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SIRPa/CD172a Regulates Eosinophil Homeostasis

Noel Verjan Garcia,* Eiji Umemoto,*’ Yasuyuki Saito,”! Mikako Yamasaki,” Erina Hata,*"
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Eosinophils are abundant in the lamina propria of the small intestine, but they rarely show degranulation in situ under steady-state
conditions. In this study, using two novel mAbs, we found that intestinal eosinophils constitutively expressed a high level of an
inhibitory receptor signal regulatory protein o (SIRP«)/CD172a and a low, but significant, level of a tetraspanin CD63, whose
upregulation is closely associated with degranulation. Cross-linking SIRPa/CD172a on the surface of wild-type eosinophils
significantly inhibited the release of eosinophil peroxidase induced by the calcium ionophore A23187, whereas this cross-
linking effect was not observed in eosinophils isolated from mice expressing a mutated SIRPa/CD172a that lacks most of its
cytoplasmic domain (SIRP« Cyto™™). The SIRPa Cyto™ ™ eosinophils showed reduced viability, increased CD63 expression, and
increased eosinophil peroxidase release with or without A23187 stimulation in vitro. In addition, SIRPa Cyto™™ mice showed
increased frequencies of Annexin V-binding eosinophils and free MBP*CD63" extracellular granules, as well as increased tissue
remodeling in the small intestine under steady-state conditions. Mice deficient in CD47, which is a ligand for SIRP«/CD172a,
recapitulated these phenomena. Moreover, during Th2-biased inflammation, increased eosinophil cell death and degranulation
were obvious in a number of tissues, including the small intestine, in the SIRPa Cyto™ ™ mice compared with wild-type mice.
Collectively, our results indicated that SIRPa/CD172a regulates eosinophil homeostasis, probably by interacting with CD47, with
substantial effects on eosinophil survival. Thus, SIRPa/CD1722a is a potential therapeutic target for eosinophil-associated dis-

eases. The Journal of Immunology, 2011, 187: 000-000.

he eosinophil is a multifunctional granulocyte associated
with innate and Th2 immune responses against allergens
and gastrointestinal helminth infections (1). Under steady-
state conditions, eosinophils are particularly abundant in the small
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intestinal lamina propria, which they colonize prenatally in a manner
dependent on CC-chemokine eotaxin-1 (2, 3) and its receptor, CCR3
(4, 5). The colonization is independent of viable commensal bacteria
in the intestinal lumen (3). Eosinophils play a role in host defense
against migratory helminths, particularly during secondary immune
responses (6, 7). They are also involved in the development
and pathogenesis of allergic diseases and gastrointestinal dys-
function through their secretion of cytotoxic proteins (8, 9).

The release of eosinophil granules, “degranulation,” is an im-
mune response common to many human diseases, including
asthma (10), allergy and atopic dermatitis (11), and inflammatory
bowel diseases (12, 13); little degranulation is observed under
basal physiological conditions. During degranulation, activated
human eosinophils release preformed cytotoxic proteins, such
as major basic protein (MBP), eosinophil peroxidase (EPO),
eosinophil-derived neurotoxin, and eosinophil cationic protein,
as well as other cytokines, chemokines, and growth factors, from
cytoplasmic granules (14). Agonists, including Igs (15, 16);
cytokines, such as IFN-y (17) and IL-6 (18); lipid mediators, such
as platelet activating factor (18, 19), and the calcium ionophore
A23187 (19) were shown to induce the release of eosinophil
granule proteins. The stimulus-induced release of eosinophil
proteins is a tightly regulated and highly selective process that
occurs within minutes of agonist stimulation (14), although its
regulatory mechanisms remain to be fully explored.

The survival of tissue-resident eosinophils seems to be self-
regulated by tissue-specific or autocrine survival signals that the
cosinophils secrete following contact with extracellular matrix
proteins (20) or upon activation (16). In B common chain gene-
targeted mice, which are deficient in the functional receptor
for cytokines that include IL-5 and GM-CSF, eosinophils are
markedly reduced in the gastrointestinal tract and peripheral blood
(3). In addition, Rag-2/common y-chain double-deficient mice were
recently reported to have reduced eosinophil numbers in the
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intestine, but not in the lung, bone marrow (BM), or PBLs, sug-
gesting that tissue-specific cytokine signals dependent on the com-
mon y-chain contribute to eosinophil survival in the intestine (21).

Signaling via inhibitory receptors also seems to play a role in
eosinophil homeostasis. The cross-linking of an inhibitory receptor
IRp60 (CD300a) inhibits both the survival signals provided by
IL-5/GM-CSF and eotaxin-dependent eosinophil migration (22).
Genetic inactivation of the inhibitory paired Ig-like receptor B
(PIR-B) is associated with an increased recruitment of eosinophils
to the gastrointestinal tract, and PIR-B negatively regulates
eotaxin-dependent eosinophil chemotaxis in vitro and in vivo (23).
Given the importance of pairing activation and inhibition in the
development of immune responses (24), inhibitory receptors are
likely to constitute a major regulatory mechanism for counter-
balancing the activating signals encountered by eosinophils to
maintain tissue homeostasis.

In this study, we found that intestinal eosinophils express an
inhibitory receptor signal regulatory protein « (SIRPa)/CD172a
at high levels and a degranulation marker CD63 at low, but signi-
ficant, levels and that SIRPa/CD172a contributes to eosinophil
homeostasis by regulating the degranulation in these cells, with
substantial effects on their survival.

Materials and Methods
Mice

Female 6-12 wk-old BALB/c and C57BL/6 mice (SLC, Hamamatsu, Japan)
were used. A C57TBL/6 mouse strain expressing a mutant SIRPa/CD172a
lacking most of its cytoplasmic domain (25) was backcrossed onto the
BALB/c background for >10 generations (hereafter referred to as SIRPa
Cyto™"). The CD47™'~ mice on the C57BL/6 background were kindly
provided by Dr. Per-Arme Oldenborg (Umea University, Umea, Sweden).
All animal experiments were performed under an experimental protocol
approved by the Ethics Review Committee for Animal Experimentation of
Osaka University Graduate School of Medicine.

Reagents

O-phenylenediamine, cetyltrimethylammonium bromide, and calcium
ionophore A23187 were purchased from Sigma-Aldrich (St. Louis, MO).
The stock solution of A23187 (10 mM) was prepared in DMSO, and
subsequent dilutions were prepared in RPMI 1640 without phenol red
(Invitrogen Life Technologies, Carlsbad, CA). Recombinant murine stem
cell factor, recombinant murine Flt3 ligand, and recombinant murine IL-5
were all purchased from PeproTech (Rocky Hill, NJ) and used at the
concentrations described previously (26). Recombinant murine IL-25 was
from R&D Systems.

Cell isolation

The small intestine was isolated, and after removal of the fat tissue and
Peyer’s patches, the intestine was opened longitudinally, rinsed in cold
5 mM EDTA in PBS, and cut into 1-2-cm lengths. The epithelial cell layer
was removed by vigorous stirring in FACS buffer (PBS containing 10%
FCS, 20 mM HEPES, 100 U/ml penicillin, 100 p.g/ml streptomycin, 1 mM
sodium pyruvate, and 10 mM EDTA) for 20 min at 37°C. After shaking
in PBS, the intestinal fragments were incubated in complete RPMI 1640
medium for 10 min at room temperature (RT), minced, and digested in 400
U/ml collagenase D and 10 pg/ml DNase I (Roche, Mannheim, Germany)
at 37°C for 45 min with continuous stirring. The cell suspension was fil-
tered through a 40-pm cell strainer and subjected to 40%/75% Percoll
(Amersham Biosciences) density-gradient centrifugation. Cells at the in-
terface (hereafter referred to as “light-density cells”) were collected,
washed, and used for phenotypic analysis, immunoprecipitation, eosino-
phil degranulation assay, or culture. BM cells were collected by flushing
the femurs and tibiae with complete RPMI 1640 medium. The red cells in
the BM and blood were lysed with ACK lysis buffer (0.15 M NH,CI,
10 mM KHCO3, 0.1 mM Na,EDTA [pH 7.3]), and the remaining leuko-
cytes were subjected to enzymatic digestion, as described above for the
lamina propria leukocytes, or used directly for phenotypic analysis. BM-
derived eosinophils were obtained by culturing BM cells in the presence
of the stem cell factor, Flt3 ligand, and IL-5, following a previously de-
scribed method (26).

ROLE OF SIRPa/CD172a IN EOSINOPHIL HOMEOSTASIS

Generation of MY-1 and NVG-2 mAbs

Sprague-Dawley rats were immunized with an_eosinophil-enriched cell
fraction, obtained by sorting granulocytes (FSC™8" and SSC™) from the
mouse small intestinal lamina propria by FACS. Two weeks after the last
booster immunization, the popliteal lymph nodes were used to generate
hybridomas, following standard methods. Hybridomas were grown in
hypoxanthine~aminopterin-thymidine medium supplemented with IL-6,
and the culture supernatants were screened for Abs reactive with small
intestinal lamina propria eosinophils by flow cytometry. The MY-1 and
NVG-2 mAbs were produced in ascitic fluid from ICR nu/mu mice. They
were both determined to be of the IgG2a subclass and purified using
protein G-affinity chromatography.

Cell lines

CHO cells stably expressing an active form of H-Ras (CHO-Ras cells) and
those stably expressing mouse SIRPa/CD172a (CHO-Ras-SIRPa-ICR)
were cultured in «-MEM medium (Sigma-Aldrich) supplemented with
10% FCS, 2 mM L-glutamine, 10 mM HEPES, 500 pg/ml Geneticin,
and 500 pg/ml Zeocin, as previously described (27). COS-7 cells were
maintained in DMEM supplemented with 10% heat-inactivated FCS,
L-glutamine, and 0.1 mM nonessential amino acids at 37°C with 5% CO,
and transfected with a pCMV-SPORT6 expression vector encoding mouse
CD63 Ag (Invitrogen Life Technologies) to generate a stable cell line
expressing CD63 on the cell surface.

