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2.1 AbSTRACT

Signal Regulatory Protein-a (SIRPa) is a transmembrane glycoprotein 
expressed by myeloid cells including the CD8- subset of dendritic cells. 
In this study we show that SIRPa-∆87 mice, that lack the intracellular 
signaling domain of SIRPa, exhibit strongly reduced CD8- DC numbers 
with an immature phenotype. As a functional consequence, CD4+ T cell 
responses were absent during antigen-targeting experiments. SIRPa-∆87 
mice did not demonstrate an intrinsic defect in DC development, since 
Flt3L cultured bone marrow resulted in normal generation of SIRPa-
expressing DCs in vitro. Also the immediate DC precursor frequency in 
blood of SIRPa-∆87 mice was unaffected. In contrast, in vitro experiments 
showed that the signaling domain of SIRPa was essential for integrin 
mediated adhesion to VCAM, ICAM and MAdCAM and trans-endothelial 
migration. In addition, the remaining CD8- DCs in the spleen showed 
reduced expression of MMP-9 and MMP-12. Together this study suggests 
that SIRPa plays an important role in the migration, localisation and 
homeostasis of CD8- DCs in vivo. 
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2.2 InTRoDuCTIon

Dendritic cells (DCs) play an important role in the induction of 
adaptive immune responses by capturing antigens (Ags) followed by 
presentation of these Ags in major histocompatibility complex (MHC) 
class I and class II to CD8+ T cells and CD4+ T cells, respectively1;2. 
In the mouse, DCs form a heterogeneous group of cells and different 
phenotypically defined DC subsets can be classified in lymphoid and non-
lymphoid organs. Splenic DC subsets are typically defined based on the 
differential expression of CD4, CD8 and the specific expression of the 
lectins DCIR2 and DEC205 (CD205)3. Next to their phenotypic variability, 
these DC subsets can be found at different anatomical locations in the 
spleen. CD8+DEC205+ DCs are mainly located in splenic T cell areas, 
and are recently also identified in the marginal zone (MZ) surrounding 
the white pulp4, while CD8-DCIR2+ DCs are only found in the marginal 
zone and in the bridging channels connecting the white pulp and red 
pulp3. These different types of DCs migrate towards the T cell area upon 
activation.

DCs originate from CD34+ hematopoietic stem cells (HSC) in the 
bone marrow5;6. These HSC differentiate into common myeloid precursors 
(CMP) and common lymphoid precursors (CLP) lacking ‘lineage markers’7. 
Both CMP and CLP differentiate into pro-DCs, which give rise to all DC 
subsets found in mouse lymphoid organs8-10. In contrast to LNs, the 
spleen is not connected to the lymphatic system, and DCs precursors 
can only enter via the blood circulation.

Several transcription factors are identified to be involved in DC 
homeostasis, like the NF-kB subunit RelB and interferon regulatory 
factors IRF2, IRF4 and IRF811-15 Also the canonical Notch-RBP-J signaling 
pathway is important for the survival of mainly CD8- DCs, as shown in 
mice where genetic inactivation RBP-J resulted in reduced numbers of 
splenic CD8- DCs16.

Signal Regulatory Protein-a (SIRPa; SHPS-1, MyD-1) is a 
transmembrane glycoprotein expressed by myeloid cells including DC 
subsets like CD8- DCs, Langerhans cells and dermal DCs17. SIRPa signals 
via its long C terminal cytoplasmic domain containing 4 tyrosine residues 
that form 2 immunoreceptor tyrosine based inhibitory motifs (ITIMs). 
After binding with its extracellular Ig-like domain to its ‘self’ ligand CD47, 
SIRPa regulates many cellular functions18;19. SIRPa signaling inhibits 
phagocytosis18;20;21, limits cytokine production in macrophages22 and is 
involved in adhesion and migration of several cell types23-25. As indicated, 
SIRPa function is mainly studied in macrophages, but its function in the 
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splenic CD8- DCs is not known. 

Here we show that SIRPa-∆87 mice, which lack the intracellular 
signaling domain of SIRPa, contain substantially reduced numbers of 
splenic SIRPa-expressing CD8- DCs. Bone marrow cultures with Flt3L 
resulted in normal generation of SIRPa-expressing DCs in vitro. This 
result points to a defect in the survival or recruitment of CD8- DCs, 
rather than an intrinsic defect in DC development. Furthermore, in vitro 
studies indicated that functional SIRPa is essential for adhesion to VCAM, 
MAdCAM and ICAM-1 and for trans-endothelial migration. Together these 
studies suggest that SIRPa plays an important role in the migration and 
localisation of CD8- DCs in vivo and influences CD8- DC homeostasis 
under steady state conditions.
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2.3 MATERIAlS AnD METHoDS

Mice
 C57Bl/6-J (B6) mice, 8-16 weeks of age, were obtained from Charles 

River (L’Arbresle, France). SIRPa-∆87 mutant mice, OT-I and OT-II mice 
were bred at the animal facility of the VU University Medical Center 
(Amsterdam, The Netherlands). SIRPa-∆87 mutant mice were a kind gift 
of T. Matozaki and are backcrossed onto B6 background26. SIRPa-∆87 
mutant mice lack all of the four YXX(L/V/I) motifs of the intracellular 
signaling part of the SIRPa molecule (amino acids 382-481). OT-I and 
OT-II mice have transgenic Va2Vβ5 T cell receptors that recognize the 
OVA257-264 peptide in the context of H2-K

b and the OVA323-339 peptide in the 
context of I-Ab, respectively. All mice were kept under specific pathogen-
free conditions and used in accordance of local animal experimentation 
guidelines.

