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We reported recently that the presenilin homologue signal peptide peptidase-like 2a (SPPL2a) is essential for B cell development
by cleaving the N-terminal fragment (NTF) of the invariant chain (li, CD74). Based on this, we suggested that pharmacological
modulation of SPPL2a may represent a novel approach to deplete B cells in autoimmune disorders. With regard to reported
overlapping substrate spectra of SPPL2a and its close homologue, SPPL2b, we investigated the role of SPPL2b in CD74 NTF pro-
teolysis and its impact on B and dendritic cell homeostasis. In heterologous expression experiments, SPPL2b was found to cleave
CD74 NTF with an efficiency simliar to that of SPPL2a. For in vivo analysis, SPPL2b single-deficient and SPPL2a/SPPL2b dou-
ble-deficient mice were generated and examined for CD74 NTF turnover/accumulation, B cell maturation and functionality, and
dendritic cell homeostasis. We demonstrate that in vivo SPPL2b does not exhibit a physiologically relevant contribution to
CD74 proteolysis in B and dendritic cells. Furthermore, we reveal that both proteases exhibit divergent subcellular localizations
in B cells and different expression profiles in murine tissues. These findings suggest distinct functions of SPPL2a and SPPL2b
and, based on a high abundance of SPPL2b in brain, a physiological role of this protease in the central nervous system.

Transmembrane proteins can be substrates of a sequential pro-
teolytic sequence referred to as regulated intramembrane pro-
teolysis (RIP) (1). Usually, this involves the proteolytic release of
the protein’s ectodomain and the subsequent processing of the
remaining membrane bound fragment by an intramembrane-
cleaving protease (I-CLIP) (1). RIP can be actively involved in
signal transduction by liberating intracellular domains that may
trigger downstream signaling pathways and/or exert transcrip-
tional control after nuclear translocation (2).

The signal peptide peptidase (SPP)/signal peptide peptidase-
like (SPPL) intramembrane proteases, together with the preseni-
lins, belong to the group of GxGD type aspartyl I-CLIPs (3). In
mammals, the SPP/SPPL family includes five members: the ER
protein SPP and the SPP-like proteins SPPL2a, SPPL2b, SPPL2c,
and SPPL3, which were reported to exhibit diverse subcellular local-
izations within the biosynthetic pathway (SPPL2c and SPPL3), at the
plasma membrane (SPPL2b), or in lysosomes/late endosomes
(SPPL2a) (3). However, the subcellular localizations of the SPPL pro-
teases demonstrated to date are based on overexpression studies, with
the exception of SPPL2a, for which residence in lysosomes/late endo-
somes could also be shown at the endogenous level (17).

We and others recently identified the invariant chain (CD74)
of major histocompatibility complex class IT (MHC-II) as the first
in vivo validated substrate of SPPL2a (4—6). In antigen-presenting
cells, CD74 binds newly synthesized MHC-II dimers in the ER. It
prevents premature acquisition of peptides by MHC-II in the bio-
synthetic pathways and mediates targeting of the complex to mod-
ified endosomal compartments. There, the luminal domain of
CD74 is degraded by endosomal proteases, thereby releasing
MHC-II, allowing the binding of antigenic peptides (7). Although
RIP had been suggested earlier as a potential clearance mechanism
for the remaining membrane-bound CD74 N-terminal fragment
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(NTF) (8), the responsible protease was unknown until recently
(4). We could show that this CD74 NTF can be processed by
coexpressed SPPL2a (4) in the standard overexpression-based ex-
perimental setup that had been used for the identification of pre-
viously reported substrates (9—13). More importantly, we demon-
strated that significant amounts of this CD74 NTF accumulate in
B cells of SPPL2a-deficient mice, indicating that under physiolog-
ical conditions SPPL2a is required for the turnover of this frag-
ment. Phenotypically, SPPL2a~'~ mice exhibit a deficiency of B
cells that is caused by a block of splenic B cell maturation at the
transitional stage 1 (T1). Furthermore, the functionality of the
residual B cells was found to be significantly impaired (4). Since
these changes were significantly alleviated by additional ablation
of CD74 in SPPL2a~'~ CD74~'~ mice, we could identify the ac-
cumulating CD74 NTF as the causative element behind this phe-
notype. Mechanistically, a disturbance of endosomal membrane
traffic, as well as of central signaling pathways, caused by the CD74
NTF seemed to contribute to the B cell developmental arrest (4).
Apparently, a major function of SPPL2a is to control the levels of
this fragment. However, this proteolytic event also generates an
inherently unstable cleavage product by liberating the CD74 in-
tracellular domain into the cytosol. A putative role of this frag-
ment in signal transduction has been suggested earlier (14). How-
ever, the molecular details remain poorly defined.



SPPL2a and SPPL2b are ca. 50% identical and 70% homolo-
gous to each other (15). Within the SPP/SPPL family, both pro-
teases were suggested to form a distinct subgroup since they share
a number of substrates that were not cleaved by SPPL3 and SPP
(3). These include NTFs of tumor necrosis factor alpha (TNF-a)
(9, 10), the Bri2 protein (12), and the transferrin receptor (13).
Therefore, we considered that the SPPL2a substrate CD74 may
also be cleaved by SPPL2b. Overexpressed SPPL2b has been re-
ported to reside primarily at the plasma membrane (9, 17). How-
ever, the presence of minor but functionally relevant amounts of
this protease in endosomes, where CD74 turnover takes place, is
conceivable based on the continuous membrane exchange of
these compartments with the plasma membrane. Furthermore,
CD74 has been described to exhibit MHC-II-independent func-
tions at the plasma membrane. There, CD74 binds the cytokine
macrophage migration inhibitory factor (MIF) (18) and is criti-
cally involved in its signal transduction, together with CD44 (19)
or CXCR4 (20) as coreceptors. MIF is a proinflammatory cytokine
(21), which has also been implicated in B cell survival signaling
(22, 23). It is currently unknown whether cell surface-localized
CD74 is subjected to regulated proteolysis similar to other cell
surface proteins (1). A role of SPPL2D in this context seems pos-
sible. In the present study, we sought to analyze the capability of
SPPL2b to perform intramembrane cleavage of CD74 in a cell
culture setup based on the coexpression of proteases and sub-
strates, as it has been frequently used for the identification of SPPL
substrates (9—13). In order to scrutinize these findings in vivo and
precisely assess the individual contributions of SPPL2a and
SPPL2b to CD74 proteolysis, we generated SPPL2b-deficient mice
and bred these with our previously reported SPPL2a~"~ mice (4)
to obtain SPPL2a/SPPL2b (SPPL2a/b) double-deficient mice. We
specifically analyzed these mice with respect to CD74 NTF turn-
over and accumulation, as well as downstream effects of this frag-
ment on endosomal morphology, B cell maturation and function-
ality, and dendritic cell homeostasis. Furthermore, we have
investigated the subcellular localization of endogenous SPPL2a
and SPPL2b in B cells and demonstrate distinct expression profiles
of both proteases in different murine tissues.

MATERIALS AND METHODS

Experimental animals. Mice with a heterozygous gene trap insertion in the
first intron of the SPPL2b gene [B6; CB-3110056003RikC!(PU-21T)160Imeg)
were generated at CARD Institute, Kumamoto University, Japan based on
the embryonic stem (ES) cell clone Ayu21-T160. The exchangeable gene
trap vector pU-21T (24), which is based on the pU-17 vector (25), con-
tains an alternative splice acceptor sequence with stop codons in all three
reading frames, followed by the coding sequence of the 3-galactosidase
gene and a polyadenylation signal. This leads to a fusion transcript of
SPPL2b-exon 1 and the (3-galactosidase gene, and expression of the (3-ga-
lactosidase gene under the control of the SPPL2b promoter, thereby dis-
rupting production of the SPPL2b wild-type transcript. The exact position
of the gene trap insertion in the SPPL2b gene was determined by DNA-
sequencing of PCR products, generated using primers binding in exon 1
of SPPL2b (forward [fw]) and the (3-galactosidase gene sequence (reverse
[rv]) and accordingly in the 3-galactosidase gene sequence (fw) and exon
2 (rv) (data not shown). The position of the insertion was found to be
~0.4 kb upstream of exon 2. Approximately ~1.6 kb of the intronic
sequence were not present in either analyzed PCR product, indicating that
this part of the intron has been deleted upon insertion of the gene trap
(data not shown). Heterozygous mice were interbred in order to generate
SPPL2b™'~ mice. A PCR amplifying a 408-bp fragment from the intronic
sequence which has been deleted by the gene trap insertion and is there-