Abs and flow cytometry

Unlabeled mAbs used in EPO-release experiments were anti-mouse
sialic acid-binding Ig-like lectin F (Siglec F; 238047), anti-mouse PIR-B
(326414) from R&D Systems, rat IgG2a isotype control (eBioscience),
and MY-1. Abs used in flow cytometry were Alexa Fluor 647- or FITC-
conjugated MY-1, Alexa Fluor 647- or FITC-conjugated NVG-2, anti-
CD63 (MBL, Woburn, MA), and FITC-conjugated anti~-CCR-3 (83101)
from R&D Systems. PE-conjugated anti-Siglec F (E50-2440), PE-
conjugated anti-CD125 (T21), allophycocyanin- or PE-conjugated anti-
CDl1lc (HL3), and FITC-conjugated Annexin V were from BD Phar-
mingen. Allophycocyanin- or PE-conjugated anti-CD11b (M1/70) and
FITC-conjugated rat IgG2a isotype control were from eBioscience. PE- or
Alexa Fluor 647-conjugated rat IgG2a k (RTK2758) isotype control Abs
were from BioLegend. Biotin-conjugated P84 mAb was produced from
hybridoma cells kindly provided by Dr. C.F. Lagenaur (University of
Pittsburgh, Pittsburgh, PA). FcR blocking was performed using anti-CD16/
32 (2.4G2) or mouse y-globulins when necessary. After addition of
a nucleic acid dye 7-aminoactinomycin D (7AAD), flow cytometric
analysis was performed on a FACSCanto II (BD Biosciences) or Gallios
(Beckman Coulter), and the data were processed with FlowJo (Tree Star)
or Kaluza (Beckman Coulter) software. The geometric mean fluorescence
intensity values of isotype control Abs were subtracted from those of
specific Abs.

Immunoprecipitation, Western blot, and liquid chromatography
mass spectrometry analysis

The MY-1 and NVG-2 mAbs were covalently linked to Sepharose beads
(GE Healthcare) and used to immunoprecipitate Ags from lysates of lamina
propria light-density cells. The immunoprecipitated Ag was washed in PBS
containing 0.1% Triton X-100 and 500 mM NaCl, eluted with glycine-HCl
(pH 2.5), neutralized immediately with 3 ul Tris-HCI (pH 9.0), and con-
centrated 10 times using a CC-105 centrifugal concentrator (Tomy Tech).
Cell lysates and the immunoprecipitated materials were resuspended in 2X
SDS PAGE sample buffer and separated on a 5-20% SDS-PAGE gel under
reducing or nonreducing conditions. After blotting, the filters were in-
cubated with the MY-1 or NVG-2 mAbs, followed by HRP-conjugated
goat anti-rat IgG, and detected with ECL Western blotting detection
reagents (GE Healthcare). An additional gel was stained with the Sypro
Ruby protein gel stain (Invitrogen Life Technologies), and the protein band
was isolated and digested with trypsin. The eluted peptides were analyzed
by liquid chromatography mass spectrometry (LC/MS). The mass spec-
trometry data were compared with primary sequence databases using the
Mascot search (http://www.matrixscience.com).

Eosinophil-degranulation assay

Small intestinal lamina propria light-density cells (5 X 10° cells/well, 30
5% eosinophils) and in vitro-differentiated BM-derived eosinophils (2.5 X
107 cells/well, >90% eosinophils) were assayed for EPO release following
a previously described method that measured extracellular EPO (28). The
cells were resuspended in RPMI 1640 medium without phenol red and
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incubated with 50 pg/ml mouse y-globulins for 15 min at RT. The cells
were then incubated with 2.5 pg/ml MY-1, anti-Siglec-F, anti-PIR-B, rat
IgG2a isotype control, or the indicated Ab combination for 10 min at RT.
After washing with RPMI 1640 medium without phenol red, the cells were
incubated with 2.5 pg/ml goat anti-rat IgG for 10 min at RT. After the
removal of unbound Abs, the cells were stimulated with 10 pM A23187
(29) for 30 min at 37°C in a 5% CO; incubator. Subsequently, a substrate
solution (0.4 M Tris-HCI, 0.2 mM o-phenylenediamine, 0.005% H,0,)
was added, and the mixture was left for 15 min at RT before stopping the
enzymatic reaction with cold 4 M H,SO,. The total EPO activity was
determined from cells lysed in 0.3 M sucrose containing 0.22% cetyl-
trimethylammonium bromide and 0.2% Triton X-100. The absorbance was
determined at 492 nm in a microplate reader, and the data are presented as
the percentage of total EPO activity in lysed cells.

Immunofluorescence staining

Cryosections of the small intestine and spleen were blocked with 10% FCS
in PBS containing 20 pg/ml mouse v-globulins for 12 h at 4°C. The
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FIGURE 1. The small intestinal lamina propria eosinophils express
SIRPa/CD172a and CD63. A, The small intestinal lamina propria light-
density cells of naive BALB/c mice were stained with FITC-conjugated
anti-CCR-3 and anti-CD11b, PE-conjugated anti-CD125 (IL-5Ra), anti-
Siglec F, or anti-CD11c and analyzed by flow cytometry. B, The expression
levels of SIRPa/CD172a and CD63 in the small intestinal lamina propria
eosinophils were determined using Alexa Fluor 647-conjugated MY-1 or
NVG-2 mAbs, respectively. Numbers inside the outlined areas or within
each quadrant indicate the percentage of gated cells. Data are from one
experiment representative of more than three with three mice each.

sections were stained with 2 pg/ml rat anti-mouse MBP mAb (kindly
provided by D.J. Lee, Mayo Clinic, Scottsdale, AZ) for 1 h at RT, followed
by Alexa Fluor 594-conjugated goat anti-rat IgG. After a second blocking
with 10 pg/ml rat IgG, the sections were stained with FITC-labeled anti-
CD63 (NVG-2 mAb) or Alexa Fluor 647-conjugated MY-1, followed
by the nucleic acid dye Hoechst 33342. Apoptotic eosinophils were
detected by TUNEL, using the In Situ Cell Death Detection Kit (Roche).
Pictures were acquired by an Olympus FV-1000 confocal laser-scanning
microscope. :

Induction of Th2-type inflammation

IL-25 was administered i.p. (400 ng/mouse) daily for 3 d (30), and the
peritoneal cells and tissues were collected 24 h after each treatment.

Statistical analysis

Flow cytometry data were collected from individual mice or from pooled
samples from three to five mice. In the EPO-release experiments, the mean %
SD was calculated from the data collected from six to eight wells per
treatment, and the experiment was repeated at least three times. Significant
differences were determined using the Student 7 test. Statistical analysis was
performed with GraphPad Prism 5 software (GraphPad). -
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FIGURE 2. SIRPa/CD172a is more abundantly expressed in intestinal
eosinophils than in BM or PBL eosinophils. A, Flow cytometry of the BM,
PBL, and small intestinal lamina propria eosinophils from BALB/c and
C57BL/6 mice, stained with Alexa Fluor 647-conjugated MY-1 (anti-
SIRPa/CD172a). B, Geometric mean fluorescence intensity values of
SIRPa/CD172a, Siglec F, CD125, and CCR-3 in BM and PBL eosinophils
that had been subjected to treatment with collagenase D and DNase I,
similar to that used for the lamina propria eosinophils. Data are from one
experiment representative of three with three mice each.
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Results
Eosinophils express SIRPa/CDI172a and CD63 in the small

intestinal lamina propria

Analysis of the small intestinal lamina propria light-density cells by
flow cytometry indicated the presence of at least three main cell
populations based on the forward light scatter (FSC)/side scatter
(SSC) pattern of live cells: a granulocyte population with medium to
high SSC (R1; 33 % 5%), a mononuclear cell population with low
SSC (R2; 56 = 4%), and a minor cell population with low FSC/SSC
(R3: 5.5 + 7%) (Fig. 1A). Staining with mAbs against CCR3, IL-
5Ra, and Siglec F verified that >90% of the granulocytes in the R1
fraction were eosinophils expressing all three of these markers. The
majority of the R2 cells (>80%) were negative for CCR3, IL-5Ra,
and Siglec F, although there were minor cell populations with the
phenotype of CCR3™ IL-5Ra* (11%), CCR3" IL-5Ra™ (6.4%),
CCR3* Siglec F~ (4.3%), CCR3™ Siglec F* (8%), and CCR3"
Siglec F* (4%), some of which might represent immature-type
eosinophils. Additional staining indicated that almost all of the
cells in the R1 gate (eosinophil-dominant subpopulation) expressed
the integrin CD11c and reacted with two novel mAbs, MY-1 and
NVG-2, which were generated against mouse eosinophils from the

A

% of total EPO activity

FIGURE 3. Cross-linking of SIRPa/CD172a
on eosinophils leads to an inhibition of peroxi-
dase release. A, A23187 (10 wM)-induced EPO
release from lamina propria eosinophils that had
been pretreated with 2.5 wg/ml MY-1, anti-Siglec
F, anti-PIR-B, rat IgG2a isotype control, or the
indicated Ab combinations, with or without sub-
sequent cross-linking with 2.5 jug/ml goat anti-rat
IgG. Data are presented as the percentage of total
EPO activity from lysed celis. B, EPO release
from the lamina propria eosinophils of WT and
SIRPa Cyto™™ mice treated as in A and stimu-
lated with 10 uM A23187. Data are the mean
values = SD of six to eight wells from one ex-
periment representative of three. Statistical sig- -
nificance of the differences was determined using
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small intestinal lamina propria (see Materials and Methods). The
lamina propria eosinophils had a high reactivity with MY-1 (95%)
and a low, but significant, reactivity with NVG-2 (90%) (Fig. 1B),
whereas the mononuclear cells in the R2 gate showed only minor or
no reactivity with these mAbs.

When the Ags recognized by the mAbs MY-1 and NVG-2 were
analyzed by Western blotting, MY-1 was found to recognize
a major band with a molecular mass of ~100-120 kDa and a minor
band of ~40 kDa, whereas NVG-2 reacted with a band of ~60-65
kDa in lamina propria cell lysates (Supplemental Fig. 14). LC/MS
analysis indicated that the major band recognized by MY-1 was an
immune-inhibitory protein, SIRPo/CD172a (score 96.29, p =
5.00E—15), whereas NVG-2 reacted with tetraspanin CD63 (score
33, p = 4.19E—05), which appears on degranulating leukocytes.
Confirming these data, the MY-1 mAb also reacted with CHO-
Ras cells stably expressing mouse SIRPa/CD172a, as did a com-
mercially available anti-SIRPa/CD172a mAb P84, in immuno-
fluorescence and flow cytometric analyses (Supplemental Fig. 1B,
1C). The NVG-2 mAb reacted with COS-7 cells expressing the
mouse CD63 Ag, as did a commercially available anti-CD63
(MBL) Ab (Supplemental Fig. 1D). Collectively, these results
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indicated that eosinophils in the lamina propria of the small in-
testine express SIRPa/CD172a at a high level and CD63 at a low,
but significant, level.