mAbs and SIRPa transfected human Plb cell lines
 The following mAbs were used for analysis of mouse DCs by FACS 

and immunohistochemistry: CD4 (clone GK1.5), CD8 (clone 53-6.7), 
CD11b (clone M1/70), CD11c (clone N418), CD24 (clone M1/69) and 
the integrins a4β7 (LPAM-1, clone DATKA32) and a4β1 (VLA-4, clone 
eBioHMb1-1) were obtained from eBiosciences (San Diego, CA). CD45RA 
(clone 14.8) and antiCD172a (anti-SIRPa) were from BD Biosciences 
and RelB (C-19) from Santa Cruz Biotechnology. SER4 (staining Siglec-1 
on marginal metallophilic macrophages) was purified form hybridoma 
cultures. 

The human myeloid cell line PLB-985 (a kind gift of Dr. M Dinauer, 
Indiana University Medical Center, Indianapolis, IN, USA) was retrovirally 
transfected with either a full length or a truncated form of a rat-human 
SIRPa fusion construct, as described before [E. van Beek, manuscript 
in preparation]. The truncated form of SIRPa is lacking the intracellular 
domain (PLB SIRPa-∆87). The ED9 mAb (anti-rat SIRPa; Serotec, Oxford, 
United Kingdom) was used to stain for SIRPa on PLB-985 cells. 

Generation of DC subsets from bone marrow
 Flt3L BM-DC were generated as described27. Bone marrow was 

extracted, and red blood cells were lysed. Cells were cultured at a 
concentration of 1.5–2×106 cells/ml in RPMI 1640 culture medium for 
9–10 days at 37°C in 10% CO2. Purified murine Flt3L was kindly provided 
by Dr. S.H. Naik (Dutch Cancer Institute, Amsterdam, The Netherlands) 
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and was used in the cultures at a concentration of 300 ng/ml. Four-color 
staining with mAbs to CD11b, CD11c, CD24 and CD45RA was used to 
analyse and separate the BM-DC subsets by flow cytometry.

Flow cytometry
For flow cytometric analysis, cells were stained with mAb of 

interest for 20 min on ice. All procedures were performed using ice-
cold PBS containing 1% BSA and 0.02% NaN3. Cells were fixed in 2% 
(wt/vol) paraformaldehyde (PFA) and flow cytometery was performed 
on a FACSCaliburTM with the use of CELLQuestTM software (Becton 
Dickinson, Franklin Lakes, NJ) with auto-fluorescent cells excluded. For 
intracellular staining, cells were permeabilized and stained intracellulary 
for Ag expression with reagents provided in the Cytofix/Cytoperm kit 
according to the manufacturer’s instructions (BD Pharmingen). Data 
were summarized by the mean and standard error of the mean (SEM).

Confocal microscopy
 Spleens of SIRPa-wt and SIRPa-∆87 mice were embedded in O.C.T.TM 

medium (Tissue-Tek, Sakura) and frozen at -80°C. Cryosections (7 µm) 
were fixed in dehydrated acetone for 2 min and air-dried. Sections were 
blocked in 5% (v/v) mouse serum in PBS for 10 min prior to staining 
for CD11c and Siglec-1 to localize DCs and marginal metallophilic 
macrophages. Cryosections were stained 30 min at RT and embedded 
in polyvinyl alcohol and stored at 4°C until microscopic examination. 
Confocal laser-scanning images were acquired with a Leica TCS-SP2-
AOBS system (Leica Microsystems Nederland BV, The Netherlands) with 
488-, 543- and 633-nm excitation and Leica confocal software. 

Immunizations and detection of T cell responses
T cells were isolated from spleens and LNs from OT-I or OT-II 

transgenic mice. OT-I and OT-II T cells were stained with 5 µM CFSE 
(Molecular Probes) at 37°C in PBS plus 0,1% BSA. After 10 minutes, cells 
were washed several times in IMDM with 10% FCS. A mixture of 5×106 
CFSE labelled OT-I T cells and 5×106 CFSE labelled OT-II T cells was 
injected intravenously, followed 24 hrs later by intravenous immunization 
with 0.5 µg of a complex of OVA coupled to aDCIR2 (targeting to CD8-

DCIR2+ DCs), aDEC205 (targeting CD8+DEC205+ DCs) or R7D4 (a 
negative control recognizing an idiotypic determinant on a mouse B cell 
lymphoma) together with 25 µg activating aCD40 mAb (1C10). Three 
days later, mice were sacrificed and spleen cells were isolated and 
stained for CD8 or CD4 and Va2 TCR. T cell proliferation was measured 
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by CFSE fluorescence dilution. The percentage of IFNγ producing T cells 
was measured by flow cytometry. Data were summarized by the mean 
and SEM.