fore present only in the SPPL2b wild-type allele, was utilized to distinguish
heterozygous from homozygous animals (fw, 5'-CAT GCC TAC CTC
CTT ACT CTG-3';1v, 5'-TGA GAT CTG ATA CCC TCT TCT G-3'). In
addition, a PCR specifically detecting the 3-galactosidase gene sequence
(fw,5'-TTATCG ATG AGC GTG GTG GTT ATG C-3', v, 5'-GCG CGT
ACA TCG GGC AAA TAA TAT C-3") was performed. Absence of SPPL2b
wild-type transcript was confirmed by reverse transcription-PCR (RT-
PCR). Isolation of total RNA from murine embryonic fibroblasts (MEFs)
and mouse tissues was achieved with the NucleoSpin RNA II kit (Mach-
erey-Nagel, Diiren, Germany). RT was conducted using the RevertAid
first-strand cDNA synthesis kit (Fermentas) and random hexamer prim-
ers. Primers annealing in exon 1 and at the transition of exons 2 and 3 or
exons 3 and 4, respectively, of the SPPL2b open reading frame (ORF;
Ex1-fw, 5'-TTT GCT GCT ACT CGC GGC-3'; Ex2/3-rv, 5'-TCA GGA
GAG ACACTTTGCTG-3'; Ex3/4-1v,5'-AGG GACCAGCTT CTCCTT
GC-3') were used to amplify fragments of 153 or 331 bp of the SPPL2b
wild-type transcript from the cDNA. In parallel, appropriate primers for
fragments of B-actin (fw, 5'-GTT ACA ACT GGG ACG ACA TGG-3';rv,
5'-GAT GGC TAC GTA CAT GGC TG-3") or GAPDH (fw, 5'-CTG CAC
CACCAA CTG CTT AG-3';1v,5'-CAG TGA GCT TCC CGT TCA G-3")
were used as a control.

Mice deficient for SPPL2a have been described previously (4).
SPPL2a~'~ mice were bred with SPPL2b~'~ mice for the generation of
SPPL2a/b double-deficient mice. All mice were backcrossed for 10 gener-
ations in a C57BL/6N Crl background. Animal experimentation was per-
formed in agreement with local guidelines for use of animals and their
care.

cDNA constructs. Expression constructs of murine SPPL2a and a cat-
alytically inactive (D416A) mutant SPPL2a with C-terminally appended
myc epitopes as well as constructs of the p31 isoform of murine CD74
(HA-mCD74p31-V5 and mCD74p31-HA) have been described previ-
ously (4, 17). For the generation of a SPPL2b expression construct, the
murine SPPL2b-ORF was amplified from MEF cDNA and fused to a myc
epitope at the 3’ end by PCR using mSPPL2b-KpnI-Fw (5'-ATT AGG
TAC CGC CAC CAT GGC CGC GGC GCG GCT G-3') and mSPPL2b-
Myc-Xbal-Rv (5'-GTT ATC TAG ACT ACA GAT CCT CTT CTG AGA
TGA GTT TTT GTT CGG CCG AAG TCT CTG GCT TCA CCA CAG
G-3') as forward and reverse primers, respectively. The PCR product was
subcloned into pcDNA3.1/Hygro™ (Invitrogen, Carlsbad, CA). Based on
this construct, a catalytically inactive mutant of SPPL2b (D414A) was
produced by overlap-extension PCR using mSPPL2b-D414A-Fw (5'-
GGC TTT GGA GCA ATA TTG GTG CCA GGG CTG CTG-3") and
mSPPL2b-D414A-Rv (5'-CAC CAA TAT TGC TCC AAA GCC CAG
GAG GGA GAA-3') as internal primers, as well as mSPPL2b-KpnI-Fw
and mSPPL2b-Myc-Xbal-Rv as flanking primers. Triple Myc-tagged ex-
pression constructs of murine SPPL2a and SPPL2b (mSPPL2a-3xMyc
and mSPPL2b-3xMyc) were generated based on the existing ORFs as de-
scribed previously (26).

Cell culture and transfection. HeLa cells (DSMZ, Braunschweig, Ger-
many) were grown in Dulbecco modified Eagle medium (PAA, Célbe,
Germany) supplemented with 10% (vol/vol) fetal bovine serum (FBS;
PAA), 100 U of penicillin (PAA)/ml, and 100 g of streptomycin (PAA)/
ml. The murine Blymphoma cellline Bal 17 (27) and the human B cell line
Raji were maintained in RPMI 1640 with L-glutamine (Sigma) supple-
mented with 10% (vol/vol) FBS, 50 pM B-mercaptoethanol (Gibco/In-
vitrogen), and penicillin-streptomycin as specified above. The same me-
dium without B-mercaptoethanol was used for culturing the human
melanoma cell line MelJuso that was kindly provided by Jacques Neefjes,
Netherlands Cancer Institute, Amsterdam, Netherlands. All cells were
grown at 37°C in a humidified 5% CO,-95% air atmosphere. Treatment
with the SPP/SPPL inhibitor (Z-LL),-ketone (Peptanova, Sandhausen,
Germany) was performed for 6 h at a final concentration of 10 pM. Tran-
sient transfections of HeLa and MelJuso cells were performed at semicon-
fluence utilizing Turbofect (Fermentas, St. Leon-Rot, Germany) accord-
ing to the manufacturer’s instructions. To reduce cytotoxicity, culture
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medium was replaced by fresh medium 6 h after transfection. Cells were
harvested at 24 h posttransfection.

Protein extraction and immunoblotting. Total lysates of cells or
mouse tissues were prepared in 50 mM Tris-HCl (pH 7.4), 150 mM NaCl,
1.0% (vol/vol) Triton X-100, 0.1% (wt/vol) sodium dodecyl sulfate
(SDS), and 4 mM EDTA supplemented with protease inhibitors as de-
scribed previously (28). Protein concentration of lysates was determined
using a bicinchoninic acid (BCA) protein assay (Thermo). Electropho-
retic separation of proteins prior to Western blotting was performed by
SDS-PAGE either with a standard Tris-glycine (29) or a Tris-Tricine buf-
fer system (30). Semidry transfer of proteins to nitrocellulose was con-
ducted as described previously (28). For protein detection on Western
blots, the primary antibodies anti-mSPPL2a (17), anti-CD74 (In-1; BD
Biosciences, Heidelberg, Germany), and antiactin (Sigma-Aldrich,
Taufkirchen, Germany) were used. For the detection of murine SPPL2b, a
polyclonal antiserum was generated against the synthetic peptide NGDE
AQPIPVVKPETSA (residues 562 to 578) in rabbits and affinity purified
against the immobilized peptide (Pineda Antikorper-Service, Berlin, Ger-
many). The hemagglutinin (HA) and Myc epitope tags were detected by
using the monoclonal antibodies 3F10 and 9B11 from Roche and Cell
Signaling, respectively. A monoclonal antibody against LAMP-1 (1D4B)
was obtained from Developmental Studies Hybridoma Bank. Antibodies
against transferrin receptor (clone H68.4), the a-1 subunit of the Na™ /K*
ATPase (clone C464.6), and Rab5 (sc28570) were obtained from Invitro-
gen, Millipore, and Santa Cruz, respectively. To confirm equal protein
loading, antibodies against actin (Sigma) or elongation factor 2 (EEF2;
Abcam) were used. Horseradish peroxidase-labeled secondary antibodies
were purchased from Dianova, Hamburg, Germany, and detection of
chemiluminescence was performed with Amersham ECL Advance West-
ern blotting detection reagent (GE Healthcare, Uppsala, Sweden).

