediated mainly by the smaller isoforms whereas CS binding is restricted to the 
largest isoform. The ability of the largest isoform to weakly interact with CD55 is likely 
to be of little physiological relevance since CD97+ cells usually express the smaller 
isoforms, which have a much higher affinities for CD55,4041 more abundantly.4041 In 
addition, CD55 expression levels on PBMC and on synovial fibroblasts (Kop et al , 
submitted for publication) are too low to allow for efficient binding of multivalent 
CD97-5EGF probes. 

We demonstrated that CD97 binding does not stimulate B cells towards 
proliferation, Ig synthesis, or class switching, independently of whether CD97 isoforms 
preferentially bind to CD55 (CD97-3EGF) or CS (CD97-5EGF). These findings suggest 
that a main function of CD97 could be the generation of adhesion contacts with B cells 
as well as the capturing of B cell-released ECM fragments. Such interactions might be 
engaged in the migration of activated T cells, dendritic cells, and macrophages towards 
B-cell follicles in lymphoid organs.42-44 These cell types are indispensable for activation, 
proliferation, maturation, and homeostasis of B cells. Dendritic cells and macrophages, 
could rely, in their contacts with B cells, on EMR2 as a second receptor. It is tempting 
to speculate that CD97 and EMR2 facilitate the recognition of chemokines secreted by B 
cells such as IL-8, RANTES, MlP-la, and MIP-lfi4546 In the future, the investigation of 
genetically targeted mice should provide the means to investigate the consequences of 
CD97 interactions with its ligands in detail. For EMR2, data will need to be extrapolated 
as this molecular twin of CD97 has no murine orthologue.3 
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ABSTRACT 

The CXC chemokine interleukin (IL)-8 induces rapid (15-20 minutes), neutrophil-
dependent, mobilization of hematopoietic stem and progenitor cells (HSC) in both mice 
and monkeys. CD97 is broadly expressed on hematopoietic cells, including neutrophils, 
and is involved in neutrophil migration. Here, we studied a possible role for CD97 in 
IL-8-induced stem cell mobilization. BALB/c mice were treated with a single i.p. 
injection of 500 |ig CD97 mAb or control immunoglobulin (clg). After 24 hours, mice 
were mobilized with a single i.p. injection of IL-8 or saline. No mobilization of HSC was 
observed in mice receiving CD97 mAb followed by IL-8, whereas animals treated with 
control immunoglobulin followed by IL-8 exhibited a mean 11-fold increase in HSC in 
the peripheral blood. CD97 mAb alone did not induce HSC mobilization in vivo, nor 
did it inhibit GM-CSF-induced colony formation in vitro. Cell sorting and subsequent 
culture experiments indicated that CD97 is not expressed on colony-forming cells. Our 
results show that 1) CD97 is involved in IL-8-induced stem cell mobilization and 2) the 
prevention of mobilization by CD97 mAb is not mediated by a direct effect on HSC. We 
hypothesize that the absence of HSC mobilization after CD97 mAb administration is 
due to its effect on neutrophil function. 

INTRODUCTION 

Transplantation with mobilized progenitor cells is increasingly applied in the treatment 
of a variety of hematological disorders. The use of blood-derived stem cells is associated 
with a more rapid restoration of the marrow function in comparison with autologous 
bone marrow (BM) transplantation.1-3 Mobilization of hematopoietic stem cells to the 
peripheral blood can be achieved by the administration of various growth factors such 
as granulocyte colony-stimulating factor (G-CSF),4 granulocyte-macrophage colony-
stimulating factor (GM-CSF),1 interleukin (IL)-l5 or IL-8.67 

Previously, we have demonstrated that IL-8 induces rapid mobilization of 
hematopoietic stem cells (HSC) in mice and monkeys within 15 to 30 minutes.67 

Neutrophils play an essential role in this process. IL-8-induced HSC mobilization is 
prevented in neutropenic mice and could be restored by infusion of neutrophils.8 IL-8 
induces shedding of L-selectin and the upregulation of the (32-integrins LFA-1 and Mac-
1 resulting in firm adhesion of the neutrophil to the endothelium.9 As a consequence of 
the entrapment of circulating neutrophils in the lungs, BM, and probably other organs, 
an instant neutropenia occurs. Neutrophils attached to the endothelium degranulate 
following activation by IL-8 and release matrix metalloproteinase (MMP)-9 (gelatinase 
B) and other proteases. When released in the BM this likely results in degradation of 
the basement membrane and extracellular matrix molecules (gelatins), followed by the 
disruption of adhesive interactions with stromal cells to which the HSC were attached, 
resulting in mobilization of HSC to the blood.10 

The involvement of cell surface adhesion molecules expressed on neutrophils 
in IL-8-induced mobilization was shown by complete inhibition of mobilization after 
injection of mAb to LFA-1 and Mac-1.1112 These mAb effectively blocked neutrophil-
endothelium adhesion rather than directly interfering with HSC adhesion. The 
importance of neutrophil-degranulation and subsequent release of proteases was shown 
by the prevention of IL-8-induced stem cell mobilization in the presence of MMP-9 
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mAb in non-human primates.13 Conversely, MMP-9 deficient mice showed normal 
mobilization indicating that other proteases may compensate for the loss of MMP-9.8 

Mobilization induced by G-CSF results in increased HSC numbers in the blood 
peaking at levels 10- to 100-fold above baseline between 4 and 7 days after initiation of 
G-CSF administration. As for IL-8-induced HSC mobilization, disruption of adhesive 
interactions between the extracellular matrix (ECM) and the HSC is a crucial step in the 
mobilization process. Recently neutrophil-derived proteases were also found to have an 
essential role in this process.14"16 

A molecule critically involved in neutrophil migration is CD97, a member of 
the EGF-TM7 family of class B seven-span transmembrane (TM7) receptors.1017-23 CD97 
is expressed on a broad array of hematopoietic cells including (activated) lymphocytes, 
neutrophils, monocytes, macrophages and, dendritic cells.23-24 The structure of CD97 is 
characterized by an extended extracellular region comprising several tandemly arranged 
EGF-like domains coupled to the TM7 region by a spacer. As a result of alternative RNA 
splicing three isoforms are expressed in human and mouse comprising different 
numbers of EGF-like domains.19"21 CD55 and chondroitin sulfate have been identified as 
cellular ligands for CD97.20-21-25,26 Ligand binding is mediated via the EGF-like domain 
region,27 where binding sites are located within domain 1 and 2 for CD55 and within 
domain 4 for chondroitin sulfate.22,2628 Accordingly, composition of the EGF-like 
domain region defines ligand specificity of the different CD97 isoforms. Whereas 
affinity for CD55 is significantly higher for the smaller isoforms,2728 chondroitin sulfate 
exclusively interacts with the largest isoforms.26 

We recently demonstrated a role for CD97 in neutrophil migration.22 In 
experimental colitis, application of CD97 mAb to adoptively transferred neutrophils 
caused a delay in homing to the colon. In mice intranasally inoculated with 
Streptococcus pneumoniae, treatment with CD97 mAb impaired the recruitment of 
neutrophils to the lungs thereby reducing resistance to pneumonia.22 

In the present study, we have used a mAb against murine CD97 to study the 
role of CD97 in IL-8 and G-CSF-induced stem cell mobilization. Administration of this 
mAb selectively blocked IL-8-induced mobilization whereas G-CSF-induced 
mobilization was not affected. We hypothesize that the prevention of mobilization by 
CD97 mAb is not mediated by a direct effect on HSC but rather involves neutrophils as 
an intermediate cell type. 

MATERIALS AND METHODS 

Mice 
Eight to 12 week old male Balb/c mice purchased from Charles River (Maastricht, The 
Netherlands) were used in all mobilization studies. The animals were fed commercial 
rodent chow and acidified water ad libitum and were maintained in the animal facilities 
of the Leiden University Medical Center under conventional conditions. All 
experimental protocols were approved by the institutional ethical committee on animal 
experiments. 

IL-8 
Recombinant human IL-8 was purified from Escherichia coli expressing a synthetic 
gene29 and generously provided by the Novartis Research Institute. IL-8 has no colony-
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stimulating activity, as reported previously.30 The concentration of endotoxin was less 
than 0.05 unit/mg as determined by the limulus amebocyte lysate assay. IL-8 was 
diluted in endotoxin-free phosphate-buffered saline (PBS) with 0.1% bovine serum 
albumin (BSA) immediately before use. 

Monoclonal antibodies 
Hamster anti-murine CD97 mAb (clone 1B2)22 directed against the first EGF-like 
domain of mCD97 was used for in vivo administration. CommerciaUy available hamster 
immunoglobulin (Ig) was used as control (control IgG; Rockland, Gilbertsville, PA). 

Mobilization assays 
Mobilization of HSC was induced by a single intraperitoneal (i.p.) injection of 30 ug of 
IL-8. After 20 minutes mice were sacrificed by CO2 asphyxiation and peripheral blood 
and BM were obtained. In blocking experiments, mice were pretreated with an i.p. 
injection of CD97 mAb (clone 1B2, 500 fig) or control IgG 24 h prior to IL-8 injection. 
Alternatively, mobilization was induced by injecting mice with 10 ug G-CSF i.p. for 2 
consecutive days. In blocking experiments, 500 ug CD97 mAb (clone 1B2) was given 24 
h before the first G-CSF injection and 30 minutes prior to each G-CSF administration. 
24 h after the last G-CSF injection, mice were sacrificed and colony-forming unit-
granulocyte macrophage (CFU-GM) were analyzed in peripheral blood, BM and spleen. 

Progenitor cell assay 
CFU-GM were cultured as described previously.5 Briefly, peripheral blood mononuclear 
cells were cultured in 3.5-cm dishes containing 5xl05 cells per ml in semisolid medium 
in the presence of murine GM-CSF (1.25 ng/ml). After 6 days of culture in a fully 
humidified atmosphere of 37°C containing 5% CO2, the number of colonies (defined as 
aggregates of > 20 cells) were scored using an inverted light microscope. 

Detection of circulating and cell-bound antibody 
Plasma was analyzed for the presence of free circulating CD97 mAb (clone 1B2) by 
incubating peripheral blood cells from untreated donors with plasma from CD97 mAb-
treated mice and control or non-treated mice for 30 minutes at 4°C. Subsequently, these 
cells were incubated with biotinylated CD97 mAb for 30 minutes at 4°C followed by 
PE-conjugated streptavidin and analyzed on a flow cytometer (FACScan, Becton 
Dickinson, Mountain View, CA). To detect cell-bound mAb, peripheral blood cells 
were obtained from CD97 mAb- treated mice and control or non-treated mice, 
subsequently labeled with biotinylated CD97 mAb followed by PE-conjugated 
streptavidin. The fluorescent intensity was analyzed using a flow cytometer. Reduced 
staining for anti-CD97 on peripheral blood cells of treated mice as compared to 
untreated mice was used to determine the presence of CD97 mAb in peripheral blood. 

Statistical analysis 
Differences were evaluated by using the Student f test. P values of <0.05 were 
considered statistically significant. 
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RESULTS 

CD97 antibody prevents IL-8-induced HSC mobilization 
To investigate the importance of CD97 in IL-8-induced HSC mobilization, Balb/c mice 
were injected with CD97 mAb prior to IL-8 injection (Figure 1). No mobilization of 
HSC was observed in mice receiving CD97 mAb followed by IL-8 (35.2 ± 26.8 CFU-GM 
per ml blood; n=7, i><0.01), whereas animals treated with IL-8 alone (792.0 ± 549.0 
CFU-GM per ml blood; n=4) or control IgG followed by IL-8 (383.4 ± 246.4 CFU-GM 
per ml blood; n=4) exhibited a mean 11-fold increase in HSC in the peripheral blood. 
CD97 mAb alone (15.0 + 15.9 CFU-GM per ml blood; n=5), or PBS alone (30.9 ± 17.2 
CFU-GM per ml blood; n=4), did not induce HSC mobilization in vivo. Combined 
administration of CD97 mAb or control IgG and IL-8 did not affect progenitor cell 
numbers in BM (data not shown). 

Saline/Saline 

Control IgG/Saline 

Anti-CD97/Saline 

Control lgG/IL-8 

Saline/IL-8 

Anti-CD97/IL-8 

0 200 400 600 800 1000 1200 1400 

CFU-GM/ml Blood 

Figure 1. Pretreatment with CD97 mAb prevents IL-8-induced mobilization of hematopoietic stem cells. 

Mice were pretreated with a single i.p. injection of 500 |jg anti-CD97 (clone 1B2), hamster control IgG or 

saline. The following day, 30 |jg of IL-8, or saline as control, was administered as a single i.p. injection. 

After 20 minutes peripheral blood was harvested and a CFU-GM assay was performed. Results are 

expressed as mean ± SD. * P<0.01 as compared with the control IgG-pretreated controls. 

No effect of CD97 antibody on G-CSF-induced mobilization 
To assess whether CD97 also plays a role in G-CSF-induced HSC mobilization, mice 
were treated with CD97 mAb prior to G-CSF injection for 2 consecutive days (Figure 2). 
In contrast to IL-8-induced mobilization, treatment with CD97 mAb prior to G-CSF did 
not show any difference compared to animals treated with control IgG followed by G-
CSF (597.4 ± 247.7 CFU-GM per ml blood; n=6 versus 605.9 ± 218.9 CFU-GM per ml 
blood; n=4 respectively, Pnot significant) or saline followed by G-CSF (524.1 ± 269.5 
CFU-GM per ml blood; n=4) in two separate experiments. In addition control IgG (31.1 
± 17.4 CFU-GM per ml blood; n=4), CD97 mAb (63.1 ± 39.2 CFU-GM per ml blood; 
n=4), or PBS (56.2 ± 31.2 CFU-GM per ml blood; n=4) alone did not induce HSC 
mobilization. Combined administration of CD97 mAb or control IgG and G-CSF did not 
affect progenitor cell counts in BM (data not shown). 
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Figure 2. CD97 mAb has no effect on G-CSF-induced mobilization. Mice were mobilized with 10 ug G-

CSF i.p. for 2 days. Before the first G-CSF injection and 30 minutes prior to each G-CSF administration 

500 ug CD97 mAb (clone 1B2), hamster control IgG or saline was given. 24 h after the last G-CSF 

injection, mice were sacrificed and CFU-GM were analyzed in peripheral blood. Results are expressed 

as mean ± SD. 

Detection of circulating and cell-bound CD97 antibody 
Levels of free circulating- and cell-bound CD97 mAb were determined at the time of 
HSC mobilization (Figure 3). The concentration of free CD97 mAb in plasma 24 h after 
i.p. injection was sufficient to block staining with the same biotinylated mAb. In 
addition, besides free CD97 mAb in plasma, cell bound CD97 mAb could be detected on 
peripheral blood cells of mice that received CD97 mAb as shown by a reduced staining 
for CD97 on peripheral blood cells as compared to untreated control mice. This 
indicated that saturating amounts of CD97 mAb were present in the plasma at the time 
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Figure 3. CD97 mAb is present in the plasma 

and on cells of mice 24 h after i.p. antibody 

injection. (A) Peripheral blood cells from 

untreated control mice were incubated with 

control igG plasma from CD97 mAb, control IgG- and 

saline-treated mice. Subsequently, cells were 

stained with biotinylated CD97 mAb and 

streptavidin-PE. (B) To detect cell-bound mAb, 

peripheral blood cells were obtained from mice 

an«-cD97 treated with CD97 mAb, control IgG or saline, 

labeled with biotinylated CD97 mAb followed by 

PE-conjugated streptavidin. 
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of the experiment. In addition, CD97 mAb could also be detected on BM cells and in 
BM supernatant. Furthermore, we assessed the effect of CD97 mAb on the number of 
progenitor cells in the BM. Mice that were treated with a single injection of 500 ug 
CD97 mAb did not show a reduction in the number of progenitor cells in the BM (PBS-
treated mice 37203 + 11270 CFU-GM per femur; n=4, control IgG treated mice 38400 ± 
3849 CFU-GM per femur; n=3, and CD97 mAb treated mice 26618 ± 8001 CFU-GM per 
femur; n=5). 

CD97 is not expressed on colony forming cells 
HSC mobilization can be achieved by affecting different molecular pathways and cells. 
To determine whether the prevention of IL-8-induced mobilization was mediated by a 
direct effect of the antibody on HSC or via an intermediate cell type, we studied CD97 
expression on colony forming cells (Figure 4). BM cells were sorted according to their 
CD97 expression and tested for HSC-activity in a CFU-GM assay. The frequency of 
colony-forming cells in the CD97Ne« fraction (purity 85%; 7474 ± 6025 CFU-GM per 106 

isolated cells; n=7) was 34-fold increased in comparison with the CD97Hi«h fraction 
(purity 97%; 220 ± 182 CFU-GM per 106 isolated cells; n=16) and 22-fold increased in 
comparison with the CD97Low fraction (purity 98%; 341 + 430 CFU-GM per 106 isolated 
cells; n=16), indicating that CD97 is not expressed on colony-forming cells. This 
indicates that prevention of HSC mobilization by CD97 mAb is not mediated by a direct 
effect of the mAb on HSC but rather involves an intermediate cell type. 

Figure 4. CD97 is not expressed on 

colony-forming cells. BM cells were sorted 

into 3 fractions according to their CD97 

expression. CD97HW, CD97Low and 

CD97Ne9 cells were cultured for CFU-GM 

and colony-forming capacity was 

compared with total, sorted, BM. Results 

are expressed as mean ± SD. 

BM CD97"o» CD97L-~ CD97N-8 

DISCUSSION 

Stem cell mobilization can be induced by a variety of cytokines and chemokines such as 
G-CSF, SCF, Flt-3 ligand and several IL, among which IL-8 (31 and references therein). 
These mobilizing agents have different kinetics and act upon different cellular targets 
including stromal cells, lymphocytes or neutrophils. 
In this study we report an essential role for CD97 in IL-8-induced stem cell 
mobilization. In contrast, CD97 is not critically involved in G-CSF-induced stem cell 
mobilization. We hypothesize that the prevention of IL-8-induced mobilization by 
anti-CD97 antibody is mediated by its effects on neutrophils (Figure 5). Several lines of 
evidence support this concept. Firstly, expression analysis and progenitor cell assays 
showed that CD97 is not expressed on colony forming cells (figure 4), indicating the 
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A 

Rolling Firm adhesion 

Figure 5. Role of neutrophils and CD97 in IL-8-induced HSC mobilization. (A) Upon administration of 

IL-8 peripheral blood neutrophils are activated resulting in upregulation and conformational change of 

the 62-integrins LFA-1 and Mac-1. Rolling neutrophils attach firmly to the endothelium and degranulate, 

releasing several basement membrane and ECM degrading enzymes. Adhesive interactions between 

the HSC, stromal cell and ECM are disrupted which results in HSC mobilization to the peripheral blood. 

(B) CD97 mAbs may prevent IL-8-induced mobilization by preventing neutrophil migration into the BM. 

CD97 could serve as an adhesion molecule, mediating the rolling or firm adhesion of neutrophils to 

endothelium via interaction with CD55 and/or chondroitin sulfate. Alternatively, CD97 binds chondroitin 

sulfate and can therefore bind to the ECM, which could facilitate binding of ECM-attached molecules 

(IL-8) to their cellular receptors. These events could be prevented as a consequence of CD97 mAb 

binding, resulting in inhibition of HSC mobilization. 
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involvement of an intermediate cell type. Secondly, IL-8-induced HSC mobilization has 
shown to be dependent on neutrophils, as neutropenic mice failed to mobilize HSC 
following IL-8 administration.8 Finally, we have recently shown that CD97 is critically 
involved in the migration of neutrophils.22 Together these data strongly point to a role 
for neutrophils in the prevention of IL-8 induced mobilizaton by anti-CD97 antibodies. 

The exact molecular function of CD97 in IL-8-induced HSC mobilization and, 
more generally, in neutrophil migration remains to be investigated. Several cellular 
processes could be affected following CD97 mAb administration, resulting in the 
inhibition of mobilization. Firstly, CD97 could serve as an adhesion molecule, 
mediating the firm adhesion of neutrophils to endothelium via interaction with CD55 
and/or chondroitin sulfate. CD97 blockade may prevent attachment of PMN to the 
endothelium. This hypothesis is supported by the observation that blockade of 
neutrophil attachment with neutralizing mAb to LFA-1, Mac-1 and their ligand ICAM-
1 resulted in inhibition of IL-8-induced HSC mobilization.11 Secondly, CD97 mAb may 
prevent neutrophil activation, resulting in an inhibition of degranulation. However, 
this seems unlikely, since G-CSF-induced HSC mobilization is not prevented during 
CD97 blockade, suggesting that the neutrophils that are involved in G-CSF-induced 
mobilization are still capable of degranulation. Thirdly, CD97 mAb might interfere with 
chemokine (IL-8) recognition. IL-8 must be complexed with GAG to elicit direct 
neutrophil migration.32 This is supported by a study by Proudfoot et al., showing that 
the monocyte attractants MCP-1, MIP-ip and RANTES are devoid of their in vivo 
activity when GAG-binding sites are mutated.33 In addition, GAGs on the endothelial 
cell surface immobilize and enhance local concentrations of chemokines, promoting the 
presentation of these chemokines to their receptors.34 CD97 has the ability to bind 
chondroitin sulfate and can bind to the ECM, which could facilitate binding of ECM-
attached molecules (IL-8) to their cellular receptors. Furthermore, chemokine gradients 
in tissues can be formed by soluble GAG-chemokine complexes.35 CD97 may play a 
crucial role in the capturing of such complexes. 

Recently, Pelus et al. demonstrated that neutrophils are also essential mediators 
of G-CSF-induced HSC mobilization.16 Several other observations point towards a 
crucial role for neutrophils in G-CSF-induced mobilization as well. Expression of the G-
CSF-receptor on HSC and stromal cells is not required for G-CSF-induced HSC 
mobilization pointing towards a role for an intermediate cell type.36 In addition, 
neutrophil elastase and cathepsin G have been shown to play an essential role in G-CSF-
induced mobilization by cleaving VCAM-1 and by inactivating and degrading SDF-1 in 
the murine BM.1415 

These findings suggest that activation of PMNs and subsequent release of 
proteases may represent a final common pathway in IL-8- and G-CSF-induced stem cell 
mobilization, albeit with different kinetics. Whereas IL-8 induces HSC mobilization 
within 20 minutes, G-CSF-induced mobilization requires several days. G-CSF-induced 
HSC mobilization may depend on BM resident neutrophils, whereas IL-8-induced HCS 
mobilization may depend on peripheral blood neutrophils. As CD97 mAb affects IL-8-
but not G-CSF-induced HCS mobilization, CD97-mediated attachment of circulating 
neutrophis may be specifically involved in IL-8 induced mobilization. 

The CD97 mAb 1B2 binds to the first EGF-like domain of CD97 and inhibits its 
interaction with CD55, the effect on chondroitin sulfate binding is unknown. Therefore 
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it is unclear whether the inhibiting effect of CD97 mAb on IL-8-induced HSC 
mobilization is the result of inhibiting the interaction of CD97 with CD55, chondroitin 
sulfate or both. In a previous in vivo study, were the 1B2 mAb but also a mAb directed 
against the predicted chondroitin binding site was used, similar results were found for 
both mAbs.22 This indicates that either both ligands are indispensable for the same 
cellular function or that both mAb block (sterically) the same interaction(s). 