DC isolation and cell sorting
Spleens of 5–15 B6 mice were cut into grain size pieces and incubated 

in 1 ml per spleen of 1 WU/ml Liberase I (Roche Diagnostics GmbH, 
Mannheim, Germany) and 50 µg/ml DNase I (Roche) in medium without 
FCS and β-mercaptoethanol with continuous stirring at 37°C for 30 min 
or until digested. EDTA was added to a 10 mM final concentration, and 
the cell suspension was incubated for an additional 5 min at 4°C. Red 
blood cells were lysed with ACK lysis buffer. Cells were washed once with 
IMDM/HE and undigested material was removed by filtration. DCs were 
purified by positive selection with anti-CD11c MACS microbeads (Miltenyi 
Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s 
protocol. Cells were stained for CD11c and CD8 and then subsequently 
cell sorting was performed with Moflow (Dako Cytomation) in HBSS with 
25 mM Hepes by gating on high expression of CD11c and the absence 
or presence of CD8. Auto-fluorescent cells were excluded. Purity and 
viability of the sorted samples was determined by re-analysis on the 
cell-sorter. Sorting for CD8- and CD8+ DC populations resulted in 90-95% 
pure populations.

Plate adhesion assay
96-well flat-bottom plates (MaxiSorp; Nunc, Roskilde, Denmark) 

were coated with 50 ng/ml human fibronectin or were pre-coated with 
50 µl goat-a-human Fc-specific F(ab')2 (4 µg/ml; Jackson Immuno 
Research Laboratories, Inc, West Grove, PA) overnight at 4°C. Plates 
were blocked with 1% bovine serum albumin (BSA) in Tris-sodium buffer 
(20 mmol/l Tris-HCl, pH 8.0, 150 mmol/l NaCl, 1 mmol/L CaCl2, 2 mmol/l 
MgCl2) for 30 min at 37°C. F(ab’)2 pre-coated plates were coated for 1 h 
at 37°C with mouse or human ICAM-1-Fc, VCAM-1-Fc or MAdCAM-Fc28. 
These Fc-constructs consisted of the extracellular part of VCAM, ICAM 
or MAdCAM proteins fused to a human IgG1 Fc fragment. PLB SIRPa-
wt or PLB SIRPa-∆87 cells (20,000/well) were labelled in phosphate-
buffered saline (PBS) with Calcein-AM (25 µg/107 cells/ml; Molecular 
Probes) for 30 min at 37°C. Labelled cells were washed and preincubated 
for 15 min at room temperature (RT) with different stimuli (100 nmol/l 
PMA, Calbiochem, La Jolla, CA or 10 µg/ml activating anti-β1 chain mAb 
TS2/16, kind gift of Y. van Kooyk). Cells were allowed to adhere for 
30 min at 37°C in the presence or absence of 10 mM EDTA and washed 
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to remove non adherent cells for 4 times. Adherent cells were lysed with 
100 µl lysis buffer (50 mmol/l Tris, 0.1% SDS), and the fluorescence 
was quantified using the FluorStar spectrofluorimeter (BMG Labtec, 
Offenburg, Germany). Results are expressed as the mean percentage of 
cells binding from triplicate wells with SEM.

In vitro trans-endothelial migration
 Migration of SIRPa-wt or SIRPa-∆87 human PLB cells across confluent 

monolayers of immortalized human brain endothelial cell line hCMEC/
D3 cells was studied with time-lapse video microscopy as described 
previously29. In short, 6×104 PLB cells were added per well of a 96 wells 
plate containing a confluent layer of TNFa activated human hCMEC/
D3. PLB cells were used unstimulated or activated with 100 nmol/l PMA 
and were allowed to migrate for 4 h. Trans-endothelial migration was 
analysed with a time-lapse video microscopy, by measuring each well for 
10 min. Data were summarized by the mean and SEM.

Quantitative real time PCR
Total RNA was prepared with TRIzol reagent (Invitrogen) from 

sorted CD8+ and CD8- DCs. The cDNA was synthesized from total 
RNA with random hexamers and M-MuLV reverse transcriptase 
(Fermentas). Quantitative PCR was determined with PowerSYBRGreen 
(AB Applied Biosystems, Warrington, UK) incorporation for RBP-J, 
HES-1, Deltex-1, LTβR, LTa, LTβ, MMP-9 and MMP-12 on an ABI Prism 
7900HT Sequence Detection System (Applied Biosystems). Results were 
normalized to those obtained with HPRT and results are presented as 
relative quantities of mRNA. Used primer sequences: RBP-J (forward 
5’-GTTCCTCAGCAAGCGGATAAAG-3’, reverse 5’-TTCCTGAAGCAATGC 
ACAAGTC-3’), HES-1 (forward 5’-GCCTATCATGGAGAAGAGGC-3’, reverse 
5’-GCGGTATTTCCCCAACACG-3’), Deltex-1 (forward 5’-AAAACCCGCCTGA 
TGAGGA-3’, reverse 5’-ACACTCTTGTTTCGGAGCACG-3’), LTβR (forward 
5’-CCTATAATGAACAC TGGAACCATCTCT, reverse 5’-TCCGATCGCTGG 
TGCAA-3’), LTa (forward 5’-FAGTCTGTGTATCCGG GACTTCAAG-3’, reverse 
5’-GTGGACAGCTGGTCTCC CTTACT-3’), LTβ (forward 5’-CTGTTGTTGGCA 
GTG CCT ATC A-3’, reverse 5’-ACGGTTTGCTGTCATCCAGTCT-3’), MMP-9 
(forward 5’-AGAGCGTCA TTCGCGTGGATA-3’, reverse 5’-CTCACACGC 
CAGAAGAATTTGC-3’) and MMP-12 (5’-CCCATCCTTGACAAAACCTAGC-3’, 
reverse 5,- GCTTCCAC CAGAAGAACCAGTC-3’).
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2.4 RESulTS