SIRPa/CDI172a is more abundantly expi‘essed in intestinal
eosinophils than in BM or PBL eosinophils

We next asked whether SIRPa/CD172a is expressed in cosinophils
in other tissues. As shown in Fig. 24, SIRPa/CD172a expression
was comparable between the BM and blood eosinophils, whereas its
expression was substantially higher in the lamina propria eosino-
phils in BALB/c and C57BL/6 mice (Fig. 2A). To exclude the pos-
sibility that the higher levels of SIRPa/CD172a observed in lamina
propria eosinophils were due to differences in the isolation method,
we subjected PBL and BM leukocytes to an isolation method similar
to that used for the lamina propria cells and analyzed the expression

of SIRPa/CD172a comparatively with other markers. Subtracting
the geometric mean fluorescence intensity values of isotype control
Abs from the values of the specific Abs, we found that the colla-
genase treatment did not significantly alter the expression levels
of SIRPa/CDI172a, Siglec F, CD125 (IL-5Ra), or CCR3 in the
PBL or BM eosinophils. Furthermore, the intestinal eosinophils
expressed both SIRPa/CD172a and Siglec F at higher levels and
CD125 and CCR3 at lower levels than did those obtained from the
PBL and BM (Fig. 2B).

Cross-linking of SIRPa/CD172a leads to the inhibition of EPO
release

To understand the role of SIRPa/CD172a in intestinal eosinophils,
we asked whether cross-linking SIRPa/CD172 on the cell surface
has any effect on the A23187-induced release of EPO (28). As

. . . ¥
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FIGURE 4. Mice expressing SIRPa Cyto™'™ show. inc _ased eosinophil degranulation and lamina propria remodeling, A, Flow cytometry of lamina
propria leukocytes from WT and SIRPa Cyto™~ mice stained with anti-CCR-3, anti-CD125, anti-Siglec F, anti-SIRPa/CD172a (MY-1), and anti-CD63
(NVG-2) mAbs or rat IgG isotype control Abs. Numbers inside the outlined areas or within each quadrant indicate the percentage of gated cells. The total
number of lamina propria light-density cells and of eosinophils in WT and SIRP« Cyto ™™ mice is shown in the far right panel. Statistical significance of
the differences was determined using the Student unpaired ¢ test. *p < 0.05, **#p < 0.0001. Data are from one experiment representative of more than three
with three mice per group. B, Confocal laser-scanning microscopy images of frozen sections from the small intestine of WT and SIRPa Cyto™ ™ mice
immunostained for MBP (red), CD63 (green), and nuclei (Hoechst 33342, blue). Dotted circles demarcate MBP*CD63* amorphous structures compatible
with clusters of free extracellular granules. Arrows indicate free MBP*CD63" granules, and white arrowhead indicates MBPTCD63™ granules apparently in
the cytoplasm of mononuclear leukocytes. Scale bars, 20 wm. Data are from one experiment representative of more than three. C, Paraffin wax-embedded
sections of the small intestine of WT and SIRPx Cyto™ ™ mice stained with Masson’s trichrome. Collagen is stained blue, and white brackets indicate the
submucosa (SM) and circular muscle layer (CM). Original magnification X200 (first and third panels) and X 1000 (second and fourth panels). Data are
from one experiment representative of two,
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shown in Fig. 3A, intestinal eosinophils obtained from un-
perturbed wild-type (WT) mice showed a modest, but significant,
reduction in EPO release upon the cross-linking of SIRPo/
CD172a. In contrast, intestinal eosinophils from mice expressing
SIRPa Cyto™~, which is a mutated SIRPa/CD172a that lacks
most of its cytoplasmic domain and, hence, has no signal-
transducing ability, did not show a significant reduction in EPO
release after SIRPa/CD172a cross-linking (Fig. 3B); instead, the
mutant cells showed a tendency to release more EPO with or
without stimulation. This inhibitory effect on EPO release in WT
eosinophils was found only when the cells were treated with anti-
SIRPa/CD172a mAb, followed by a secondary Ab, but not with
anti-SIRPa/CD1722 mAb alone (Fig. 34). A comparable in-
hibition of EPO release was observed by SIRPa/CD172a cross-
linking in WT BM-derived eosinophils (data not shown). These
findings are consistent with the hypothesis that SIRPa/CD172a
negatively regulates eosinophil degranulation via its cytoplasmic
domain.

The cross-linking of other inhibitory receptors, Siglec F and
PIR-B, also inhibited eosinophil degranulation at low levels, and
the simultaneous cross-linking of SIRPa/CD172a enhanced the
inhibition by either of these receptors slightly; cross-linking all
three receptors did not enhance the inhibition further (Fig. 34).
These results suggested that there are multiple arms of regulation
in eosinophil degranulation in the intestine, and these inhibitory
receptors may act independently.

Mice expressing SIRPa Cyto™"™ show increased eosinophil

degranulation and lamina propria remodeling

We next asked whether the absence of SIRPa/CD172a-mediated
inhibitory signals compromises eosinophil homeostasis in vivo.
As shown in Fig. 44, we found a decrease in SSC’“"h light-density
cells in the lamina propria of SIRPa Cyto™ /= mice compared
with WT mice (24% versus 37%), which mainly reflected a de-
crease in eosinophils, as revealed by staining with anti-CCR3 and
anti-CD125 mAbs. Manual counting of live cells obtained from
the small intestinal lamina propria confirmed that there was a
lower recovery of total cells and eosinophils from the SIRPo
Cyto™’~ mice. Eosinophils from the small intestine of the SIRPa
Cyto™™ mice showed increased expression of the tetraspanin
CD63 and reduced levels of the mutated SIRPa/CD172a. The
cells in the R2 fraction, which were mainly macrophages and
dendritic cells expressing SIRPa/CD172a, did not show obvious

changes in cell number, but they showed reduced expressions-

of MHC class II and F4/80 in SIRPa Cyto™'~ mice compared
with WT mice (data not shown). These results indicated that the
number of intestinal eosinophils and the expression of the de-
granulation marker CD63 were altered in mice expressing a mu-
tant SIRPa/CD172a protein.

A close examination of the small intestine of the SIRPa Cyto™
mice confirmed the increased eosinophil degranulation, with
markedly more MBP* CD63" granules and amorphous structures
in the lamina propria than in the WT intestine (F1g 4B). Some of
the MBP* CD63* granules in the SIRPa Cyto™’~ lamina propria
were found within the cytoplasm of other leukocytes, indicating
that the eosinophils’ granular contents were released extracellu-
larly and phagocytosed by other cells. Masson’s trichrome stain-
ing showed increased collagen deposition in the submucosa and
smooth muscle hypertrophy (Fig. 4C). Taken together, these data
indicated that, in the absence of SIRPa/CD172a signaling, in-
testinal eosinophils had an increased tendency to degranulate,
leading to reduced eosinophil viability and increased expression
of the degranulation marker CD63. The lamina propria showed
increased tissue remodeling under steady-state conditions.

—f—

ROLE OF SIRP«/CD172a IN EOSINOPHIL HOMEOSTASIS

- . . . . .
CD47~"" mice show increased eosinophil degranulation and
reduced numbers of lamina propria eosinophils

Given that SIRPa/CD172a transmits negative signals upon liga-
tion by the transmembrane glycoprotein CD47 (31), which is
expressed in a number of cell types (32), including mtestmal ep-
ithelial cells (33), we examined whether CD47~'~ mice re-
capitulate the changes observed in the SIRPa Cyto™ /= mice. In
this experiment, because the only CD47 ~/~ mice available were
on the C57BL/6 background, we made the comparisons using
SIRPa Cyto™ ~/~ mice on the C57BL/6 background, instead of
the BALB/c background. As shown in Fig. 54, both CcD477'"
and SIRPa Cyto™ ~7~ mice showed a substantial reduction in the
number of eosinophils and increased degranulation in the Jamina
propria compared with age- and sex-matched WT mice. In the
spleen, the number of degranulating eosinophils was also in-
creased in both the SIRPa Cyto™ /= and CD47™'" mice (Fig. 5B).
These results are consistent with the hypothesis that a lack of
signals provided by the SIRPa/CD172a-CD47 interaction leads to
increased eosinophil degranulation and reduced eosinophil num-
bers in the intestine.

SIRPa/CD172a mutation negatively affects eosinophil survival

‘We next asked whether eosinophils show decreased survival in the
absence of SIRPa/CD172a signaling. The small intestinal lamina
propria light-density cells from SIRPa Cyto"’ ~ mice showed a
higher incidence of cell death, irrespective of the presence of IL-5,
after 24 h of culture (Fig. 6A). In the absence of IL-5, SIRPa
Cyto™'~ lamina propria eosinophils showed increased early
(7TAAD™ Annexin V* cells; 13% versus 9.8%) and late (7AAD"
Annexin V7 cells; 50% versus 34%) apoptotic cell death com-
pared with their WT counterparts. IL-5 showed little survival

. CD4T—-

SiRPa Cyto—/—

A

FIGURE 5. CD47™'" mice show increased eosinophil degranulation
and reduced numbers of lamina propria eosinophils. A, Merged images of
frozen sections from the small intestine of CD47 '~ and SIRP« Cyto™~
mice on the C57BL/6 background, immunostained for MBP (red), CD63
green), and nuclei (Hoechst 33342, blue), acquired by a confocal laser-
scanning microscope. Arrows indicate MBP*CD63" extraceltular granules.
Scale bars, 40 wm (upper panels) and 20 wm (lower panels). B, Mer: 0ed
images of frozen sections from the spleen of CD47 =/~ and STRP« Cyto™~
mice on the C57BL/6 background, immunostained as in A. Scale bar,
40 pm. Data are from one experiment representative of three.
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FIGURE 6. - SIRP/CD172a mutation hegatively affects eosinophil sur-
vival. A, The survival of small intestinal lamina propria leukocytes was
analyzed 24 h after culture in complete RPMI 1640 medium in the pres-
ence or absence of 10 ng/ml IL-5. The cells were stained with FITC-
conjugated Annexin V and the nucleic acid dye 7AAD and analyzed by
FACS. Lower panel, The absolute number of early and late apoptotic
eosinophils. Data are from one experiment representative of three. B, Flow
cytometry of small intestinal lamina propria eosinophils stained with a PE-
conjugated anti-Siglec F mAb and FITC-conjugated Annexin V. Numbers
within each quadrant indicate the percentage of gated cells. Data are from
one experiment representative of more than three. C, Merged images of
frozen sections from the small intestine of WT and SIRPa Cyto™™ mice
stained with TUNEL (green) and anti-MBP (red) and acquired by a con-
focal laser-scanning microscope. Arrowheads indicate TUNEL™ eosino-
phils, which appeared smaller than WT eosinophils. The extracellular

effect on cultured lamina propria eosinophils and yielded only
‘a'small reduction in early (9.8% versus 6.7%) and late (50%
versus 41%) apoptosis in WT and SIRPa Cyto™~ eosinophils,
respectively (Fig. 64, upper panels). These observations were also
apparent when the absolute cell numbers were compared (Fig. 64,
lower panels). A similar tendency was observed after 48 h of
culture (data not shown). Furthermore, the small intestinal eosi-
nophils from SIRPa Cyto ™" mice showed increased Annexin V
binding at the time of cell harvest compared with those from WT
mice (total Annexin V" eosinophils: 27.7% versus 13.1%) (Fig.
6B). Finally, MBP" TUNEL" apoptotic eosinophils were fre-

quently observed in the small intestine of SIRPa Cyto™™ mice

“but'not WT mice (Fig. 6C). These results demonstrated that eo-

sinophil survival was compromised in the absence of SIRPo/
CD172a signaling, both in vitro and in vivo.