Flow cytometric analysis. Single cell suspensions of red bone marrow,
spleen, thymus, and lymph nodes were prepared in cold fluorescence-
activated cell sorting (FACS) buffer (phosphate-buffered saline [PBS]
containing 2% [vol/vol] FBS, 0.1% [wt/vol] NaN;, and 2 mM EDTA [pH
7.4]) by flushing tibia and femur or cutting the organs into pieces, before
passing them through a 100-wm-pore-size cell strainer. Peritoneal cells
were isolated by flushing the peritoneal cavity with 7 ml of PBS. Cells were
disseminated by gentle massage and collected afterward. For the lysis of
erythrocytes, isolated cells were incubated in 155 mM NH,CI, 10 mM
KHCO;, and 0.1 mM EDTA for 10 min at room temperature. For stain-
ing, 5 X 10° cells were suspended in 100 pl of FACS buffer and incubated
for 30 min at 4°C with the following fluorescein isothiocyanate-, phyco-
erythrin (PE)-, PE-Cy5-, PE-Cy7-, or allophycocyanin-conjugated
monoclonal antibodies: anti-CD11c (N418), anti-CD21/CD35 (8D9),
and anti-CD45R (RA3-6B2) from eBioscience (San Diego, CA); anti-
CD19 (PeCal) from Immunotools (Friesoythe, Germany); anti-IgM (R6-
60.2) from BD Biosciences; and anti-CD23 (B3B4), anti-CD24 (M1/69),
and anti-MHC-II (M5/114.15.2) from Biolegend (San Diego, CA). After
washing, stained cells were resuspended in 0.5 pg of propidium iodide
(PI)/ml for labeling dead cells (PI"). The data were recorded on a
FACSCanto flow cytometer (BD Biosciences) and analyzed with FACS-
Diva or FlowJo (Tree Star, Inc.) software.

Isolation of B cells. Single cell suspensions of murine spleens were
obtained in MACS buffer (PBS supplemented with 2 mM EDTA and 0.5%
[wt/vol] bovine serum albumin [BSA]) as described above. Depending on
the devised experiments, B cells were ether isolated by positive selection
(for Western blot analysis and electron microscopy) or negative depletion
(immunofluorescence). Positive selection of IgM * cells was performed by
using anti-mouse IgM MicroBeads and LS columns of the MACS cell
separation system (Miltenyi Biotec, Bergisch Gladbach, Germany) ac-
cording to the manufacturer’s instructions. Similarly, for immunofluo-
rescent staining of B cells, total splenic B cells were recovered with the Pan
B cell isolation kit (Miltenyi Biotec) and LD depletion columns. Isolated
cells were analyzed by flow cytometry for the expression of CD45R (B220)
and found to comprise between 80 and 90% CD45R ™" cells.
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Generation of BMDCs. Bone marrow-derived dendritic cells
(BMDCs) were generated as described previously (31) with slight modi-
fications. Cells were isolated from red bone marrow as described above
using PBS instead of FACS buffer and sedimented (210 X g, 10 min). After
resuspension in BMDC medium (RPMI 1640 with r-glutamine [PAA]
supplemented with 10% [vol/vol] FBS, 50 pM [-mercaptoethanol
[Gibco/Invitrogen], 100 U of penicillin/ml, and 100 pg of streptomycin/
ml), the cells were seeded at a density of 5 X 10° cells per 10 ml in the
presence of 20 ng of murine granulocyte macrophage colony-stimulating
factor (mGM-CSF; Immunotools, Friesoythe, Germany)/ml in a 10-cm
culture dish. After 3 days, 10 ml of BMDC medium supplemented with 20
ng of mGM-CSF/ml was added to the cultures. At 6 days after cell isola-
tion, 10 ml of the medium was collected, and the cells were sedimented
(220 X g, 10 min), resuspended in 10 ml of fresh BMDC medium with 10
ng of mGM-CSF/ml, and replaced in the dish. BMDCs were used for
further investigations on day 8 and were either stimulated for 24 h by the
addition of 1 pg of Escherichia coli lipopolysaccharide (LPS; L8274; Sig-
ma-Aldrich)/ml or left unstimulated. For all analyses, adherent cells were
detached by scraping and then combined with the suspension cells.

Indirect immunofluorescence. Cells were adhered to poly-L-lysine-
coated coverslips as described previously (4) and fixed in 4% (wt/vol)
paraformaldehyde in PBS for 20 min at room temperature. Immunocy-
tochemical staining was performed as described previously (26). The pri-
mary antibodies included anti-mouse CD74 (In-1; BD Biosciences) and a
polyclonal antiserum raised against the N terminus of murine CD74 (32)
provided by N. Barois (Institut Pasteur de Lille, Lille, France) and W.
Stoorvogel (Faculty of Veterinary Medicine, Utrecht University, Utrecht,
Netherlands). Anti-human CD74 PIN1 (StressMarq Biosciences, Victo-
ria, Canada), anti-mouse LAMP-2 (ABL93; Developmental Studies Hy-
bridoma Bank), and anti-human LAMP-2 2D5 (33) were also used in
combination with Alexa Fluor 488- or Alexa Fluor 594-conjugated sec-
ondary antibodies (MoBiTec). For the detection of human SPPL2a, a
polyclonal rabbit antiserum against a C-terminal epitope of this protein
(ATNEENPVISGEQIVQQ, residues 504 to 520) was generated and affin-
ity purified against the immobilized immunogen (Pineda Antikorper-
Service). For visualization of nuclei, DAPI (4,6’ -diamidino-2-phenylin-
dole; Sigma-Aldrich) was added to the embedding medium at a final
concentration of 1 pug/ml. Images were acquired using an FV1000 confo-
cal laser scanning microscope (Olympus, Hamburg, Germany).

Ultrastructural analysis of IgM™ B cells. IgM " B cells were isolated
by magnetic cell sorting from spleens as described above. Sample prepa-
ration and transmission electron microscopy were performed as de-
scribed previously (4). In brief, cells were fixed in 2.5% glutaraldehyde in
suspension and incorporated into blocks of BSA for further processing.
Samples were postfixed with 2% OsO, and embedded in araldite. Ultra-
thin sections were stained with uranyl acetate and lead citrate. Fifty B cells
of each specimen were photographed at a magnification of X7,000. Vac-
uoles with a diameter of =250 nm were counted on the computer screen,
and the mean number of vacuoles per cell profile was calculated for each
mouse.

Determination of basal immunoglobulin levels. The Clonotyping
System-HRP (5300-05; Southern Biotech, Birmingham, AL) was utilized
for the isotype specific detection of immunoglobulins in mouse serum by
enzyme-linked immunosorbent assay (ELISA) according to the manufac-
turer’s instructions. Purified mouse immunoglobulins (BD Biosciences)
were used for the determination of immunoglobulin concentrations. BM
Blue POD substrate (Roche, Mannheim, Germany) was applied as a sub-
strate for the colorimetric detection of POD activity. After the addition of
1 M H,SO,, the absorbance was measured at 450 nm in a microplate
reader (Powerwave 340; BioTek Instruments, Winooski, VT).

Subcellular fractionation by Percoll density gradient centrifuga-
tion. Ball7 B cells were harvested by centrifugation (210 X g, 5 min) and
washed twice with PBS and homogenization buffer containing 250 mM
sucrose, 10 mM HEPES-NaOH (pH 7.4), and 1 mM EDTA. Cells were
resuspended in homogenization buffer supplemented with Complete
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FIG 1 SPPL2b is capable of cleaving N-terminal fragments of CD74 in vitro. (a) Scheme of CD74-proteolysis in MHC-II compartments. The luminal domain
of CD74 is sequentially degraded by several endosomal proteases. Finally, the proteolytic cleavage by cathepsin S releases the MHC-II dimer. Thereby, a small
fragment (class II-associated li chain peptide [CLIP]) remains inside the MHC-II binding groove until it is replaced by an antigenic peptide. The N-terminal
fragment of CD74 (NTF; 82 amino acids) is then further processed by the intramembrane protease SPPL2a. Colored asterisks indicate the catalytic motifs YD and
GxGD within SPPL2a. (b) Layout of the utilized expression construct of the p31 isoform of murine CD74 with N- and C-terminally fused HA and V5 epitopes,
respectively. TM, transmembrane segment. (c) HeLa cells were transiently transfected with CD74 alone or in combination with SPPL2a or SPPL2b or their
catalytically inactive D416A or D414A mutant forms, respectively. Detection of CD74 was performed with an antibody against the N-terminally appended HA
epitope tag after Western blotting and protein separation by SDS-PAGE using a Tris-Tricine buffer system with improved resolution in the low-molecular-weight
range. Equal protein loading was confirmed by the detection of actin. Full-length CD74 and the CD74 NTF remaining after degradation of the luminal domain
by endosomal proteases are marked with closed and open arrowheads, respectively.

protease inhibitor (Roche) and disrupted mechanically by 5 passages
through a 25G cannula. A postnuclear supernatant was obtained by cen-
trifugation for 5 min at 500 X g. In a 10-ml ultracentrifuge tube, 8.7 ml of
a 20% Percoll solution in homogenization buffer (GE Healthcare) was
carefully underlayered with 0.5 ml of 65% (wt/vol) sucrose in 10 mM
HEPES-NaOH using a glass capillary fitted to a peristaltic pump. Finally,
1 ml of the postnuclear supernatant was layered on top. Centrifugation
was performed in a 70.1 Ti fixed-angle rotor (Beckman Coulter) at
40,500 X g, for 60 min at 4°C. Fractions of 500 .l were collected from
the bottom (fraction 20) to the top (fraction 1) with a capillary and pump,
assayed for B-hexosaminidase activity (34), and analyzed by Western
blotting.