In conclusion, we show that CD97 mAb differentially affects IL-8- and G-CSF-
induced HSC mobilization. This is not due to a direct effect of CD97 mAb on HSC but 
rather involves an intermediate cell type. Elucidating the exact molecular function of 
CD97 will provide important clues about the (different) molecular pathways engaged in 
HSC mobilization following IL-8 and G-CSF administration. 
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ABSTRACT 

The EGF-TM7 family is a group of class B seven-span transmembrane (TM7) receptors 
predominantly expressed by cells of the immune system. Family members CD97, EMR1, 
EMR2, EMR3, and ETL are characterized by an extended extracellular region with a 
variable number of N-terminal epidermal growth factor (EGF)-like domains coupled to a 
TM7 domain by a stalk. The EGF domain region of the recently identified EMR2 differs 
from that of CD97 in only 6 out of 236 amino acids. Although small, this difference has 
been shown to alter ligand specificity. In order to analyze the structure and cellular 
distribution of EMR2, a specific mAb (2A1) was generated. Use of 2A1 has demonstrated 
EMR2, like CD97, to be expressed as heterodimeric receptor consisting of an extracellular 
a part and a TM7/cytoplasmic p part. Analysis of EMR2 expression on primary blood 
leukocytes, on hematopoietic cells lines, and in situ revealed a myeloid-restricted profile. 
Highest expression levels were detected on the more mature CD16+ blood monocytes, on 
macrophages, and on BDCA-3+ myeloid DC, whereas little if any expression was found on 
granulocytes. Unlike CD97, no expression was observed on resting or activated 
lymphocytes. Different expression patterns and the inability of EMR2 to interact with the 
CD97 ligand CD55 indicate that the molecular twins EMR2 and CD97 likely have 
nonredundant functions. 

INTRODUCTION 

With nearly 2000 members, accounting for more than 1% of functional genes in any 
animal genome, seven-span transmembrane (TM7) molecules form the largest receptor 
superfamily in nature.1 TM7 receptors activate second messenger systems of intracellular 
signaling via heterotrimeric G proteins and are therefore also designated G protein-coupled 
receptors (GPCR).2 Class B (or II) TM7 receptors have originally been defined by the 
secretin receptor.3 Through recent years, in addition to peptide hormone receptors, a 
growing number of class-B TM7 receptors with a long N-terminal extracellular region have 
been identified (LNB-TM7 receptors).4 LNB-TM7 receptors have different extracellular 
structural domains that are separated from the TM7 region by a mucin-like spacer region of 
more than 300 amino acids. A subgroup of the LNB-TM7 receptors is the EGF-TM7 
family.5 These receptors possess tandemly arranged classical and calcium-binding 
epidermal growth factor (EGF)-hke domains varying in number as a result of alternative 
RNA splicing. At present, the EGF-TM7 family comprises human and mouse CD97,67&9 

human EMR1 (EGF-like module containing mucin-like receptor 1) and its mouse 
homologue F4/80,101112 human EMR2,13 human EMR3,14 and human and rat ETL (EGF-
TM7-latrophilin-related protein).15 

Heterodimeric expression of two EGF-TM7 family members has recently been 
reported. Translated as a single polypeptide, cleavage of CD97 proximal to the first 
transmembrane domain results in the formation of a heterodimer comprised of an 
extracellular a subunit non-covalently associated with a TM7/cytoplasmic (3 subunit.7'8 

Likewise, for ETL a heterodimeric structure has been described and cleavage has been 
mapped to a conserved motif immediately N-terminal to the TM7 region. This motif, 
containing four invariant cysteines, is found in all LNB-TM7 receptors but also in several 
non-TM7 receptors.15 Based on the earlier observation that this motif is a proteolytic site in 
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the LNB-TM7 receptor CIRL/latrophilin,16 it has been termed GPCR proteolytic site 
(GPS).17 Although a likely characteristic of all LNB-TM7 receptors, no functional 
consequence has yet been ascribed to the proteolytic cleavage. 

Receptors of the EGF-TM7 family are expressed by cells of the immune system 
and by smooth muscle cells. Using mAb, expression of human CD97 and mouse EMR1 has 
been analyzed in detail. CD97 is expressed on a broad array of hematopoietic cells 
including activated lymphocytes, granulocytes, monocytes, macrophages (except for 
microglia), and dendritic cells.618"20 In addition, smooth muscle cells and malignant cells in 
various epithelial tumors express CD97.2021 In contrast, expression of mouse EMR1 is 
restricted to myeloid cells including monocytes, mature macrophages, and Langerhans cells 
(5and referencen therein) Knowledge of the distribution of other EGF-TM7 family 
members, so far, is solely based on RNA analysis. Whereas EMR2 and EMR3 transcripts 
have been detected in granulocytes, monocytes, and macrophages,1314 ETL transcripts were 
found in smooth muscle cells.15 

To date, the only EGF-TM7 family member with a ligand identified is CD97. 
CD97 binds CD55/DAF (decay accelerating factor),22 a molecule that regulates the 
complement cascade by inhibiting C3/C5 convertases.23 Affinity of the CD55 binding site, 
which is formed by the EGF domain region, differs between CD97 isoforms and is highest 
for the three EGF domain-containing smallest isoform.24 CD97(EGF1,2,5) binds CD55 with 
a Kd of 86 uM and an off rate of 0.6 s'1.25 Whether the CD97-CD55 interaction is involved 
in cell adhesion or has another physiological function still remains elusive. 

Recent characterization of EMR2 has revealed that the five EGF domains of this 
novel EGF-TM7 receptor differ from those of CD97 by only six amino acids.13 Surprisingly, 
despite the fact that only three amino acids are different in the three EGF domain-
containing isoform, the affinity of EMR2(EGF1,2,5) for CD55 is at least one order of 
magnitude weaker than that of CD97(EGF1,2,5).25 Consequently, EMR2 transfectants do 
not bind CD55-expressing cells in cell adhesion assays. 

Due to the similarity between CD97 and EMR2, previous mAb raised against EGF 
domains of CD97 are known to crossreact with those of EMR2. In this study, a new mAb 
specific for the stalk region of EMR2 has been used to investigate both the structure and 
cellular distribution of EMR2. In addition, since most previous studies on the expression of 
CD97 were done with mAb against the first EGF domain, these data were evaluated using a 
specific mAb against the stalk region of CD97. 

MATERIALS AND METHODS 

Generation of mAb 
Using Lipofectamine Plus (Life Technologies, Gaithersburg, MD), NIH-3T3 cells were 
transfected with full length EMR2(EGFl-5) cDNA13 in pcDNA3.1/Zeo(+) (Invitrogen, 
Leek, The Netherlands). After selection with Zeocine (Invitrogen) at 500 ug/ml, stable 
transfected clones were tested for EMR2 expression by flow cytometry with the mAb CLB-
CD97/1 that bound to the first EGF domain of CD97 and EMR2. One clone was used to 
immunize a Balb/c mouse four times i.p. with 107 irradiated cells. Three days after the final 
boost, spleen cells were fused with mouse SP2/0 cells by standard bybridoma technology. 
Binding of hybridoma supernatants to 3T3 cells stably expressing EMR2(EGFl-5) or 
CD97(EGFl-5) was tested by flow cytometry. The hybridoma 2A1 that recognized 
EMR2(EGFl-5) but not CD97(EGFl-5) was selected and subcloned until it was monoclonal 
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and stable. The hybridoma (IgGl) was grown in large amounts and Ig was purified using 
Protein A bound to Sepharose CL-4B (Pharmacia, Piscataway, NJ). 

Flow cytometry 
Flow cytometry was performed by standard procedures on a FACScan (Becton Dickinson, 
Mountain View, CA). Apart from the EMR2 mAb 2A1 and the CD97 mAb CLB-CD97/1 
(binds to EGF domain 1) and CLB-CD97/3 (binds to stalk region),26 mAb directed toward 
the following antigens were used: CDllb (CLB-B2.12; CLB, Amsterdam, The Netherlands), 
CD14 (Leu-M3, PE-labeled; Becton Dickinson, San Jose, CA), CD14 (FITC-labeled; Becton 
Dickinson), CD16 (CLB-FcRgran/1, FITC-labeled; CLB), CD25 (CLB-IL2R/1, FITC-labeled; 
CLB), CD63 (CLB-gran/12; CLB), CD69 (TP1.55.3, PE-labeled; CLB). An IgGl mouse anti-
dog mAb (6E9; CLB) was used as control Ig (clg). Prior to incubation with primary mAb, 
Fc receptors were blocked with phosphate buffered saline (PBS)/0.5% bovine serum 
albumin (BSA) containing 10-20% human pooled serum. PE- (Immunotech, Marseille, 
France) or FITC-conjugated (CLB) goat anti-mouse Ig were used as secondary reagents. 

To characterize monocyte-derived cell subsets, three-color flow cytometry was 
performed on a FACS-Calibur (Becton Dickinson). Human whole blood samples were 
incubated in a first step with biotinylated 2A1 or CLB-CD97/3, followed by a second step 
with mAb to CD14 (PE-labeled) and CD16 (FITC-labeled), and Streptavidin-APC 
(PharMingen, San Diego, CA). Prior to cytometry, erythrocytes were shocked using FACS 
lysing solution (Becton Dickinson). 

Western blot analysis and immunoprecipitation 
To generate expression constructs containing a C-terminal V5/Histidine tag, 
CD97(EGF1,2,5) and EMR2(EGF1,2,5) cDNA were cloned into pcDNA3.1/V5/His-TOPO 
(Invitrogen). Using Lipofectamine Plus, COS cells were transfected with these constructs 
or, as mock controls, with pcDNA3. l/V5/His-TOPO containing CD97(EGF1,2,5) cDNA in 
reverse orientation (immunoprecipitation) or pcDNA3.1/Zeo(+)-CD97(EGFl,2,5) (Western 
blot). Three days post transfection, cells were harvested and expression was tested by flow 
cytometry using 2A1 and CLB-CD97/3. For immunoprecipitation, cells were biotinylated 
with NHS-LC-biotin (Pierce, Rockfort, IL) for 30 minutes, washed three times with PBS, 
and lysed in buffer containing 150 mM NaCl, 10 mM triethanolamine-HCl (pH 7.8), 5 mM 
EDTA, and 1% NP-40, supplemented with protease inhibitors. After centrifugation, cell 
extracts were incubated with an irrelevant mouse mAb (5 ug/ml), precleared with Protein 
A-Sepharose (Sigma, St. Louis, MO) and incubated with 2A1 or CLB-CD97/3 at 4°C for 1 h. 
Immune complexes were adsorbed onto protein A-Sepharose, washed extensively, eluted 
under reducing conditions, separated electrophoretically by 8.75% SDS-PAGE, and 
transferred to Hybond-C extra membrane (Amersham Life-Science, Piscataway, NJ). The 
membrane was incubated overnight (o/n) at 4°C in 3% Protivar (protein-rich milk) in Tris-
buffered saline supplemented with 0.05% Tween 20 (TBST), followed by incubation for 1 h 
with poly-streptavidin-HRP (CLB) in 1% Protivar in TBST. After washing, precipitated 
protein was visualized by ECL (Amersham). 

For Western blot analysis, transfected COS cells were lysed as described. Cells 
were electrophoretically separated by 12.5% SDS-PAGE and transferred to Hybond-C 
extra membrane. The membrane was incubated o/n at 4°C in 3% Protivar in TBST 
followed by staining for 1 h with an HRP-labeled V5 mAb (Invitrogen) in 1% Protivar in 
TBST. After washing, binding was visualized by ECL. 
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Lymphocyte activation 
Human PBMC were cultured at 2 x 106 cells/ml in IMDM/10% FCS without addition or 
with either lug/ml PHA, 10 ng/ml PMA, or 1:1000 CD3 ascites (CLB-T3/3, CLB). After 0, 
4, and 24 h, cells were harvested, washed, and analyzed by flow cytometry. 

Granulocyte stimulation 
Neutrophilic granulocytes were stimulated according to the protocol of Kuijpers et al.27 In 
short, neutrophils purified by density gradient centrifugation and erythrocyte lysis were 
resolved at 2 x 106 cells/ml in HEPES buffer supplemented with 0.5% human serum 
albumin, 1 mM CaCb and 1 g/1 glucose. Stimulation was performed at 37°C while cells 
were shaken gently. After 5 min of pre-incubation, cells were stimulated by addition of 
platelet-activating factor (PAF) (1 umol/1, 2 min), PAF (1 umol/1, 2 min) followed by fMLP 
(1 umol/1, 15 min), or cytochalasin B (5 mg/ml, 5 min) followed by fMLP (1 umol/1, 15 
min). Control reactions were performed without additions (2 min). Reactions were stopped 
with excess ice-cold HEPES buffer. After centrifugation, cells were fixed with PBS/1% PFA 
(10 min), washed, and analyzed by flow cytometry. 

Isolation of BDCA-1, BDCA-3 or BDCA-4 dendritic cells 
Blood DC of the myeloid and plasmacytoid lineage were isolated from peripheral blood 
according to the protocol of Dzionek.28 In short, after depletion of CD19+ B cells using 
anti-CD19 microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany), cells were 
labeled with PE-conjugated mAb directed against BDCA-1, BDCA-3, or BDCA-4 for 15 
minutes at 4°C in FcR-blocking reagents (Miltenyi Biotec). Next, anti-PE microbeads 
were added and incubated for another 15 min at 4°C. BDCA-1, BDCA-3, or BDCA-4-
expressing cells were subsequently isolated using immunomagnetic cell sorting (MACS, 
Milteyi Biotec). Enriched cell fractions were washed, stained with mAb and analyzed 
by flow cytometry. 

Preparation of tissue sections and immunohistochemistry 
Human tonsil was obtained post-operatively from the ENT Department of Oxford Radcliffe 
Trust (Radcliffe Infirmary, Oxford, U.K). Other normal human tissues were obtained from 
the Clinical Laboratory Sciences Department of the John Radcliffe Hospital (Oxford, U.K). 
Tissues were snap frozen in liquid nitrogen and cryostat sections (10 jam) were cut and 
stored at -70°C. For immunohistochemistry, the tissue sections were fixed with cold 
acetone. Fixed sections were washed in PBS and blocked with PBS/0.5% BSA containing 
2% of normal serum of the species in which the secondary Ab was raised. Subsequently, 
2A1, CLB-CD97/3, and mAb to CD68 (EBM11; DAKO, Glostrup, Denmark) and CDla 
(NA1/34; DAKO) diluted in the blocking buffer were applied. Sections were washed in PBS 
and endogenous peroxidase activity was then depleted with 1% of H2O2 in methanol. 
Following another round of washes, sections were incubated with biotinylated secondary 
Ab and subsequently incubated with an avidin-biotin-peroxidase complex (ABC Elite; 
Vector Laboratories, Burhngame, CA). Peroxidase activity was detected with 0.5 mg/ml 
3,3'-diaminobenzidine tetrahydrochloride and 0.024% H2O2 in PBS containing 10 mM 
imidazole. Sections were counterstained with methyl green. Photos of stained sections 
were taken using a Zeiss Axioplan 2 microscope with SPOT program (Diagnostic 
Instruments, Inc., Sterling Heights, MI). 
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RESULTS 

Generation of an EMR2 specific mAb 
To generate a mAb specific for EMR2, a mouse was immunized with 3T3 cells stably 
expressing EMR2(EGFl-5) (Figure 1A). After fusion, screening of supernatants of the 
resulting hybridomas for binding to 3T3-EMR(EGFl-5) identified 43 clones. In a second 
step, positive supernatants were tested on 3T3-CD97(EGFl-5) to select for hybridomas that 
did not crossreact with CD97. One hybridoma (2A1) was found to be monospecific for 
EMR2 (Figure IB). 

Figure 1. Generation of an EMR2 

specific mAb. (A) Schematic structure of 

the largest isoform of EMR2 possessing 

one classical and four calcium-binding 

(shaded) EGF domains. 3T3 cells stably 

expressing this isoform were used for 

immunization of a Balb/c mouse. (B) 

Flow cytometric analysis of the specificity 

of existing CD97 mAb and the newly 

produced EMR2 mAb 2A1. 3T3 cells 

expressing EMR2(EGF1-5) or 

CD97(EGF1-5) were stained with 2A1, 

CLB-CD97/1, CLB-CD97/3, or control Ig. 

Goat anti-mouse Ig-PE was used as 

secondary Ab. 

EMR2 forms a heterodimer 
EGF-TM7 family members CD97 and ETL have been demonstrated to be expressed on the 
cell surface as heterodimers derived by proteolytic processing of a single polypeptide 
chain.715 To test whether EMR2 is processed in a similar way, EMR2(EGF1,2,5) and 
CD97(EGF1,2,5) were tagged at the C-terminus with a V5/Histidine motif. Tagged proteins 
were expressed in COS cells and analyzed by immunoprecipitation and Western blotting. 
Specific immunoprecipitation of EMR2 by 2A1 and of CD97 by CLB-CD97/3 is shown in 
Figure 2A. For both molecules, apart from prominent proteins with a molecular mass of 
approximately 65 kD, larger products of about 100 kD were detected. Western blot analysis 
using an anti-V5 epitope mAb revealed the existence of an additional product of about 33 
kD (including the 5 kD V5/His tag), corresponding to the C-terminal moiety of both EMR2 
and CD97 (Figure 2B). These results indicate that EMR2, like CD97, is expressed as 
heterodimer with an extracellular a part of 65 kD (isoform with three EGF domains) 
linked to a TM7/cytoplasmic p part of 28 kD. The 100 kD band observed in Figure 2A is 
likely to represent the a/B heterodimer of each protein. 
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Figure 2. Biochemical characterization of EMR2 and CD97. (A) Immunoprecipitation of EMR2 and CD97 

from biotinylated COS cells expressing EMR2(EGF1,2,5)-V5/His or CD97(EGF1,2,5)-V5/His using 2A1 and 

CLB-CD97/3. As a mock control, COS cells transfected with a CD97(EGF1,2,5) construct in inverse 

orientation were used. The second step reagent poly-streptavidin-HRP was visualized by ECL. (B) Western 

blot detection of the C-terminal tag from the above described recombinants using an HRP-labeled V5 mAb 

followed by ECL visualization. As mock control, COS cells expressing non-tagged CD97(EGF1,2,5) were 

used. 

EMR2 is expressed on myeloid cells 
The mAb 2A1, CLB-CD97/1, and CLB-CD97/3 were used to analyze expression of EMR2 
and CD97 on peripheral blood leukocytes and hematopoietic cell lines. Flow cytometric 
analysis of blood leukocytes is shown in Figure 3. Whereas CD97 is broadly expressed on 
lymphocytes, granulocytes, and monocytes, EMR2 was found to be more restricted with 
expression on monocytes and at very low levels on granulocytes. The myeloid restricted 
expression pattern and the heterodimeric structure were also confirmed by Western blot 
analysis (data not shown). 

Lymphocytes 

'I IN iift̂ 'i iflfci n f c i p m 
Log fluorescence intensity 

Figure 3. Expression of EMR2 and CD97 on PBL. Cells 

were analyzed by flow cytometry with 2A1 (bold solid line), 

CLB-CD97/1 (solid line), CLB-CD97/3 (dashed line), and 

control Ig (dotted line). Goat anti-mouse Ig-PE was used as 

secondary Ab. Cell types were determined on the basis of 

forward and side scatter. 
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Ramos Jurkat 

KG 1a K562 

Figure 4. Expression of EMR2 and CD97 on leukemia cell lines. Lymphoid (Ramos and Jurkat) and myeloid 

(KG1a, HL60, THP1, K562, U937, and MonoMac6) cell lines were analyzed by flow cytometry with 2A1 

(bold solid line), CLB-CD97/1 (solid line), CLB-CD97/3 (dashed line), and control Ig (dotted line). Goat anti-

mouse Ig-PE was used as secondary Ab. 

We next analyzed expression levels on the leukemia cell lines Ramos (B 
lymphoblastic), Jurkat (T lymphoblastic), KG1A (myeloblastic/promyelocytic), K562 
(erythroid/ megakaryocyte), HL60 (myelomonocytic), U937 (promonocytic), THP1 
(monocytic), and MonoMacó (mature monocytic) (Figure 4). Consistent with the 
expression pattern on peripheral blood leukocytes, EMR2 was detected on all myeloid cell 
lines, but was found to be absent or very weakly expressed by the lymphoid cell lines 
Ramos and Jurkat, respectively. In contrast, CD97 was present on all cell lines. Expression 
of both EMR2 and CD97 on the myeloid cell lines did not correlate with the stage of 
hematopoietic differentiation. 

Strikingly, where present on blood leukocytes and leukemia cell lines, expression 
levels of EMR2 were approximately 3-10 fold lower compared to CD97. This difference is 
not due to a lower avidity of 2A1, since at saturating concentrations, staining of 
transfectants with 2A1 resulted in a shift in fluorescence similar to that found with CLB-
CD97/1 and CLB-CD97/3 (Figure IB). 

64 



Characterization of the EGF-TM7 family member EMR2 

EMR2 is not upregulated during stimulation of lymphocytes and granulocytes 
To test whether EMR2 is upregulated during lymphocyte activation, as has been 
demonstrated for CD97,61819'24 PBMC were stimulated with PHA, PMA, or CD3 mAb and 
analyzed for expression of EMR2 and CD97 after 4 and 24 h (Figure 5). In contrast to 
CD97, no upregulation of EMR2 was observed, confirming previous RT-PCR data.13 

Figure 5. Expression of EMR2 and CD97 

on activated PBMC. PBMC were cultured 

with PHA, PMA, CD3 mAb, or without 

addition. Expression of EMR2 and CD97 

was analyzed at different time points by 

flow cytometry with 2A1, CLB-CD97/1, 

CLB-CD97/3, and control Ig. Goat anti-

mouse Ig-PE was used as secondary Ab. 

Staining with conjugated mAb for CD69 

and CD25 was used as positive control 

for cellular activation. 

Oh 4 h 24 h 

• medium • PHA • PMA • anti-CD3 

To study whether expression of EMR2 on granulocytes is activation dependent, 
purified neutrophilic granulocytes were stimulated with various stimuli resulting in 
subsequent release of secretory, specific, and azurophilic granules (Table 1). Whereas 
expression of CD97 was increased 1.5-2 fold by the different stimuli, no upregulation of 
EMR2 was detected. Elevated levels of CD97 appeared as soon as the secretory granules 
were released and did not further increase by subsequent degranulation of additional 
vesicles. 
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Table 1. EMR2 and CD97 expression on activated purified neutrophilic granulocytes. 

Addition 

Release of 

clg 

EMR2(2A1) 

CD97(CLB-CD97/1) 

CD97 (CLB-CD97/3) 

CD11b(CLB-B2.12)a | 

CD63 (CLB-gran/12)" 

None 

-

23±8 

41±3 

313±51 

445±38 

3160±662 

55±6 

PAF 

Secretory 

vesicles 

50±13 

40±5 

610±114 

631±62 

5257±761 

160±39 

PAFfl.ILP 

+ Specific 

vesicles 

20±5 

36±7 

394±67 

657±140 

7428±419 

228±59 

Cytochalasin B/ fMLP 

+ Azurophilic vesicles 

27±7 

36±2 

463±43 

737±65 

6542±855 

1584±265 

Results are mean fluorescence intensity ± SEM of three to four experiments. 
a) Staining for CD11b and CD63 was done as positive control for activation. Whereas CD11b is a general 

marker of neutrophil activation, CD63 becomes specifically upregulated after fusion of azurophilic granules 

with the plasma membrane.27 

EMR2 expression increases during monocyte maturation 
Based on the expression of CD 14 and CD 16, peripheral blood monocytes can be subdivided 
into normal monocytes (CD14++CD16), monocytes with properties of tissue macrophages 
(CD14++CD16+), and monocytes that exhibit characteristics of dendritic cells 
(CD14+CD16+).2930 Analysis of EMR2 and CD97 expression in these subpopulations (Figure 
6) revealed a 3-4 fold increase of EMR2 expression on CD14++CD16* cells and a 5-6-fold 
increase on CD14+CD16+ cells compared to CD14++CD16" monocytes. In contrast, CD97 
expression level on the different subpopulations was found to be similar. 