Reduced survival of eosinophils in the absence of SIRPa/
CD172a signaling in inflammation

We next asked whether the absence of appropriate SIRPa/CD172a
signaling would affect eosinophil homeostasis in inflammation.
To this end, we injected IL-25 i.p. into WT and SIRPa Cyto™~
mice to induce a Th2-type inflammatory response (30, 34). The
WT mice showed a significant increase in eosinophils in the small
intestinal lamina propria after 3 d of daily IL-25 administration,
and a substantial proportion of the eosinophils was degranulat-
ing in the villus (Fig. 74). In contrast, the SIRPa Cyto™ ™ mice
showed a much lower frequency of lamina propria eosinophils but
a marked increase in MBP" CD63* amorphous material outside
the intestinal villi (Fig. 74). These observations indicated that, in
the absence of SIRPa/CD172a signaling, the eosinophils rapidly
degranulated, and their cytoplasmic contents were released into
the lumen in the inflamed intestine.

Corroborating these observations, marked eosinophil infiltration
was seen in the peritoneal cavity in both the WT and SIRPa
Cyto™" mice upon IL-25 administration (Fig. 7B). The SIRP«
Cyto™"" mice showed a prominent reduction in Siglec F expres-
sion and a concomitant increase in Annexin V-binding cells in
the R1, but not the R2, fraction (Fig. 7B), indicating an increase
in dying eosinophils. Collectively, these results indicated that
SIRPa/CD172a signaling significantly contributes to eosinophil
survival in inflammation.

Discussion
In this study, through the generation and use of two novel mAbs,
we identified an inhibitory receptor, SIRPa/CD172a (35), and the
tetraspanin CD63 (36) as proteins expressed on the surface of
small intestinal lamina propria eosinophils. We also showed that
SIRPa/CD172a regulates eosinophil homeostasis by inhibiting
degranulation, a mechanism that seems to increase eosinophil
survival under both physiological and inflammatory conditions.
SIRPa/CD172a (also known as SHPS-1, P84, or BIT), pos-
sesses two ITIM motifs in its cytoplasmic domain that can
transmit negative signals in various cellular events, including
proliferation (35, 37), cytoskeletal reorganization and cell motil-
ity (38), and phagocytosis and oxidative burst (25, 39, 40). In
the current study, we found that cross-linking SIRPa/CD172a
on lamina propria eosinophils significantly inhibited calcium

granules and amorphous structures shown in Figs. 4 and 5 were present but
not readily visible without CD63 staining. Scale bars, 100 um (upper
panels) and 40 um (lower panels). Data are from one experiment repre-
sentative of two.
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FIGURE 7. Reduced survival of eosinophils in

the absence of SIRPa/CD172a signaling in in-
flammation. A, Merged images of frozen sections

from the small intestine of WT and SIRPa Cyto™~

mice treated with IL-25 and stained with Abs to

MBP (red), CD63 (green), and nuclei (Hoechst SIRPe
33342, blue), acquired by a confocal laser-scanning
microscope. Dotted circles indicate MBP*CD63*
amorphous structures shed from the lamina propria.
Arrows indicate MBP'CD63 extracellular granules.
Scale bars, 100 pm (left panels) and 40 pm (right
panels). Right panel, The number of eosinophils in
20 villus/crypt units was counted; data shown are
eosinophils/villus (mean * SD). ***p < 0.0001, B
Student unpaired ¢ test. B, Flow cytometry of the

total peritoneal cells from WT and SIRPa Cyto ™/~

mice collected 72 h after IL-25 or saline treatment

and stained with PE-conjugated anti-Siglec F and WT
FITC-conjugated Annexin V. Numbers inside the
outlined areas or within each quadrant indicate the
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ionophore-induced EPO release (Fig. 3). Although this inhibition
was modest, it was consistently observed in both intestinal eosi-
nophils and BM-derived eosinophils from normal mice but not in
those from SIRPa Cyto™’~ mice expressing a mutant SIRPa/
CD172a that lacks most of its cytoplasmic domain, consistent with
the notion that SIRPa/CD172a inhibits eosinophil degranulation
via its cytoplasmic domain. The lower expression of the SIRPa/
CD172a protein in SIRPa Cyto™~ eosinophils might have con-
tributed to the lack of inhibition of EPO release upon cross-
linking. However, the finding that SIRPa Cyto™~ eosinophils
consistently showed a higher tendency to degranulate, even in the
absence of cross-linking, argued against this possibility and in-
stead indicated that they arc more prone to degranulate than are
their WT counterparts.

There are at least three possible explanations for the modest
effect of the SIRPa/CD172a cross-linking. First, the SIRPa/
CD172a-mediated degranulation inhibition seems to represent just
one arm of multiple inhibitory pathways. As shown in Fig. 34, the
cross-linking of two other inhibitory receptors, Siglec F (41) and
PIR-B, yielded a comparable or smaller degranulation inhibition,
and the additional cross-linking of SIRPa/CD172a tended to in-
crease the inhibition. Furthermore, other inhibitory receptors have
been reported on the surface of eosinophils (42). Second, mouse
eosinophils are much less susceptible to' degranulation induction
than are their human counterparts in vitro and in vivo (43). Third,
eosinophils represented no more than one third of the light-density
cell fraction used in this study, which might have decreased the
sensitivity of the assay. Although the eosinophils could have been
purified more by cell sorting, we deliberately used an eosinophil-
enriched cell population without subjecting it to further purifica-
tion, because the isolation method, per se, affected the degree of
spontaneous eosinophil degranulation (Fig. 3).

The involvement of SIRPa/CD172a in regulating eosinophil
degranulation was strongly supported by our in vivo study. Con-
sistent with the hypothesis that the cytoplasmic domain of SIRPo/

Annexin V

CD172a plays an inhibitory role in degranulation, the SIRPa
Cyto™~ mice showed a reduced number of eosinophils in the
small intestinal lamina propria and an increased surface expres-
sion of the degranulation marker CD63 (Fig. 4), which is normally
present in the membrane of intracellular crystalloid granuies and
appears on the cell surface during the piecemeal degranulation of
human eosinophils (17, 44). In addition, the SIRPa Cyto_’ ~ mice
showed an increased frequency of extracellular MBP*CD63™
granules and MBP*CD63" amorphous materials in the lamina
propria, increased collagen deposition in the submucosa, and
smooth muscle hypertrophy in the jejunum, which are character-
istic features of the increased tissue remodeling induced by eo-
sinophil degranulation (45). Furthermore, the CD477'~ mice
showed reduced numbers of lamina propria eosinophils and fre-
quent MBP*CD63" extracellular granules. Although MBP*CD63*
amorphous structures were not found in the lamina propria of the
CD477'" mice, they were observed in the spleen of these mice,
where eosinophil degranulation was more prominent. These
results provide strong support for the inhibitory role of SIRPa/
CD172a in eosinophil degranulation. ‘

Despite the increased eosinophil degranulation and tissue re-
modeling in the small intestine of the SIRPa Cyto™~ mice, we did
not find significant inflammation or intestinal tissue damage
resulting from the release of eosinophil granule proteins. This
observation might be explained, in part, by a species difference,
because mouse models of human asthma show only mild eosinophil
degranulation (46). However, extensive eosinophil degranulation
and pulmonary pathologies could be induced in double-transgenic
mice expressing IL-5 and eotaxin-2 coordinately by mature T cells
and lung epithelial cells, respectively (47), implying that in vivo
eosinophil effector functions mediated by degranulation might
involve multiple costimulatory receptor-ligand interactions. In
addition, previous studies in man indicated that eosinophil gran-
ules are secreted extracellularly as intact membrane-bound
structures and that external stimulation is required to elicit
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secretion from the granules (14, 48). The small intestine may lack
the endogenous activating signal necessary for the ejection of
toxic granular contents from the released MBP*CD63" granules,
preventing any obvious tissue damage. In addition, given that
some MBP*CD63" granules were found within the cytoplasm of
other types of cells, a substantial proportion of the released MBP™*
CD63" granules might have been rapidly taken up by phagocytes
before they ejected toxic materials. Although it has been widely
believed that eosinophil degranulation leads directly to tissue
damage, these data collectively support the idea that, under certain
conditions, eosinophil degranulation leads to tissue remodeling in
the absence of noticeable inflammatory cell infiltration and the
resulting tissue damage (43). ‘

Eosinophils are terminally differentiated leukocytes that are
believed to possess a limited ability to survive in tissues in the
absence of survival-promoting cytokine signals (49), and cytokine
signaling through the common <y-chain is reported to increase the
survival of intestinal eosinophils (21). Although it is possible that
inhibitory receptors inhibit these survival signals in eosinophils
under certain situations (22), our results indicated that SIRPa/
CD172a promotes eosinophil survival instead, because in vitro-
cultured SIRPe Cyto™" eosinophils showed reduced viability
compared with WT eosinophils, and SIRPa Cyto™~ mice showed
reduced intestinal eosinophils and eosinophils with increased
Annexin V binding or TUNEL" staining (Fig. 6). Although IL-5
treatment seemed to have little effect on the survival of both WT
and SIRPa Cyto™~ lamina propria eosinophils (Fig. 64), this was
probably due to the short time (24 h) of cell culture. Significant
survival effects of IL-5 on WT lamina propria eosinophils were
apparent when the cells were cultured for an extended period of
time (48-72 h; data not shown). Although it remains to be ana-
lyzed whether SIRPa Cyto™’™ lamina propria eosinophils respond
favorably to the prosurvival signals of IL-5 in culture, technical
difficulties with the isolation of sufficient numbers of viable
SIRPa Cyto™"~ eosinophils have impeded these experiments.