Reduced numbers of splenic CD8- DCs in SIRPa-∆87 
mice

SIRPa is expressed on macrophages, granulocytes, and some DC 
subsets. Of the classical, splenic CD11chigh cells, only CD8- DCs and not 
CD8+ DCs express SIRPa (Figure 1A). SIRPa mutant (SIRPa-∆87) mice 
lack the intracellular signaling domain of SIRPa, but express SIRPa 
normally, although slightly lower, on the cell surface. Flowcytometric 
analysis of spleens from SIRPa-∆87 mice showed a significant diminished 
number of CD8- DCs as compared to their wild type controls (1.9 ± 0.2% 
vs 0.6 ± 0.1% of total spleen cells), while the CD8+ DC subset was not 
affected (Figure 1B, C). CD8- DCs can be further subdivided into CD8-

CD4+ and double negative CD8-CD4- populations, which both express 
SIRPa (Figure 1D). Both CD8-CD4+ and CD8-CD4- DCs were reduced in 
SIRPa-∆87 mice (Figure 1D). These observations are in accordance with 
previous reports describing reduced numbers of CD11c+ DCs in SIRPa-
∆87 mice30 and a specific reduction of the CD8- DC subset in animals 
lacking CD47, the ligand of SIRPa31;32. 

CD8- DCs are normally located in the marginal zone and bridging 
channels surrounding the white pulp of the spleen3. Immunohistological 
staining of SIRPa-∆87 spleens showed a strong decrease of CD8- DCs in 
these areas of the spleen, whereas DCs within the white pulp remained 
unchanged (Figure 1E). When the maturation state of the remaining CD8- 
DCs in SIRPa-∆87 spleens was analyzed, we observed a more immature 
phenotype of these DCs, as characterized by the reduced expression of 
MHC class II, CD40, CD80 and CD86 (Figure 1F and data not shown). 

Impaired CD4+ T cell responses in SIRPa mutant mice 
after in vivo Ag targeting

DCs are the main antigen presenting cells involved in T cell activation. 
Splenic CD8+ and CD8- DC subsets have been shown to differ in their 
capacities to promote CD8+ and CD4+ T cell responses3. The marked 
reduction of CD8- DCs in SIRPa mutant mice prompted us to study T 
cell activation in SIRPa-wt and SIRPa-∆87 animals. Therefore a mixture 
of CFSE labeled OVA specific CD8+ T cells (OT-I) and CD4+ T cells (OT-
II) adoptively transferred intravenously into SIRPa-wt and SIRPa-∆87 
mice, followed by immunization with OVA that was chemically coupled 
to aDEC205 or aDCIR2 mAbs in order to specifically target CD8+ or CD8- 
DCs in vivo. Subsequent T cell activation was measured by FACS after 
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CD8 and SIRPa and 
analyzed by flow cy-
tometry. Plots show 
CD11chigh gated cells, 
and the numbers in-
dicate percentage of 
cells per quadrant. 
(b) FACS plots show 
reduced numbers of 
CD8-DCs in SIRPa-
∆87 spleens compared 
to SIRPa-wt spleens. 
Numbers indicate per-
centage of cells per 
total spleen, with au-
to-fluorescent cells ex-
cluded. (C) Bar graph 
indicates average fre-
quency CD8+ or CD8- 
DCs in spleens from 
SIRPa-wt or SIRPa-
∆87 mice. (D) FACS 
plots show CD11chigh 
gated cells stained for 
CD4 and SIRPa, with 
auto-fluorescent cells 
excluded. Both CD8-

CD4- and CD8-CD4+DC 
subsets are reduced 
in SIRPa-∆87 spleens. 
(E) Fluorescent mi-

croscopy showing the absence of marginal zone DCs in spleens from SIRPa-∆87 mice. Fro-
zen sections of spleens were stained with for CD11c (blue) and Siglec-1 (green) to indicate 
the marginal zone. Sections were analyzed by confocal microscopy. Representative pictures 
are shown. Original magnifications ×20. (F) Ex vivo isolated CD11chighCD8- SIRPa-wt (black 
bars) and SIRPa-∆87 (white bars) DCs were analyzed for their expression of MHC class II 
and co-stimulatory molecules CD40, CD80 and CD86 by FACS. Graphs indicate the percent-
age of cells positive for the indicated markers. Error bars indicate SEM, n = 18 (A) or 4 (F) 
mice per group. ***P < 0.01. P values were calculated by one-way ANOVA with Bonferroni 
correction (GraphPad Prism 4 software). 
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3 days by analysis of CFSE division and INFγ production by transferred 
T cells. 

In vivo OT-I CD8+ T cell responses after OVA targeting to CD8+ DCs were 
comparable between SIRPa-wt and SIRPa-∆87 mice, as demonstrated by 
the percentage of divided cells (Figure 2A, B). Also no differences were 
observed in percentage of INFγ producing OT-I CD8+ T cells in spleen 
after aDEC205-OVA targeting (data not shown). Immunization with 
control mAb-OVA did not induce CD8+ T cell activation (Figure 2A, B). 
However, after aDCIR2-OVA targeting, OT-II CD4+ T cell responses were 
almost completely abrogated in SIRPa-∆87 mice and no T cell priming 
above background was observed (Figure 2C, D). This result shows that 
the decreased number of CD8- DCs in SIRPa-∆87 correlated with a strong 
decrease of OT-II CD4+ T cell priming as compared to SIRPa-wt animals. 
Importantly, similar proportions of CFSE labelled T cells were found back 
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in the spleens after transfer, indicating that SIRPa deficiency does not 
affect T cell homing resulting in the observed decreased T cell priming.

