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Chapter 5 

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. 

B 
3T3-EMR2(EGF1,2,3,4,5) 

CLB-CD97/3 
clg \ 

V 
h CLB-CD97/1 

:' > 2A1 \ 
•I -> 

I f lll*"| l lWi ] riTilg|'Tflffl 

= 3T3-CD97(EGF1,2,3,4,5) 

11 IIII| m i nff| i fl*^*tnn^ 

Log fluorescence intensity 
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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). 
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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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