MFI in % 
EMR2 CD97 

CD14«CD16- 100 100 
CD14"CD16* 355+22 119+3 
CD14+CD16* 555+55 108+2 

CD16 

Figure 6. Expression of EMR2 and CD97 on monocyte subsets. Blood monocytes were analyzed by 

three-color flow cytometry for expression of EMR2 and CD97 on typical blood monocytes 

(CD14++CD16), macrophage-like monocytes (CD14"CD16*), and dendritic cell-like monocytes 

(CD14+CD16*). CD14 and CD16 were stained with conjugated mAb, EMR2 and CD97 with biotinylated 

2A1 and CLB-CD97/3. Streptavidin-PE was used as second step reagent. Monocytes were determined 

on the basis of forward and side scatter. Expression of EMR2 and CD97 is given as mean fluorescence 

intensity ± SEM of five experiments. 

BDCA-3+ myeloid dendritic cells express EMR2 
Dendritic cells (DC) in human peripheral blood can be divided into distinct subsets using 
recently described BDCA antigens.28 Whereas BDCA-1 (CDlc) and BDCA-3 are expressed 
on myeloid DC, BDCA-2 and BDCA-4 are expressed on plasmacytoid DC. Analysis of 
EMR2 and CD97 expression on purified BDCA-1+, BDCA-3+, and BDCA-4+ DC is shown in 
Figure 7. While EMR2 is mainly expressed on myeloid DC characterized by the expression 
of BDCA-3, CD97 was found on both myeloid and lymphoid DC. 
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BDCA-1* myeloid DC 

BDCA-3* myeloid DC 

BDCA-4*plasmacytoid DC 

Log fluorescence intensity 

EMR2 CD97 

Figure 7. Expression of EMR2 and CD97 on 

blood DC. Blood DC expressing BDCA-1 (myeloid 

DC), BDCA-3 (myeloid DC), and BDCA-4 

(plasmacytoid DC) were purified by MACS. 

Expression of EMR2 and CD97 was analyzed by 

flow cytometry with biotinylated 2A1 (bold solid 

line), CLB-CD97/1 (solid line), and CLB-CD97/3 

(dashed line). Streptavidin-FITC was used as 

second step reagent. As reference, expression of 

CD 14 is shown (dotted line). Whereas BDCA-3* 

and BDCA-4* DC are CD14", some BDCA-1* cells 

express CD14.28 

Tissue macrophages express EMR2 
To investigate which cell types express EMR2 in sim, cryostat sections of several human 
tissues were analyzed by immunohistochemistry. The results of this study are depicted in 
Table 2 and Figure 8 (See appendix, page 132). 2A1 stained tissue macrophages in several 
tissues. Except for tonsil, staining was generally weak and much less intensive when 
compared to CLB-CD97/3. Confirming a recent study on the tissue distribution of CD9720 

CLB-CD97/3 labeled macrophages, lymphocytes, and smooth muscle cells 

Table 2. Tissue distribution of EMR2 and CD97 in various tissues. 

Tissue 

Skin 

Liver 

Spleen 

Lung 

Kidney 

Placenta 

Tonsil 

EMR2(2A1)a' 

Subpopulation of macrophages 

Not detectable 

Red pulp macrophages/histiocytes 

Interstitial macrophages 

Not detectable 

Interstitial macrophages 

tnterfollicular macrophages/histiocytes, interstitial 

macrophages 

CD97 (CLB-CD97/3) 

Macrophages/histiocytes, smooth muscle cells 

Few Kupffer cells 

Macrophages/histiocytes, lymphocytes 

Interstitial macrophages, smooth muscle cells 

Glomerular macrophages 

Macrophages/histiocytes 

Macrophages/histiocytes, lymphoid cells 

a) The reactivity of 2A1 detected in the spleen, lung, and placenta is relatively weaker than that detected 
in the tonsil. 
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DISCUSSION 

With the human genome project nearly completed, the EGF-TM7 family comprises about 
half a dozen molecules. Systematic analysis of their structure and expression will 
eventually allow unraveling common and individual functions within this novel receptor 
family of the immune system. In this study, we have analyzed the structure and cellular 
distribution of EMR2 using a newly generated mAb (2A1). Monospecifkity and the ability 
to bind the extracellular part of the receptor indicate that this mAb is directed to the stalk 
region of EMR2. 

Biochemical analysis of EMR2 revealed the existence of two receptor subunits, an 
extracellular a part and a TM7/cytoplasmic P part. Likely, as has been demonstrated for 
CD97,7 the EMR2 polypeptide is cleaved in the endoplasmic reticulum or early Golgi into 
these two subunits, which noncovalently associate and are expressed on the cell surface as 
a heterodimer (see Figure 1A for the schematic structure). Apart from CD97, 
CIRL/latrophilin,16 and ETL,15 EMR2 is the fourth LNB-TM7 receptor which is reported to 
undergo proteolytic processing. Based on the size of the receptor subunits, N-terminal 
amino acid sequencing of the CIRL/latrophilin P subunit, and mutation studies on ETL, the 
processing site has been mapped to a cysteine box immediately N-terminal to the TM7 
region. This site, recently termed GPS motif,17 is found in all LNB-TM7 receptors 
suggesting that all these receptors are potential heterodimers. The functional relevance of 
the proteolytic processing still remains elusive. 

For many GPCR with an extended extracellular region, ligand binding is a two-
step process.31 First, a complex is formed between the N-terminal receptor region and the 
ligand. Next, this complex interacts with the TM7 region to trigger signals via G proteins. A 
heterodimeric structure as found in EGF-TM7 receptors could facilitate signal transduction 
in different ways. Noncovalent association with the P part may directly increase the 
structural flexibility of the a part to make contact with the TM7 exoloops. Alternatively, 
the a subunit could be released after ligand binding and, subsequently, an additional, 
second ligand might activate the receptor. However, as yet, the coupling of G proteins to 
EGF-TM7 receptors has not been formally proven. 

In contrast to the structural similarity, EMR2 and CD97 have distinct expression 
profiles. Whereas CD97 is broadly distributed, found on all types of hematopoietic as well 
as on smooth muscle cells,61819-20 expression of EMR2 is restricted to myeloid cells. Flow 
cytometry analysis and RT-PCR (data not shown) indicate that expression levels of EMR2 
are generally lower compared to CD97. Highest levels of EMR2 are found on macrophages 
and myeloid DC, pointing to a function of EMR2 in those cells. In contrast to previous 
RNA blot data13 only low EMR2 expression was found on granulocytes even after cellular 
activation. The nature of this discrepancy is uncertain and will be further investigated. In 
part, expression of EMR2 resembles that of F4/80, the mouse homologue of EMR1, which 
is expressed on mature tissue macrophages.5 Detailed comparison of the expression pattern 
of EMR1, EMR2, and the most recently identified EMR314 will await the generation of 
mAb to human EMR1 and EMR3 receptors. Questions that remain regarding the 
expression of EMR2 include the regulation of expression during myeloid differentiation, 
the upregulation at sites of inflammation, and the presence on malignant cells. 

Since current knowledge of the distribution of CD97 is mainly based on mAb 
against the first EGF domain, that recently have been shown to also recognize EMR2,13 we 
used this study to evaluate previous data on the expression of CD97. No significant 
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differences in binding between CLB-CD97/1 and CLB-CD97/3, which recognize the first 
EGF domain and the stalk region of CD97, respectively, were found. This confirms similar 
observations from a recent immunohistochemical study.20 Obviously, due to the more 
restricted expression pattern of EMR2 and the much higher expression levels of CD97, 
mAb against the EGF domain region primarily reflect expression of CD97. 

The differences found for EMR2 and CD97 with regard to cellular distribution, 
activation dependent upregulation, and ligand binding strongly imply that both molecules 
have a different function. From the structural similarity between EMR2 and CD97 a 
cellular ligand for EMR2 is to be expected. Its identification and a further characterization 
of the expression of EMR2 should shed more light on both the function of EMR2 and other 
EGF-TM7 family members as well as on the biology of macrophages. 
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Chapter 6 

ABSTRACT 

Background. EMR2 is a member of the EGF-TM7 family closely related to CD97. 
Chondroitin sulphates (CS) have recently been identified as ligands for EMR2 and 
CD97. CS has been implicated in the pathogenesis of rheumatoid arthritis (RA). 
Objective. 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 patients with RA (n=19), inflammatory osteoarthritis (OA) (n=13), 
and reactive arthritis (ReA) (n=13). Immunohistochemistry was performed with an 
anti-EMR2 monoclonal antibody (mAb) and stained synovial tissues were analyzed by 
digital image analysis. Co-expression 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 fluorescent beads coated with EMR2-Fc or CD97- Fc fusion proteins. Results. 
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 (DC), expressing co-stimulatory molecules and TNF-a. Dermatan 
sulphate (DS) 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 fibroblast-like synoviocytes. Conclusions. The EGF-TM7 receptors EMR2 and 
CD97 are abundantly expressed on myeloid cells in ST of RA patients where their 
cognate ligands DS and CD55 are detected. These results suggest that these interactions 
may facilitate the retention of activated macrophages in the synovium. 

INTRODUCTION 

EMR2 and CD97 are epidermal growth factor seven-span membrane (EGF-TM7) 
receptors, which belong to a subgroup of class B GPCR receptors.1'4 The EGF-TM7 
receptors are predominantly leukocyte restricted cell-surface proteins which possess 
extended extracellular regions containing variable numbers of N-terminal EGF-like 
domains.4'5 CD97 is found on a broad range of leucocytes,6,7 whereas expression of 
EMR2 is restricted to myeloid cells, including monocytes, macrophages, DCs and PMNs. 
Interestingly, the EGF domains of EMR2 and CD97 are nearly identical (97% amino 
acid identity)1 and due to alternative RNA splicing, isoforms with two, three, four, and 
five EGF domains are expressed. Increased expression of CD97 at sites of inflammation3 

previously led us to investigate the distribution in RA8 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.3,8 

The EGF-TM7 receptors interact via the EGF domains with cellular ligands.9 

Recently, both EMR2 and CD97 have been shown to bind chondroitin sulphate (CS) 
through EGF domain 4.9 In addition, EGF domains 1 and 2 of CD97 but not EMR2 
specifically interact with CD55.1,10,11 Thus, the composition of the EGF domain region 
defines the ligand specificity of EMR2 and CD97 isoforms. Whereas CS is exclusively 
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bound by the largest isoform of both molecules,9 the affinity for CD55 varies with the 
different isoforms of CD97.1012 

CS is a class of glycosaminoglycan (GAG) abundantly present in both 
extracellular matrix and in the synovial fluid of RA patients.13 CS occurs in a number of 
forms varying in site and degree of sulphation. Three types are recognized: CSA, CSB 
(dermatan sulphate (DS)), and CSC. DS is an isomer of chondrotoin-4-sulphate in which 
a variable number of glucuronic acid residues are replaced with iduronic acid. Several 
changes in GAG expression in ST and cartilage of RA and OA patients have been 
described. In ST of RA patients DS has been shown to be the primary molecular species 
of CS in inflammatory areas compared to fibrotic areas where CSA/C expression 
dominates.14 Basic activity of the disease and proliferation of the synovium correlates 
with an increased percentage of DS of total GAG content in the synovium.15 

Furthermore, RA chondrocytes are known to synthesize an increased proportion of 
proteoglycans, enriched in DS.16 Recently, it was shown that infiltrating cells can bind 
GAGs in rheumatoid synovial tissue.17 Of importance, normal or traumatic ST did not 
exhibit GAG-binding. 

We hypothesize that the interaction between EMR2 and CS is involved in the 
retention of inflammatory cells in the inflamed synovium. To find support for this 
hypothesis, we investigated the expression of EMR2 as well as CD97 and identified their 
ligands in ST. 

PATIENTS AND METHODS 

Patients 
19 patients with RA and active arthritis of the knee joint underwent synovial biopsy. 
All patients fulfilled the American College of Rheumatology criteria for RA.18 In 
addition, synovial biopsies were obtained from 13 patients with inflammatory 
osteoarthritis (OA) and 13 patients with reactive arthritis (ReA) of the knee joint. 
Laboratory assessment included serum levels of rheumatoid factor (RF) and the 
erythrocyte sedimentation rate (ESR). 

Specimen collection 
Biopsy specimens were taken from the knee joint with a Parker-Pearson needle, as 
previously described.19 The different tissue samples (at least 6 per patient) were snap-
frozen together in TissueTek OCT (Miles, Elkhart, IN) by immersion in liquid nitrogen 
and stored until sectioned for staining. 5-um sections were cut in a cryostat and 
mounted on glass slides (Star Frost adhesive slides, Knittelglaser, Braunschweig, 
Germany). Slides were stored at -70°C until immunohistochemical analysis was 
performed. 

Immunohistology and double immunofluorescence 
All patients were studied for expression of EMR2, CD97, and double-labelling for 
EMR2/ CD68 and EMR2/TNF-oc. In 7 RA, 4 OA, and 4 ReA patients with marked 
expression of EMR2 in their ST double-labelling 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), CD97 (CLB-CD97/3) (directed against the stalk region of CD97), or CLB-CD97/1 
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(directed against the first EGF domain of both EMR2 and CD97)20 as previously 
described.152122 In brief, following a primary incubation step, bound mAb was detected 
by a 3-step immunoperoxidase method using horseradish peroxidase (HRP)-conjugated 
goat anti-mouse antibody (Dako, Glostrup, Danemark), HRP-conjugated swine anti-
goat antibody (Biosource, Camarillo, CA), and amino ethylcarbazole (AEC) (Vector, 
Burlingame, CA). In negative control sections, the primary mAb was replaced by an 
appropriate isotype control Ab. 

To stain for co-expression of TNF-a and EMR2, EMR2 was detected as 
described above. After developing with AEC and pre-incubation with mouse serum 
(CLB, Amsterdam, the Netherlands), an anti-TNF-a mAb (clone Mabl, PharMingen, 
Alphen aan den Rijn, The Netherlands) was added to the slides, followed by HRP-
conjugated goat anti-mouse antibody (Perkin Elmer, Boston, MA), biotinylated 
tyramide (Dako), streptavidin-AF (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, dendritic cells (DC), fibroblast-like 
synoviocytes, and cells that express co-stimulatory molecules. The staining procedure 
was modified from a previously described method23 First, EMR2 mAb (IgGl) was 
incubated on serial sections, followed by incubation with tetramethylrhodamine 
isothiocyanate (TRITC)-conjugated goat anti-mouse IgGl(Biosource). Then, after 
incubation of the slides with mouse serum, fluoresceine isothiocyanate (FITC)-
conjugated CD3 (clone SK7, BD), CD22 (clone Rfb-4, Biosource, Camarillo, CA), CD38 
(clone HIT2, PharMingen), CD55 (clone IA10, PharMingen), or CD86 (clone 2331, 
PharMingen) mAb was applied. For the detection of CD40 (clone 5L3, PharMingen) 
and CD80 (clone L307.4, PharMingen), the signal was augmented by adding 
subsequently rabbit anti-FITC antibody (Dako), HRP-conjugated swine anti-rabbit 
antibody (Dako), biotinylated tyramide, and streptavidin-FITC (Dako). CD83 expression 
was detected using an IgG2A mAb (HB15A, Immunotech, Montreal, Canada), followed 
by biotin-conjugated goat-anti mouse IgG2A antibody (Santa Cruz.Nordic, Tilburg, The 
Netherlands) and streptavidin-FITC (Dako). 

EMR2 staining in combination with CD68 was performed by incubating 
sections with 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 IgGl antibody (Nordic).2425 The sections were examined 
under a fluorescence photomicroscope (Leica, Germany). 

Microscopic and digital image analysis 
To evaluate staining for EMR2 and CD97, digital image analysis was used, as previously 
described.26 All sections were coded and analyzed in a random order by an independent 
observer (ENK) who was blinded for the clinical diagnoses. Slides were analyzed in 2 
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 be only related to higher cell numbers. Therefore, we also 
calculated the integrated optical density (IOD) per cell (expressed as 
(IOD)/nucleus/mm2). 

Co-expression of EMR2 with CD3, CD22, CD38, CD40, CD55, CD68, CD80, 
CD83, CD86, and TNF-a was quantified by counting at least 50 and, if possible, up to 
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200 EMR2+ cells by two independent observers (GJDT and ENK). The percentage of 
double-staining cells was noted. The percentages were stratified in 5 groups; 0-5%, 6-
25%, 26-50%, 51-75%, 76-100%. Conversely, we also counted the cells positive for 
CD3, CD22, CD38, CD40, CD55, CD68, CD80, CD83, CD86, and TNF-ct co-expressing 
EMR2+. If there were less than 15 cells positive for any of these markers per section, the 
results were discarded to prevent disproportionately high percentages. TNF-oc 
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.27 In short, 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. Then, HEK293 cells were transfected with 40 pg DNA per 
175-cm2 flask and cultured for 5 days in conditioned Opti-MEM 1 medium (Life 
Technologies Ltd, Paisly, Scotland). Secreted soluble recombinant protein was purified 
using a protein A (Sigma) column 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 Bradfort assay. 

To generate multivalent probes, 10 pi avidin-coated fluorescent beads 
(Spherotech Inc., Libertyville, IL) were washed with PBS/0.5% BSA and incubated with 
saturating amounts (>1 pg) of biotinylated recombinant 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 
Slides were thawed, fixed in acetone, washed in ice-cold PBS, and preincubated with 
human pooled serum to prevent non-specific binding. The different bead-protein 
complexes (10 pi complex plus 40 pi PBS) were added to the ST 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 pi 
0.8 U/ml chondroitinase AC or B (Sigma), 50 pi CD55 mAb (10 pg/ml, CLB-CD97/L111) 
or 50 pi 5 mM EGTA, for 30 min before addition of the beads. Furthermore, beads were 
preincubated with 50 pi chondroitin A, B or C (10 pg/ml, Sigma) before addition to the 
slides. Slides were coverslipped after addition of 100 pi of Vectashield (Vector) or 
Imsol-Mount (Klinipath, Duiven, the Netherlands). 2pl 4',6-diamidino-2-phenylindole 
(DAPI) (5 mg/ml Sigma) was added per slide for nuclear staining. 

Statistical analysis 
The means and standard deviations were calculated, and the Kruskal-Wallis test was 
used to compare measures between all diagnostic groups (RA, O A, and Re A). 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 in 
the patients with RA was 58 months (range 1-336 months) in OA patients 57 months 
(range 2-240 months), and ReA patients 11 months (range 1- 42 months). 

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

Sex (no. males/females) 

Age (years, mean ± SD) 

RF (no. pos. /neg)* 

ESR (mm/h, mean ± SD)* 

RA patients 

(n=19) 

6/13 

58±12 

13/6 

30 ±15 

OA patients 

(n = 13) 

3/10 

74 ±9 

1/12 

25 ±18 

ReA patients 

(n = 13) 

8/5 

45 ±15 

1/12 

18 + 13 

* RF = rheumatoid factor; ESR = erythrocyte sedimentation rate. 

EMR2 expression is increased in rheumatoid synovial tissue 
Representative images of the distribution of EMR2 and CD97 in the ST of patients with 
RA, OA, and ReA are depicted in Figure 1 (See appendix, page 133) and 2. EMR2 was 
expressed in the intimal lining layer and synovial sublining of all patients with RA, 12 
out of 13 patients with OA, and 11 out of 13 patients with ReA. EMR2 expression was 
significantly higher in the synovial sublining of RA patients compared with disease 
controls, 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 to 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 study,8 where 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 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. 

EMR2 is expressed by activated macrophages and dendritic cells in synovial tissue 
Whereas CD97 is found on most hematopoietic cells, expression of EMR2 has been 
shown to be restricted to cells of the myeloid lineage.26'7'20 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 co-stimulatory molecules (CD40, CD80, CD86) or the inflammatory 
cytokine TNF-a (Table 2). These experiments enabled us to determine whether EMR2 
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Figure 2. Expression of EMR2 and CD97 in the intimal lining layer and synovial sublining of patients 

with rheumatoid arthritis (n = 19), osteoarthritis (n = 13), and reactive arthritis (n = 13) shown as IOD per 

cell per mm2. CLB-CD97/1 recognizes both EMR2 and CD97, while 2A1 and CLB-CD97/3 are 

monospecific mAbs. Bars signify the median values. * indicates statistical significance P<0.05. 

has a similar expression pattern in various arthritides. First, we studied EMR2+ cells and 
counted the percentage of double staining with phenotypic markers (Table 2). Second, 
cells defined by the expression of phenotypic markers were studied to determine co-
expression with 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 expressed 
EMR2 in all groups (Table 3). 

To study the activation state of the cells expressing EMR2, double staining for 
co-stimulatory molecules and TNF-a was performed. EMR2+ cells in RA ST co-
expressed CD40 in 34 ± 8%, CD80 in 23 ± 8%, and CD86 in 7 ± 0.1%. Furthermore, 50 ± 
6% of the EMR2+ cells in RA ST expressed TNF-a, irrespective of the localization in the 
intimal lining layer or synovial sublining. In conclusion, EMR2+ cells in the synovium 
are either activated macrophages or mature DC. 

Dermatan sulphate in synovial tissue is a ligand of the largest isoform of EMR2 and 
CD97 
Having shown 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-
coated fluorescent beads. Isoform-specific beads enabled us to study the ligand 
distribution of all isoforms of EMR2 and CD97 in RA, OA, and ReA ST. 
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Table 2. Co-expression of phenotypic markers by EMR2* cells in synovial tissue from patients with 

rheumatoid arthritis (RA), osteoarthritis (OA), and reactive arthritis (ReA). 

% % % % % % % % % % 
Diagnosis CD68 CD83 CD3 CD22 CD38 CD55 CD40 CD80 CD86 TNFa 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

RA 

RA 

RA 

RA 

RA 

RA 

RA 

OA 

OA 

OA 

OA 

ReA 

ReA 

ReA 

ReA 

ND = not done. 

76-100 

51-75 

26-50 

76-100 

26-50 

26-50 

51-75 

51-75 

26-50 

51-75 

26-50 

51-75 

76-100 

76-100 

26-50 

6-25 

ND 

ND 

ND 

6-25 

ND 

6-25 

ND 

6-25 

ND 

6-25 

0-5 

6-25 

ND 

6-25 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

6-25 

0-5 

0-5 

0-5 

0-5 

0-5 

6-25 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

51-75 

0-5 

ND 

51-75 

26-50 

26-50 

76-100 

0-5 

0-5 

0-5 

6-25 

26-50 

26-50 

ND 

6-25 

26-50 

ND 

ND 

51-75 

ND 

ND 

0-5 

26-50 

ND 

ND 

0-5 

26-50 

0-5 

ND 

ND 

ND 

ND 

ND 

6-25 

0-5 

ND 

6-25 

0-5 

6-25 

0-5 

ND 

ND 

0-5 

ND 

0-5 

ND 

51-75 

ND 

26-50 

ND 

76-100 

ND 

26-50 

51-75 

ND 

6-25 

ND 

6-25 

ND 

51-75 

Table 3. Expression of EMR2 by various cell types in synovial tissue from patients with rheumatoid 

arthritis (RA), osteoarthritis (OA), and reactive arthritis (ReA). 