SIRPa deficiency does not influence DC generation in 
vivo and in vitro

The absence of CD8- DCs in SIRPa-∆87 spleens could be due to a 
selective developmental defect of these CD8- DCs, or due to a defect in 
CD8- DC migration or survival. To examine whether SIRPa regulates DC 
generation and differentiation from bone marrow (BM) hematopoietic 
stem cells, we cultured bone marrow derived DCs (BM-DCs) from SIRPa-
wt and SIRPa-∆87 mice in vitro. DC subsets can be generated in vitro by 
culturing bone marrow cells in the presence of Fms-like tyrosine kinase 
3 ligand (Flt3L). In Flt3L BM-DC cultures of wt mice, CD24+CD11blow 
and CD11b+CD24- DC subsets could be identified, representing splenic 
CD8+ and CD8- DCs, respectively27. The numbers of DCs recovered 
from Flt3L bone marrow cultures were comparable between SIRPa-∆87 
and their SIRPa-wt controls, and no defect was observed during BM-
DC differentiation in vitro, as shown in figure 3A. This indicates that 
SIRPa deficiency does not affect the generation of CD8- DCs, which is in 
line as described for CD47-/- mice32. During normal DC generation, DC 
precursors leave the BM via the blood to populate peripheral tissues, 
spleen and lymph nodes. To analyze the frequency of circulating DC 
precursors we stained blood, isolated from SIRPa-wt and SIRPa-∆87 
mice, for CD11c+ MHC class II- CD24- CD11b- DC precursors. Consistent 
with the normal DC development from BM precursors, we did not observe 
significant differences in the frequencies of immediate DC precursors 
between SIRPa-wt and SIRPa-∆87 (Figure 3B). Thus, our results indicate 
that SIRPa does not affect intrinsic DC development, and that another 
mechanism is involved in CD8- DC homeostasis is regulated by SIRPa.

SIRPa signaling is essential for integrin mediated ad-
hesion 

The strong reduction of splenic CD8- DCs, but the unaffected 
generation of this DC subset from bone marrow precursors pointed 
towards an in vivo defect in migration or survival of CD8- DCs. SIRPa 
has been described to regulate PMN migration33 and is also important 
for Langerhans cells migration towards skin-draining LN25;32. To test the 
concept of SIRPa influencing cell migration, the human acute myeloid 
leukemia cell line PLB-985 was transfected with a recombinant SIRPa 
consisting of human intracellular domain and rat extra-cellular domain 
(PLB SIRPa-wt) or with a SIRPa consisting of a rat extra-cellular domain 
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lacking the intracellular signaling domain (PLB SIRPa-∆87).

As depicted in figure 4A, both complete SIRPa as well as SIRPa-∆87 
was highly expressed. The capacity of PLB cells to bind to the ECM was 
assessed by an in vitro adhesion assay, in which plates were coated with 
fibronectin, ICAM or VCAM. Without activation, both PLB SIRPa-wt and 
PLB SIRPa-∆87 cells did not very efficiently bind to fibronectin coated 
plates (Figure 4B). However, activation of the β1-integrin chain with an 
activating mAb significantly increased binding to fibronectin for both cell 
lines (Figure 4B). This indicates that SIRPa-wt and SIRPa-∆87 cells do 
not differ in the expression of functional β1-integrins on their cell surface, 
suggesting that SIRPa does not regulate the expression of integrins 
(Figure 4A,B). Interestingly, activation with phorbol 12-myristate 13-
acetate (PMA) directly enhanced binding of PLB SIRPa-wt cells, but not 
of SIRPa-∆87 cells to fibronectin, indicating that SIRPa might modulate 
cell adhesion through protein kinase C (PKC) signaling. The specificity of 
cell binding was confirmed by the presence of EDTA, which completely 
blocked binding to the plates.

Binding to ICAM-1 is not dependent on β1 integrins and therefore 
anti-β1-mAb did not enhance binding PLB cells to ICAM-1 (Figure 4C). 
PMA only activated PLB SIRPa-wt and not PLB SIRPa-∆87 cells to bind 
to ICAM-1. Figure 4D shows that β1 integrin activation also enhanced 
cellular binding of PLB cells to VCAM via the a4β1 integrin, although 
PLB SIRPa-wt cells were significantly more efficient in VCAM binding as 
compared to PLB SIRPa-∆87 cells. Similarly, PMA treatment increased 
binding to VCAM of PLB SIRPa-wt but not of PLB SIRPa-∆87 (Figure 4D). 
Moreover, the data indicate that although both SIRPa-wt and SIRPa-
∆87 PLB cell lines express the required integrins for binding to ECM 
components, SIRPa signaling is required for integrin function.
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|Figure 3| normal DC development in SIRPa-
∆87 mice.
(A) Bone marrow cells were isolated from SIRPa-
wt and SIRPa-∆87 mice and cultured for 10 days 
in the presence of 300 ng/ml Flt3L. The compo-
sition of these BM-DC cultures was analyzed by 
staining cells for the expression of CD11c, CD24 
and CD11b. Numbers indicate percentage of cells 
per gate in the culture. (b) Blood was collected 
from SIRPa-wt and SIRPa-∆87 mice and stained 
for immediate DC precursors. For this, B220+ cells 
were excluded and cells were gated on CD11c+, 
MHC classIIlow CD24- and CD11b- phenotype. Bars 
indicate average DC precursor frequencies and er-
ror bars indicate SEM, with 3 mice per group.
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|Figure 4| SIRPa regulates integ-
rin mediated adhesion and is in-
volved in trans-endothelium mi-
gration.
(A) Human PLB cells, transfected 
with full-length SIRPa (PLB SIRPa-
wt) or truncated SIRPa (PLB SIRPa-
∆87), were analyzed for their SIRPa 
expression (upper panel) or β1 in-
tegrin expression (lower panel) by 
FACS. Black line; PLB SIRPa-wt, dot-
ted line; PLB SIRPa-∆87, filled his-
tograms; PLB empty vector control.