The reduced eosinophil survival was also obvious when in-
flammation was induced in SIRPa Cyto™™ mice by IL-25 ad-
ministration. Taken together, these findings suggested that the
absence of appropriate negative signaling via the cytoplasmic
region of SIRPa/CD172a accelerated the rate of eosinophil cell
death in vivo under steady-state or pathological conditions,
probably because of their accelerated degranulation, and we ex-
cluded the possibility that this phenomenon was induced during
the isolation process. Moreover, given that CD47, which binds
SIRPa/CD172a to induce negative signals, is expressed in the
basal aspect of intestinal epithelial cells, and that CD47 ™™ mice
showed changes in the intestinal eosinophils that were very similar
to those observed in the SIRPa Cyto™™ mice, the interaction of
eosinophil SIRPa/CD172a and epithelial cell CD47 is likely to be
involved in the regulation of eosinophil survival. A recent study
indicated that both SIRPa/CD172a and CD47 are also important
for dendritic cell homeostasis (50). In addition, not excluding the
above-mentioned possibility, the absence of inhibitory signals
provided by SIRPa/CD172a may also render eosinophils sus-
ceptible to death signals following the ligation of Fas (51) or of
other receptors, such as Siglec F (52). The regulatory mechanism
of eosinophil survival warrants further investigation.

A previous study indicated that human polymorphonuclear
cell migration is regulated by CD47 through SIRPa/CD172a-
dependent and -independent mechanisms (53). Abs against
SIRPa/CD172a partially inhibited neutrophil migration across
both human epithelial monolayers and collagen-coated filters,
whereas Abs against CD47 inhibited neutrophil migration almost
completely (53). In addition, mouse neutrophils deficient in CD47

showed reduced migration into the inflamed peritoneal cavity (40).
However, in the current study, we found no evidence that SIRPa/
CD172a regulates eosinophil migration. First, SIRPa Cyto™~
eosinophils efficiently migrated toward CCL24/eotaxin-2, as did
WT eosinophils in vitro (data not shown). Second, although there
was a slight delay in eosinophil recruitment into the peritoneal
cavity in SIRPa Cyto™~ mice at 24 and 48 h after IL-25 in-
jection, there was no such a delay at 72 h after inflammation in-
duction. Instead, the only prominent finding at 72 h was the
reduced viability of the infiltrated eosinophils (Fig. 7). Hence, our
data do not support the role of SIRPa/CD172a in eosinophil mi-
gration regulation but rather support its role in eosinophil de-
granulation and cell survival.

‘In summary, we identified an inhibitory receptor, SIRPa/
CD172a, and tetraspanin CD63 as proteins that are expressed by

* small intestinal lamina propria eosinophils. SIRPa/CD172a seems

to play a role in inhibiting eosinophil degranulation, which leads
to the prolongation of tissue-dwelling eosinophil survival. Given
its prominent expression in human myeloid cells, including
granulocytes (54), SIRPa/CD172a is also likely to be expressed in
human eosinophils. If so, SIRPa/CD172a should be an interesting
therapeutic target for eosinophil-associated diseases through the
inhibition of eosinophil degranulation.
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Supplemental Fig. 1. The MY-1 mAb recognizes SIRPa/CD172a, whereas the NVG-2 mAb recognizes a
tetraspanin CD63. A. Left panels: Western blot analysis of total cell lysates derived from small intestinal lamina
propria with the mAbs MY-1 and NVG-2. Right panels: Silver staining of the materials immunoprecipitated with
MY-1 or NVG-2 (major immunoreactive products are indicated by red circles). B. The MY-1 mAb binds to
SIRPa/CD172a. CHO-Ras cells stably expressing mouse SIRPa/CD172a and the parental cells were fixed and
stained with unlabeled MY-1 or P84 mAb (a commercial anti-SIRPa/CD172a). Subsequently, Alexa 488-
conjugated anti-rat IgG secondary antibody or Rhodamine-phalloidin was added, and the cells were analyzed by
fluorescence microscopy. C. Flow cytometry of the CHO-Ras cells stably expressing mouse SIRPa/CD172a.
Cells were stained with unlabeled MY-1, P84, or rat IgG2a isotype control antibody (shaded histograms)
followed by PE-conjugated anti-rat IgG. The mean fluorescent intensity (MFI) for MY-1 and P84 was 644 and
536, respectively. D. The NVG-2 mADb binds to CD63. Flow cytometry of the COS-7 cells expressing mouse
CDB63 antigen on the cell surface. Transfected and control (untransfected) COS-7 cells were stained with
unlabeled anti-CD63 (MBL) or NVG-2 mAb followed by FITC-conjugated goat anti-rat IgG or rat IgG isotype
control antibody (shaded histograms).
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Monoclonal antibodies are among the most promising therapeutic
agents for treating cancer. Therapeutic cancer antibodies bind to
tumor cells, turning them into targets for immune-mediated de-
struction. We show here that this antibody-mediated killing of
tumor cells is limited by a mechanism involving the interaction
between tumor cell-expressed CD47 and the inhibitory receptor
signal regulatory protein-a (SIRPa) on myeloid cells. Mice that lack
the SIRP« cytoplasmic tail, and hence its inhibitory signaling, display
increased antibody-mediated elimination of melanoma cells in vivo.
Moreover, interference with CD47-SIRPa interactions by CDA47
knockdown or by antagonistic antibodies against CD47 or SIRPo
significantly enhances the in vitro killing of trastuzumab-opsonized
Her2/Neu-positive breast cancer cells by phagocytes. Finally, the re-
sponse to trastuzumab therapy in breast cancer patients appears
correlated to cancer cell CD47 expression. These findings demon-
strate that CD47-SIRPx interactions participate in a homeostatic
mechanism that restricts antibody-mediated killing of tumor cells.
This provides a rational basis for targeting CD47-SIRPa interactions,
using for instance the antagonistic antibodies against human SIRPx
described herein, to potentiate the clinical effects of cancer
therapeutic antibodies.

antibody-dependent cellular cytotoxicity | neutrophil | immunoreceptor |
Fc-receptor

Therapeutic monoclonal antibodies (mAbs) directed against
tumor cells have become a valuable alternative or addition
to conventional cancer treatment modalities. However, despite
the beneficial effects documented for various therapeutic anti-
bodies against different types of cancer, antibodies alone are not
curative and methods to improve their efficacy are warranted.
Therapeutic cancer antibodies may act by one or more several
mechanisms, including immune-mediated effects, such as anti-
body-dependent cellular cytotoxicity (ADCC) and complement-
dependent cytotoxicity (CDC) mechanisms, as well as by direct
growth-inhibitory effects on tumor cells (1-3).

Currently, the most widely used examples of therapeutic anti-
bodies are rituximab and trastuzumab. Trastuzumab (Herceptin)
is a humanized IgG; monoclonal antibody approved for the
treatment of Her2/Neu-positive breast cancer. Although it is
known that trastuzumab binds to the extracellular domain of
Her2/Neu, the mechanism(s) of action in patients is not exactly
clear. Invitro and in vivo studies in mice suggest that trastuzumab
acts by inducing direct G1 growth arrest in breast cancer cells as
well as by mediating ADCC (4-6). ADCC can be mediated by Fc
receptor-expressing natural killer (NK) cells and phagocytes, in-
cluding macrophages and granulocytes (7, 8), and a link between
FcyRIla (CD32a) and FcyRIIla (CD16) polymorphisms and
clinical trastuzumab responsiveness in patients with breast cancer

www.pnas.org/cgi/doi/10.1073/pnas. 1106550108

suggests an involvement of both types of Fc receptors expressed
on phagocytes and NK cells, respectively (3, 9).

NK cell-mediated ADCC is controlled by interactions between
“self” MHC class I molecules on (malignant) host cells and in-
hibitory killer immune receptors (KIRs) expressed on NK cells.
Upon ligand binding, inhibitory KIRs recruit and activate the
cytosolic tyrosine phosphatases SHP-1 and/or SHP-2 that limit Fe-
receptor signaling and, consequently, ADCC toward host cells (7).
An inhibitory receptor on myeloid cells, including macrophages
and granulocytes, that may potentially act in a similar fashion to
restrict antibody-mediated tumor cell elimination is signal regu-
latory protein (SIRP)x (10-14). The extracellular region of SIRPa
interacts with the broadly expressed surface molecule CD47 (15~
17). CD47 binding to SIRPa triggers the recruitment and activa-
tion of SHP-1 and SHP-2 to immunoreceptor tyrosine-based in-
hibitory motifs (ITIMs) within the SIRPa cytoplasmic region, and
this regulates intracellular signaling pathways and associated
downstream functions, usually in a negative fashion (10, 11, 18). It
is well-documented, for instance, that SIRPo« acts to inhibit in the
phagocytosis and in vivo clearance of CD47-expressing host cells,
including red blood cells and platelets, by macrophages (19-24).
CD47-SIRPa interactions also appear essential for engraftment
upon hematopoietic stem cells (25). Based on this, it has been
proposed that the broadly expressed CD47 functions, in analogy
to MHC class I molecules, as a self signal to control immune ef-
fector functions of myeloid cells (19, 26).