Histology and -galactosidase staining. Mice were anesthetized by
intraperitoneal injection of xylazine/ketamine and perfused transcardially
with 0.1 M phosphate buffer, pH 7.4, followed by fixative (4% parafor-
maldehyde in 0.1 M phosphate buffer). Brains were dissected and post-
fixed for 6 h in the same fixative. Thereafter, tissue was incubated in 30%
sucrose—0.1 M phosphate buffer overnight before cutting 45-pum free-
floating cryosections. Visualization of the B-galactosidase activity was car-
ried out according to common laboratory protocols. Briefly, a 5-bromo-4-
chloro-3-indolyl-B-p-galactoside (Sigma-Aldrich, Steinheim, Germany)
stock solution, dissolved in dimethylformamide, was diluted in staining
buffer (phosphate buffer supplemented with 2 mM MgCl,, 5 mM potas-
sium ferricyanide, 5 mM potassium ferricyanide, 0.02% Nonidet P-40,
and 0.01% sodium deoxycholate) to a final concentration of 1 mg/ml.
Free-floating sections were incubated in staining solution at 37°C for 5 h,
followed by washing (three times) in fresh phosphate buffer. Sections
were costained with nuclear red (Chroma, Miinster, Germany) and dehy-
drated in an ascending alcohol series before mounting in Eukitt (Sigma-
Aldrich) and visualized using a BX50 microscope (Olympus).

Statistics. Data are shown as means = the standard deviations (SD).
For statistical analyses, an unpaired two-tailed ¢ test or one-way analysis of
variance (ANOVA), followed by Bonferroni post hoc testing, was used as
indicated. Significance levels (P) of <0.05, <0.01, and <0.001 were ap-
plied.

RESULTS

SPPL2b cleaves CD74 in vitro. After the delivery of MHC-II to
endosomal compartments, CD74 is degraded by stepwise proteolysis

(Fig. 1a). This involves different endosomal proteases cleaving se-
quentially within the ectodomain and, as we showed recently, the
intramembrane protease SPPL2a for the turnover of the final mem-
brane-bound NTF (4). Based on the high degree of sequence homol-
ogy between SPPL2a and SPPL2b and the reported overlap in their
substrate spectrum (9, 12, 13), we sought to evaluate the capability of
SPPL2b to process CD74. We initially assessed this in vitro by coex-
pressing the epitope-tagged substrate (Fig. 1b) and protease in HeLa
cells (Fig. 1¢). As shown previously (4), in this setup SPPL2a was able
to reduce the steady-state levels of the CD74 NTF (Fig. 1¢), which was
not observed with an active-site mutant of SPPL2a (D416A). Inter-
estingly, also upon cotransfection with SPPL2b, a decrease in CD74
NTFlevels could be detected. This effect was absent when the catalyt-
ically inactive SPPL2b D414A mutant was coexpressed, demonstrat-
ing that overexpressed SPPL2b is capable of processing the NTF of
CD74 in a manner similar to that of SPPL2a. Since these experiments
were performed with expression constructs for murine CD74 and
SPPL proteases, we checked for any putative differences in the human
system. Thus, we coexpressed the epitope-tagged p33 isoform of hu-
man CD74 with human SPPL2a or SPPL2b in HeLa cells. Also in this
setup, both proteases were capable of reducing CD74 NTF levels
upon coexpression (not shown). Thus, the general ability of SPPL2b
to cleave the CD74 NTF was not limited to the murine system.
CD74 cleavage and B cell development in SPPL2b~'~ mice.
In light of the general capability of SPPL2b to cleave CD74, we
sought to analyze the contribution of SPPL2b to CD74 proteolysis
under endogenous conditions in vivo. Therefore, we generated
SPPL2b-deficient mice based on ES cells with a gene trap insertion
in the first intron of the SPPL2b gene (Fig. 2a and b). The gene trap
vector harbors a splice acceptor sequence in order to induce fusion
of the first SPPL2b exon to the B-galactosidase reporter upon
splicing of the SPPL2b primary transcript, thereby disrupting the
SPPL2b open reading frame (ORF). We sought to verify function-
ality of this splice acceptor sequence by RT-PCR in MEF cells (Fig.
2¢), as well as in brain, spleen, and liver cells from homozygous

1401



408 bp

M
L] L
1 2 34

Splice-acceptor

i
5

Polyadenylation-Signal

Il Exon

— Deleted part of the intron after genetrap-insertion
Trap vector pU-21T
" ¥ Primers for genotyping (SPPL2b)

f “ | Primers for genotyping (8-galactosidase)
mut '|;1 H —&&'l ™ Y Primers for RT-PCR (SPPL2b)

B-galactosidase

(open reading frame)

2

3 45

1kb
b __SPPL2b d Brain Spleen Liver
H+ - +- +HA A+ - |- [+ - - [+ A+ o[- - (bp)
poal || =
SPPL2b _
SPPL2b [wem w550 Ex1 - Ex2/3 e — 100
MEF (SPPL2b) 1
(o] _
SPPL2b o — 500
HE HE - - ey BdeExa] ——— A =
SPPL2b T — 100
- = 400 — 500
AcﬁnE GAPDH -----------_Efzz
e Spleen IgM* B cells f BMDC
. 7
. /- i wild type SPPL2b
wild type SPPL2b ﬁ LPS: — . T - (kDa)
(kDa) .
SETEETT) | Eeicaile
--———: ) T e — — — — — — — 35
— 26 cD74 -
CD74 -—
— 17
— 15
> - >
— 10
) Actin ’ o e - e e ——
Actin -—aem - W e . .
SPPL2b | M e b ' — 100 SPPL2b g !t ' —'%
— 70

9 w,mw
1 m sPPL2b

B220 [%]

BM Spleen

FIG 2 CD74 proteolysis, as well as B cell development and function, is not impaired in SPPL2b-deficient mice. (a) Exon-intron structure of the murine SPPL2b
gene and the insertion of the gene trap in the first intron. Positions of primers used for genotyping by PCR and for detection of SPPL2b transcript by RT-PCR are
indicated. (b) PCRs performed for genotyping of SPPL2b~'~ mice. Isolated DNA from SPPL2b™"~ and SPPL2b™'" tail biopsy specimens was used for amplifi-
cation with either gene-specific (SPPL2b, red in panel a) or 3-galactosidase gene-specific primers (green in panel a). (¢) Wild-type transcript of SPPL2b was not
detected in SPPL2b~'~ MEFs. After total RNA isolation from SPPL2b™'* and SPPL2b~'~ MEF cells, brain, spleen, or liver RT-PCR was performed using primers
annealing in exon 1 and between exons 3 and 4 (c and d) or exons 2 and 3 (d) of the SPPL2b ORF as indicated in panel a. Fragments of 331 bp (c and d) or 153
bp (d) of the SPPL2b wild-type ORF were amplified from the cDNA. Appropriate primers for B-actin or GAPDH fragments were used as control. (e and f)
Steady-state levels of CD74 and its degradation intermediates were analyzed in total lysates of IgM ™ B cells (e) and LPS-activated or unstimulated BMDCs (f)

1402

LN PC

h . gw

B SPPL2b"-

Hg/mi

IgM  1gGq 119Gz, 119Gz, 19G3



a BMDC b
wild type SPPL2a"-
LPS: = + =

471 mwt OSPPL2a”

*
— *%

(kDa)

+ - o+ -+ - o+ -+ cs

. . —100 ©
SRR UL .
- : a2

N

|

&

SPPL2a !!'l_l—l__,_,_ - — 70 »n'
Actin l----------—-l 0

-LPS  +LPS

FIG 3 Upregulation of SPPL2b in SPPL2a-deficient dendritic cells. (a) Expression of SPPL2b was analyzed in SPPL2a-deficient BMDCs by Western blotting.
BMDCs were either stimulated with LPS or left unstimulated. Electrophoretic separation was performed by SDS-PAGE with a standard Tris-glycine buffer
system. Actin levels were determined in parallel to control for differences in protein loading. (b) Densitometric quantification of the Western blot depicted in
panel a based on n = 3 biological replicates. SPPL2b levels were determined in relation to actin (SPPL2b/actin) and normalized to those of unstimulated (—LPS)

wild-type (wt) BMDCs. Means * the SD are shown. *, P < 0.05; **, P < 0.01 (unpaired, two-tailed Student # test).

mice (Fig. 2d). For this purpose, we amplified fragments between
exon 1 and borders of exon 2/3 or exon 3/4 of the SPPL2b wild-
type OREF, respectively. Under the conditions used, we observed
quantitative usage of the splice acceptor and full disruption of the
wild-type transcript in these cells or tissues. In agreement, absence
of SPPL2b protein was confirmed by Western blotting in MEF
cells (not shown), B cells (Fig. 2e), BMDCs (Fig. 2f), and other
tissues (see Fig. 8b) of SPPL2b~'~ mice. These mice were viable
and without any overt impairment.