ND = not done, DNI = data not included due to cell numbers of less than 15 positive cells per slide. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Diagnosis 

RA 

RA 

RA 

RA 

RA 

RA 

RA 

OA 

OA 

OA 

OA 

ReA 

ReA 

ReA 

ReA 

CD68 

76-100 

26-50 

26-50 

51-75 

51-75 

26-50 

76-100 

76-100 

51-75 

51-75 

26-50 

26-50 

51-75 

6-25 

26-50 

CD83 

DNI 

ND 

ND 

ND 

6-25 

ND 

6-25 

ND 

ND 

DNI 

ND 

ND 

6-25 

ND 

DNI 

CD3 

0-5 

ND 

0-5 

0-5 

ND 

0-5 

0-5 

ND 

6-25 

ND 

0-5 

ND 

0-5 

0-5 

0-5 

CD22 

6-25 

0-5 

0-5 

0-5 

0-5 

ND 

ND 

0-5 

0-5 

6-25 

0-5 

ND 

0-5 

ND 

0-5 

CD38 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

CD55 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

0-5 

CD40 

6-25 

0-5 

ND 

76-100 

26-50 

6-25 

51-75 

0-5 

0-5 

ND 

26-50 

26-50 

26-50 

ND 

26-50 

CD80 

26-50 

ND 

ND 

51-75 

ND 

ND 

0-5 

6-25 

0-5 

0-5 

ND 

6-25 

0-5 

ND 

ND 

CD86 

ND 

26-50 

0-5 

6-25 

6-25 

26-50 

76-100 

ND 

6-25 

0-5 

ND 

ND 

6-25 

0-5 

6-25 

TNFa 

ND 

6-25 

ND 

51-75 

ND 

6-25 

ND 

0-5 

6-25 

ND 

ND 

ND 

6-25 

ND 

0-5 

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, 
See appendix, page 136). 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 (data not shown), 
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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 (data not shown). 

To confirm EMR2 and CD97 isoform beads to bind to their specific ligands, 
control experiments were performed (Figures 3 and 4, See appendix, page 136). 

It has been previously documented that the smaller isoforms of CD97 bind 
CD55,11 which is a defining marker of synovial fibroblast-like synoviocytes in the 
intimal lining layer.28 Incubating the synovium with an anti-CD55 antibody prior to the 
addition of beads completely prevented binding (Figure 3C and D, See appendix, page 
136). The addition of EGTA also prevented binding of all EMR2 and CD97 isoforms, 
emphasizing the crucial role of Ca2+ in maintaining the structural integrity of EGF-like 
domains. The largest isoforms of CD97/EMR2 have been previously shown to bind DS.9 

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 DS (Figure 4, See 
appendix, page 136). While preincubating the slides with chondroitin sulphate A had 
no effect, pretreatment with chondrotinase AC or chondroitin sulphate C resulted in a 
decrease in bead binding. These observations are in agreement with previous published 
data. 

In conclusion we can state that the largest isoforms of EMR2 and CD97 bind 
specifically to DS, while the smallest and medium isoform 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.29 The intimal lining layer is 
formed by two cell types: intimal macrophages expressing the EGF-TM7 receptor CD97 
and fibroblast-like synoviocytes expressing its ligand CD55.8 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, dendritic cells, and neutrophils.29 The 
importance of macrophages is supported by the clinical observation that macrophage 
numbers in the synovium are associated with clinical signs of disease activity30 and the 
success of therapies targeting macrophage-derived cytokines. 

In RA two-thirds of the intimal lining layer is formed by macrophages, which 
is thought to be the result of recruitment from bone-marrow derived monocytes from 
the bloodstream, entering 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 confirm previous observations suggesting 
that the CD97/CD55 pair might be involved in the interaction between intimal 
macrophages and fibroblast-like synoviocytes, thereby supporting the specific 
architecture of the intimal lining layer.8 

The current investigation focused on the distribution of the related EGF-TM7 
receptor EMR2.1 EMR2 was detected on intimal macrophages as well as macrophages 
and DC in the synovial sublining. Of interest, expression in RA was higher compared to 
OA and ReA. These observations are in agreement 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 
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to be activated as shown by co-expression of co-stimulatory molecules like CD40 and 
CD80 and the inflammatory mediator TNF-a. 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 and Barclay,31 has been very helpful in the analysis of 
cell-cell interactions within the immune system.32 We applied this technique here for 
the first time in an investigation of pathological 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.1012 

Beads loaded with the largest isoform of EMR2 or CD97 bound extracellular 
matrix in the synovial sublining. DS is abundantly expressed in the extracellular matrix 
of inflamed ST.33 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 
molecular structure of DS is determined by a number of factors including, 
polysaccharide chain length, iduronic acid placement, and sulphation.34 Variability is 
tightly regulated in a tissue and cell type-specific fashion generating complex 
subregional heterogeneity.35 For example, it has been suggested that in OA cartilage the 
sulphation of the terminal residues of DS is altered.36 Conceivably, such changes in 
sulphation might alter the binding capacity of synovial DS to receptors like EMR2 and 
CD97. 

Using specific mAbs, Edwards and colleagues previously showed that DS in 
normal synovium is homogenously distributed throughout the interstitium.14 In ST of 
RA patients, however, DS is especially found in the deeper layers underlying the 
intimal lining layer. Previous work has shown that the expression of DS is positively 
correlated to basic activity of RA and proliferation of the synovium.15 The results 
presented here support the notion that increased or altered expression of DS might be 
involved in the retention of activated EMR2 positive macrophages and DC 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 a model of streptococcal infection.37 

Taken together, upregulation of DS 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 DS receptor. EMR2, expressed by activated macrophages and 
DCs, may serve as a second DS receptor contributing to the massive increase in the 
number of both cell types in rheumatoid ST. 
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ABSTRACT 

The human EGF-TM7 receptors CD97, EMR1, EMR2, EMR3, and EMR4 form a group 
of large heptahelical molecules predominantly expressed by cells of the immune 
system. Through their EGF domains, EGF-TM7 receptors bind cellular ligands. EMR2 
possesses a chimeric structure with a seven-span transmembrane region closely related 
to EMR3 and an epidermal growth factor (EGF)-like domain region nearly identical to 
CD97. Human EMR2 and CD97 share ligand specificity for chondroitin sulfate but not 
for CD55, which is exclusively bound by CD97. We here show that this difference, 
which is caused by three amino-acid substitutions within the first two EGF domains, 
emerged after human speciation. Chimpanzee EMR2 can bind CD55, however, 
transcription of isoforms with high affinity for CD55 is diminished by alternative RNA 
splicing. Thus, different molecular mechanisms prevent CD55 binding by EMR2 in 
hominoids. Location of CD97 and EMR1-4 within two neighboring clusters on the 
short arm of human chromosome 19 and (on current evidence) absence of 
nonmammalian homologues suggest a young evolutionary history of these receptors. 
We suppose that the EGF-TM7 family evolved through a series of segmental 
intrachromosomal gene duplications. EMR2 likely originated only recently in a 
common ancestor of Old World monkeys and hominoids. 

INTRODUCTION 

Despite the striking similarity of their genomes, humans are more susceptible than 
other hominoids to diseases such as malaria, acquired immunodeficiency syndrome 
(AIDS), hepatitis B, malaria, Alzheimer's disease, myocardial infarction, and epithelial 
cancer.1 The molecular basis of this difference is virtually unknown. We just begin to 
understand at what molecular levels the phenotypic divergence between us and our 
closest relatives might have developed.2 Gene inactivation might be one mechanism 
and has first been demonstrated for the human cytidine monophosphate-N-
acetylneuraminic acid (CMP-Neu5Ac) hydroxylase gene (CA1AH), which synthesizes N-
glycolylneuraminic acid (Neu5Gc).3 We recently reported inactivation of another 
nonpolymorphic gene after human speciation. Due to a one-nucleotide deletion in exon 
8 that is not present in nonhuman primates, including chimpanzees, translation of EGF 
module-containing mucin-like receptor (EMR)4 terminates ahead of the 
transmembrane region.4 

EMR4 is a member the EGF-TM75 family of adhesion class seven-span 
transmembrane (TM7) receptors.6,7 With the human genome unraveled, this family 
comprises five members, which are predominantly expressed on hematopoietic cells: 
CD97,89 EMR1,10 EMR2,11 EMR3,12 EMR4.4 EGF-TM7 receptors are characterized by an 
extended extracellular region with several tandemly arranged epidermal growth factor 
(EGF)-like domains at the N-terminus. As a result of alternative RNA splicing, 
individual family members express isoforms that possess variable numbers of EGF 
domains. A G protein-coupled receptor-proteolytic site (GPS) proximal to the first 
transmembrane domain gives rise to processing within the endoplasmic reticulum. 
Translated as single polypeptides, EGF-TM7 receptors are cleaved into an extracellular 
a subunit and a TM7/cytoplasmic p subunit, which noncovalently associate on the cell 
surface. 
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Next to inactivation of EMR4 in the human genome, there is further evidence 
suggesting a rather recent evolution of the leukocyte-expressed EGF-TM7 receptors 
CD97 and EMR1-4.5 First, nonmammalian homologs have not heen identified as yet. 
Second, the genes are located in close proximity on the short arm of human 
chromosome 19 within clusters in 19pl3.1 [CD97, EMR2, and EMR3) and 19pl3.3 
(EMR1 and EMR4). Third, surveys of the mouse genome failed to identify orthologs for 
EMR2 and EMR3. Fourth, molecular cloning of EMR2 surprisingly unraveled a 
remarkable similarity with two other EGF-TM7 receptors.1112 As shown in Figure 1, the 
C-terminal part of the stalk and the TM7 region are highly similar to EMR3. In 
contrast, the signal peptide, the EGF domains, and the most N-terminal part of the stalk 
region strongly resemble that of CD97. Only six out of 236 amino acids within the EGF 
domain region are different (97% amino acid identity). 

Figure 1. (A) Schematic structure of the human 

EGF-TM7 receptors CD97, EMR2, and EMR3. 

EGF-TM7 receptors are expressed as 

noncovalently associated heterodimers 

consisting of an extracellular a subunit and a 

TM7/cytoplasmic p subunit. N-terminal EGF-

like domains are represented as triangles and 

are shaded when containing a calcium-

binding site. Due to alternative RNA splicing, 

CD97 and EMR2 possess variable numbers 

of EGF domains, depicted here are the largest 

isoforms. EMR3 constitutively possesses two 

EGF domains. Regions of unusually high 

homology between EMR2 and CD97 or 

EMR3, respectively, are depicted by dotted 

lines. (B) Amino acid sequence identity within 

the a and the p subunit between human EMR2 

and other human EGF-TM7 receptors. 

EGF-TM7 receptors interact through their EGF domains with cellular ligands, an 
ability that is unique within the large superfamily of TM7 molecules.513 Due to their 
striking similarity, the largest isoforms of EMR2 and CD97 share specificity for the 
glycosaminoglycan side chain chondroitin sulphate (CS).14 This interaction is mediated 
by EGF domain 4, which is identical between EMR2 and CD97. In contrast, CD97, but 
not EMR2, binds CD55 (decay accelerating factor),1115 a glycosylphosphatidyl inositol-
linked molecule that prevents complement deposition on self cells. Three different 
amino acids within EGF domains 1 and 2, which together form the binding site for 
CD55,16"18 account for this divergence in ligand specificity. 

In this study, we attempt to understand the parallel development of the 
molecular twins CD97 and EMR2 during primate evolution. We provide evidence that, 
first, EGF-TM7 receptors evolved through a series of segmental intrachromosomal gene 
duplications, second, EMR2 manifested only recently in Old World monkeys, and, 
third, EMR2 in hominoids lost its ability to bind CD55 due to different molecular 
mechanisms (mutations versus alternative splicing). 

A hCD97 hEMR2 hEMR3 

B Amino acid identity with hEMR2 [%] 
a subunit B subunit 

hCD97 62 40 
hEMR1 18 53 
hEMR3 29 79 
hEMR4 25 57 
hETL 20 40 
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MATERIALS AND METODS 

Animals 
Primate species investigated within this study included chimpanzee (Pan troglodytes), 
orangutan (Pongo pygmaeus), rhesus macaque (Macaca mulatta), common baboon (Papio 
hamadryas), common marmoset (Callithrix jacchus), and cotton-top tamarin (Saguinus 
oedipus). Peripheral blood from healthy animals and genomic DNA samples were 
obtained from the Biomedical Primate Research Centre (Rijswijk, The Netherlands). 

Non-primate genomic DNA analyzed were from three-toed sloth (Bradypus 
tridactylus), nine-banded armadillo (Dasypus novemcintus), common tenrec (Tenrec 
ecaudatus), Asian elephant (Elephas maximus), opossum (Didelphis marsupialis), and 
kangaroo (Macropus ru/us).19 

Flow cytometry 
Flow cytometry was performed by standard procedure on a FACSCalibur (Becton 
Dickinson, San Jose, CA). Whole blood from human or chimpanzee was incubated with 
biotinylated mAb CLB-CD97/3 (binds to stalk region of CD97),20 2A1 (binds to stalk 
region of EMR2),21 CLB-CD97/1 (binds to EGF domain 1 of CD97 and EMR2),15 1B5 
(binds to EGF domain 4 of CD97 and EMR2),14 or control IgG. Streptavidin-APC 
(PharMingen, San Diego, CA) was used as second reagent. Prior to cytometry, 
erythrocytes were shocked using FACS lysing solution (Becton Dickinson). 

RT-PCR, cDNA cloning, genomic PCR, and sequence analysis 
Total RNA was isolated from human, chimpanzee, and rhesus macaque PBMC. For RT-
PCR, first-strand cDNA was prepared using Superscript II reverse transcriptase (Invitrogen, 
Breda, The Netherlands). EGF domain-encoding sequences of human and chimpanzee 
CD97 and EMR2 isoforms were amplified by PCR (35 cycles, 30 s at 93°C, 30 s at 58°C, 60 s 
at 72°C) using specific primers (Table 1). PCR products were separated on a 1.5% agarose 
gel and photographed. The 5 ' ends of exon 3, encoding the first EGF domain, were 
separately amplified. Sequences of all PCR products were determined with the BigDye 
terminator cycle sequencing kit (Applied Biosystems, Warrington, UK). 

Table 1 : Oligonucleotide primers used for RT-PCR and genomic PCR. 

Gene 

CD97 

EMR2 

CD97 

EMR2 

EMR2 

Exon 

3-7 (EGF 

domain 1-5) 

3-7 (EGF 

domain 1-5) 

18(TM6/7) 

11 (stalk) 

20 (cytoplasmic part) 

Orientation 

sense 

antisense 

sense 

antisense 

sense 

antisense 

sense 

antisense 

sense 

antisense 

Sequence (5' to 3') 

CCCGGTGGTGCCCTCAGAACTCC 

CTCATCCAGCGCCTGTAAGATGC 

CCCGGTGGTGCCCTCAGAACTCC 

GATGAGATTCTGGATGGTGACC 

TGACYATCACVGCCATYGCNC 

GAGGAAKRVGCCCTGYARRC 

ctcatagAATTGTCCCTGGAGGTG 

cattacCTGGGTCACCAGATTTCTG 

ctgcagGTCCGGGAGCAATATGGG 

cttacCGTGCTGGGTTTGGAGGTGC 

Fragment 

size (bp) 

842, 695, 563 

827, 680, 548 

134 

121 

122 

Intronic sequences are in lower case. 
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The complete cDNA sequence of rhesus macaque EMR2 was derived by a 
combination of RT-PCR and 5'- and 3'-rapid amplification of cDNA ends (RACE) using the 
Smart RACE cDNA amplification kit (Clontech, Palo Alto, CA). Various primers, derived 
from the human sequence as well as specifically designed for rhesus macaque EMR2, were 
applied. Sequences were determined and the deduced amino acid sequence was compared 
with human EMR2 with ClustalW software. 

Genomic sequences of CD97 and EMR2 hom. several primates were amplified by 
PCR (35-40 cycles, 30 s at 93°C, 30 s at 58-60°C, 20-60 s at 72°C) using 100-500 ng genomic 
DNA per reaction. Degenerated primers were designed based on either human and other 
mammalian sequences (CD97) or on human and rhesus macaque sequences (EMR2) (Table 
1). PCR products were separated on a 1.2% agarose gel, photographed, and sequenced. 

Generation of Fc fusion proteins 
To generate mouse Fc fusion constructs,22 the N-terminal part of the largest isoform of 
chimpanzee CD97 and EMR2 was amplified by PCR using the specific primers 5'-
ylylGCTTCCATGGGAGGCCGCGTCTTTCT-S' [an introduced Hindlll site is depicted 
italic], and 5'-CTGGAGTCCACAGCCAGACGCTT£a7607L7c7-3' [an introduced NotI site 
is depicted italic]. Gene-specific RT-PCR products derived from chimpanzee PBMC first-
strand cDNA were used as template. PCR products were ligated into pGEM-T easy vector 
(Promega, Madison, WI) and after digestion with Hindlll and NotI cloned in-frame 
immediately upstream to the CH3-CH2-hinge region sequence of mouse IgG2b, linked to a 
C-terminal biotinylation sequence, in pcDNA3.1/Neo(+) (kindly provided by M. Stacey, Sir 
William Dunn School of Pathology, Oxford). Generation of human CD97 and EMR2 Fc-
constructs has been reported previously14 In short, each four 225-cm2 cell culture flasks 
with HEK 293 cells were transfected with the different constructs and after four days, 
conditioned Optimem 1 medium (Life Technologies Ltd, Paisly, Scotland), containing 
soluble recombinant protein was purified using a Protein A (Sigma, St. Louis, MO) 
column. After purification, recombinant protein was concentrated to ~0.5 ml using a 
30-kDa molecular weight cut-off filter (Millipore, Bedford, MA), dialyzed against 10 
mM Tris-HCl (pH 8) buffer, and incubated with 2 Ml BirA enzyme and supplied 
substrates (Avidity, Denver, CO) overnight at room temperature. Excess biotin was 
subsequently removed by dialyses against 10 mM Tris-HCl (pH 7.3) buffer containing 
10 mM CaCl2 and 150 mM NaCl. The biotinylated proteins were then aliquoted and 
stored at -80°C after quantification by Bradfort assay. 

Ligand binding studies 
Cell binding assays using biotinylated CD97- and EMR2-mouse Fc proteins coupled to 
fluorescent beads were performed as described previously.22 Briefly, 10 Ml avidin-coated 
fluorescent beads (Spherotech Inc., Libertyville, IL) were washed with PBS/0.5% BSA 
and incubated with saturating amounts (> 1 Mg) of biotinylated recombinant protein in 
a volume of 10 Ml. After 1 h, nonbinding protein were removed by washing with 
PBS/0.5% BSA. The bead-protein complexes were sonicated immediately before 
addition to the cells (0,5 x 106 cells/50 Ml PBS/0.5% BSA). For blocking studies, 1 Mg of 
mAb was added to the bead-protein complexes and incubated for 10 min at 4°C before 
adding the complexes to the cells. Cell-bead mixture, in a 96-well flat bottom plate, was 
spun at 1000 x g at 4°C for 10 min, incubated for another 50 min at 4°C, and finally 
resuspended in 300 Ml of PBS for flow-cytometric analysis. 
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Human embryonic kidney (HEK) 293 cells and two mutants of Chinese hamster 
ovary (CHO) cells were used for ligand binding studies. In one mutant (PgsB-618, ATCC, 
Manassas, VA), glycosaminoglycan synthesis is mosdy absent.23 The other mutant (PgsD-
677, ATCC) lacks heparan sulfate but not other glycosaminoglycans.24 To generate 
transfectants, which express CD55 but not CS, PgsB-618 cells were transfected with full-
length CD55 cDNA in pcDNA3 (Invitrogen). After selection with G418 (Invitrogen) at 500 
ug/ml, stable clones were tested for CD55 expression by flow cytometry with the mAb 
CLB-CD97L/1, which binds to the first short consensus repeat of CD55.15 One positive 
clone was enriched for CD55-expressing cells by a single sort on a FACSAria (Becton 
Dickinson) using the mAb CLB-CD97L/1. 

RESULTS 

Expression of CD97 and EMR2 on chimpanzee leukocytes 
To confirm that CD97 and EMR2 are expressed in chimpanzees, we performed flow-
cytometric analysis of peripheral blood leukocytes. As shown in Figure 2, both molecules 
are present on chimpanzee leukocytes. Like in humans, CD97 was found on lymphocytes, 
granulocytes, and monocytes whereas expression of EMR2 was restricted to monocytes and 
(at very low levels) granulocytes. 

We also compared the presence of ligand-binding sites in CD97 and EMR2 with 
mAb to the respective EGF domains in both molecules. EGF domain 1, which is involved in 
the CD97-CD55 interaction and is possessed by all isoforms of both molecules, was detected 
on all types of leukocytes. In contrast, EGF domain 4, which binds CS and is found only in 
the largest isoform of CD97 and EMR2, was identified exclusively on monocytes. 

i'wrÏTÏïj'ïWilirfTHf -1'i'i'iiii' "t'iiiiH 

Granulocytes 

t t t iv ifti%vmn/t'"fnri lYrtj "i'i'Airrmnci'fm 

- ^ S T yjw;i.c..wiii» fitnf •utt^'fw'tuvrtrr l i n y Tt«ü fitrt("Hiv\ 
Log fluorescence intensity 

Chimpanzee Human Chimpanzee 

_ CLB-CD97/3 (anti-CD97] 
2A1 (anti-EMR2) 

. CLB-CD97/1 (anti-EGF domain 1 of CD97 and EMR2) 
185 (anti-EGF domain 4 of CD97 and EMR2) 

Figure 2. Expression of CD97 and EMR2 on peripheral blood leukocytes in human and chimpanzee. 

Cells were analyzed by flow cytometry with biotinylated mAb as indicated. Due to the high sequence 

similarity, CLB-CD97/1 and 1B5 recognize the respective EGF domains in both, CD97 and EMR2. Gray 

histograms represent control IgG stainings. Streptavidin-APC was used as a secondary reagent. Cell 

types were determined on the basis of forward- and side-scatter. 
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Isofrom transcription and sequence of EGF domains in chimpanzee CD97 and EMR2 
Since binding specificity of CD97 and EMR2 isoforms depends on EGF domain 
composition141617 and is affected by minor sequence differences between both 
molecules,1117 we analyzed the EGF domain region of CD97 and EMR2 in chimpanzees. 
Using RT-PCR, differences in the isoform ratio between humans and chimpanzees for both 
CD97 and EMR2 were detected (Figure 3). Whereas in humans, the majority of CD97 
transcripts encodes the smallest isoform possessing three EGF domains,25 a more equal 
distribution of isofoms was found in chimpanzees. A striking difference was detected for 
EMR2. Other than in humans, chimpanzee transcripts dominantly encode the largest 
isoform containing five EGF domains. 

C D g 7 EMR2 Figure 3. Expression of CD97 and EMR2 on 

Human Chimpanzee Human chimpanzee peripheral blood leukocytes in human and 

chimpanzee. Cells were analyzed by flow 

cytometry with biotinylated mAb as indicated. 