Chao et al. (27) have recently reported that antibodies against
CD47 synergize with the therapeutic cancer antibody rituximab in
the phagocytosis of non-Hodgkin lymphoma by macrophages in
immunodeficient mice. However, this study does not provide
conclusive evidence for the role of CD47-SIRP« interactions
in the context of antibody therapy against cancer. In the present
study, we demonstrate that CD47-SIRPa. interactions and SIRPa
signaling negatively regulate trastuzumab-mediated ADCC in vitro
and antibody-dependent elimination of tumor cells in vivo. These
findings support the idea that CD47-SIRPq interactions create
a barrier for antibody-mediated tumor cell elimination and provide
a rational basis for targeting CD47-SIRPu interactions to poten-
tiate the clinical effects of cancer therapeutic antibodies.
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Results

Antibody-Mediated Cancer Elimination in Vivo Is Restricted by SIRPa
Signaling. We postulated that interactions between CDA47,
expressed broadly on normal and tumor cells, and the myeloid
inhibitory immunoreceptor SIRPa would negatively regulate
phagocyte-mediated ADCC induced by cancer therapeutic anti-
bodies, and that targeting of CD47-SIRPa interactions .would
comprise a generic strategy to improve antibody therapy against
cancer. In line with this, Chao et al. (27) have recently shown that
antibodies against human CD47 synergize with rituximab in the
elimination of non-Hodgkin lymphoma cells in immunodeficient
mice and in in vitro phagocytosis experiments. Instead, we used
mutant mice lacking the SIRPa cytoplasmic tail (21) to investigate
whether inhibitory signaling via SIRPa could regulate the anti-
body-mediated elimination of syngeneic tumor cells in immuno-
competent mice. In particular, we used the well-established mouse
metastatic B16 melanoma model, in which the therapeutic anti-
body TA99, directed against the melanoma gp75 tumor antigen,
has shown prominent beneficial effects in tumor cell clearance
(28). First, BI6F10 cells that expressed surface CD47 (Fig. 14)
were injected i.v., in the absence of therapeutic TA99 antibody,
into wild-type and SIRPe-mutant mice, and this resulted in
a similar tumor formation in both strains of mice (Fig. 1B), in-
dicating that SIRPa signaling did not affect tumor cell metastasis
and outgrowth per se. Next, these experiments were performed in
mice that were treated with suboptimal concentrations of TA99
antibody. TA99 antibody treatment resulted only in a minimal
reduction in tumor cell outgrowth in wild-type mice, but tumor
formation was essentially abrogated in SIRPa-mutant animals
under these conditions (Fig. 1C). This demonstrated directly that
SIRPa-derived signals can form a limitation for antibody-de-
pendent tumor cell elimination in vivo.

Expression of CD47 in Breast Cancer Correlates with Adverse Features
and Resistance to Trastuzumab. In line with the above, we hypoth-
esized that CD47-SIRPa interactions were restricting the clinical
efficacy of trastuzumab in the treatment of patients with Her2/
Neu-positive breast cancer. To test this hypothesis, we explored
a possible relationship between CD47 expression and breast cancer
pathological features and clinical trastuzumab responsiveness. To
do so, we analyzed breast cancer tissue CD47 mRNA expression in
our cohort of 353 breast cancer patients as well as in a public data
set (29). CD47 mRNA was overexpressed in many tumors, and
expression correlated with poor-prognosis molecular subtypes
(i.e., basal, Her2/Neu™) (Fig. 24) and with adverse pathological
features [i.e., high-grade, estrogen receptor (ER)™, progesterone
receptor (PR)™]. Furthermore, analysis of a relatively small public
data set (29) of Her2/Neu-positive breast cancer patients treated
with trastuzumab plus vinorelbine revealed an inverse correlation
between CD47 expression level and pathological response to the
therapy (Fig. 2B), with significantly lower CD47 expression in
complete responders. Although the latter finding clearly requires
confirmation in a larger and independent patient cohort, it is con-
sistent with an adverse role of CD47 in the trastuzumab-mediated
elimination of breast cancer cells.

Targeting CD47-SIRP« Interactions Potentiates Trastuzumab-Mediated
ADCC Against Breast Cancer Cells. To directly investigate whether
CD47-SIRPq interactions play a role in the trastuzumab-depen-
dent destruction of breast cancer cells by phagocytes, we estab-
lished an in vittro ADCC assay using trastuzumab-opsonized
human SKBR-3 breast cancer cells expressing surface Her2/Neu
and CD47 (Fig. 34) as targets and human neutrophils as effector
cells. Trastuzumab-mediated ADCC by neutrophils was potently
and synergistically enhanced by F(ab’), fragments of the B6H12
mADb that blocks CD47 binding to SIRPa (30) (Fig. 3 B-E). The
enhancing effect of blocking anti-CD47 F(ab'), was observed at
different effector:target (E:T) ratios (Fig. 3C) and appeared to act
by both decreasing the threshold as well as by increasing the
magnitude of killing (Fig. 3D). Importantly, in the absence of
trastuzumab, no detectable tumor killing effect of anti-CD47 F(ab'),

20f6 | www.pnas.org/cgi/doi/10.1073/pnas.1106550108

A

100:

o
©
2 75
6 A
£l L
[= ———
25 ' L
— 4
wild type mutant
C Wild type Wiid type SIRPa-mutant

PBS TASS TA99
p <0.01
100 p<005

o 801 7

% 601 v .

= oo Y M . X

O ThEs  TAws  Thes
wild type mutant

Fig. 1. SIRPa signaling limits antibody-mediated destruction of melanoma
cells in vivo. (A) CD47 expression on B16F10 mouse melanoma cells as dem-
onstrated by flow cytometry using anti-mouse CD47 antibody (Miap301) and

. phycoerythrin-labeled anti-mouse IgG (filled histogram). The open histogram

represents the isotype control. (B) Comparable outgrowth of B16 melanoma
in wild-type and SIRPa-mutant mice in the absence of therapeutic antibody.
Wild-type and SIRPe-mutant mice were injected i.v. with 1.5 x 10° B16F10
tumor cells. After 21 d, mice were killed, lungs were excised and photo-
graphed (representative examples are shown), and tumor loads were de-
termined and expressed as the sum of the following scores: metastases less
than 1 mm were scored as 1; metastases between 1 and 2 mm were scored as 3;
and metastases larger than 2 mm were scored as 10. Measurements from in-
dividual mice are shown, with means indicated by bars, and statistical dif-
ferences between groups (n = 10) were determined by ANOVA. Note that
comparable tumor loads occur in wild-type (34.7  9.5) (mean + SEM) and
SIRPa-mutant mice (35.9 + 5.2). Data are from one representative experiment
out of three. (C) Enhanced antibody-mediated clearance of B16 melanoma
cells in SIRPa-mutant mice. Wild-type and SIRPa-mutant mice were challenged
i.v. with 1.5 x 10° B16F10 tumor cells and, where indicated, with a suboptimal
dose of 10 pg of TA99 antibody (or PBS as control) on days 0, 2, and 4. After
21 d, mice were killed and analyzed as in B. Measurements from individual
mice are shown, with means indicated by bars, and statistical differences
between groups (n = 8) were determined by ANOVA. Note the black nodules
of melanoma lung metastases in B and C. Note in the graph in C that TA99
antibody treatment resulted only in a minimal nonsignificant reduction in tu-
mor cell outgrowth in wild-type animals [47.9 9.4 (mean + SEM) in PBS-treated
mice compared with 29.0 + 7.8 in TA99-treated mice], but tumor formation
was essentially absent in SIRPa-mutant animals treated with TA99 antibody
(4.5 + 1.0). Data are from one representative experiment out of three.

was observed, suggesting that CD47-SIRPa interactions do not
control antibody-independent mechanisms of killing. This obser-
vation is in apparent contrast with the results of Chao et al. (27, 31),
who also reported significant effects on lymphoma phagocytosis
with the anti-CD47 mAb B6H12 alone. The latter may possibly
relate, at least in part, to their use of intact BGH12 mAb that
according to our own results can indeed cause direct ADCC in
SKBR-3 cells (Fig. S1).

In the numerous independent experiments (1 > 50) that were
performed with neutrophils as effector cells for killing of tras-
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Fig. 2. CD47 mRNA expression in breast cancer. (A) Correlation with mo-
lecular subtypes: basal, Her2/Neu-positive, luminal A, luminal B, and normal-
like (Institut Paoli-Calmettes series; n = 353). Logz-transformed expression
levels in tumors are reported as box plots relative to expression in normal
breast (NB; horizontal solid line). Overexpression (ratio T:NB >2; horizontal
dashed line) of CD47 was found in 63% of tumors. Note that the poor-
prognosis subtypes (i.e., basal and Her2/Neu®) have the highest CD47 ex-
pression levels. Differences in expression levels between the five subtypes
were tested for significance using one-way ANOVA, and between two sub-
types using Student’s t test. (B) Correlation with pathological response to
trastuzumab plus vinorelbine treatment [public data set (29); n = 22]. Logy-
transformed expression levels in tumors are reported as box plots relative to
median expression in all samples (median; horizontal solid line). Note that
patients with a pathological complete response (pCR; n = 3) have signifi-
cantly lower CD47 expression than patients with an incomplete response (no
pCR; n = 19).

tuzumab-opsonized SKBR-3 cells a consistent enhancing effect
of anti-CD47 F(ab’), was observed, although the degree of kill-
ing (with trastuzumab alone) varied considerably for different
effector cell donors (Fig. 3B). The latter appeared to be related
to a factor(s) intrinsic to the effector cells, including individual
differences in the expression of FcyRI and FeyRIIIb receptors
that is pivotal for the induction of ADCC (Fig. S2).

Reduction of CDA47 in Breast Cancer Cells Promotes Trastuzumab-
Mediated ADCC, To further study a regulatory role of CD47-
SIRPa interactions in ADCC, siRNA-mediated knockdown of
CD47 expression was performed in SKBR-3 target cells. This

Zhao et al.

yielded cells with 80-90% reduced surface CD47 expression
(Fig. 44). These cells were significantly more sensitive toward
neutrophil-mediated ADCC, consistent with a role for CD47-
SIRPa interactions in restricting tumor cell killing (Fig. 4B). The
increase was comparable to levels seen with wild-type SKBR-3
cells in the presence of blocking anti-CD47 F(ab’),.