We analyzed processing of endogenous CD74 in splenic IgM*
B cells of these mice by Western blotting with an antibody directed
against an N-terminal epitope. In contrast to SPPL2a-deficient B
cells, which accumulated large amounts of the CD74 NTF as de-
scribed before (4), no accumulation of this fragment was observed
in SPPL2b~'~ IgM™ cells (Fig. 2e). We scrutinized this observa-
tion in dendritic cells that had been differentiated from bone mar-
row cells (i.e., BMDCs) isolated from wild-type or SPPL2b~'~
mice. Again, no increase of full-length CD74 or N-terminal
fragments in SPPL2b-deficient compared to wild-type BMDCs
was seen (Fig. 2f) irrespective of the maturation status (+LPS).
Thus, in both cell types no indication for a major alteration of
CD74 NTF turnover in the absence of SPPL2b was obtained. Con-
spicuously, a minor reduction of an ~15-kDa CD74 degradation
intermediate of CD74 was observed in nonstimulated (—LPS)
SPPL2b™'~ versus wild-type BMDCs. Furthermore, SPPL2b
seemed to exhibit individual band patterns upon detection in
wild-type BMDCs and B cells (Fig. 2e and f). Since modification
with N-glycans has been reported for this protein (35), this may
reflect differential glycosylation in these cell types.

Subtle reductions in NTF turnover may not be retlected in a
significant increase of steady-state NTF levels but could still ac-
count for a reduced production of the inherently unstable CD74

intracellular domain (ICD) with putative phenotypic conse-
quences. Therefore, we assessed B cell maturation and function-
ality in these SPPL2b~'~ mice. We determined the frequency of B
cells (B220™") in bone marrow, spleen, lymph nodes, and the peri-
toneal cavity of SPPL2b-deficient mice in comparison to wild-
type mice (Fig. 2g). No significant differences were found. Thus,
the loss of SPPL2b did not lead to a depletion of B cells. Further-
more, the basal immunoglobulin concentrations in the plasma of
SPPL2b~'~ mice were comparable to those of wild-type animals
(Fig. 2h). Therefore, we could not obtain any indication of a func-
tional impairment of SPPL2b-deficient B cells. These findings
strongly argue against a major indispensable role of SPPL2b for
the intramembrane proteolysis of CD74 in vivo. This is in contrast
to the described significant effects caused by the loss of SPPL2a
(4). Thus, this corroborates the role of SPPL2a as the predominant
intramembrane protease of CD74. However, based on these re-
sults a minor contribution of SPPL2Db to this process could not be
excluded, since SPPL2a, which is still present in the SPPL2b '~
mice, may have a compensatory effect.

Characterization of SPPL2a/b double-deficient mice. In sup-
port of a functional cross talk between SPPL2a and SPPL2b, we
noticed an increased abundance of SPPL2b in SPPL2a-deficient
BMDCs compared to wild-type cells by Western blotting (Fig. 3).
SPPL2b protein levels in SPPL2a~'~ splenic IgM " B cells were
found to be enhanced to a similar degree, albeit with a higher
variability (not shown). Although the mechanisms behind this
have not yet been analyzed in detail, the observed upregulation of
SPPL2b in the absence of SPPL2a was strongly suggestive of a
cellular compensatory mechanism. Based on this, we sought to
determine whether the severity of the phenotypic effects of
SPPL2a deficiency on CD74 proteolysis and B cell homeostasis

from wild-type or SPPL2b~'~ mice by Western blotting with an antibody directed against an N-terminal epitope of CD74. In SPPL2a-deficient B cells, large
amounts of CD74 NTF with an apparent molecular mass of ~10 kDa were observed that were not present in wild-type controls and SPPL2b-deficient cells (e).
Similarly, processing of CD74 NTF in SPPL2b-deficient BMDCs was indistinguishable from wild-type controls (f). Full-length CD74, which is present as p31 and
p41 isoforms in mice, and the CD74 NTF, remaining after degradation of the luminal domain by endosomal proteases in SPPL2a~'~ cells, are marked by filled
and open arrowheads, respectively. Electrophoretic separation prior to detection of CD74 was performed using a Tris-Tricine buffer system (e) or a standard
Tris-glycine SDS-PAGE (f). Actin levels were determined to confirm equal protein loading. (g) The frequency of B cells in different lymphatic tissues of
SPPL2b™'~ mice in comparison to wild-type mice was quantified by flow cytometry. No reduction of B cells (B220 *, % of PI~ cells) was detected in bone marrow
(BM), spleen, lymph nodes (LN), and peritoneal cells (PC) of SPPL2b-deficient mice (n = 6). (h) Basal immunoglobulin concentrations in the plasma of
SPPL2b™'~ mice and wild-type mice were measured by enzyme-linked immunosorbent assay (1 = 6). An unpaired, two-tailed Student ¢ test was performed (g
and h).
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would be enhanced after disabling this putative compensatory
mechanism by additional genetic ablation of SPPL2b.

Therefore, we generated SPPL2a/b double-deficient mice and
specifically assessed the development and maturation of B cells in
these mice compared to SPPL2a or SPPL2b single-deficient and
wild-type mice. The total B cells (B220), as well as the respective
subpopulations, were quantified in the bone marrow, spleens,
lymph nodes, and peritoneal cavities in mice of all four genotypes
(Fig. 4 and Table 1). As expected, SPPL2a/b double-deficient mice
exhibited a significant reduction of total B cells in the spleen,
lymph nodes and peritoneal cavity reflecting the absence of
SPPL2a (Fig. 4a and Table 1). However, no significant further
reduction of B cells in the double-deficient versus the SPPL2a
single-deficient mice could be detected. We demonstrated previ-
ously that the loss of B cells in SPPL2a™'~ mice is caused by an
arrest of splenic maturation beyond the transitional stage 1 (T1) B
cells (4), which manifests as a reduction of transitional stage 2 (T2)
and mature (M) B cells (Fig. 4b and Table 1). The abundance of
these splenic subpopulations in SPPL2a/b double-deficient mice
was determined, but we could not ascertain any significant differ-
ences compared to SPPL2a~'~ mice (Fig. 4b to d and Table 1).
This applies to the depletion of T2 and mature B cells, as well as to
the preservation of T1 cells. No obvious shift to an earlier stage was
detected for the onset of the B cell loss in the SPPL2a/b double-
deficient mice. In addition, we measured the plasma immuno-
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globulin levels in SPPL2a/b single or double-deficient and wild-
type mice. However, due to the reported severe functional
impairment of B cells in SPPL2a~'~ mice (4), basal immunoglob-
ulin concentrations in the plasma of the SPPL2a single-deficient
mice were already in the range of the detection limit of the ELISA
performed (not shown). As expected, the same applied to the
SPPL2a/b double-deficient mice, allowing no definite conclusion
if the severely compromised functionality of SPPL2a-deficient B
cells is further impaired by the ablation of SPPL2b. In conclusion,
we did not obtain any indication that the additional loss of
SPPL2b leads to a deterioration of the B cell deficiency and matu-
ration arrest associated with the absence of SPPL2a.