Due to the high sequence similarity, CLB-CD97/1 

and 1B5 recognize the respective EGF domains 

in both, CD97 and EMR2. Gray histograms represent control IgG stainings. Streptavidin-APC was used 

as a secondary reagent. Cell types were determined on the basis of forward- and side-scatter. 

We next sequenced the EGF domain regions of CD97 and EMR2 in humans and 
chimpanzees (Figure 4 and 5). Clearly, the high similarity found within the EGF domains 
between CD97 and EMR2 in humans also exists in chimpanzees. Chimpanzee CD97 and 
EMR2 differ at one amino acid in EGF domain 2, at four amino acids in EGF domain 3, and 
at two amino acids in EGF domain 4. Next, we compared the EGF domains of the 
homologs. Human and chimpanzee CD97 differ at two amino acid in EGF domain 4, the 
binding site for CS. Human and chimpanzee EMR2 differ at two amino acid in EGF domain 
1, at two amino acids in EGF domain 2, and at one amino acid in EGF domain 3. 
Remarkably, the three amino-acid substitutions within the first two EGF domains that 
prevent CD55 binding by human EMR2 are not present in chimpanzees. On the other 
hand, chimpanzee EMR2 has acquired an independent mutation single alteration in EGF 
domain 2. 

Ligand specificity of chimpanzee CD97 and EMR2 isoforms 
Based on the amino acid sequence of the EGF domains, we wondered whether the 
largest isoform of chimpanzee CD97 can bind CS and whether chimpanzee EMR2 
possess specificity for CD55. To answer these questions, we generated multivalent 
fluorescent probes loaded with recombinant Fc protein of the extracellular part of the 
largest isoform of chimpanzee CD97 and EMR2. We recently showed that human CD97 
and EMR2 probes efficiently bind to HEK293 cells, which highly express both CD55 and 
CS (Kwakkenbos et al., submitted for publication). Preincubation of the probes with mAb 
CLB-CD97/1 (anti-EGF domain 1) and 1B5 (anti-EGF domain 4) allowed to discriminate 
between binding to CD55 or CS (Figure 6A). 

In concurrence with the known monospecificity of human CD97-3EGF for 
CD55,14 binding was completely prevented when the probes were preincubated with 
CLB-CD97/1. Treatment with 1B5, in contrast, had no effect. Differently, binding of 
the human CD97-5EGF was efficiently blocked only by preincubation with both mAb, 
demonstrating its dual specificity for both CD55 and CS (Kwakkenbos et al., submitted 
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EGF domain 1 
hCI»7 CCTCTGCCCGGTGOTGaXTCAGAACTCCTCGTGTGTCMTOCCAC^^ 100 
chCD97 CCTGTCCCCGGTGGTGCCCTCAGAACrCCrCGTGTGTCMTGCCACCC^ 100 
hENK2 GCTCTrCCCCCGTGGTGCCCTCAG ACTCCrCGrGrGrCAATOCCACCGCCTGrCGCTGCAATCCAaïnTCAOCTCnTTTCTGAGWCATCACCACCCC 100 
chEMÖ GCTOTOCCCOGrQarGCCCrCAGAACTCCTCXTGrGrCMTKCACCQCCTGrCGCTGCAATCCAOGCnTCAOCrCTTTTTCT 100 

>< EGF domain 2 

hCT»7 C^GGAGACrTCnXACCACATCAACGAGTGTGCAACACCOTCGA^ 200 
chCE»7 CACGGAGACTTGTGACGACATCAACGAGTGTGCAACACCATCGAAAGTGTCATGCGGAAMTTCTCGGACrGCTGaAACACAGAGGO 200 
hEM!2 CA GGAGACTTGTGACGACATCAACGAGTGTGCAACAC OTCGAAAGTGTCATGCGGAAAATTCTCCCACTGCrGGWCACAGAGCiGGAGrrACGACTGC 200 
chEM!2 CACaGAGACTTGTGATGACATCAACGAGTGTGCAACACaiTCGAAAGTGTCATOCaGAA ATTCTCGGACrGCTGGAACACAGAGOGGAGCTACXJACTOC 200 

> < EGF domain 3 

hCD97 OTGTGCAGCCCaXWTATGAGCCTGTTTCTC<3GGCAAAAACATTCAA^ 300 
chCD97 OTGTGCAGCCCGGGATATGAGttTCnTTCTCaXXAAAAACATTCAAGAATGAG^ 300 
hEMQ OTGTGCAGCCCA03ATATCrtCiCCTGTTTnXXSC<rAAAMCATTC^ 300 
chEMU OTGTGCAGCCCAGCATATCrtGaTTGTTTCTGGGa^AAAMCATTCAACuVW^ 300 

hCEB7 GGCTCTGTAAAAGCTACGGCACCTGCGTCAACACCCTTGXAGCTATACCTGCCAGTGCCTGCCTGGCrrCAAG TCA ACCTGAGGATCCGAAG TCTG 400 
chCI»7 GQCTCTGTAAAAGCTACGOCA(XTGCGTCAACACCCT^GXAGCTATACCrCO:AGTGCCTGCCTGGCTTCAAG TCA AaTTGAGGATCCGAAG TCTG 400 
hEMU C07rCTOTAAAACiCTACGCCACCTCiCGTCAACA(XCTCCüCAC<TACACOTGCCAGTGarTCarrGGCTTCAAG TCA ACCTGAGGACCCGAAG TCTG 400 
chEM*2 ax^CTGTAAAAGCTACGGCACCTGCGTCAACACCCTCGa'AGCTAC CGTGCCAGTGCCTGCCTGGCTTCAAG TCA ACCTGAGGACCCGAAG TCTG 400 

>< EGF domain 4 

h CDS 7 CACACATGTC^TGAATGCACCrCCG«CAAAACrCCTCCCACACCTCC^ 500 
chCD97 CACACATOTCAATGAATGCACCTCCCCACAAAACrCGTGCCACAGCTCCACCCACTGCCTCAACAACGTGGGCAGCTATC GTGC GCTGCCGCCCGGGC 500 
h ENR2 CACAGATGTGAATGAATGCACCTCCGGACAAAACCAGTGCC ACAGCTCCACCCACTGCCTCAACAACGTGGGCAGCTATCAGTGCCGCTGCCGCCCGCGC 5 0 0 
c h EM!2 CACAGATGTGAATGAATGCACCTCCGGACAAAACCCGTaCACAGCTCCACCCACTGCCTCAACAACGTGGGCAGCTATCAGTGCCGCTGCCGCCCGOGC 5 0 0 

>< EGF domain 5 

h CI» 7 TC<£AACCGWTCCGGGOTCCCCCAATGCCCCAMCMTACCGTCT 600 
chCD97 TCGCAACCGATTCCGGGGTCCrcCAATGGCCCAAACAATAaX^CTGTGAAGATGTGGACGAGTGCAGCTCCCGCCAGCATCAOTGTGACAC^ 600 
h EM*2 TGGCAACCG^TTCCC03OTCCCCCAATCa;CCAAACAATACCGTCrGTGAAGATOTC<l«CAOTCC'ACCrCCGGGCAGC ATCAGTGTGACAGCTCCACCG 600 
c hEMÏ2 TCOCAACCGATTCCCGGGTCCCCCAATGGACCAAACAATACCGTCTCrTCïAAGATGTGC^CCAGTGCAGCTCCGGGCACCATCAGTGTGACAGCTCCACCG 600 

h CD9 7 TCTCCTTCAACACCOTGajTTCATACAGCTOXGCTGCCGCCCAGCCT 699 
chCD97 TCTGCTTCAACACCCnxXXTnCATACAGCTCCCGCTGCCffrc^ 699 
hENR2 TCTCCITCAACACCGrGGGTTCATACACCTCCCGCTGCCGCCCAGCCTGC^ 699 
c hEHR2 TCTGCTTCAACACCCnXXXTTTCATACAGCTCCCCCTGCCaCt^^ 699 

Figure 4. Alignment of the nucleotide sequences encoding the EGF domains of human and chimpanzee 

CD97 and EMR2. All EGF domains are encoded by separate exons with borders indicated by >< marks. 

Synonymous substitutions (amino acid-unchanging) are depicted in gray; nonsynonymous substitutions 

(amino acid-changing) are marked in black with the respective codons underlined. Chimpanzee 

sequences were derived from two individuals. A polymorphism found in one chimpanzee in EGF domain 

4 (G/A -> G/R) is indicated by a small circle. 

EGF domain 1 

hCD97 GCARWCPQNSSCVNATACRCNPGFSSFSEIITTPTETCD 

chCD97 GCARWCPQNSSCVNATACRCNPGFSSFSEIITTPTETCD 

hEMR2 GCARWCPQ§SSCVNATACRCNPGFSSFSEIITTP|ETCD 

chEMR2 GCARWCPQNSSCVNATACRCNPGFSSFSEIITTPTETCD 

EGF domain 2 

hCD97 

chCD97 

hEMR2 

chEMR2 

DINECATPSKVSCGKFSDCWNTEGSYDCVCSPGYEPVSGAKTFKNESENTCQ 

DINECATPSKVSCGKFSDCWNTEGSYDCVCSPGYEPVSGAKTFKNESENTCQ 

DINECAT|SKVSCGKFSDCWNTEGSYDCVCSPGYEPVSGAKTFKNESENTCQ 

DINECATPSKVSCG|FSDCWNTEGSYDCVCSPGYEPVSGAKTFKNESENTCQ 

EGF domain 3 

hcD97 DVDECQQNPRLCKSYGTCVNTLGSYTCQCLPGFKMPEDPKICT 
chCD97 DVDECQQNPRLCKSYGTCVNTLGSYTCQCLPGFKHPEDPKICT 
hEMR2 DVDECQQNPRLCKSYGTCVNTLGSYTCQCLPGFKjJpEDPKJJCT 

chEMR2 DVDECQQNPRLCKSYGTCVNTLGSYBCQCLPGFKHPEDPKiCT 

EGF domain 4 

hCD97 DVNECTSGQNPCHSSTHCLNNVGSYQCRCRPGWQPIPGSPNGPKNTVCE 

chCD97 DVNECTSGQNPCHSSTHCLNNVGSY|C|CRPGWQPI PGSPNGPNNTVCE 

hEMR2 DVNECTSGQNPCHSSTHCLNNVGSYQCRCRPGWQPI PGSPNGPNNTVCE 

chEMR2 DVNECTSGQNPCHSSTHCLNNVGSYQCRCRPGWQPI PGSPNGPNNTVCE 

EGF domain 5 

hCD97 DVDECSSGQHQCDSSTVCFNTVGSYSCRCRPGWKPRHGIPNNQKDTVCE 

chCD97 DVDECSSGQHQCDSSTVCFNTVGSYSCRCRPGWKPRHGIPNNQKDTVCE 

hEMR2 DVDECSSGQHQCDSSTVCFNTVGSYSCRCRPGWKPRHGIPNNQKDTVCE 

chEMR2 DVDECSSGQHQCDSSTVCFNTVGSYSCRCRPGWKPRHGIPNNQKDTVCE 

Figure 5. Alignment of the amino 

acid sequences of the EGF 

domains of human and chimpanzee 

CD97 and EMR2. Amino acid 

variations are marked in black. 

Potential N-glycosylation sites are 

indicated by gray triangles. EGF 

domains 1 and 2 form the binding 

site for CD55, EGF domain 4 the 

binding site for CS. 
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for publication). Binding of chimpanzee CD97-5EGF could be blocked partially by CLB-
CD97/1. Surprisingly, no additive inhibition was found when probes were coincubated 
with 1B5. To investigate whether the chimpanzee CD97-5EGF can bind CS, we 
compared probe binding to glycosaminoglycan-deficient (PgsB-618) and exclusively 
CS-expressing (PgsD-677) CHO cell mutants23'24 (Figure 6B). Binding to CHO cells 
expressing solely CS indicates that chimpanzee CD97-5EGF indeed interacts with CS. 
Likely, the two different amino acids found in EGF domain 4 of chimpanzee CD97 
(Figure 5) abolish the blocking effect of 1B5 on the interaction with CS. 
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Figure 6. (A) Ligand specificity of the largest isoforms of human and chimpanzee CD97 and EMR2. The 

smallest isoform of human CD97 is shown for comparison. Bars represent binding of fluorescent probes 

loaded with the extracellular region of the respective receptors to HEK293 cells, which express both 

CD55 and CS. Probes were preincubated with mAb to EGF domain 1 (CD55-binding site) and EGF 

domain 4 (CS-binding site) as indicated. Data shown are mean fluorescence intensity ± SD in percent 

from three separate experiments. (B) Binding of the largest isoform of human CD97 to 

glycosaminoglycan-deficient (PgsB-618) and exclusively CS-expressing (PsD-677) CHO cell mutants. 

Due to phylogenetic restriction,26,27 hamster CD55 on CHO cell is not bound by primate CD97. Mean 

fluorescence intensities ± SD in percent from two experiments are shown. (C) Binding of human and 

chimpanzee CD97 and EMR2 isoforms to the glycosaminoglycan-deficient CHO cell mutant PgsB-618 

stably expressing human CD55. 

Human EMR2 does not bind CD55.11'17 Accordingly, binding of human EMR2-
5EGF was efficiently blocked by 1B5 while CLB-CD97/1 had no effect. Binding of 
chimpanzee EMR2-5EGF, in contrast, could only be blocked completely when probes 
were preincubated with CLB-CD97/1 and 1B5 together. To confirm the ability of 
chimpanzee EMR2 to bind CD55, we transfected the glycosaminoglycan-deficient CHO 
cell mutant PgsB-618 with human CD55. As shown in Figure 6C, chimpanzee but not 
human EMR2-5EGF bound to the CD55-transfected cells. 
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Detection of CD97 and EMR2m primate and nonprimate genomes and cDNA cloning of 
rhesus macaque EMR2 
The striking similarity with CD97 and EMR3 is indicative of a young evolutionary 
history of EMR2. To obtain phlyogenetically older EMR2sequences, we applied PCR to 
different primate genomes (data not shown). Using primer combinations that amplify 
sequences of low homology with other EGF-TM7 receptors (exon 11 (stalk region), 
exon 19 (cytoplasmic tail)), we could identify EMR2sequences from Old World but not 
from New World monkeys. CD97 sequences, in contrast, were easily detected in all 
primates investigated. 

< EGF doma in 1 X EGF domain 2 
hEHR2 HGGBVFLVFLAFCVWLTLPGAETQDSRGCARWCPQDSSCVNATACRCNPGFSSFSEIITTPHETCDDINECATLSKVSCGKFSDCUNTEGSYDCVCSPGY 100 
rhEMR2 . . . . L D EN S . . . F . S . T . I VPP S. . .R N . . . 97 

>< EGF domain 3 >< EGF domain 4 
hEHR2 EPVSGAKTFKNESENTCQDVDEC0QNPRLCK5YGTCVNTLGSYTCQCLPGFKLKPEDPKLCTDVNECTSG0NPCH33THCLNNVGSYCJCRCRPGUQPIPG 200 
rhEMR2 .LA KI S. . . .N H..F F 197 

>< EGF domain 5 > 
hEMR2 SPNGPNNTVCEDVDECSSGQHQCDSSTVCFNTVGSYSCRCRPGUKPRHGIPNNQKDTVCEDirrFSTUTPPPGVHSQTLSRFFDKVQDLGRDYKPGLANWT 300 
rhEMR2 L T E.K K . . H . P Q. .N F.TSS.KV. 297 

hEHR2 IQSILQALDELLEAPGDLETLPRLQQHCVASHLLDGLEDVLRGLSKNLSNGLLNFSYPAGTELSLEVQKQVDRSVTLRQNQAVHQLDWMQAQKSGDPGPS 400 
rhEKR2 KE F T P . I F N T . . . H . . L 397 

hEHR2 WGLVSIPGHGKLLAEAPLVLEPEKQHLLHETHQGLLQDGSPILLSDVISAFLSWNDTQNLSSPVTFTFSHRSVIPRQKVLCVFtfEHGOflGCGHOATTGC 500 
rhEHR2 V S WRN I R 493 

—2ES 1 IB JJJ 
hEHR2 STIGTRDTSTICRCTHLSSFAVLHAHYDVQEEDPVLTVITYHGLSVSLLCLLLAALTFLLCKAIQNTST5LHLQLSLCLFLAHLLFLVAIDQTGHKVLCS 600 
rhEHR2 ..HD P L I L R. . .E. ..A 593 

— IK3 HE 
hEMR2 IIAGTLHYLYLATFTMHLLEALYLFLTARNLTWHY5SINRFHKKLHFPVGYGVPAVTVAISAASRPHI.YGTPSRCIJLQPEKGFIIJGFLGPVCAIFSVNL 700 
rhEHR2 . . .SA A H T A 693 

a t IKZ 
hEHR2 VLFLVTLUILKNRLSSLNSEVSTLRNTRHLAFKATAQLFILGCTWCLGILQVGPAARVHAYLFTIINSLQGVFIFLVYCLLSQQVREQYGKHSKGIRKLK 800 
rhEHR2 A.L N Q R F. ..R 793 

hEHR2 TESEMHTLSSSAKADTSKPSTVN 82 3 
rhEMR2 R. . P. . . .PGLLGLQS 82 2 

Figure 7. Alignment of the amino acid sequences of human and rhesus macaque EMR2. EGF domains, 

the GPS motif, and the seven hydrophobic transmembrane segments are indicated. An arrowhead 

shows the predicted processing site within the GPS motif. Identical amino acids in the rhesus macaque 

sequence are shown as dots. 

We next determined the complete cDNA sequence of rhesus macaque EMR2 
by a combination of RT-PCR and 5'- and 3'-RACE. Alignment with human EMR2 
revealed an identity of 91% at the nucleotide level and 88% at the amino acid level 
(Figure 7). Regional similarity with CD97 and EMR3 very closely resembles that of its 
human homolog. Thus, the chimeric structure that characterizes EMR2 in humans (Figure 
1) is found already in the rhesus macaque. Interestingly, the amino acid sequence of EGF 
domain 4 is identical between human and rhesus macaque EMR2 while five to ten 
differences are found in the other domains. Complete amino-acid conservation within the 
CS-binding site emphasizes the functional importance of this interaction. 

C£>97has been identified previously in the genomes of humans,8'9 mice,26,27 rats 
(XM_341662), cows (NM_176661), and pigs.28 Using degenerated primers, designed to 
exon 18 (transmembrane segments 6 and 7), we screened genomes from more distantly 
related mammals (Figure 8). A sequence derived from the three-toed sloth represents 
the most ancient CD97sequence found as yet. 
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Clade: Xenarthra 
Order: Filosa 
Sloth AGCTCTTCGTGTTGGGCTGCACGTGGGTCTTTGGCCTGTTCCTCTTCAACCCGCACAGCTGGGTGCTGTCCTACACCTTCACCATCCTCAACT 

Clade: Laurasiatheria 
Order: Cetartiodactyla 
pig T.A TG ACG C CT 
Cow AGCTCTTCGTGTTGGGCTGCACCTGGGTCTTCGGCCTGCTCCTCTTCAACCCGGAGAGCTGGGTGCTGTCCTACATCTTCAGCATCCTCAACT 

Clade: Euarchontoglires 
Order: Rodentia 
Rat C T G 
Mouse AGCTCCTTGTGCTGGGCTGCACCTGGGGCTTCGGCCTGTTCCTCTTCAACCCCCATAGCACATGGCTATCCTACATCTTTACCCTGCTCAACT 

Order: Primates 
Tamarin G T..CAG T C 
Marmoset G T..CAG T C 
Baboon T C 
Rhesus T C 
Human AGCTCTTCCTGTTGGGCTGCACCTGGGTCTTTGGCCTGTTCATCTTCGACGATCGGAGCTTGGTGCTGACCTATGTGTTTACCATCCTCAACT 

Figure 8. Alignment of the nucleotide sequences encoding part of transmembrane domains 6 and 7 of 

CD97 in placental mammals. Orders and supraordinal clades for the different species are provided. 

Within one order, identical nucleotides are shown as dots. Positions conserved within all sequences are 

indicated by asterisks. 

DISCUSSION 

Different from related adhesion class receptors like ETL, which have homologs in fishes 
(AAH55171), the EGF-TM7 receptors CD97 and EMR1-4 have a young evolutionary 
history. As yet these molecules have exclusively been identified in two superordinal clades 
of placental mammals: Laurasiatheria (e.g. hoofed animals and carnivores) and 
Euarchontoglires (e.g. rodents and primates).5 We here report a more ancient trace of 
CD97 from a sloth, a representative of Xenarthra. This clade diverged from the 
common ancestor of Laurasiatheria and Euarchontoglires approximately 88 to 
100 million years ago.29 

Duplicative transposition of fragments ranging in size from a few to hundreds 
of kb has been an important mechanism in mammalian evolution.30 Genomic clustering 
on the short arm of chromosome 19s suggests that the five human EGF-TM7 receptor 
genes located there have evolved through a series of segmental intrachromosomal 
duplications. We propose three duplication events (Figure 9). In a first step, two genes 
with a tail-to-tail arrangement originated from a common ancestor of EGF-TM7 
receptor genes. Different numbers of EGF domain-encoding exons (two versus s five) 
manifested in these two genes. A second duplication could then have let to two pairs of 
tail-to-tail arranged genes with corresponding numbers of EGF domain-encoding exons 
(two in EMR3and EMR4, five to seven in CD97and EMRI). Finally, EMR2axose when 
duplicated segments of EMR3 and CD97 merged in close centromeric proximity of their 
original loci. 

Transcriptional orientation, exon number, and clustering on the short arm of 
human chromosome 19 provide evidence in support of the first two duplication events. 
Presence of Cd97, Emrl, and Emr4 on syntenic regions on mouse chromosome 8 and 
17, respectively,5 suggest that these duplications occurred prior to the divergence of 
primates and rodents about 64-74 million years ago.31 It is tempting to speculate that 
Emr3 has existed in ancestral rodent genomes but later disappeared during mouse 
evolution. 
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Figure 9. Schematic model of the evolution of EGF-TM7 receptors in primates. Numbers indicate the 

predicted duplication events. Genes are shown as arrows with the transcriptional orientation indicated. 

Genes are depicted in dark gray when encoding two EGF domains and light gray when encoding > five 

EGF domains. At the bottom, organization of EGF-TM7 genes in humans is shown. The maps are not to 

scale. For further details, see text. 

Tracing back the third duplication event that gave rise to EMR2 is more 
difficult. We detected EMR2 in Old World monkeys but not in phylogenetically older 
primates. Whether EMR2 indeed evolved only after branching of Old World and New 
World monkeys over 35 million years ago is uncertain. It is reasonable, however, to 
assume that in a common ancestor of Old World monkeys and hominoids EMR2 has 
acquired an independent function and thus protection from inactivating mutations. 
Analysis of the human genome revealed that approximately 5% of the euchromatic 
portion consists of interspersed duplications that arose over the past 35 million years.32 

The emergence of genes with new functions from such segmental duplications is a very 
rare but evolutionary highly important event. Notably, in the case of EMR2, a novel 
functional gene likely arose from segments from two related genes. 

Since its "birth", ligand specificity of EMR2 has changed. We here demonstrate 
that mutations within EGF domains 1 and 2 that prevent CD55 binding17 occurred only 
after human speciation. This makes EMR2 one of the very few known proteins, which 
possess a functional differenence in humans and chimpanzees.1'2 Previously reported 
examples are Siglec-Ll, a lectin recognizing sialic acids,33 and FOXP2, a transcription factor 
involved in human speech and language.34 In all cases, subtle amino-amino substitutions in 
the human lineage have modified protein function. 