Unique mAb Against SIRPa Potentiates Trastuzumab-Mediated ADCC
Against Breast Cancer Cells. Although the above strongly sup-
ported the idea that CD47-SIRPq interactions regulate ADCC
in vitro and tumor elimination in vivo, it was important to confirm
these findings with blocking antibodies against SIRPo. In fact,
because of its much more restricted expression (12, 16), we an-
ticipate that SIRPa, rather than the ubiquitous CD47, constitutes
the preferred target for potential future therapeutic intervention.
Because the previously reported antibodies against human SIRP«
available to us either lacked the proper specificity or the ability
to block interactions with CD47, we generated unique blocking
mAbs against SIRPo;. One antibody, designated 1.23A, was
generated by electrofusion technology following negative selec-
tion on CHO cells expressing the myeloid-specific SIRP family
member SIRPS,;, whereas the other, designated 12C4, was gen-
erated by conventional hybridoma technology. Both of the two
SIRPa polymorphic variants predominating in the Caucasian
population, SIRPa; and SIRPag;t, as well as the highly homol-
ogous myeloid SIRPP; and nonmyeloid SIRPy family members
were recognized by 12C4, but the 1.23A mAb exclusively recog-
nized the SIRPa, variant (Fig. S3 4 and B). Staining of leukocytes
from SIRPa-genotyped individuals was consistent with this spec-
ificity (Fig. S3C), with the mAb 1.23A selectively recognizing
monocytes and neutrophils from both o0;-homozygous and
a;aprr-heterozygous individuals. Both mAbs effectively inhibited
the binding of CD47-coated beads to CHO cells expressing
SIRPo; and/or SIRPayr (Fig. 54) and promoted trastuzumab-
mediated ADCC toward SKBR-3 cells by neutrophils from indi-
viduals with different genotypes (Fig. 5 B and C). For the 1.23A
mAb, enhanced killing was only observed when neutrophils from
ay0-homozygous individuals were used. When agprop-homo-
zygous or oy mprr-heterozygous donor cells were used, 1.23A did
not enhance SKBR-3 killing by trastuzumab, suggesting that the
presence of a single functional allele of SIRPa is sufficient to
restrict ADCC and that both alleles have to be inhibited simul-
taneously to achieve a beneficial effect accordingly.

Discussion

In the present study, we have investigated the role of CD47-
SIRPa interactions in the context of antibody therapy against
cancer. In general, our results provide evidence that CD47-
SIRPa interactions, and the resultant intracellular signals gen-
erated via SIRPa in myeloid cells, suppress antibody-mediated
destruction of tumor cells.

To study the role of SIRP« in vivo, we used mutant mice lacking
the SIRPa cytoplasmic tail to investigate whether inhibitory sig-
naling via SIRPa could regulate the antibody-mediated elimina-
tion of syngeneic B16F10 melanoma cells in immunocompetent
mice. Our results demonstrate that SIRPa signaling does indeed
limit the capacity of cancer therapeutic antibodies to eliminate
tumor cells in vivo. The effects could not be attributed to direct
effects of SIRPa on tumor homing or outgrowth, as identical tumor
development was shown in the absence of therapeutic antibody.
This provides evidence for a role of SIRPa in antibody-mediated
tumor cell destruction in vivo.

The role of CD47-SIRPq« interactions in a human context was
investigated with an in vitro ADCC method using trastuzumab-
opsonized Her2/Neu-positive SKBR-3 breast cancer cells as target
cells and neutrophils as effector cells. In this assay, the addition of
F(ab'), fragments of the antibody B6H12, which is known to block
CD47-SIRPa interactions (30), substantially enhanced trastuzu-
mab-mediated cancer cell killing, supporting the idea that CD47-
SIRPa interactions negatively control ADCC. Of note, the in-
terference with CD47-SIRPa interactions in the absence of tras-
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tuzumab did not enhance ADCC. The latter is in apparent contrast
with the results of Chao et al., who did show significant effects of
anti-CD47 antibody alone on tumor cell phagocytosis in vitro and
in vivo. However, Chao et al. used intact B6H12 anti-CD47 anti-
body in the vast majority of their experiments, including all of their
in vivo experiments. We now demonstrate that this intact anti-
CDA47 antibody causes direct ADCC in neutrophils (Fig. S1), and
similar observations have also been made for monocytes/macro-
phages, thereby indicating, in retrospect, that the results of Chao
et al. did not really justify the conclusion that the effects were due
to the interference with CD47-SIRPa interactions. On the con-
trary, our findings, which are based on both antibody-blocking
experiments performed with anti-CD47 F(ab’), fragments as well
as CD47 knockdowns in breast cancer cells, do indeed exclude
alternative explanations and thereby provide direct evidence for
a regulatory role of CD47-SIRP« interactions in antibody-de-
pendent cancer cell destruction.

Although the above clearly supported a role for CD47-SIRPa
interactions in antibody-dependent tumor cell elimination, it was
considered important to confirm these results with antagonistic
antibodies against SIRPa. Moreover, because of its much more
limited tissue distribution compared with CD47, SIRPa appears
to be the preferred target for potential future therapeutic in-
tervention. Because antagomistic antibodies of the appropriate

40f6 | www.pnas.org/cgi/doi/10.1073/pnas.1106550108
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Fig. 3. Interference with CD47-SIRPa interactions
using blocking anti-CD47 antibody B6H12 poten-
tiates trastuzumab-mediated ADCC of neutrophils
toward Her2/Neu-positive SKBR-3 breast cancer cells.
(A) Flow cytometric analysis of Her2/Neu and CD47
surface expression on SKBR-3 breast cancer cells (fil-
led histograms), using trastuzumab and B6H12 mAb,
respectively, against CD47. Isotype controls are
shown in the open histograms. (B) ADCC of neu-
trophils against trastuzumab-opsonized SKBR-3 cells
(E:T ratio, 50:1) in the absence or presence of B6H12
anti-CD47 F(ab’),. Shown is a representative exam-
ple. Results are expressed as means + SD of triplicate
measurements, and statistical differences were
shown by Student'’s t test. Note that anti-CD47 F(ab’),
fragments do not affect cytotoxicity alone, but do
synergize with trastuzumab. (C and D) Blocking
CDA47-SIRPa interactions using anti-CD47 F(ab’),
. enhances the ADCC of neutrophils against trastuzu-
mab-opsonized SKBR-3 cells at different E:T ratios (C)
and trastuzumab concentrations (D). Shown is a rep-
resentative experiment out of three. (E) The effects
of anti-CD47 F(ab’), on ADCC toward trastuzumab-
opsonized SKBR-3 cells using neutrophils from dif-
ferent donors in multiple independent experiments
(n = 53). For clarity, only the values in the presence of
trastuzumab =+ anti-CD47 F(ab’), are shown, with the
matched values of the two conditions for each donor
connected by lines. Killing in the absence of trastu-
zumab + anti-CD47 F(ab’), was always below 5%.
P values of statistically significant differences, as de-
termined by Student'’s t test, are indicated.

© »

specificity were unavailable, we attempted to generate new
reagents. Two antagonistic antibodies were identified and char-
acterized that reacted with one or both of the two major [and
apparently equally functional (32)] polymorphic SIRPux variants,
SIRPa; and SIRPogyr, found in the Caucasian population, and
both were shown to be able to enhance trastuzumab-mediated
ADCC in breast cancer cells. Notably, the inability of the SIRPa;-
specific antibody to enhance antibody-dependent tumor cell elim-
ination when effector cells from heterozygote SIRPa;/SIRPogrr
individuals were used suggests that inhibitory signals from both
alleles are required to provide substantial control over antibody-
mediated cytotoxicity. It will be of interest to test the in vivo
efficacy of our antibodies in appropriately humanized mouse
xenograft tumor models.

Clearly, an interesting and clinically highly relevant question is
whether CD47-SIRPa interactions play a regulatory role in the
context of antibody therapy in human cancer patients, and whether
antagonists targeting the CD47-SIRPu interaction, such as the
antibodies against SIRPa described herein, can be used to enhance
the clinical efficacy of trastuzumab. Although the present study
does not provide direct evidence for this, our findings do suggest a
preliminary link between CD47 expression on breast cancer cells
and clinical trastuzumab responsiveness in breast cancer. In par-
ticular, pathologically complete responders were found to have
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Fig. 4. Knockdown of CD47 in SKBR-3 breast cancer target cells enhances
trastuzumab-dependent neutrophil-mediated ADCC. (A) Flow cytometric
analysis for Her2/Neu and CD47 surface expression in SKBR-3 cells trans-
fected with empty vector (control) or CD47 shRNA (CD47-KD). Note that
CDA47 expression is strongly decreased in the CD47-KD cells (mean fluores-
cence intensity (MFI) = 358 in CD47-KD cells vs. MFl = 4.187 in control), but
Her2/Neu levels are unaltered (MFl = 18.638 in CD47-KD cells and MFI =
18.993 in control). (B) Neutrophil-mediated ADCC using control and CD47-
KD SKBR-3 cells opsonized with trastuzumab in three independent experi-
ments with three different effector cell donors. Note that a similar level of
enhancement occurs with anti-CD47 F(ab’),-mediated blocking and CD47
knockdown. P values of statistically significant differences, as determined by
Student’s t test, are indicated.

significantly lower CD47 mRNA levels compared with trastuzumab-
treated patients lacking a pathologically complete response.

It should be emphasized that CD47-SIRP« interactions may
not form the only mechanism by which tumor cells can evade
phagocyte-mediated immune destruction. In fact, recent studies
have shown that the interaction between the self CD200 mole-
cule, expressed on tumor cells and many other cell types, and the
nonconventional (i.e., ITIM-lacking) inhibitory CD200 receptor
(CD200R) on myeloid cells may also limit the immune-mediated
elimination of leukemic cells such as B-CLL (33-35). However,
this can apparently occur in the absence of therapeutic anti-
bodies, and may also be mediated by a different effector mech-
anism involving cytotoxic T cells. The observation that different
nonredundant mechanisms may actually underlie the regulatory
effects of the CD47-SIRPa and CD200-CD200R ‘interactions
may actually generate opportunities for simultaneous targeting
of these pathways to increase therapeutic benefit.

Collectively, our results provide direct evidence for a homeo-
static regulatory role of CD47-SIRP« interactions in the context
of antibody-mediated destruction of tumor cells by myeloid cells.
Together with the findings of Chao et al. (27), this provides
a strong rational basis for combining therapeutic antibodies
against cancer cells with antagonists of the CD47-SIRPa in-
teraction, such as the mAb against SIRPa described here. This is
anticipated to enhance the clinical efficacy of cancer-targeting
therapeutic antibodies and/or reduce the need for chemotherapy
or other nonspecific treatment regimens.
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Fig. 5. Monoclonal antibodies against SIRPa that block CD47-SIRP« inter-
actions enhance ADCC. (A) CD47-coated fluorescent bead binding to CHO
cells expressing empty vector (i.e., “CHO"), SIRPay, or SIRPogt. The 12C4 and
1.23A mAbs (but not isotype IgG; control mAb) block the binding of CD47
beads to either both SIRPa;- and SIRPogr-expressing CHO cells (12C4) or only
to SIRPay-expressing CHO cells. The proportion (in %) of cells binding CD47
beads is indicated in the upper right of each panel. Shown is one repre-
sentative experiment out of three. (B) Enhancing effect of 12C4 mAb on
ADCC toward trastuzumab-opsonized SKBR-3 cells using neutrophils from
(n =12) individuals in four independent experiments. (C) Enhancing effect of
1.23A mAb on ADCC toward trastuzumab-opsonized SKBR-3 cells using
neutrophils from (n = 9) individuals with different SIRP« genotypes (xy/a; or
ogr/agir homozygotes or oot heterozygotes) in three independent
experiments. Pvalues of statistically significant differences, as determined by
Student's ¢ test, are indicated. n.s., nonsignificant.