We aimed to assess whether this also applies to the pheno-
typic effects of SPPL2a deficiency at the level of the individual
cell. We have shown previously that in SPPL2a™'~ B cells un-
degraded CD74 NTF disturbs the membrane trafficking of the
endocytic system (4), resulting in an accumulation of endo-
somal vacuoles. Hence, we compared the ultrastructure of
splenic IgM™ B cells from wild-type, SPPL2a~'~, SPPL2b™'",
and SPPL2a/b double-deficient mice by electron microscopy
(Fig. 5a). Whereas wild-type and SPPL2b-deficient cells were
morphologically indistinguishable, SPPL2a~'~ and the
SPPL2a/b double-deficient cells exhibited numerous endosomal
vacuoles. We determined the mean numbers of these vacuoles per
cellular profile (Fig. 5b) and observed no significant difference



TABLE 1 B cell deficiency and impairment of B cell maturation are comparable in SPPL2a~~ and SPPL2a/b double-deficient mice*

Mean = SD
SPPL2a™'~
Wild type SPPL2a™"~ SPPL2b™"~ SPPL2b™"~ P (SPPL2a—"~

Cell type Phenotype Mean SD Mean SD Mean SD Mean SD [Do-ko])
Bone marrow (% viable cells)

B cells B220" 17.7 5.1 19.6 54 194 5.5 16.0 7.1 >0.05

Pro-/pre-B cells B220" IgM™ 9.1 3.5 14.1 45 108 3.3 11.4 4.4 >0.05

Immature B cells B220" IgM* 3.0 0.9 4.8 1.5 32 1.1 4.2 2.8 >0.05

Recirculating B cells B220hieh 5.6 2.2 0.6 03 53 2.3 0.4 0.2 >0.05
Spleen (% viable cells)

B cells B220* 54.4 1.9 23.5 28 533 43 22.3 4.6 >0.05

T1 transitional B220" CD21'°% CD24"sh 8.8 2.8 14.5 1.4 84 2.0 14.2 3.3 >0.05

T2 transitional B220" CD21Meh CD24Meh 9.3 2.5 0.4 0.3 10.9 2.5 0.2 0.2 >0.05

Mature B cells B220" CD21%v CD24"" 32.1 2.6 3.3 23 300 2.7 2.6 1.0 >0.05
Spleen (10° splenocytes)

B cells B220" 55.7 7.7 8.5 45 473 19.6 5.3 1.4 >0.05

T1 transitional B220" CD21'°% CD24"sh 9.1 3.0 5.2 28 76 3.9 3.4 1.0 >0.05

T2 transitional B220" CD21%eh CD24Msh 95 2.2 0.2 0.1 95 4.1 0.05 0.03  >0.05

Mature B cells B220" CD21'v CD24"" 32.9 5.4 1.3 1.2 27 1.1 0.6 0.3 >0.05
Lymph nodes (% viable cells)

B cells B220* 20.5 5.3 6.1 51 239 6.5 3.0 1.0 >0.05
Lymph nodes (10° cells)

B cells B220* 9.1 5.7 0.5 04 5.1 2.0 0.2 0.2 >0.05
Peritoneal cells (% viable cells)

B cells B220* 37.6 129 75 42 382 9.1 5.5 1.8 >0.05

Bl B220"¥/low CD19hish 22.3 8.3 7.1 42 241 2.8 5.1 1.5 >0.05

B2 B220Mieh CD19*lew 15.3 103 04 0.3 14.0 8.6 0.4 0.4 >0.05

@ B cell subsets were analyzed by flow cytometry in bone marrow, spleen, lymph node, and peritoneal lavage samples of wild-type, SPPL2a™~, SPPL2b™/~, and SPPL2a/b double-
deficient (SPPL2a™/~ SPPL2b™’~ /do-ko) mice. The proportions of cell populations are indicated as the percentages of viable cells (PI™) or absolute cell numbers, respectively.
Results represent means from 6 mice per genotype. Data were analyzed by one-way ANOVA with Bonferroni post hoc testing.

between SPPL2a~’~ and SPPL2a/b double-deficient B cells. Fi-
nally, we compared the CD74 NTF accumulation under steady-
state conditions between SPPL2a~'~ and SPPL2a/b double-defi-
cient IgM™ B cells (Fig. 5¢). However, we did not find the
abundance of this fragment to be obviously increased in B cells
lacking both proteases compared to cells only deficient in SPPL2a.
In addition, also the localization of the accumulating CD74 NTF
in compartments positive for LAMP-2 (Fig. 5d) and early endo-
some antigen 1 (EEA1; data not shown) was similar in SPPL2a™"~
and SPPL2a/b double-deficient B cells.

DCs in SPPL2a™'~ and SPPL2a/b double-deficient mice. The
SPPL2a dependence of the CD74 NTF turnover is not restricted to
B cells but also applies to dendritic cells, as documented by the
accumulation of this fragment in SPPL2a-deficient BMDCs (Fig.
6a), as well as primary splenic CD11¢ " DCs (data not shown). In
relation to this, mouse strains harboring mutations in the SPPL2a
gene that had been derived from ENU mutagenesis screens were
reported to exhibit a depletion of distinct DC subsets (5, 6). We
aimed to recapitulate this observation in our SPPL2a-deficient
mice and to assess a possible contribution of SPPL2b to CD74
proteolysis in this cell type. Therefore, we examined CD74 pro-
cessing in BMDCs from wild-type, SPPL2a™'~, SPPL2b™'~, and
SPPL2a/b double-deficient mice by Western blotting (Fig. 6a).
Similar to the situation in B cells, a prominent accumulation of the

CD74 NTF was detected in SPPL2a single- and SPPL2a/b double-
deficient BMDCs; however, no consistent increase caused by the
additional ablation of SPPL2b was evident. To assess the pheno-
typic consequences, we analyzed the frequency of CD11¢™ MHC-
II™ cells in spleens and lymph nodes from mice of all four geno-
types by flow cytometry (Fig. 6b and c). In absolute cell numbers,
spleens and lymph nodes of SPPL2a single-deficient mice were
found to contain significantly less CD11c" MHC-II" cells than
wild-type mice, which correlates well with observations in the
SPPL2a mutant mouse strains (5, 6). In agreement with biochem-
ical findings, no reduction of these cells was seen in SPPL2b™"~
mice. The depletion of CD11c¢” MHC-II" cells seen in SPPL2a/b
double-deficient mice was very similar to that observed in
SPPL2a~'"~ mice, reflecting the absence of SPPL2a. Therefore, no
evidence for an additive effect of SPPL2b ablation on this pheno-
type was obtained.

Distinct subcellular localization and tissue distribution of
SPPL2a and SPPL2b. Based on the described different roles of
SPPL2a and SPPL2b in B and dendritic cells, we considered diver-
gent subcellular localizations of both proteases as a possible expla-
nation and aimed to analyze these in B cells. Therefore, we per-
formed subcellular fractionation of Bal 17 murine B lymphoma
cells using Percoll density gradient centrifugation (Fig. 7a). The
distributions of SPPL2a and SPPL2b within this gradient were
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system in SPPL2b ™'~ and SPPL2a/b double-deficient B cells. (a) IgM " splenic
B cells isolated from wild-type (wt), SPPL2a~'~, SPPL2b~'~, and SPPL2a/b
double-deficient (SPPL2a™'~ SPPL2b™'~) mice were examined by transmis-
sion electron microscopy. Bars, 500 nm. (b) Quantification of accumulating
endosomal vacuoles in B cells as shown in panel a. The number of vesicles with
a diameter =250 nm was determined in 50 cellular profiles per mouse from
three mice per genotype analyzed. The mean number of vacuoles per cell
profile is depicted for each genotype = the SD. ***, P < 0.001 (one-way
ANOVA with Bonferroni post hoc testing). (c) The levels of full-length CD74
and CD74 NTF were determined in splenic IgM™ B cells from wild-type,
SPPL2a™'~, SPPL2b™'~, and SPPL2a/b double-deficient (Do-ko) mice by
Western blotting. Electrophoretic separation was performed by SDS-PAGE
with a standard Tris-glycine buffer system. Isoforms of full-length CD74 and
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distinctly different. The bulk of SPPL2a was recovered in the bot-
tom fractions cosedimenting with the lysosomal markers 8-hexo-
saminidase and LAMP-1. In contrast, the profile of SPPL2b
showed a maximum in fractions 8 and 9 similar to the plasma
membrane protein Na*/K* ATPase. The fractions enriched in
lysosomal compartments (18/19) did not contain significant
amounts of SPPL2b. However, the presence of SPPL2b in early
endosomes could not be excluded based on the overlapping pro-
files of the membrane-bound pool of Rab5 and Na*/K™ ATPase.
In addition to the major peak of SPPL2a in the bottom fractions, a
second less intense maximum was detected in fractions 8/9, thus
cosedimenting with the bulk of SPPL2b. This indicates a partial
overlap between the subcellular distributions of SPPL2a and
SPPL2b and argues for presence of a minor fraction of SPPL2a in
early endosomes or at the cell surface. However, we found that the
major pools of both proteases were differentially localized in B
cells which could explain the observed functional differences. In
the human Raji B cell line available antibodies allowed visualiza-
tion of endogenous SPPL2a by immunocytochemistry (Fig. 7b
and c). In agreement with the Bal 17 fractionation, we observed
significant colocalization between SPPL2a and the lysosomal/late
endosomal protein LAMP-2 (Fig. 7b). Under steady-state condi-
tions, mainly full-length CD74 presumably localized within the
biosynthetic pathway was detected in Bal 17 (Fig. 7a) and human
B cell lines (not shown) with an antibody against an N-terminal
epitope of CD74. However, treatment with the SPP/SPPL inhibi-
tor (Z-LL),-ketone induced the accumulation of the CD74 NTF in
vesicular compartments that were positive for SPPL2a (Fig. 7¢). In
summary, these findings support the view that the CD74 NTF
intramembrane cleavage takes place in intracellular compart-
ments with characteristics of late endosomes/lysosomes that, ac-
cording to the subcellular fractionation shown in Fig. 7a, do not
exhibit significant amounts of SPPL2b.