Fluorescently labeled PLB cells were added to wells coated with human fibronectin (b), hu-
man ICAM (C) and human VCAM (D). Adhesion was determined in the presence of either 
EDTA (5 mM), activating antibodies to β1 integrins (TS2/16, 10 μg/ml), PMA (100 nmol/l) or 
a mixture of PMA (100 nmol/l) and EDTA (5 mM). After 1 hr at 37°C, non-adhered cells were 
washed away and adhered cells were lysed. Plates were analyzed by using the FluorStar 
spectrofluorimeter. One representative experiment out of 6 is shown. Experiments were 
performed more than 5 times with comparable results (E) Transmigration of PLB SIRPa-wt 
and PLB SIRPa-∆87 across TNF-a-treated brain ECs was monitored using time-lapse video 
microscopy. Migration was performed with non-stimulated or PMA-stimulated PLB cells. The 
number of migrating PLB SIRPa-wt cells was set as 100%. Data are the mean ± SEM of trip-
licate wells. **P < 0.05, ***P < 0.01 versus. P values were calculated by one-way ANOVA 
with Bonferroni correction (B-D) or two-tailed t test (E) (GraphPad Prism 4 software).



53

2

SIRPa is involved in trans-endothelial migration of 
Plb cells in vitro

To test whether the decreased binding to ECM and VCAM-1 and 
ICAM-1 had functional consequences for trans-endothelial cell migration, 
we analyzed in vitro migration through a monolayer of TNFa activated 
human endothelium cells with time-lapse microscopy. PLB cells were 
activated with or without PMA prior to the migration assay. Whereas 
8.0 ± 0.4% of the total applied PLB SIRPa-wt cells migrated across the 
endothelial monolayer, only 6.0 ± 0.3% of the SIRPa-∆87 cells trafficked 
through the endothelial monolayer (Figure 4E). The reduced migration 
of PLB SIRPa-∆87 cells corresponds with our results on ECM binding and 
previous observations that CD47 is required for transmigration32;34;35. 
While PMA stimulation resulted in higher trans-migration of SIRPa-wt 
PLB cells, it did not stimulate SIRPa-∆87 cells. Our data document the 
requirement of SIRPa in integrin mediated cell adhesion and trans-
endothelial migration. 

In vitro generated CD8- DCs show reduced binding to 
ICAM-1, VCAM-1 and MAdCAM.

The reduced ECM binding and decreased migration capacity of PLB 
SIRPa-∆87 cells prompted us to study the expression of integrins on DCs 
isolated from SIRPa-wt and SIRPa-∆87 mice by FACS. a4β7 integrins 
are necessary for binding to MAdCAM, whereas a4β1 is essential for 
VCAM-1 binding. CD11a/CD18 is important for ICAM-1 binding. While 
we observed strong a4β1 expression on CD8- DCs of both wild-type and 
SIRPa-∆87 animals (data not shown), we observed a significant reduction 
of a4β7 expression on CD8- DCs SIRPa-∆87 animals as compared to 
their wt controls. In contrast, CD11a was higher expressed on CD8- DCs 
of SIRPa-∆87 animals (Figure 5A). This observation directed towards a 
possible migratory defect of CD8- DCs in vivo, potentially resulting in the 
loss of this DC subset in the spleen.

For DC migration, interactions with ECM and adhesion molecules on 
endothelial and stromal cells are required. Matrix metalloproteinases 
(MMPs) are important in cell migration through the degradation of ECM 
and basement membranes36;37. Of the tested MMPs, MMP9, MMP11 and 
MMP12 were expressed by FACS sorted CD8- DCs. SIRPa is known to 
regulate MMP-9 secretion by mouse embryonic fibroblasts38. mRNA levels 
of both MMP9 and MMP12 were significantly down regulated in SIRPa-
∆87 CD8- DCs as compared to their wild type controls (Figure 5B).

We FACS sorted Flt3L generated BM-DCs and assayed their binding 
in a plate binding assay (Figure 5C-E). The CD24+CD11blow ‘CD8+ DC 
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equivalents’ from both SIRPa-wt and SIRPa-∆87 BM cultures bound to 
mouse MAdCAM-Fc, VCAM-1-Fc and ICAM-1-Fc with similar efficiencies 
(Figure 5C-E, left pannels). However, CD11bhi, ‘CD8- DC equivalents’ of 
SIRPa-∆87 BM cultures showed reduced binding to MAdCAM-Fc, VCAM-1-
Fc and ICAM-1-Fc (Figure 5C-E, right panels). PMA stimulation enhanced 
adhesion but not of SIRPa-∆87 CD11bhi DCs. These data are in line with 
the PLB-cell line adhesion studies and suggest that SIRPa affects integrin 
mediated binding of CD8- DCs.