Chimpanzee EMR2 can bind CD55. Notably, we found that the largest, CS-
binding isoform of EMR2 is predominantly transcribed in chimpanzee peripheral blood 
leukocytes. Human CD97 isoforms substantially differ in their affinity for CD55,16 which is 
about ten times lower for the largest isoform compared to the smallest isoform.17 

Accordingly, unlike the smaller isoforms, CD97-5EGF has little capacity to bind CD55 
when expressed at physiological levels like on erythrocytes, leukocytes, or fibroblast-like 
synoviocytes (15 and Kwakkenbos et al. and Kop et al., submitted for publication). Likewise, 
we found only very weak binding of chimpanzee EMR2-5EGF to CD55 expressed on 
leukocytes (data not shown). Little if any transcription of the smaller isoforms of 
chimpanzee EMR2 (Figure 3) suggests that binding to CD55 is diminished through 
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alternative RNA splicing. Amazingly, different mechanisms (mutations versus alternative 
splicing) seem to have developed in humans and chimpanzees in order to reduce the 
affinity of EMR2 for CD55. 

CS expressed on fibroblasts and on B cells (but not on other leukocytes) has 
recently been identified as major ligand of the largest isoform of human EMR2 and CD97 
(14 and Kwakkenbos et al., submitted for publication). The molecular consequences of the 
different ligand interactions engaged by CD97 and EMR2 are still poorly understood. 
Recent in vivo evidence that CD97 has a function in cell migration18 is not conclusive about 
the role of the two ligands. Neutrophil migration was similarly impaired by blocking of the 
CD55- and the presumed CS-binding site of mouse CD97 with mAb. Functional studies on 
EMR2 have not been reported as yet and are hampered by the absence of a mouse 
homolog. Our findings indicate that CS binding is essential for the function of EMR2. 
Complete amino-acid conservation of the fourth EGF domain, which provides the CS-
binding site, in humans, chimpanzees, and rhesus macaques, emphasize the importance of 
this interaction. 

We previously reported a gene-inactivating frame shift mutation in the human 
EMR4 gene that is not present in nonhuman primates. The novel differences, identified 
between human and chimpanzee EMR2, raise the question what drives the rapid 
evolution of EGF-TM7 receptors in primates. Fast evolution of the polymorphic MHC 
and natural killer cell receptor families has been attributed to coevolution with human 
pathogens.35"38 A better knowledge on the function of EGF-TM7 receptors is necessary 
to identify selective constraints imposed on their progenitors. Genome sequencing of 
the chimpanzee1 and other primates, in combination with analysis of transcription and 
molecular function, will tell us whether EGF-TM7 receptors indeed have evolved more 
rapidly than other families of immunity-related molecules and whether they account 
for differences, related to immunity, between us and the great apes. 
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ABSTRACT 

We here report on the identification of a novel human EGF-TM7 receptor, designated 
EMR4. Like most EGF-TM7 receptor genes, EMR4 is localized on the short arm of 
chromosome 19, in close proximity to EMR1. Remarkably, due to a one-nucleotide 
deletion in exon 8, translation of human EMR4 would result in a truncated 232-amino 
acid protein lacking the entire seven-span transmembrane region. This deletion is not 
present in nonhuman primates, including chimpanzees, suggesting that EMR4 became 
nonfunctional only after human speciation, about five million years ago. Thus, EMR4 
surprisingly accounts for a genetic difference between humans and primates related to 
immunity. 

INTRODUCTION 

The EGF-TM7 family is a group of class B seven-span transmembrane (TM7) receptors 
predominantly expressed by cells of the immune system.1,2 Family members CD97, EGF 
module-containing mucin-like receptor (EMR) 1-4 and EGF-TM7-latrophilin-related 
protein (ETL) are characterized by an extended extracellular region with a variable 
number of N-terminal epidermal growth factor (EGF)-like domains.315 Proximal to the 
first transmembrane segment, EGF-TM7 receptors possess a G protein-coupled 
receptor-proteolytic site (GPS).16 This site gives rise to proteolytic processing 
within the endoplasmic reticulum. Translated as single polypeptides, EGF-TM7 
receptors are cleaved into an extracellular a subunit and a TM7/cytoplasmic p subunit, 
which noncovalently associate on the cell surface.4131417 

EGF-TM7 receptors interact through their EGF domains with cellular ligands, 
an ability that is unique within the large superfamily of TM7 molecules.18 Two 
molecular interactions have been identified thus far. CD97 binds CD55/decay 
accelerating factor,5'619,20 a glycosylphosphatidyl inositol-linked molecule that prevents 
complement deposition on self cells by inhibiting C3/C5 convertases. More recently, 
EMR2 and CD97 were demonstrated to interact with chondroitin sulfate B (dermatan 
sulfate) (Stacey, et al., submitted). Based on the unique hybrid structure and the ligand-
binding properties, a role of EGF-TM7 receptors in leukocyte adhesion and migration 
has been suggested.1,2,19 

In this article, we describe the cloning and initial characterization of a novel 
human member of the EGF-TM7 family, designated EMR4, and report its inactivation 
after the Pan-Homo divergence. 

MATERIALS AND METHODS 

cDNA cloning and sequence analysis 
A survey of the DDBJ/EMBL/GenBank databases for novel EGF-TM7 receptor genes 
identified several exons of the thus far unknown family member EMR4 in a working 
draft sequence of human chromosome 19 (accession no. AC020895). Based on this 
sequence, primers were designed and used to derive the complete EMR4 cDNA 
sequence by a combination of RT-PCR from human PBMC first-strand cDNA and 5'-
and 3'-rapid amplification of cDNA ends (RACE) from human spleen Marathon-Ready 
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cDNA (Clontech, Palo Alto, CA). Sequences were determined with the BigDye 
terminator cycle sequencing kit (Applied Biosystems, Warrington, GB). Amino acid 
sequences were compared with the ClustalW software. Protein architecture was 
analyzed using the SMART program.21 

Generation, expression and detection of mFc fusion proteins 
To generate mFc fusion constructs,13 the N-terminal part of EMR4 was amplified by RT-
PCR from human PBMC firststrand cDNA using the specific primers 5'-
CTGACCACGTCyL4c7C77CAGAGAG-3' [nt 2-25 of the (+) strand, an introduced 
Hindlll site is depicted italic], 5 ' - G A A A T T G ' < 2 4 7 L X T T T C C T G G A G A A G - 3 ' [nt 551-
575 of the (-) strand, an introduced BamHl site is depicted italic], 5'-
G G A T G C A T T C A G A G G L 4 7 C ? < X C A A G A G - 3 ' [nt 730-755 of the (-) strand, an 
introduced BamBI site is depicted italic], and 5'-CAGCACAc76L47L7CrCCTTGGGGGC-
3' [nt 1038-1061 of the (-) strand, an introduced BaniHl site is depicted italic]. PCR 
products were ligated in-frame immediately upstream to the CH3-CH2-hinge region 
sequence of mouse IgG2b, linked to a C-terminal biotinylation sequence, in 
pcDNA3.1/Neo(+) (kindly provided by M. Stacey, Sir William Dunn School of 
Pathology, Oxford). COS cells were transfected with the expression constructs and after 
1 day, medium was replaced by serum-free Opti-MEM. Five days later, culture 
supernatant was collected and 5 ul of each transfection were analyzed by immunoblot 
for soluble EMR4-mFc protein using HRP-labeled anti-mouse Ig (DAKO, Glostrup, 
Denmark). 

Chromosomal localization 
EMR4 was identified in genomic sequence (accession number AC020895) as described. 
Coding sequences for previously identified EGF-TM7 receptor genes were localized in 
chromosome 19 genomic sequence by blast analysis with the corresponding cDNA 
sequences. The cosmids and BAC from which genomic sequence was derived had been 
previously localized on the chromosome 19 map by a combination of restriction 
mapping and high-resolution pronuclear FISH2223; for updated map see 
http://bbrp.llnl.gov/bbrp/genome/html/chrom-map.html). Mouse chromosomal 
locations for regions corresponding to the human EGF-TM7 receptor gene locations on 
chromosome 19 were derived from the mouse-human comparative map constructed by 
Kim et al.24 and the location of homologous reference genes in mouse genomic 
sequence.25 

RT-PCR on human DC subsets 
Blood DC of the myeloid and plasmacytoid lineage were isolated from human PBMC 
according to the protocol of Dzionek et al.26 In short, after depletion of CD 19+ B cells 
using anti-CD19 microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany), cells were 
labeled with PE-conjugated mAb directed against BDCA-1, BDCA-3 or BDCA-4 for 15 
min at 4°C in FcR-blocking reagents (Miltenyi Biotec). Next, anti-PE microbeads were 
added and incubated for another 15 min at 4°C. BDCA-1+, BDCA-3+ and BDCA-4+ cells 
were subsequently isolated using immunomagnetic cell sorting (MACS, Miltenyi 
Biotec). To obtain >98% pure cell populations, the enriched fractions were further 
purified by FACS sorting using a FACSVantage (Becton Dickinson, San Jose, CA). From 
the sorted cells, first-strand cDNA was prepared and amplified by PCR (35-40 cycles, 30 
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s at 93°C, 30 s at 58°C, 40 s at 72°C) using primer combinations depicted in Table 1. PCR 
products were separated on a 1% agarose gel. 

Table 1 . Oligonucleotide primers used for RT-PCR on human DC. 

Orientation Sequence (5' to 3') Fragment size (bp) 

Sense 

Antisense 

Sense 

Antisense 

Sense 

Antisense 

Sense 

Antisense 

Sense 

Antisense 

Sense 

Antisense 

Sense 

Antisense 

CCGAGGTCACCATCCAGAATG 

GGATCCTCGGCTCCAGCTGCC 

CCAGTGTGCAGCCACAGGGCTATG 

GCCCGTCTTGGAAGCGGATGGC 

CTGACGGTGGTCAACTACTCAAGC 

CTAGTTAACCGTGCTGGGTTTGGAGGTG 

GAACTCTCAGGTTGTGAGTGCTGC 

GGTGCTGGTGTTCTGGATGGC 

GCTGTGTCAGCAATAGTTGGAC 

GTATGCAATGATTGATCCAATCG 

GGTCCTTTGCTTTCATCATCTGAC 

GCTGCCGAAAATCCAACTACCAC 

GTGAAGGTCGGAGTCAACG 

TGAAGACGCCAGTGGACTC 

301 

582 

Sequencing of exon 8 in human and nonhuman primates 
A 182-bp fragment from exon 8 was amplified by PCR (35 cycles, 30 s at 94°C, 30 s at 
58°C, 30 s at 72°C) with the specific primers 5'-TTTCTTCAGAGAGCACTGCAG-3' [nt 
698-709 of the (+) strand, nt 1-9 belong to the preceding splice acceptor] and 5'-
GGCGAAAAGTCAGGAACACAGG-3' [nt 852-873 of the (-) strand]. As template, 
genomic DNA was used from Caucasians (72=8, donors recruited from our laboratory, 
kindly provided by E. Remmerswaal), sub-Saharan Africans (n=9, Coriell Institute for 
Medical Research, Camden, NJ) and different nonhuman primates including 
chimpanzee (Pan troglodytes, 72=3), orangutan (Pongo pygmaeus, 72=2), rhesus macaque 
(Macaca mulatta, 72=3) and crab-eating macaque (Macaca fascicularis, 72=3) (Biomedical 
Primate Research Center, Rijswijk, The Netherlands). PCR products were sequenced as 
described. 

RESULTS AND DISCUSSION 

cDNA cloning, sequence analysis and chromosomal localization of EMR4 
Evidence for the existence of a novel EGF-TM7 receptor gene on human chromosome 
19 was received during a survey of the public databases. In line with the designation of 
other EGF-TM7 family members, we called this novel molecule EMR4. The complete 
cDNA sequence of the low-copy gene EMR4, comprising 2,732 nucleotides (nt), was 
determined (Figure 1). Alignment of the cDNA sequence with the sequence of human 
chromosome 19 indicated that EMR4 consists of 16 exons. Unexpectedly, the single 
open-reading frame was found to shift in exon 8 to a different reading frame that 
terminates ten codons downstream. Comparison of the cDNA sequence with the 
recently identified murine homologue of EMR4, also designated F4/80-like receptor 
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AAGAATTCTGGAGCTTCCTGTCCTCCATGCCCTRAATATGCCAGCTGCC^C.-.A_-.G:.-.-?:ACTGTACTTGTGAAGATGGCTTTCGGGCCAGGTCTGGCRGGflCATflCTTTCATGftTTCC 2 4 0 
K N S G A S C P P C P K Y A S C H | M S T~] H C T C E D G F R A R S G R T Y F H D S 64 

TCTGAGAAGTGTGAAGAIATTAATGAATGTGAAACCGGGCTGGCAAAGTGCAAGTATAAAGCATATTGTAGGAATAAAGTTGGAGGTTACATCTGTAGCTGTTTGGTAAAATATACTTTA 3 6 0 

WÊÊÊÊÊÊÊÊKÊÊÊ WÊÊÈÈÊÊÈÈÊËÊÊÈÊÊÈÊÊÊKÊÊÊÊÊÊÊKKKKÊÊÊÊÊÊÊÊÊÊKÊÊÊBÊÊ^ 1 0 4 

TTCAACTTTCTGGCTGGTATTATAGATTATGATCATCCGGATTGTTATGAGAACAATAGTCAAGGGACGACACAGTCAAACGTGGATATTTGGGAAAATCTGAGAAGAAATGGAAGCAGA 480 
T L A G I I C X D B P- D -C ,ï E [ N K s"l Q G T T Q S N V D I W E N L R R | N G S~] R 144 

GAGGACTTTGCAAGAAGGGCTACTCAACTAATTCAAAGCGTGGAGTTGAGCATCTGGAATGCGAGTTTTGCTTCTCCAGGAAAGGGTCAAATTTCTGAATTTGATATAGTCTATGAAACC 600 
E D F A R R A T Q L I Q S V E L S I W | M A S "1 F A S P G K G Q I S E F D I V Y E T 184 

AAGAGGTGCAATGAGACAAGGGAGAATGCTTTTCTGGAAGCTGGAAATAACACCATGGATATCAACTGTGCTGATGCTTTAAAAGGAAACCTAAGAGAGAGCACTGCAGTTGCGCTATCA 720 
K R C | H E T~| R E N A F L E A G | N N T "| M D I N C A D A L K G N L R E S T A V A L S 224 

... I 224 

CTTATCAATCTCTTGGGGATATTCTGAATGCATCCTTTTTTAGTAAACGAAAAGGGATGCAGGAAGTAAAACTGAACTCTTACGTTGTGAGCGGCACCATCGGTTTGAAGGAAAAAATTT 840 
L I N L L G I F - 2 32 

T Y Q S L G D 1 L \ N A S~\ F F S K R K G M Q E V K L N S Y V V S G T I G L K E K I 264 

CCCTCTCTGAACCTGTGTTCCTGACTTTTCGCCATAATCAGCCTGGTGACAAGAGAACAAAACATATCTGTGTCTACTGGGAGGGATCAGAGGGAGGCCGCTGGTCCACGGAGGGCTGCT 960 
S L S E P V F L T F R H N Q P G D K R T K H I C_V___Y___W__j:___G__^__E_G_G^_R__W_S_T^__E__G___C___ 304 

CTCATGTGCACAGCAACGGTTCTTACACCAAATGCAAGTGCTTCCATCTGTCCAGCTTTGCCGTCCTCGTGGCTCTTGCCCCCAAGGAGGACCCTGTGCTGACCGTGATCACCCAGGTGG 1080 
S H V H S 1~W" G S \ Y T K C K C F H L _ S _ S _F__A_ V__.L _V A L A P K E D P V L T V I T Q V 344 

GGCTGACCATCTCTCTGCTGTGCCTCTTCCTGGCCATCCTCACCTTCCTCCTGTGCCGGCCCATCCAGAACACCAGCACCTCCCTCCATCTAGAGCTCTCCCTCTGCCTCTTCCTGGCCC 1200 
G L T I S L L C L F L A I L T F L L C R P I Q N T S T S L H L E L S L C L F L A 384 

ACCTCCTGTTCCTGACGGGCATCAACAGAACTGAGCCTGAGGTGCTGTGCTCCATCATTGCAGGGCTGCTGCACTTCCTCTACCTGGCTTGCTTCACCTGGATGCTCCTGGAAGGGCTGC 1320 
H L L F L T G I N R T E P E V L C S I I A G L L H F L Y L A C F T W M L L E G L 424 

ACCTCTTCCTCACCGTCAGGAACCTCAAGGTGGCCAACTACACCAGCACGGGCAGATTCAAGAAGAGGTTCATGTACCCTGTAGGCTACGGGATCCCAGCTGTGATTATTGCTGTGTCAG 1440 
H L F L T V R N L K V A \ N Y T~\ S T G R F K K R F M Y P V G Y G I P A V I I A V S 464 

CAATAGTTGGACCCCAGAATTATGGAACATTTACTCACTGTTGGCTCAAGCTTGATAAAGGATTCATCTGGAGCTTCATGGGGCCAGTAGCAGTCATTATCTTGATAAACCTGGTGTTCT 1560 
A I V G P Q N Y G T F T H C W L K L D K G F I W S F M G P V A V I I L I N L V F 504 

ACTTCCAAGTTCTGTGGATTTTGAGAAGCAAACTTTCCTCCCTCAATAAAGAAGTTTCCACCATTCAGGACACCAGAGTCATGACATTTAAAGCCATTTCTCAGCTATTTATCCTGGGCT 1680 
Y F Q V L W I L R S K L 5 S L N K E V S T I Q D T R V M T F K A I S Q L F I L G 544 

GTTCTTGGGGCCTTGGTTTTTTTATGGTTGAAGAAGTAGGGAAGACGATTGGATCAATCATTGCATACTCATTCACCATCATCAACACCCTTCAGGGAGTGTTGCTCTTTGTGGTACACT 1800 
C S W G L G F F M V E E V G K T I G S I I A Y S F T I I N T L Q G V L L F V V H 584 

GTCTCCTTAATCGCCAGGTTCGAATGGAATATAAAAAGTGGTTTAGTGGGATGCGGAAAGGGGTAGAAACTGAAAGCACTGAGATGTCTCGCTCTACTACCCAAACCAAAACGGAAGAAG 1920 
C L L N R Q V R M E Y K K W F S G M R K G V E T E S T E M S R S T T Q T K T E E 624 

TGGGGAAGTCCTCAGAAATCTTTCATAAAGGAGGCACTGCATCATCATCTGCAGAGTCAACCAAGCAACCGCAGCCACAGGTTCATCTCGTCTCTGCTGCTTGGCTAAAGATGAACTGAC 2040 
V G K S S E I F H K G G T A S S S A E S T K Q P Q P Q V H L V S A A W L K M N - 663 

CTGGCAAGTGCCATGGCAATGACCCGGAAGTTACCGCTCCTTTCCGTTTGTCTACAGCGCCCCTGTGGTCACACATAGATTGGACAAATGCCACTATTTCTAGCTTTCCTGTGAAAAGTC 2160 

TAGGCTCATTCACCTATTTTGGCTTTTTATGTTCATAGAAAGAACAAGACATTTGGGAGAATTCTTAGATCCAGAGTCCAGTAGTGTGGCACGTGCAATGAAGTGTCGGAAGGATGCATT 22B0 

TTAAAGATGGCGGGCGGGAGAAGTGGATTTTCTTCTTGCAGCTACTGCCACCTTGCCAGAAACTCACTAACTGGCATCTGGATTCAGCTCATAGTTCCCTTTCTGGCCTCTCTGCTGTAT 2400 

TTTATGCTCCCAAAGATCTTACATTAACACTCCACATTCACATAATTCAACAATTTTCATATGGATCAGTATTAAAGAGGGTGTTGCATTTTGCAATACAAAAATGCATTATCAGGTGCT 2520 

GGAGAGGATGTGGAGAAATAGGAACACTTTTACACTGTTGGTGGGACTGTAAACTAGTTCAACCATCGTGGAAGTCAGTGTGGCGATTCCTCAGGGATCTAGAACTAGAAATACCATTTG 2640 

ACACAGCTATCCCATTACTGGGTATATACCCAAAGGACTATAAATCATGCTGCTATAAAGACACATGCACACGTATGTTTATTGTGGCATTA 2732 

Figure 1. Nucleotide and deduced amino acid sequence of human EMR4. A bar indicates the codon (nt 

715-716) with a one-nt deletion. This deletion results in a shift to a different reading frame that 

terminates ten codons downstream. Without the frameshift mutation, a polypeptide with homology to 

other EGF-TM7 receptor would be generated, the sequence of which is depicted in italic. The signal 

sequence and the seven hydrophobic transmembrane segments are underlined. EGF domains are 

shaded and the GPS motif is underlined by a broken line. Potential N-glycosylation sites are boxed. 

Exon borders as determined by structural analysis of the EMR4 gene are indicated. 

(FIRE),1213 showed that this frameshift is caused by a one-nt deletion in codon 223. Due 
to this deletion, translation would result in a truncated 232-amino acid polypeptide, 
whereas a 663-amino acid polypeptide would be synthesized with no frame shift (Figure 

i). 
Analysis of the amino acid sequence identified a hydrophobic signal sequence 

(residues 1-19). A full-length mature polypeptide would consist of 644 amino acids, 
with a predicted molecular mass of 72 kDa. Close to the N-terminus, EMR4 possesses 
two EGF domains (residues 31-69 and 70-120), the second one containing the 
consensus sequence for a class I calcium-binding site.27 The EGF domain region is 
followed, subsequently, by a stalk region (residues 121-339), a class B TM7 region 
(residues 340-586) and a cytoplasmic region (residues 587-663). The presence of a GPS 
immediately upstream to the TM7 region indicates that EMR4, like other EGF-TM7 
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mlgG2b 

Dot blot (anti-Fc-HRP) 

1 2 3 

receptors,4131417 would be proteolytically processed into an extracellular a chain and a 
TM7/cytoplasmic p chain, which reassociate prior to expression at the cell surface. The 
predicted overall structure of EMR4 (Figure 2A) is similar to other members of the 
EGF-TM7 family.1,2 Pairwise comparison revealed an amino acid sequence identity of 
45% with EMR3,11 38% with EMR2,10 34% with EMR1,7 29% with CD973,4 and 26% 
with ETL.14 The amino acid sequence identity between human EMR4 and its murine 
homologue12,13 is 59%. 

Figure 2. (A) Schematic structure of human 

EMR4. Due to a frameshift mutation translation 

would result in a truncated soluble protein. The 

part of the molecule lacking in the truncated 

translation product is depicted dotted. EMR4 

has two EGF domains, the second one 

possessing a calciumbinding site. (B) 

Generation of EMR4-mFc fusion constructs. 

The cDNA sequence of EMR4 up to codon 

176, 236 or 338 was ligated in-frame 

.* immediately upstream to the CH3- CH2-hinge 

• region sequence of mouse lgG2b. The 

* resulting recombinants contain the extracellular 

part of EMR4 upstream from the one-nt 

deletion (1), including the one-nt deletion (2) or upstream from the TM7 region (3), respectively. (C) 

Expression and detection of EMR4-mFc fusion proteins. Constructs were transfected into COS cells and 

culture supernatants were analyzed by immunoblot for secreted EMR4-Fc protein. In constructs 2 and 

3, the frame shift induced by the one-nt deletion prevented generation of a fusion protein. 