Based on these findings, it seems likely that the diverging sub-
cellular localizations of SPPL2a and SPPL2b determine their in
vivo substrate spectrum. It is possible that the subcellular localiza-
tion of overexpressed substrates and/or proteases does not entirely
match that of the endogenous proteins, thus explaining why
coexpressed SPPL2b cleaved CD74 NTF in HeLa cells (Fig. 1¢).
We assessed different modifications of this in vitro system in
order to approximate the physiological conditions. First of all,
we reduced and titrated the amount of coexpressed SPPL2a and
SPPL2b in the HeLa cell setup (Fig. 7d). Furthermore, we re-
peated the coexpression experiment in the MHC-II" MelJuso
melanoma cell line (36) since the absence of MHC-II may alter
the trafficking of CD74 (Fig. 7e). In both modified setups, the
effect of overexpressed SPPL2b on CD74 NTF levels appeared
to be less pronounced than that of SPPL2a, thus more closely
reflecting the in vivo findings than the experiment shown in Fig.
lc. However, a significant reduction of CD74 NTF by SPPL2b

the CD74 NTF accumulating in SPPL2a~'~ and SPPL2a/b double-deficient
cells are marked with closed and open arrowheads, respectively. Full-length
CD74 (p31) served as a control for equal protein loading. (d) CD74 was visu-
alized in splenic B cells isolated from wild-type, SPPL2a~'~, SPPL2b™/~, and
SPPL2a/b double-deficient (Do-ko) mice by indirect immunofluorescence.
The antibody used was directed against an N-terminal epitope of CD74 and
therefore detected NTF and full-length protein. In parallel, costaining for
LAMP-2 as marker for lysosomes/late endosomes was performed. Scale bar,
2 pm.



a
BMDC
wt  2a’ 2b’ Do-ko

)l . — - CE— —— —
CD74

> ~an E YTSSY
SPPLZ il
SPPL2b ;,ﬂ. ot B |

Actin ‘ — — — —  C— — — ‘

(kDa)
— 55

— 35
— 25

— 15 0

—100

— 70

—100
— 70

*%

N W A~ O

Splenocytes x 106

mwt 0SPPL2a”- mSPPL2b"- mSPPL2a"- SPPL2b"

— 10

*% *

0

Lymph nodes [cells x 106]

FIG 6 Dendritic cells in SPPL2a~'~ and SPPL2a/b double-deficient mice. (a) The levels of full-length CD74 and the CD74 NTF were determined in LPS-
stimulated BMDCs from wild type, SPPL2a™"~, SPPL2b™'~, and SPPL2a/b double-deficient (Do-ko) mice by Western blotting. SDS-PAGE with a standard

Tris-glycine buffer system was used for electrophoretic separation. Isoforms (p31 and p41) of full-length CD74 and the CD74 NTF accumulating in SPPL2a

—/—

and SPPL2a/b double-deficient cells are indicated by filled and open arrowheads, respectively. (b and ¢) CD11c and MHC-II double-positive cells were quantified
by flow cytometry in spleens (b) or lymph nodes (c) of wild-type, SPPL2a™'~, SPPL2b~’~, and SPPL2a/b double-deficient mice. Graphs show the mean absolute
number of these cells (CD11c* MHC-1I7) in the spleen (b) or in lymph nodes (c) quantified as the means * the SD in 6 mice per genotype. ***, P < 0.001; **,
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was still observed, indicating that, even with the described
modifications, the endogenous in vivo situation cannot be fully
recapitulated in cell-based assays.

To provide initial insights into the physiologic function of
SPPL2b, we have analyzed the expression of SPPL2b (Fig. 8b)
in different murine tissues and compared it with that of SPPL2a
(Fig. 8a). By far the highest level of SPPL2b expression was
observed in brain. In addition, significantly smaller amounts of
SPPL2b were detected in lymphatic tissues, specifically bone
marrow, thymus, and spleen in decreasing order. In contrast,
SPPL2a showed a rather ubiquitous expression in all tissues
analyzed, conspicuously with the lowest abundance in brain.
Based on the high level of SPPL2D in the total brain lysate (Fig.
8b), we sought to analyze the distribution of SPPL2b expres-
sion in the central nervous system. Therefore, we made use of
the B-galactosidase reporter, which is part of the SPPL2b gene
trap allele. The activity of B-galactosidase was visualized in
sagittal sections from SPPL2b"'~ mice. Wild-type mice were
utilized as a negative control. Staining for B-galactosidase, as
an indicator of SPPL2b promoter activity, was particularly pro-
nounced throughout the hippocampus, but was also observed
in the piriform cortex, as well as the Purkinje cell layer of the
cerebellum (Fig. 8¢). In addition, faint staining was detected in
the striatum, thalamus, midbrain, amygdala, and inner cortical
layers. Based on these findings, it seems likely that SPPL2b
tulfills a major physiological function in the central nervous
system.

DISCUSSION

We and others have previously documented the essential role of
the intramembrane protease SPPL2a in B cells in cleaving the NTF

of CD74 (4-6). In the present study, we have analyzed the contri-
bution of the homologous protease SPPL2b to this process relat-
ing to previous studies that suggested overlapping functions of
both proteases (9, 12). We demonstrated that SPPL2b has the
intrinsic ability to process CD74 similar to SPPL2a, which was
evident upon coexpression of CD74 and the respective proteases.
To evaluate the in vivo relevance of this, we generated SPPL2b~'~
and SPPL2a/b double-deficient mice and compared them to
SPPL2a '~ and wild-type mice. We specifically assessed a possible
impairment of CD74 NTF turnover as well as possible cellular
or immunological consequences of this regarding endosomal
morphology and B and dendritic cell homeostasis. We observed
no changes of these parameters in SPPL2b~'~ mice and further-
more demonstrated that by additional ablation of SPPL2b in
SPPL2a~'~ mice the phenotypic changes were not significantly
exacerbated. Therefore, we conclude that SPPL2b does not play a
physiologically relevant role for the intramembrane proteolysis of
CD74 in vivo.