CD8- DC homeostasis and survival
VCAM, ICAM and MAdCAM have been shown to be important for DC 

migration towards the MZ39. Binding to these integrins was significantly 
reduced in SIRPa-∆87 mice. We hypothesized that the absence of CD8- 
DCs in the marginal zone resulted in a decreased survival, since the 
specific microenvironment as found in the marginal zone has been shown 
to be required for CD8- DC homeostasis16;40-42. To test our hypothesis that 
defects in DC migration towards the MZ could influence SIRPa-∆87 DC 
survival, we characterised splenic DCs FACS sorted from SIRPa-wt or 
SIRPa-∆87 spleens by quantitative rtPCR analysis for their expression of 
factors necessary for the generation and survival of CD8- DCs. 

The Notch signaling pathway has previously been shown to be 
required for homeostasis of CD8- DCs in the MZ16. This study showed that 
specifically CD8- DCs were lacking in mice with inactivated RBP-J genes. 
RBP-J is the common transcription factor involved in canonical Notch 
signaling. We, however, did not observe significant differences in the gene 

|Figure 5| Reduced binding of SIRPa-∆87 CD11b+ DCs to ICAM, VCAM and MAd-
CAM. 
(A) Integrin expression of splenic DCs isolated from SIRPa-wt or SIRPa-∆87 mice was stu-
died by FACS. Spleen cells were stained for CD11c, CD8 and the integrins a4β7 and CD11a. 
DCs were gated on CD11chigh cells, with autofluorescent cells excluded. Bars indicate the 
average percentage of cells per DC subset that were positive for the indicated integrin. (b) 
CD8- DCs were FACS sorted from SIRPa-wt and SIRPa-∆87 spleens. mRNA was extracted 
and subjected to quantitative rtPCR analysis to analyze expression of matrix metallopro-
teinases (MMPs) 9 and 12. Data are normalized to HPRT and indicate relative expression. 
Binding of Flt3L generated DC subsets to ICAM, VCAM and MAdCAM was analyzed using a 
plate binding assay. For this mouse ICAM-Fc (C), mouse VCAM-Fc (D) and mouse MAdCAM-
Fc (E) was coated in wells. DC subsets were FACS sorted from Flt3L BM-DC cultures (day 
10) based on the expression of CD11c, CD24 and CD11b. Sorted cells were labeled with 
calcein-AM and allowed to adhere for 1 hr at 37°C. Adhesion was determined in the presence 
of medium, PMA (100 nmol/l) or a mixture of PMA (100 nmol/l) and EDTA (5 mM). CD24+ 
‘CD8+’ equivalents are shown at the left, CD11b+ ‘CD8-’ equivalents are shown at the right. 
Black bars indicate SIRPa-wt DCs, white bars indicate SIRPa-∆87 DCs. Error bars indicate 
SEM of triplicate wells. *P < 0.05, ***P < 0.01. P values were calculated by one-way ANOVA 
with Bonferroni correction (GraphPad Prism 4 software).
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expression profiles of down-stream target genes of the Notch signaling 
pathway between FACS sorted SIRPa-wt en SIRPa-∆87 (Figure 6A). 
These data suggest that SIRPa-signaling and Notch signaling are not 
interconnected. 

The lymphotoxin (LT)-β receptor (LTβR) is expressed on DCs and 
when this receptor is absent it causes a strong reduction in CD8- DC 
numbers41. Quantitative PCR confirmed the expression on both SIRPa-wt 
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|Figure 6| Expression of DC homeostasis and survival factors in SIRPa-∆87 mice. 
The expression of RBP-J and NOTCH target genes (HES-1, Deltex-1) (A) or LTβR, LTa and LTβ 
(b) was analyzed by quantitative rtPCR. For this, CD8- DCs were FACS sorted from SIRPa-wt 
and SIRPa-∆87 spleens, mRNA was extracted and subjected to rtPCR analysis. All data are 
normalized to HPRT and indicate relative expression. *P < 0.05, ***P < 0.01. P values were 
calculated by one-way ANOVA with Bonferroni correction (GraphPad Prism 4 software). (C) 
The intracellular expression of RelB by ex vivo isolated splenic DC subsets was analyzed by 
FACS. Cells were stained for CD11c and CD8, fixed and permeabilized and stained for RelB. 
FACS plots show CD11chigh gated cells stained for CD8 and RELb, with auto-fluorescent cells 
excluded. Numbers indicate percentage of cells per gate. Graph indicates the percentage of 
CD8- DCs positive for RelB. Error bars indicate SEM of triplicate wells. ***P < 0.01. P values 
were calculated by two-tailed T test (GraphPad Prism 4 software).
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and SIRPa-∆87 CD8- DCs (Figure 6B). Stromal cells and B cells express 
the membrane cytokine LTa and LTβ43, but also CD8- DCs express LTa 
and LTβ. We did not observe any differences in both LTa and LTβ between 
SIRPa-wt and SIRPa-∆87 mice (Figure 6D). In conclusion, we did not find 
a role of LTa/LTβ signaling in the homeostasis of SIRPa-∆87 CD8- DCs. 