To verify the effect of the frameshift mutation on the translation of EMR4, 
several fusion proteins were generated in which the sequence encoding the 
extracellular region of EMR4 was ligated in-frame upstream to the CH3-CH2-hinge 
region sequence of mouse IgG2b. Analysis of the resulting translation products 
demonstrated that synthesis of EMR4-mouse Fc (mFc) fusion proteins was abrogated in 
those constructs that possessed the one-nt deletion, but not in a construct that only 
contained the amino acid sequence upstream from the deletion (Figure 2B, C). 

By integration of genomic sequence with the physical map of chromosome 19, 
we assigned EMR4 to 19pl3.3 just proximal to EMR1 (Figure 3). The two genes are 
transcribed from opposite strands in a tail-to-tail arrangement, with the 3'-termini 
about 12 kb apart. The organization of the EMR4 gene, consisting of 16 exons (Figure 
1), is highly similar to that of other EGF-TM7 receptor genes.10,28 

Transcription of EMR4 in dendritic cells 
Characterization of the murine homologue of EMR4 revealed expression on monocytes, 
macrophages and dendritic cells.12,13 On DC, mouse EMR4, like the murine homologue 
of EMR1, F4/80, is mainly expressed by the CD8~ cells, which are considered to 
represent myeloid DC.29 To investigate whether transcriptional regulation has been 
conserved in human EMR4, we examined transcription of EGF-TM7 receptors in 
human blood DC subsets, defined by the expression of blood DC antigen (BDCA) 
markers.26 Whereas BDCA-1 and BDCA-3 are expressed on myeloid DC, BDCA-4 is 
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Figure 3. Location of EGF-TM7 receptor genes on 

human chromosome 19p13. Two sections of the map in 

the 19p13.3 and 19p13.1 region are shown. Numbers 

along scale bar indicate approximate distance (in Mb) 

from p-telomere, as determined by a combination of 

restriction mapping and high-resolution pronuclear 

FISH. Several reference genes are indicated to the right 

of the scale. Five EGF-TM7 genes (ETL is on 

chromosome 114) are indicated in bold, with 

transcriptional orientation indicated by an arrow to right 

of the gene name. Accession numbers of genomic 

sequence from BAC or cosmid clones containing these 

EGF-TM7 genes are shown to the left of the scale. The 

chromosomal locations of the homologous mouse 

genes are shown to the far right. 

expressed on plasmacytoid DC that are likely of lymphoid origin. As delineated in 
Figure 4, three transcription patterns were found. First, EMR3 and ETL are not 
detectable in DC. Second, CD97 and EMR2 are present in all three subsets. Third, 
EMR1 and EMR4 are transcribed in BDCA-1+ cells and at very low levels in BDCA-3+ 

cells, but not in BDCA-4+ cells. Although comparison of human and murine DC is 
hampered by the different expression of phenotypic markers, like CD8 and CD4,30 these 
data suggest that expression of EMR4 and EMR1, in both species, is restricted to 
myeloid DC. Possibly, the remarkable similarity in the presence of EMR4 and EMR1 in 
DC is due to coordinated transcriptional regulation of the very closely located genes. 

CD97 

EMR1 

EMR2 

EMR3 

EMR4 

ETL 

GADPH 

< 
O 
Q 
m 

< 
O 
Q 
m 

< 
o 
Q 
CO 

CD 
Q_ 

Figure 4. Transcription of EGF-TM7 receptors in 

human DC. Blood DC were sorted into highly pure 

populations expressing either BDCA-1 (myeloid 

DC), BDCA-3 (myeloid DC) or BDCA-4 

(plasmacytoid DC). From 40,000, 20,000 and 

30,000 cells, respectively, first-strand cDNA was 

synthesized and analyzed by RT-PCR for 

transcripts of CD97, EMR1, EMR2, EMR3, EMR4, 

ETL and GADPH (control). The number of PCR 

cycles was 35, except for EMR4 (40 cycles). As 

control, first-strand cDNA from PBMC or from the 

lymphoblastic B cell line Ramos (ETL) was used. 

105 



Chapter 8 

Analysis of the one-nucleotide deletion in human and nonhuman primates 
The completely preserved exon-intron organization and regulated transcription in DC 
suggest that the frameshift mutation in exon 8 of EMR4 manifested during recent 
evolution. To investigate this, we examined the DNA sequence of this region from 
various human and nonhuman primates. No polymorphism at the one-nt deletion site 
was detected in either, Caucasians or sub-Saharan Africans (data not shown, for details 
see Sect. 3). However, as shown in Figure 5, an additional nt was found in all primates 
studied, including chimpanzees. Although the presence of inactivating mutations 
elsewhere in the primate EMR4 genes cannot be excluded, this indicates that EMR4 lost 
its function only after human speciation that occurred approximately 5 million years 
ago.31 It makes EMR4 one of the very few genes32 34 and, to our knowledge, the only one 
encoding an individual molecule involved in immunity that, on current evidence, are 
nonfunctional in humans but still might be active in chimpanzees. The only 
biochemically characterized gene that became inactive after divergence from 
chimpanzee is the cytidine monophosphate-N-acetylneuraminic acid (CMP-Neu5Ac) 
hydroxylase gene {CMAH), which contains a 92-nt deletion in humans.35 Consequently, 
the great apes, but not humans, express high levels of the sialic acid derivative N-
glycolylneuraminic acid (Neu5Gc). Another example, the C-type lectin gene Ly49L, 
became nonfunctional due to a splice donor site mutation after divergence of the 
common ancestor of chimpanzee and humans from gorilla, approximately 8 million 
years ago.36 The function of Ly49L is still elusive. 

mouse TGGCTTTCATTGCATATAAGTCTCTTGGG 
V A F I A Y K S L G 

macaques TTGCTCTCATCACGTTTGAATCTCTTGGG 
V A L I T F E S L G 

Figure 5. Nucleotide and deduced 
orangutan TTGCTCTTATCACGTATCAATCTCTTGGG amino acid sequences in mouse, 

V A L I T Y Q S L G .. , ,. ,-..,-,, 
apes, and human of the EMR4 

chimpanzee TTGCCCTTATCACTTATCAATCTCTTGGG region covering the one-nt deletion 
V A L I T Y Q S L G in the humane gene. Translation of 
m m „ „ „ „ m„m„„„m m» „ m ~ m ~ m m „ „~ human EMR4 that would result 

human TTGCCC-TATCACTTATCAATCTCTTGGG 
V A L S L I N L L from an intact open-reading frame 

... i T Y Q s L G js depicted in italic. 

Concluding remarks 
Taken together, we here provide evidence that the EGFTM7 receptor gene EMR4 
became inactive in humans due to a frameshift mutation. Whether a truncated, soluble 
form of EMR4 is secreted by human leukocytes remains to be demonstrated with 
specific antibodies. The most interesting questions, actually, deal with the identification 
of the ligand and the function of EMR4. Binding of multivalent, soluble mouse EMR4 
probes to the B lymphoma cell line A20 suggests that EMR4, like other EGF-TM7 
receptors, mediates cellular interactions.13 Unravelling the physiological role of EMR4 
might provide the unique opportunity to study a genetic difference between our species 
and our evolutionary closest relatives, a challenge that is even more intriguing since 
humans and chimpanzees differ substantially in their susceptibility to diseases like 
malaria, epithelial cancers, Alzheimer's disease and AIDS.3234 
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Chapter 9 

Since the start of the project described in this thesis, the EGF-TM7 receptor family has 
rapidly expanded and has, with the human genome sequenced, reached its final size. A 
recent review by us (chapter 2) integrated all available observations from our and 
several other laboratories. Below we will discuss several unresolved aspects of CD97 
function in addition to this. 

CD97 belongs to the adhesion class of heptahelical receptors 
EGF-TM7 receptors were originally classified class B (or II) seven-span transmembrane 
(TM7) receptors due to their homology in the TM7 region with the secretin receptor 
family of peptide hormone receptors.1 Based on a more refined phylogenetic analysis of 
almost 800 TM7 molecules in the human genome, Schiöth and coworkers recently 
proposed a new classification of TM7 receptors.23 They showed that EGF-TM7 
receptors together with other TM7 receptors, containing a large extracellular region and 
often possessing conserved protein modules, form a distinct group, apart from the 
secretin receptor family, which they named the adhesion class. This class comprises 
approximately 33 receptors of which a subclass is the EGF-TM7 receptor family. The 
EGF-TM7 family consists of five molecules predominantly expressed by the immune 
system. EGF module-containing mucin-like receptor (ETL), which, due to the structure 
of its extracellular region, has been classified previously as EGF-TM7 receptor, but is 
not expressed on immune cells, is now grouped into a different subclass. Based on their 
extracellular regions, adhesion class molecules are believed to promote cell- cell and 
cell-matrix interactions. They are expressed in various parts of the human body 
suggesting that they take part in a large variety of physiological functions. 

EGF-TM7 receptors are expressed as heterodimers 
Substantial evidence has been collected showing that the heterodimeric expression of 
adhesion class molecules results from proteolytic cleavage of the G protein-coupled 
receptor (GPCR)-proteolytic site (GPS) proximal to the first transmembrane segment. 
The minimal sequence requirements and exact location of the cleavage position within 
the GPS have been identified.4 7 Over 30 receptors (mostly belonging to the adhesion 
class) contain a GPS motif and improper proteolytic processing of this site can lead to 
impaired cell surface expression.6 Hampered GPS processing of polycystic kidney 
disease protein 1, an eleven-span transmembrane molecule, leads to polycystic kidney 
disease.8 

Recent data obtained for EMR2 shows that GPS processing is an 
autoproteolytic, intramolecular event (Lin and coworkers, Second EGF-TM7 
Workshop, Leipzig 2004). Cleavage is mediated, via several intermediate biochemical 
steps by the nucleophile amino acid histidine, positioned two amino acids N-terminal of 
the cleavage site. A comparable processing mechanism has been reported for N-terminal 
nucleophile hydrolases in which autocleavage of the proproteins in the endoplasmic 
reticulum results in activation of the enzymes. In addition, autoproteolysis of 
nucleoporin proprotein is thought to precisely regulate stoichiometry and delivery of 
the two resulting proteins to the membrane.9 Proteolytic processing of EGF-TM7 
receptors could have several functions. First, heterodimeric expression could be a 
mechanism to regulate the order of possible ligand interactions for the a- and p-
subunit. Ligand interactions with the N-terminal part may induce shedding of the a-
subunit allowing subsequent interactions of the (3-subunit with an additional 
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(unknown) ligand. Second, the noncovalent interaction between the a- and p-subunit 
could serve as a hinge, providing extensive flexibility to the extracellular part. Finally, 
proteolytic processing and expression as a heterodimer ensures the retention of the a-
subunit at the cell surface and routing of the (3-subunit to the cell surface. As the a-
subunit lacks a transmembrane region, it needs to pair with the p-subunit to be retained 
at the cell surface. In addition, the P-subunit has no signal peptide and is therefore 
dependent on the ot-subunit for routing to the cell surface. 

CD97 binds cellular ligands via its N-terminal region 
EGF-TM7 molecules are natural chimeras of cell adhesion proteins and TM7 receptors. 
Whereas the presence of EGF-like domains within the N-terminal extracellular part of 
EGF-TM7 receptors is indicative of an adhesive function, the TM7 part has homology to 
the transmembrane region of classical G-protein-coupled receptors. Recent data 
indicates that all EGF-TM7 receptors have at least one cellular ligand that binds to their 
EGF domain region (chapter 2). 

Two cellular ligands have been identified for CD97, CD55 and chondroitin 
sulphate (CS) (chapter 3).1011 CD55, a GPI-linked molecule that protects cells from 
complement-mediated damage by accelerating the decay of C3/C5 convertases, is 
expressed on virtually all cells that come in contact with blood and lymphoid fluid. This 
includes leukocytes, erythrocytes, and endothelial cells. CS is a glycosaminoglycan 
(GAG) structure implicated in a wide range of physiological processes. The fine 
structure of CS is tightly regulated in a tissue- and cell type-specific manner fashion, 
generating high subregional heterogeneity of CS. CD97-binding CS is found on 
fibroblasts, B cells, and within the extracellular matrix (ECM) (chapter 3).n Whereas 
the broad distribution of CD97 and CD55 indicates that this interaction is of importance 
to many cell types, the B cell-restricted interaction with CS points towards a specific, B 
cell-associated function (chapter 3). 

Expression of CD97, EMR2, and their ligands has been thoroughly analysed in 
autoimmune diseases and malignancies. In rheumatoid arthritis (RA), synovial 
macrophages and dendritic cells abundantly express CD97 and EMR2 (chapter 6).12 

Using polyvalent probes, we were able to demonstrate high binding of the smaller 
isoforms of CD97 to the CD55+ fibroblast-like synoviocytes in the lining layer, adjacent 
to the CD97+ macrophages. CS, the ligand of the largest isoform of CD97 and EMR2, 
was expressed throughout the synovial sublining. These findings indicate that CD97 and 
EMR2 might be involved in the retention of inflammatory cells in the inflamed 
synovium. Interestingly, pretreatment of mice with CD97 mAb diminished 
inflammation of the joints in a mouse model of collagen-induced arthritis (E.N. Kop, 
personal communication). 

Aust and coworkers first described expression of CD97 on malignant cells. In 
thyroid carcinomas, expression levels of CD97 are negatively correlated with the 
differentiation state of the cells.13 Recent studies in intestinal carcinomas 1415 showed 
that expression levels of CD97 correlate with the in vitro migration and invasion 
capacity of colorectal tumour cell lines. In addition, scattered tumour cells at the 
invasion front of colorectal and gastric carcinomas express increased levels of CD97 
compared to tumour cells in solid formations of the same tumour. These observations 
strongly imply a role for CD97 in tumour cell migration and invasion. 
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CD97 has a role in leukocyte migration and haematopoietic stem cell mobilization 
The unusual structure of the a-subunit and the ability of this region to bind cellular 
ligands suggest a function for CD97 in cell adhesion and migration. Supporting evidence 
for this hypothesis was provided by investigations of CD97 in malignancies (see above). 
Recent experiments using CD97 mAb, which block the interactions between CD97 and 
its ligands, showed an essential role for CD97 in neutrophil migration. Homing of 
adoptively transferred neutrophils to the inflamed colon was markedly reduced when 
cells were preincubated with CD97 mAb. Furthermore, application of CD97 mAb 
resulted in severely hampered neutrophil migration to the lungs in a mouse model of 
Streptococcuspneumonjae-induced pneumonia.16 

Haematopoietic stem cells (HSC) normally reside in the bone marrow but can 
be mobilized into the peripheral blood by treatment with a diversity of stimulating 
agents, which include haematopoietic growth factors, cytotoxic agents, and certain 
chemokines. Whereas interleukin-8 (IL-8)-induced HSC mobilization is critically 
dependent on peripheral blood granulocytes and their adhesion to the endothelium, 
granulocyte colony-stimulating factor (G-CSF) is believed to mediate mobilization via 
bone marrow resident granulocytes. Interestingly, pretreatment with CD97 mAb 
completely prevents IL-8-induced HSC mobilization but had no effect on G-CSF-
induced HSC mobilization (chapter 4). This indicates that CD97 mAb block a specific 
interaction engaged on a restricted subset of neutrophils. 

Blockade of CD97-ligand interactions could interfere with leukocyte migration 
at two critical stages. Firstly, CD97-ligand interactions may play a direct role in the 
"rolling" or "firm adhesion" of leukocytes to the endothelium. Secondly, CD97-ligand 
interactions may have an indirect effect by influencing the interactions of other 
receptor-ligand pairs (discussed below). Blocking CD97-ligand interactions may prevent 
these events, resulting in impaired migration in(to) the inflamed tissue. The specific 
function of the different ligand interactions of CD97 remains to be elucidated. 

Absence of intracellular signalling for CD97 
Whereas adhesive interactions have been identified for several EGF-TM7 receptors, 
signalling has not been detected for any EGF-TM7 molecule. This could be due to 
several reasons. 

Firstly, EGF-TM7 receptors are capable to induce G-protein signalling but the 
appropriate trigger to induce G-protein signalling has not been applied. Sequence 
analysis of the adhesion receptor class revealed a three amino-acid motif (HLW) within 
the third transmembrane segment that is conserved between all murine and human 
adhesion class receptors.3 Intriguingly, a different three amino-acid motif (DRY) in 
transmembrane segment 3 of rhodopsin-like GPCR has an important role in keeping 
these receptors in an inactive conformation. It seems possible that the conserved amino 
acids in the third transmembrane segment of adhesion class receptors play a similar role 
in coupling to second messengers. 

Secondly, CD97 (and other EGF-TM7 receptors) might have a G-protein-
independent mechanism to induce intracellular signalling. A growing number of 
nonclassical signalling cascades engaged by other TM7 receptors have been reported.17'18 

The intracellular part of the adhesion class member brain-specific angiogenesis 
inhibitor (BAI)-l binds intracellular signalling proteins called BAIl-associated protein 
1-31921 and latrophilin has been reported to associate with syntaxin.6 Interestingly, the 
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adhesion class receptor human epididymis-specifk protein 6 (HE6) interacts, via an 
intermediate molecule, with the cytoskeleton indicating a role for HE6 in cell motility 
(Obermann-Pless and coworkers, Second EGF-TM7 Workshop, Leipzig 2004). 

Finally, EGF-TM7 receptors might not induce intracellular signalling. Classical 
G-protein-coupled signalling is induced by conformational changes within the TM7 
region. The cellular ligand-binding domains of EGF-TM7 receptors are located most N-
terminally and are separated from the TM7 region by a stalk region. Therefore, ligand 
binding is unlikely to induce the conformational changes in the TM7 leading to signal 
transduction. Alternatively, EGF-TM7 interactions might be used to establish close cell-
cell or cell-matrix interactions (discussed below). 

A model for CD97 function 
Based on the ability of CD97 to bind CS on nonhaematopoietic and haematopoietic (B) 
cells and the in vivo effects of CD97 mAb on leukocyte migration, we propose a model 
according to which CD97 binds to ECM and thereby facilitates presentation of ECM-
attached molecules to their functional cellular receptors (Figure 1). CS (and other GAG) 
binds a diverse range of molecules including matrix molecules, growth factors, protease 
inhibitors, cytokines, chemokines, and pathogen virulence factors.22 It has been shown 
that GAG on the endothelial cell surface immobilize and enhance local concentrations 

Figure 1. Model describing a possible role of CD97-ligand interactions in cell migration. CD97 on the 

surface of leukocytes binds to ECM-expressed CD55 and/or CS. This establishes close cell-cell contact, 

which facilitates binding of ECM-attached chemokines (filled circles) to their functional cellular receptors 

(1). It seems possible, as depicted by a question mark, that ECM-attached ligands (triangle), in addition, 

engage the TM7 region of CD97 and induce intracellular signalling (2). In addition, extracellular CD97 

could be shed after establishment of close cell-cell contact. Together, this results in migration of 

leukocytes. 

of chemokines, thereby promoting the presentation of these chemokines to their 
receptors.23-24 In addition, several chemokines are devoid of in vivo activity when their 
GAG binding sites are mutated.2526 It seems possible that CD97 (and EMR2) play a 
crucial role in facilitating chemokine interactions by binding CD55 and CS in the ECM. 
In addition, soluble GAG-chemokine complexes can form chemokines gradients in 
tissue.27 CD97 could have a role in capturing these complexes. 
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The B cell-specific interaction observed for the largest isoform of CD97 and 
EMR2 suggests a B cell-related function. In line with the proposed model, the main 
function of CD97 could be the generation of formal adhesion with B-cell CS. This 
interaction could promote the migration of activated T cells, dendritic cells, and 
macrophages towards B-cell follicles in lymphoid organs.2830 It is tempting to speculate 
that CD97 (and EMR2) facilitates recognition of B cell-secreted chemokines, such as IL-
8, RANTES, MlP-la, and MIP-1(3, bound to the ECM.3132 Such "facilitating function" 
could have major influence on cell migration. 

Heterodimeric expression of CD97 could serve several purposes in this model. 
The noncovalent interaction between the a- and (3-subunit could serve as a hinge, 
providing extensive flexibility to the extracellular part. Alternatively, ligand binding 
could induce the shedding of the extracellular part of the molecule, a hypothesis that 
possibly could be tested in the mouse model of IL-8-induced HSC mobilization. Primary 
ligand binding at the EGF domain region could be followed by ligation of the TM7 
region by an ECM-bound ligand, an event that likely results in intracellular signalling. 

Concluding remark 
Although many aspects of CD97 function have been elucidated several questions still 
remain. Determining the exact role of CD97 in leukocyte trafficking, unravelling the 
pathway via which intracellular signalling is induced (if induced at all), and elucidating 
the role of the two-ligand interactions are three major questions. The generation and 
analysis of CD97- and CD55-deficient mice will hopefully be helpful in elucidating 
these important aspects of CD97 biology. 
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SUMMARY 

Molecular cloning of CD97 revealed a seven-transmembrane (TM7) receptor that is 
preferentially expressed by cells of the immune system and has a remarkable structure. 
CD97 has an exceptionally large extracellular region that is coupled to a TM7 moiety. 
The N-terminus contains several tandemly arranged EGF-like domains that are 
involved in the binding of cellular ligands, as shown by their ability to bind CD55. 
CD97 is expressed as a heterodimer, resulting from cleavage of the CD97 proprotein in 
the endoplasmic reticulum followed by noncovalent reassociation of both subunits. In 
addition, soluble CD97 is found at sites of inflammation. Unlike many other TM7 
receptors, intracellular signalling has thus far not been detected for CD97. Based on 
these findings, a dual ligand hypothesis was postulated as described in chapter 1 
(Prologue). We proposed a model in which CD55 ligation induces the shedding of the 
extracellular part of CD97 after which a second ligand binds to the TM7 region and 
initiates intracellular signalling pathways. 

An overview of the EGF-TM7 receptor family, including many findings 
described in this thesis, is presented in chapter 2. With the human genome project 
completed, a total of five EGF-TM7 receptors, preferentially expressed by cells of the 
immune system, has been identified. These five receptors are located on the short arm 
of chromosome 19 and have a similar gene organization. As for CD97, these receptors 
are, most likely, expressed as heterodimers and cellular ligands have been localized for 
most of them. Recent experiments demonstrated a critical role for CD97 in leukocyte 
migration. 

Chapter 3 describes an analysis of CD97 ligand interactions in the peripheral 
blood. Multivalent fluorescent beads were loaded with soluble recombinant protein 
comprising the EGF-like domain region to detect low-affinity ligand interactions. 
Whereas the smallest isoform of CD97 interacts with CD55, the largest isoform of CD97 
interacts with chondroitin sulphate (CS). Specificity for CS is shared with EMR2, a close 
relative of CD97 with a nearly identical EGF-like region. Within the immune system, 
CD97 and EMR2 specifically interact with CS on B cells. In addition, low binding to 
CD55 could be detected for the largest isoform of CD97. Expression of the CS-binding 
epitope (either CD97 or EMR2) indicates that CS ligation might facilitate an interaction 
of B cells with activated lymphocytes and differentiated myeloid cells. 