This clearly indicates a discrepancy between the substrate spec-
trum of SPPL2b that is only defined by its intrinsic properties and
the substrates actually cleaved by this protease in vivo under en-
dogenous conditions. The observation that CD74 was cleaved by
SPPL2a as well as SPPL2b upon coexpression relates well to simi-
lar findings for TNF-a (9) and Bri2 (12). Thus, it may be assumed
that the substrate recognition properties of SPPL2a and SPPL2b
are equivalent or at least very similar. Subcellular trafficking is
considered a key regulatory mechanism controlling encounters of
intramembrane proteases and their substrates (37). Therefore, we
have analyzed the subcellular localization of SPPL2a/b in B cells
and observed distinct, although partially overlapping distribu-
tions of both proteases. This analysis represents the first report to
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FIG 7 Distinct subcellular localizations of SPPL2a and SPPL2b. (a) Subcellular fractionation of murine B cells. A postnuclear supernatant generated from the
murine B lymphoma cell line Bal 17 was subjected to centrifugation on a self-forming Percoll density gradient. Fractions were analyzed spectrophotometrically
for activity of the lysosomal marker enzyme (3-hexosaminidase. Furthermore, the distribution of SPPL2a, SPPL2b, LAMP-1 (lysosomes/late endosomes),
transferrin receptor (TfR; recycling endosomes and plasma membrane), Na*/K™-ATPase (plasma membrane), and CD74 and Rab5 (early endosomes) was
analyzed by immunoblotting. Fractions 1 to 10 and fractions 11 to 20 were analyzed on two separate gels. The two membranes were assembled prior to
chemiluminescent detection. (b and ¢) Immunocytochemical visualization of endogenous SPPL2a and LAMP-2 (b) or CD74 (c) in the human B cell line Raji. (c)
Cells were incubated for 6 h in the presence of the SPP/SPPL inhibitor (Z-LL),-ketone (10 uM final concentration) or dimethyl sulfoxide as a control prior to
fixation. CD74 was detected with a primary antibody directed against an N-terminal epitope detecting full-length CD74, as well as the CD74 NTF accumulating
in the inhibitor-treated cells. (d and e) HeLa cells (d) and MelJuso cells (e) were transiently transfected with murine CD74 (HA-CD74p31-V5). (d) Increasing
amounts (0.125 to 1 pg) of murine SPPL2a or SPPL2b expression constructs with a C-terminally fused triple Myc epitope (mSPPL2a-3XMyc, m-SPPL2b-
3XMyc) were cotransfected. (e) Coexpression of the catalytically inactive SPP12a D416A and SPPL2b D414A mutant forms was included in the experiment as a
control in addition to the wild-type proteases. CD74 was detected via the N-terminally appended HA epitope tag following Western blotting and electrophoretic

separation using Tris-Tricine buffer system. Equal protein loading was confirmed by detection of actin and EEF2, respectively. Full-length CD74 and the CD74
NTF are marked with closed and open arrowheads, respectively.

date on the subcellular residence of SPPL2b at the endogenous  analyses. Certainly, the findings on CD74 strongly advocate that
level. In general, our findings were in agreement with the reported  the individual protease-substrate relationships between SPPL2a/b
localizations of overexpressed SPPL2a and SPPL2b in standard and TNF-q, Bri2, and the TFR, which are thus far largely based on
cell lines (9, 17). In conclusion, it seems likely that the divergent  in vitro setups, should also be scrutinized under endogenous con-
subcellular localizations of SPPL2a/b determine, to a significant  ditions in vivo. For this purpose, the mouse strains deficient for
degree, the in vivo substrate spectra of both proteases. These may =~ SPPL2a and/or SPPL2b that we have generated will be valuable
not always be precisely reflected in overexpression systems. We  tools to dissect these questions. Apparently, a final definition of
could demonstrate that carefully titrating the amount of coex- the substrate spectrum of individual SPPL proteases will require
pressed SPPL proteases can help to increase the specificity of such  such a thorough in vivo analysis.
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FIG 8 Distinct tissue expression profiles of SPPL2a and SPPL2b in mice. (a and b) Total lysates from the indicated tissues were prepared from wild type,
SPPL2a'~, and SPPL2b~'~ mice. Aliquots of 50 pg of protein were subjected to Western blotting in order to determine the abundance of SPPL2a (a) and

SPPL2b (b) in lysates from wild-type mice (+/+). Tissue lysates were analyzed

on two separate gels. The two membranes were assembled prior to chemilumi-

nescent detection. To control for the specificity of the SPPL2a and SPPL2b antibodies, equivalent aliquots of lysates from SPPL2a and SPPL2b knockout animals
(—/—) were analyzed in parallel. To demonstrate equal protein loading between the respective +/+ and —/— samples, membranes were stained with Ponceau
S. Bands representing SPPL2a and SPPL2b are marked by arrowheads. (c) Representative sagittal brain sections from heterozygous (SPPL2b /™) and wild-type
mice as a negative control were stained for 3-galactosidase activity as a reporter for the expression of SPPL2b. Sections were counterstained with nuclear red
(cblm, cerebellum; hip, hippocampus; p. cx, piriform cortex; g, granular cell layer, P, Purkinje cell layer; m, molecular cell layer).

Our finding that SPPL2b appears not to be involved in CD74
proteolysis in vivo may have a second implication. We previously
suggested that pharmacological inhibition of SPPL2a may repre-
sent a putative therapeutic strategy for depleting B cells and con-
trolling their function in autoimmunity (4). Inhibition of SPPL2a,
atleast in the murine model system, seems to be sufficient to block
CD74 proteolysis and to deplete B cells. Therefore, for this effect a
compound targeting SPPL2a but sparing the activity of SPPL2b
would be effective and minimize the risk of unwanted side effects.
In light of the high degree of homology between SPPL2a and
SPPL2b, it is certainly speculative, if inhibitors exhibiting such a
high specificity could be achieved. However, since the physiolog-
ical functions of SPPL2b in vivo have not yet been fully character-
ized as discussed above, it may be reasonable to restrict the spec-
ificity of putative therapeutic compounds as far as possible.

If SPPL2b is not significantly involved in CD74 NTF proteoly-
sis although it is expressed in B cells and dendritic cells at well
detectable levels, its actual physiological substrates in these and
other cell types remain elusive. TNF-a was suggested to be a sub-
strate of SPPL2a and/or SPPL2b in DCs (9, 10) with possible im-
plications for TNF-a reverse signaling (38). Together with the
observed minor reduction of a CD74 15-kDa degradation inter-
mediate in SPPL2b~'~ BMDCs (Fig. 2f), this may justify the study
of the activation properties and signaling responses of these cells
in more detail. Conspicuously, we observed pronounced expres-
sion of SPPL2b in mouse brain, which was significantly higher
than in the other tissues tested. In contrast to a previous microar-
ray analysis of human tissues, SPPL2b transcript levels in brain
were not found to be higher than those of other major tissues (35).

This may reflect differences between both species or a poor corre-
lation between transcript and protein abundance. Among the cur-
rently known substrates, Bri2 is particularly highly expressed in
the central nervous system (39). Beyond that, the existence of
additional not yet identified substrates cannot be excluded at this
stage. In general, the loss of SPPL2b and even the combined defi-
ciency of SPPL2a and SPPL2b was well tolerated in mice since the
double-deficient mice were viable and without any overt impair-
ment.

Prior to the described mouse models, the in vivo functions of
SPPL proteases have been analyzed by knockdown in zebrafish
(40). The zebrafish genome harbors a single orthologue (SPPL2)
for the three related proteases SPPL2a, SPPL2b, and SPPL2c that
are found in the human and murine genomes. Interestingly,
among the three mammalian proteins, SPPL2b exhibits the high-
est sequence homology toward the zebrafish SPPL2 (40). Upon
knockdown of SPPL2, zebrafish embryos displayed a distinct phe-
notype characterized by an accumulation of erythrocytes in an
enlarged caudal vein (40). In contrast to these severe impairments
of embryonic development in zebrafish, it may appear surprising
that SPPL2a/b double-deficient mice are so mildly affected. This
could be related to a compensatory or independent role of the yet
poorly characterized third mammalian SPPL2 orthologue:
SPPL2c. Based on its reported residence in the endoplasmic retic-
ulum (9), a functional overlap with SPPL2a and SPPL2b localized
in lysosomes/late endosomes and the plasma membrane, respec-
tively, is not very obvious. In agreement with this, the SPPL2a/b
substrate TNF-a was not cleaved by coexpressed SPPL2c (9). To

1409



date, no substrates of SPPL2c or any nonproteolytic functions are
known.

In summary, the results presented here strongly suggest dis-
tinct functions of the homologous proteases SPPL2a and SPPL2b
in vivo, which is supported by the described distinct subcellular
localization and tissue distribution profiles of both proteases. Fur-
ther studies will be needed to further evaluate this with regard to
other substrates and cell types. The described findings are remi-
niscent of the relationship between presenilin 1 and 2 (PS1/2), the
catalytic subunits of the y-secretase complex. Both proteins ex-
hibit significant homology, comparable to that between SPPL2a
and SPPL2b, and were reported to have overlapping functional
properties in vitro (41, 42). However, whereas PS1 knockout mice
exhibited severe developmental defects (43), PS2-deficient mice
were only mildly affected and did not show detectable alterations
of amyloid precursor protein processing (44). Altogether, this
strongly emphasizes the requirement of suitable in vivo models as
we have provided for SPPL2a/b to assess a functional redundancy
under physiological conditions.
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