Several different transcription factors have been described to be 
important for CD8- DC development11. A critical regulator of CD8- DC 
differentiation is the NF-kB subunit RelB, since RelB-/- mice lack CD8- DCs12. 
FACS analysis of ex vivo isolated DCs mice showed strongly decreased 
intracellular RelB expression in SIRPa-∆87 CD8- DCs as compared to 
their wild type controls (Figure 6C). Interestingly, the decreased RelB 
expression was, however, not due to differences in RelB mRNA synthesis 
between SIRPa-wt and SIRPa-∆87 DCs (data not shown), suggesting 
that SIRPa is regulating RelB translation or degradation. 
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2.5 DISCuSSIon

SIRPa is selectively expressed by CD8- DCs and not by the CD8+ DC 
subset in the mouse spleen. In the present study, we show that SIRPa-
∆87 mice lack about 65-70% of their CD8- DCs, while CD8+ DCs are not 
affected. We demonstrated that the decrease in CD8- DCs is not due to 
a defect in DC generation from BM-HSC, but is most likely the result 
of defective migration of SIRPa-∆87 cells. Previous studies focused on 
the role of the SIRPa-ligand CD47 in DC migration to peripheral lymph 
nodes31;32, but also SIRPa itself has been shown to regulate Langerhans 
cells trafficking25. Our report is the first one to demonstrate a function 
of SIRPa on conventional splenic DCs and points to a physiological 
significant function for SIRPa in CD8- DC homeostasis. 

We demonstrate that SIRPa on CD8- DCs regulates integrin 
mediated cell adhesion and migration. How SIRPa regulates integrin 
mediated signaling is not clear. Integrin binding to ECM induces tyrosine 
phosphorylation of SIRPa and the subsequent activation of SHP-244;45. 
This process requires kinases from both the FAK and Src family and 
contributes to MAP kinase activation. Overexpression of SIRPa enhanced 
the activation of MAP kinases46 and also a dominant negative SHP-2 
mutant inhibited RAS and MAP kinase activity. Functionally, SHP-2 
deletion results in reduced cell adhesion, migration and cell skeletal 
reorganization26;45;47;48. The MAP kinase pathway is well studied in DCs 
and plays a crucial role in cell migration49. The fact that PKC, stimulated 
by PMA, did not induce cell adhesion and cell migration in SIRPa-∆87 
expressing cells suggests that SIRPa and integrin signaling are interacting 
downstream of PKC. All together, our data does not answer the question 
whether integrin signaling requires SIRPa (outside-in signaling), or 
whether SIRPa is regulating integrin activation (inside-out signaling).

For cells to exit the blood, cell adhesion and cell migration through 
endothelial layers is required. Trans-endothelial migration of neutrophils 
is mediated by CD4723, while SIRPa is involved in migration of monocytes 
across cerebral endothelium24. The decreased integrin mediated adhesion 
of SIRPa-∆87 DCs together with decreased integrin expression suggest 
that a defect in migration may be responsible for the decrease in CD8- DC 
numbers. Next to integrin-related defects also matrix metalloproteases 
(MMP) may be involved. MMPs play an important role in the degradation 
and remodeling of endothelial basement membranes and are therefore 
necessary for DC migration36;50, and especially MMP-9 is required for DC 
transmigration through brain capillary endothelium cell monolayers51. The 
reduced expression of MMP-9 and MMP-12 in SIRPa-∆87 DCs together 
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with the reduced integrin mediated adhesion and migration of these 
cells, suggest an impairment of migration of CD8- DCs to the MZ of the 
spleen of SIRPa-∆87 mice. We hypothesize that the decreased migratory 
capacity subsequently affects the homeostasis and survival of SIRPa-
∆87 DCs in the MZ. 

Previously, the Notch pathway has been shown to be important for 
CD8- DC survival. To determine whether defects in migration of CD8- 
DCs in the SIRPa-∆87 mice would result in lack of Notch signaling and 
subsequent decrease in survival, we isolated the few CD8- DCs that were 
still present in the spleen. Analysis of down-stream molecules of the Notch 
signaling pathway did however not show involvement of Notch signaling 
in the observed CD8- DC reduction. In addition to Notch signaling, LTβ 
signaling is essential for CD8- DC proliferation41;42. LTβR activates both 
the canonical as well as the non-canonical NF-kB pathway via activation 
of both RelA as well as RelB. RelB-deficient mice show a defect in CD8- 
DC but not of CD8+ DCs, pointing to a crucial role of LTβ signaling in 
CD8- DC homeostasis12. Whereas we didn’t observe a decrease in mRNA 
levels of LTβR or RelB in CD8- DCs in SIRPa-∆87 mice, we did detect a 
reduced expression of intracellular RelB protein levels in SIRPa-∆87 CD8- 
DCs. These results suggest that defective LTβR signaling may play role 
in the decrease of CD8- DCs in SIRPa-∆87 mice, though further research 
is necessary.

In conclusion, we show that SIRPa signaling is essential for integrin 
mediated adhesion and migration of CD8- DCs, which subsequently affects 
CD8- DC homeostasis in vivo. The decrease in number and maturation of 
CD8- DCs results in defects in CD4+ T cell activation. Our results show that 
different types of splenic DC subsets are differentially regulated and have 
different functions in the generation of adaptive immune responses.
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