The functional consequences of disrupting CD97-ligand interactions in a 
murine model of interleukin-8 (IL-8)-induced stem cell mobilization are discussed in 
chapter 4. IL-8 injection in BALB/C mice induces mobilization of haematopoietic stem 
and progenitor cells (HSC) to the peripheral blood. Interestingly, whereas animals 
treated with control IgG followed by IL-8 exhibited a mean 11-fold increase in HSC in 
the peripheral blood, mobilization was impaired in mice pre-treated with CD97 mAb. 
This was not mediated by a direct effect on HSC as we showed that CD97 is not 
expressed on colony forming cells. Interestingly, mobilization induced by G-CSF was 
not effected by CD97 mAb. IL-8-induced HSC mobilization is critically dependent on 
proper neutrophil function. Mice pretreated with CD97 mAb have reduced neutrophil 
migration, as shown in a previous study. Therefore, we hypothesize that CD97 mAb 
impair neutrophil function resulting in prevention of HSC mobilization. 

Based on its close relation with CD97, we analysed biochemical properties and 
expression of EMR2 as described in chapter 5. We generated an EMR2 specific mAb 
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(2A1) and found EMR2 to be expressed, like CD97, as heterodimeric receptor consisting 
of an extracellular a-part and a TM7/cytoplasmic (3-part. Analysis of EMR2 expression 
on primary blood leukocytes, on haematopoietic cells lines, and in situ revealed a 
myeloid-restricted profile. Highest expression levels were detected on the more mature 
CD16+ blood monocytes, on macrophages, and on myeloid dendritic cells, whereas little 
if any expression was found on granulocytes. Unlike CD97, no expression was observed 
on resting or activated lymphocytes. Different expression patterns and the inability of 
EMR2 to interact with the CD97 ligand CD55 indicate that the molecular twins EMR2 
and CD97 likely have nonredundant functions. 

Previously, increased expression of CD97 and colocalization with its ligand 
CD55 has been demonstrated in the intimal lining layer of synovial tissue of patients 
suffering from rheumatoid arthritis (RA). Using our newly generated EMR2 mAb 2A1, 
we analysed EMR2 expression in rheumatoid synovial tissue (Chapter 6). EMR2 
expression in the synovial sublining was mainly found on macrophages and dendritic 
cells and was significantly higher in RA compared to disease controls. Next, we 
evaluated the expression of EMR2 and CD97 ligands in rheumatoid synovium in situ. 
Binding assays were performed using multivalent fluorescent probes as described in 
chapter 3. The largest isoforms of EMR2 and CD97 broadly bound to CS throughout the 
entire synovial sublining. Whereas no ligands for other EMR2 isoforms were detected, 
the smaller isoforms of CD97 (especially CD97-3EGF) attached to CD55+ fibroblast-like 
synoviocytes in the intimal lining layer. These results suggest that EMR2- and CD97-
ligand interactions may facilitate the retention of activated macrophages in the 
synovium and thus participate in the ethology of the RA. 

Molecular cloning of EMR2 surprisingly unravelled a chimeric structure with a 
TM7 region closely related to EMR3 and an EGF-like domain region nearly identical to 
CD97. As outlined above, EMR2 and CD97 share ligand specificity for CS but not for 
CD55, which is exclusively bound by CD97. Chapter 7 describes a sequence-function 
analysis of the EGF-like domain region of chimpanzee and human CD97 and EMR2. 
Surprisingly, mutations, which prevent CD55 binding by human EMR2, emerged after 
human speciation. Although chimpanzee EMR2 can bind CD55, transcription of 
isoforms with high affinity for CD55 is diminished by alternative RNA splicing. Thus, 
different molecular mechanisms prevent CD55 binding by EMR2 in hominoids. In 
addition, we propose a model according to which EGF-TM7 receptors evolved through 
a series of segmental intrachromosomal gene duplications and provide evidence that 
EMR2 likely originated only recently in a common ancestor of Old World monkeys and 
hominoids. 

The EGF-TM7 family of receptors seems to have a rather young evolutionary 
history. The encoding genes of all human receptors are located within two 
neighbouring clusters on chromosome 19 and (on current evidence) nonmammalian 
homologues appear to be absent. There is growing evidence that EGF-TM7 molecules 
are still rapidly evolving in primates (see also chapter 7). In chapter 8 we report the 
identification of a novel human EGF-TM7 receptor, designated EMR4. EMR4 is 
localized on the short arm of chromosome 19 in close proximity to EMR1. Remarkably, 
due to a one-nucleotide deletion in exon 8, translation of human EMR4 would result in 
a truncated 232-amino acid protein lacking the entire TM7 region. This deletion is not 
present in nonhuman primates, including chimpanzees, suggesting that EMR4 became 
nonfunctional only after human speciation, about 5 million years ago. Thus, EMR4 
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surprisingly accounts for a genetic difference between humans and primates related to 
immunity. 

Chapter 9 (Epilogue) discusses the dual ligand hypothesis in the light of recent 
findings and other unresolved aspects of CD97 function in addition to this. Refined 
phylogenetical analysis of the TM7-receptor family indicates that EGF-TM7 receptors, 
together with other TM7 receptors with large N-termini, form a distinct group of TM7 
receptors (adhesion class) apart from the peptide hormone receptors. This implicates 
that they may have obtained characteristics uncommon to other TM7 receptors. The 
heterodimeric expression of most adhesion class receptors results from an 
autoproteolytic processing event at a G protein-coupled receptor proteolytic site (GPS), 
proximal to the first transmembrane segment. Although this process is recently defined, 
no functional consequence has been attributed to it yet. The extracellular part of most 
EGF-TM7 receptors binds a cellular ligand. Two cellular ligands, CD55 and CS, have 
been identified for CD97. Whereas CD55 is expressed on virtually all cells of the 
immune system and endothelial cells, expression of CD97-binding CS is restricted to 
extracellular matrix (ECM), to fibroblasts, and to B cells. This indicates that the 
interaction with CD55 is of importance to many cell types whereas the B-cell restricted 
interaction with CS point towards a specific, B-cell associated, function. Deregulated 
expression of CD97 and/or its ligands may influence (or even induce) the pathology of 
diseases that depend on cell migration like autoimmune disorders and tumour 
metastasis. Identification of the exact function of CD97 has been hampered by the 
inability to show intracellular signalling. As the ligand-binding domains of EGF-TM7 
receptors are located most N-terminally and are separated from the TM7 region by a 
stalk region, ligand binding is unlikely to induce conformational changes in the TM7 
region leading to signal transduction. Based on our findings and recent literature, we 
propose a model in which CD97-ligand interactions establish close cell-cell or cell-ECM 
contacts, which facilitate binding of ECM-attached molecules to their cellular receptors. 
As CD97 has a role in cell migration, a function related to chemokine recognition could 
be possible. Binding of an unknown ligand to the TM7 part could subsequently induce 
intracellular signalling. 
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SAMENVATTING VOOR NIET INGEWIJDEN 

Het immuunsysteem zorgt voor de verdediging van ons lichaam tegen micro
organismen zoals bacteriën en virussen. Verschillende celtypen, elk met hun eigen 
specifieke functie, spelen daarin een belangrijke rol. Elk van deze cellen heeft op zijn 
celoppervlak eiwitten (receptoren) die na binding aan een specifiek complementair 
molecuul (ligand) signalen naar het binnenste van de cel kunnen doorgeven. 
Afhankelijk van het soort receptor en ligand zet dit de cel aan tot een bepaalde respons. 
De interactie tussen een receptor en zijn ligand reguleert dus het gedrag van een cel en 
biedt cellen tevens de mogelijkheid met elkaar te communiceren. 

CD97 is één van de receptoren die zich op cellen van het immuunsysteem 
bevinden. CD97 heeft een complexe structuur en bestaat uit twee delen en wordt 
daarom een dimeer genoemd. Eén deel bevindt zich aan de buitenkant van de cel 
(extracellulair), het andere deel is in de celmembraan verankerd (transmembraan). 
Beide delen zijn via een zwakke chemische binding aan elkaar gebonden. Het gedeelte 
dat buiten de cel uitsteekt is opvallend lang en bevat zogenaamde EGF-domeinen. Via 
deze EGF-domeinen bindt CD97 zijn specifieke ligand, die zich op een andere cel 
bevindt. Voor CD97 is aangetoond dat deze ligand CD55 (een ander molecuul) is. Er 
bestaan drie vormen van CD97 die verschillende aantallen EGF-domeinen hebben (drie, 
vier of vijf) en daardoor met verschillende sterkten aan CD55 binden. De biologische 
relevantie van de interactie van CD97 met CD55 en het voorkomen van de 
verschillende CD97 vormen is nog onduidelijk. Het transmembraangedeelte van CD97 
is verankerd in de celmembraan doordat de eiwitketen waaruit CD97 bestaat zeven keer 
door de celmembraan geweven is. 

Naast CD97 zijn er nog enkele receptoren met een structuur zoals die van 
CD97. Deze groep van homologe receptoren wordt de EGF-TM7 receptorfamilie 
genoemd. Figuur 1 is een schematische weergave van de EGF-TM7 familie. 

CD97 EMR1 EMR2 EMR3 EMR4 

Figuur 1. Schematische weergave van de EGF-TM7 familie 

121 



Samenvatting voor niet ingewijden 

De afwijkende structurele eigenschappen van CD97 wijzen op een ongewoon 
moleculair werkingsmechanisme. Dit leidde tot de volgende werkhypothese, de hasis 
voor dit proefschrift: CD97 kan een interactie aangaan met CD55. Deze interactie 
initieert het uiteenvallen van de dimere structuur waardoor het extracellulaire deel van 
CD97 loslaat van het transmembraangedeelte. Deze eerste gebeurtenis maakt de weg 
vrij voor een tweede, onbekende, ligand die nu aan het transmembraangedeelte van 
CD97 kan binden. Deze tweede interactie initieerd, via het transmembraangedeelte, 
signalering naar het binnenste van de cel, een eigenschap die niet gevonden was na 
CD55 binding aan extracellulair CD97. Doel van dit project was om door onderzoek 
naar de moleculaire mechanismen van CD97 zicht te krijgen op de functie en 
eigenschappen van deze unieke receptor (hoofdstuk 1, proloog). 

In hoofdstuk 2 wordt een samenvatting van alle gevonden eigenschappen van 
de EGF-TM7 receptoren gegeven. Er zijn zes EGF-TM7 receptoren gevonden waarvan 
er zich vijf op cellen van het immuunsysteem bevinden. Deze receptoren zijn allemaal 
dimeren en de meeste kunnen een complementaire ligand op een andere cel binden. 
Figuur 1 is een schematisch weergave van de EGF-TM7 receptoren. 

Met behulp van moleculaire probes (minuscule fluorescerende bolletjes 
beladen met CD97 receptor) konden we een tweede ligand voor CD97 op witte 
bloedcellen opsporen (hoofdstuk 3). Deze ligand - chondroitinesulfaat, een suikerketen 
gekoppeld aan bepaalde moleculen - bindt specifiek aan het vierde EGF-domein en 
daarmee alleen aan de grootste vorm (met vijf EGF-domeinen) van CD97. Binnen het 
immuunsysteem komt deze ligand alleen voor op B-lymfocyten. Met behulp van een 
antilichaam (een stof specifiek gericht tegen één bepaald molecuul en te gebruiken voor 
detectie daarvan) tegen de grootste vorm van CD97 konden we aantonen dat deze 
receptor zich bevindt op myeloïde cellen en geactiveerde lymfocyten. Deze 
bevindingen wijzen erop dat de CD97-chondroitinesulfaat interactie een rol heeft in het 
functioneren van B-lymfocyten. 

De functionele consequenties van het verstoren van de interacties van CD97 
met zijn liganden wordt onderzocht in hoofdstuk 4. Injectie van interleukine-8 (een 
oplosbare biologische stof) in een muis heeft tot gevolg dat stamcellen vanuit het 
beenmerg naar het bloed migreren, een proces dat stamcelmobilisatie genoemd wordt 
Als de muizen echter voorbehandeld worden met CD97 antistof, die de interactie tussen 
CD97 en zijn liganden verhindert, vindt dit proces niet plaats. CD97 antistof heeft geen 
effect op de mobilisatie van stamcellen na injectie van G-CSF (een andere oplosbare 
biologische stof) wat erop wijst dat CD97 een afgebakende functie heeft. De 
geobserveerde blokkade in stamcelmobilisatie kan niet het gevolg zijn van een direct 
effect van de antistoffen op de stamcellen omdat er geen CD97 op hun oppervlak 
aanwezig is. Uit eerdere proeven bleek dat CD97 antistof een effect heeft op de migratie 
van neutrofielen (een andere witte bloedcel) naar bacterie-geïnfecteerde longen. Verder 
is bekend dat stamcelmobilisatie afhankelijk is van het goed functioneren van 
neutrofielen. Daarom vermoeden wij dat de inhibitie van stamcelmobilisatie 
veroorzaakt wordt door een effect van de CD97 antistof op het functioneren van 
neutrofielen. 

Omdat EMR2 bijna honderd procent gelijk is aan CD97 in de EGF-domein-
regio, hebben we de biochemische eigenschappen en de aanwezigheid van EMR2 op 
cellen van het immuunsysteem onderzocht (hoofdstuk 5). Hiervoor is een antistof 
gemaakt waarmee we EMR2 kunnen detecteren. Net als CD97 is ook EMR2 een dimeer 
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met een extracellulair deel en een transmembraan deel. Binnen het immuunsysteem 
bevindt EMR2 zich op monocyten, macrophagen, dendritische cellen en in geringe 
mate op granulocyten (verschillende typen witte bloedcellen). In tegenstelling tot CD97 
kan de aanwezigheid van EMR2 niet geïnduceerd worden op lymfocyten na 
activatieprikkels. Het feit dat EMR2 niet aan CD55 kan binden (in tegenstelling tot 
CD97) en de bevinding dat EMR2 en CD97 zich gedeeltelijk op andere cellen bevinden 
zijn sterke aanwijzingen dat beide receptoren waarschijnlijk een verschillende functie 
hebben. 
Vervolgens hebben we met het door ons ontwikkelde antilichaam de aanwezigheid van 
EMR2 in het synoviale weefsel van de knie van reuma-patiënten onderzocht (hoofdstuk 
6). Verder hebben we ook gekeken naar de mogelijke interacties van CD97 en EMR2 
met hun liganden met behulp van fluorescerende probes (zie hoofdstuk 3). Er bleek 
significant meer EMR2 aanwezig op witte bloedcellen in het weefsel van de knie van 
reuma-patiënten vergeleken met gezond controle-weefsel. Binding van de 
fluorescerende probes aan chondoitinesulfaat, de ligand van de grootste vorm van CD97 
en EMR2, werd gevonden in het gehele weefsel. Binding van de kleinste vorm van 
CD97 aan CD55 was daarentegen alleen detecteerbaar in de buitenste cellaag van het 
synovium. Deze bevindingen wijzen erop dat interactie van CD97 en EMR2 met hun 
liganden kan plaatsvinden in het weefsel van reuma-patienten. Mogelijk spelen deze 
interacties een rol in het ziektebeeld van reuma. 

De ontdekking en moleculaire analyse van de EGF-TM7 receptor EMR2 bracht 
enkele opmerkelijke eigenschappen van deze receptor aan het licht. EMR2 is eigenlijk 
een combinatie van de receptoren CD97 en EMR3. Het transmembraangedeelte is 
gerelateerd aan EMR3 terwijl het extracellulaire EGF-gedeelte grote homologie 
vertoont met CD97. Door deze grote homologie in het ligandbindende deel, kunnen 
zowel CD97 als EMR2 aan chondroitinesulfaat binden. De aanwezige minieme 
verschillen verhinderen echter wel de binding van EMR2 aan de CD97 ligand CD55. In 
hoofdstuk 7 vergelijken we de DNA sequentie en de ligandbindende eigenschappen van 
de EGF domeinen van CD97 en EMR2 tussen mens en chimpansee. Chimpansee EMR2 
kan aan CD55 binden, een eigenschap die verassend genoeg verloren is gegaan voor 
EMR2 in mensen. In chimpansees is de aanwezigheid van EMR2 met drie EGF 
domeinen, de vorm die CD55 het sterkst bindt, echter erg laag. Verschillende 
mechanismen, in chimpansees en mensen, verhinderen dus dat er een interactie kan 
plaatsvinden tussen EMR2 en CD55. Analyse van de DNA sequentie van EGF-TM7 
receptoren in het humane genoom wijst erop dat de EGF-TM7 receptorfamilie pas 
relatief recent in de evolutie ontstaan is. 

In hoofdstuk 8 rapporteren we de ontdekking van een nieuwe EGF-TM7 
receptor die we EMR4 genoemd hebben. Het EMR4 gen bevindt zich op chromosoom 
19, vlak bij het EMR1 gen. In de DNA sequentie van EMR4 bevindt zich echter een 
verandering (mutatie) die ervoor zorgt dat er zich waarschijnlijk geen EMR4 op de cel 
kan bevinden. Deze mutatie wordt verassend genoeg niet gevonden in andere primaten, 
waaronder chimpansees, die daardoor waarschijnlijk wel EMR4 receptor op hun 
oppervlak hebben. Dit wijst erop dat EMR4 werd uitgeschakeld in de evolutie na 
afsplitsing van de mens met de aap, ongeveer 5 miljoen jaar geleden. Het verschil in het 
EMR4 gen is één van de weinige immuun-gerelateerde genetische verschillen tussen 
mens en chimpansee. 
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In hoofdstuk 9 (epiloog) wordt de werkhypothese bediscussieerd, en wordt een 
aangepast model gepresenteerd. Door onze studies met antilichamen die de interactie 
tussen CD97 en zijn liganden verbreken, konden we aantonen dat CD97 betrokken is 
bij het migreren van bloedcellen in het lichaam. De rol van CD97 in dit proces is 
mogelijk het faciliteren voor een hechte associatie met andere cellen door middel van 
binding aan de buitenlaag van deze cellen (extracellulaire matrix). Deze matrix bevat, 
naast CD55 en chondroitine sulfaat, chemotactische factoren die belangrijk zijn voor 
het aantrekken van bloedcellen. Door binding aan de matrix zouden cellen via CD97 
met chemotactische factoren in contact kunnen komen en zo tot migratie worden 
gestimuleerd. 

Alhoewel het mechanisme dat zorgt voor de dimere eigenschappen van CD97 
recentelijk ontdekt is, is er nog niets bekend over het nut hiervan. Het blijft mogelijk 
dat het extracellulaire deel van CD97 loslaat van het transmembraangedeelte na CD55 
binding. Het zou goed kunnen dat een, tot nu toe onbekende, matrixgebonden ligand 
daarna bindt aan dit transmembraangedeelte, en via transmembraan CD97 signalering 
in de cel veroorzaakt. 
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ABBREVIATIONS 

BM 
BDCA 
CFU-GM 
CS 
DC 
DS 
ECM 
EGF 
EMR 
ETL 
G-CSF 
GAG 
GM-CSF 
GPCR 
GPS 
FIRE 
HSC 
IL 
LNB-TM7 
Mab 
MMP-9 
MS 
Nt 
OA 
PAF 
PMN 
RA 
ReA 
RF 
ST 
TM7 
VCAM 
VIA 

Bone marrow 
Blood dendritic cell antigen 
Colony-forming unit-granulocyte macrophage 
Chondroitin sulphate 
Dendritic cells 
Dermatan sulphate 
Extracellular matrix 
Epidermal growth factor 
EGF-like module-containing mucin-like receptor 
EGF-TM7-latrophilin-related protein 
Granulocyte-colony-stimulating factor 
Glycosaminoglycan 
Granulocyte-macrophage colony-stimulating factor 
G protein-coupled receptor 
GPCR-proteolytic site 
F4/80-like-receptor 
Haematopoietic stem cells 
Interleukin 
Long N-terminal class B-TM7 
Monoclonal antibody 
Matrix metalloproteinase-9 
Multiple sclerosis 
Nucleotide 
Osteoarthritis 
Platelet-activating factor 
Peripheral blood mononuclear cells 
Rheumatoid arthritis 
Reactive arthritis 
Rheumatoid factor 
Synovial tissue 
Seven-span transmembrane 
Vascular cell adhesion molecule 
Very late antigen 
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M N o; P 
Chapter 5, Figure 8. Immunohistochemical localization of EMR2 and CD97 in human tissues. Skin (A-D), 

Lung (E-H), Tonsil (l-L), and Liver (M-P) were stained with 2A1 (A, E, I, M), CLB-CD97/3 (B, F, J, N), mAb 

for CD68 (C, G, K, O) and CD1a (D, H, L, P). (A) Staining of skin with 2A1 showed weak labeling of few 

macrophages. (B) In an adjacent section, CLB-CD97/3 labeled macrophages and smooth muscle cells 

(arrow head). (C, D) While the CD68 mAb stained those macrophages in the dermis, the CD1a mAb showed 

strong staining in the epidermis (arrow). A few macrophages/histiocytes in the dermis were also stained for 

CD1a. (E) In the lung, interstitial macrophages (arrow), but not alveolar macrophages, were weakly labeled 

by 2A1. (F) In an adjacent section, CLB-CD97/3 strongly labeled smooth muscle cells (arrow heads) 

underlining the secondary bronchus as well as in the lung tissues. Interstitial macrophages were weakly 

stained. (G) The CD68 mAb labeled interstitial macrophages as well as alveolar macrophages (arrow). (H) 

Staining of lung with the CD1a mAb showed little reactivity. (I) In addition to macrophages/histiocytes 

present in the connective tissues of a tonsil, 2A1 strongly labeled interfollicular macrophages/histiocytes 

(arrow), whereas no labeling was detected on the tingible body macrophages of the germinal centers. (J) 

CLB-CD97/3 labeled macrophages/histiocytes as well as lymphocytes in a tonsil section. (K) The CD68 

mAb stained interfollicular macrophages and tingible body macrophages (arrow) of the germinal centers. (L) 

The CD1a mAb labeled only a few histiocytes in the interfollicular area and in the connective tissues of a 

tonsil. (M) Staining of liver with 2A1 showed no reactivity. (N) A small subpopulation of Kupffer cells was 

labeled with CLB-CD97/3 (arrow). (O, P) Kupffer cells were strongly stained by the CD68 Ab whereas no 

labeling was seen with the CD1a Ab. Control staining using isotype matched mouse lgG1 showed no 

reactivity in those tissue sections described above (not shown). The black bar in P represents 50 urn. 
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Chapter 6, Figure 1. Expression of EMR2 and CD97 in synovial tissue from rheumatoid arthritis (A, B) 

and osteoarthritis patients (C, D). Sections were stained with 2A1 for EMR2 (A, C), with CLB-CD97/3 for 

CD97 (B, D), and with control Ig (E). Monostaining peroxidase technique counterstained with Mayer's 

hemalum. Original magnification (A-E) x 200. 
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Chapter 6, Figure 3. Localization of EMR2 and CD97 ligands in rheumatoid arthritis synovial tissue. 

Depicted 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 largest isoform of CD97, (C), the 

medium isoform of CD97, and (D), the smallest isoform of CD97. The small panels show control binding 

in the presence of CD55 mAb and EGTA. Cell nuclei were stained with DAPI. Original magnification x 

400. 

Chapter 6, Figure 4. Dermatan sulphate is the ligand of the largest isoform of EMR2 in synovial tissue. 

Depicted is the binding of green immunofluorescent beads loaded with recombinant soluble protein of 

the extracellular part of the largest isoform of EMR2 after pretreating the slides with, (A), medium, (B), 

chondroitinase B, (C), chondroitinase AC, (D), chondroitin sulphate A, E, dermatan sulphate, F, 

chondroitin sulphate C. Cell nuclei were stained with DAPI. Original magnification x 400. The largest 

isoform of EMR2 binds specifically to dermatan sulphate as illustrated by ablation of bead binding after 

pre-treatment with DS or chondroitinase B. 
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