Methods

Mice and B16 Melanoma Model. C57BL/6 mice with a targeted deletion of the
SIRPa cytoplasmic region have been described previously (21). These mice,
originally generated onto the 129/Sv background and backcrossed onto
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C57BL/6 mice for 10 generations, were bred and maintained under specific
pathogen-free conditions, together with wild-type C57BL/6 mice from the
same genetic background, and used between 8 and 12 wk of age. Age-
matched wild-type and SIRPo-mutant mice were injected i.v. with 1.5 x 10°
B16E10 tumor cells in 100 pL of HBSS on day 0. Mice were injected i.p. with
a suboptimal dose of 10 pg of TA99 antibody (or PBS as control) on days 0, 2,
and 4. At day 21 the mice were killed. Their lungs were excised and scored
for the number of metastases and tumor load as described (28).

Antibodies, cell lines, culture conditions, procedures for the production of
monoclonal antibodies, the CD47 bead binding assay, and flow cytometry are
described in S/ Methods.

CD47 mRNA Expression in Breast Cancer. We analyzed CD47 mRNA expression
in 353 invasive breast carcinomas and 11 normal breast samples profiled (36)
using whole-genome Affymetrix oligonucleotide microarrays (Gene Expres-
sion Omnibus accession no. GSE21653). Only two of the probe sets repre-
senting CD47, 211075_s_at and 213857_s_at, mapped exclusively to constitu-
tively transcribed CD47 exons according to NetAffx, RefSeq, and the University
of California Santa Cruz Genome Browser (27). Their expression strongly cor-
related (Spearman correlation, 0.87). We retained that with the highest vari-
ance (211075_s_at). Before analysis, the CD47 expression level for each tumor
was centered by the average expression level of the normal breast samples. We
analyzed the correlation between CD47 expression and patients’ age (</>50y),
pathological tumor size (</>2 cm), axillary lymph node status (negative/posi-
tive) and grading (IIAil), immunohistochemisty estrogen and progesterone
receptor status (negative/positive; positivity threshold 10% of tumor cells), and
molecular subtypes (luminal A/luminal B/basal/Her2/Neu*/normal-like), de-
fined as described (37). We also analyzed a public (http://caarraydb.nci.nih.gov/
ccarray) expression data set of Her2/Neu-positive breast cancers treated with
primary trastuzumab plus vinorelbine weekly for 12 wk followed by surgery
(29). Pathological complete response was defined as the absence of invasive
cancer in the breast and axillary lymph nodes at the time of surgery.
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ADCC Assay. Neutrophils were isolated by density centrifugation from hep-
arinized blood obtained from healthy volunteers using isotonic Percoll
(Pharmacia) followed by red cell lysis with hypotonic ammonium chloride
solution. Cells were cultured in complete RPM! medium in the presence of 10
ng/mL dinical grade G-CSF (Neupogen; Amgen) and 50 ng/mL recombinant
human IFN-y (PeproTech) at a concentration of 5 x 108 cells/mL for 16-20 h.
Monocytes were isolated from the peripheral blood mononuclear cells
fraction by magnetic cell sorting using anti-CD 14-coated beads according to
the manufacturer's instructions (Miltenyi Biotec) or by counterflow elutria-
tion. Washed tumor cells (5-8 x 10° cells) were collected and labeled with
100 pCi *'Cr (PerkinElmer) in 1 mL for 90 min at 37 °C. The cells were pre-
incubated with anti-CD47 andfor the therapeutic antibodies, as indicated,
and washed again. The target cells (5 x 10® per well) and effector cells were
cocultured in 96-well U-bottom tissue culture plates in complete medium in
an E:T ratio of 50:1, unless indicated otherwise, for 4 h at 37 °Cin 5% COz in
RPMI with 10% FCS medium. Aliquots of supernatant were harvested
and analyzed for radioactivity in a gamma counter. The percent relative
cytotoxicity was determined as [(experimental cpm — spontaneous cpm)/
(total cpm — spontaneous ¢pm)] x 100%. All conditions were measured

in triplicate.

statistical Analysis. Statistical differences were determined using ANOVA or
Student’s t test as indicated.
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Signal Regulatory Protein o Regulates the Homeostasis of
T Lymphocytes in the Spleen
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The molecular basis for formation of lymphoid follicle and its homeostasis in the secondary lymphoid organs remains unclear. Signal
regulatory protein a (SIRPa), an Ig superfamily protein that is predominantly expressed in dendritic cells or macrophages,
mediates cell-cell signaling by interacting with CD47, another Ig superfamily protein. In this study, we show that the size of the
T cell zone as well as the number of CD4" T cells were markedly reduced in the spleen of mice bearing a mutant (MT) SIRP« that
lacks the cytoplasmic region compared with those of wild-type mice. In addition, the expression of CCL19 and CCL21, as well as
of IL-7, which are thought to be important for development or homeostasis of the T cell zone, was markedly decreased in the
spleen of SIRPa MT mice. By the use of bone marrow chimera, we found that hematopoietic SIRPw is important for development
of the T cell zone as well as the expression of CCL19 and CCL21 in the spleen. The expression of lymphotoxin and its receptor,
lymphotoxin 8 receptor, as well as the in vivo response to lymphotoxin §§ receptor stimulation were also decreased in the spleen of
SIRPa MT mice. CD47-deficient mice also manifested phenotypes similar to SIRPa MT mice. These data suggest that SIRP« as

well as its ligand CD47 are thus essential for steady-state homeostasis of T cells in the spleen. The Journal of Immunology, 2011,

187: 291-297.

econdary lymphoid organs, spleen and lymph nodes (LN),
are sites for induction of primary immune responses that
provide critical microenvironments to facilitate interactions
between cells of the innate and adaptive immune systems (1). In
mouse spleen, the splenic white pulp consists of T cells zones
surrounding a central arteriole, as well as B cell follicles and their
surrounding marginal zones (1, 2). The positioning and segrega-
tion of T and B lymphocytes into their compartments in the white
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pulp in the spleen are controlled by homeostatic chemokines, in-
cluding CCL19, CCL21, and CXCL13. CCL19 and CCL21 are
thought to attract naive T cells that express CCR7, a receptor for
CCL19 or CCL21, into periarterial lymphoid sheathes (PALS) in
the spleen (1, 3). By contrast, CXCL13 is thought to attract
B cells, which express a CXCL13 receptor, CXCRS5, into lym-
phoid follicles (1, 2, 4). Both CCL19 and CCL21 are produced by
stromal cells in the PALS of spleen, named fibroblastic reticular
cells (FRCs), whereas CXCL13 is produced by stromal cells
present in the B cell follicles of the spleen (1, 3, 5). IL-7, which is
also produced by FRCs in the T cell zone of the spleen, is thought
to be a major cytokine that maintains the homeostasis of T cells,
particularly naive T cells, by promoting their survival and pro-
liferation (6).

In addition to these chemokines or cytokines, membrane-bound
molecules are also thought to be important for homeostatic reg-
ulation of T cells. Indeed, interaction of self-Ag-presenting MHC
molecules of dendritic cells (DCs) with TCR promotes the sur-
vival of naive T cells by activation of TCR signaling (6-9).
Lymphotoxin (LT) «;B,, a membrane-anchored heterotrimer ex-
pressed in B and T cells, interacts with the LT receptor (LTBR)
expressed on FRCs and is essential for production of homeostatic
chemokines, CCL19 or CCL21, by FRCs (2, 10, 11). However, the
molecular basis for regulation of T cell homeostasis in the spleen
by membrane-bound molecules remains largely uncharacterized.

Signal regulatory protein a (SIRPe), also known as Src ho-
mology 2 domain-containing protein tyrosine phosphatase (SHP)
substrate-1 or brain Ig-like molecule with tyrosine-based activa-
tion motifs (12, 13), is a transmembrane protein in which the
extracellular region comprises three Ig-like domains and the cyto-
plasmic region contains ITIM that mediate binding of the protein
tyrosine phosphatases SHP-1 and SHP-2. Tyrosine phosphoryla-
tion of SIRPa is triggered by various growth factors and cytokines
as well as by integrin-mediated cell adhesion to extracellular
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matrix proteins. SIRPa is especially abundant in DCs or macro-
phages, whereas it is barely detectable in T or B lymphocytes (13—
17). The extracellular region of SIRPa interacts with the ligand
CD47, which is also a member of the Ig superfamily (12, 13, 18).
In contrast to the relatively restricted distribution of SIRPa, CD47
is expressed in most cell types including a variety of hematopoi-
etic cells (18). )

SIRPa and CD47 constitute a cell-cell communication system,
and such interaction plays important roles in both hematopoietic
and immunological regulation. The interaction of CD47 on he-
matopoietic cells to SIRPa on macrophages is thought to prevent
phagocytosis through an SIRPa-dependent activation of SHP-1
(13, 15, 19, 20). The SIRPa activation of SHP-1 determines
both the life span of individual RBCs and the number of these
cells in the circulation (13, 15, 19, 20). The SIRPa—CD47 in-
teraction is also implicated in prevention of the clearance by
splenic macrophages of transfused platelets or lymphocytes from
the bloodstream (21-23), as well as in regulation of the ability of
macrophages to discriminate between viable and apoptotic cells
(24). Moreover, the interaction of SIRPa in DCs with CD47
expressed in either hematopoietic or nonhematopoietic cells (such
as stromal cells) is also important for homeostasis of conventional
DCs (cDCs), particularly CD8™ ¢DCs in secondary lymphoid
organs through the regulation of the survival of cDCs (25-27).

Although the expression of SIRPa is minimal in T or B cells in
the mouse spleen (as shown in Supplemental Fig. 1), we show that
the size of T cell zone, as well as the number of CD4* T cells in
the spleen are markedly decreased in mice bearing a mutant MT)
version of SIRPa or CD47-deficient (CD47 knockout [KOJ) mice.
SIRPq and CD47 are thus important for the homeostasis of T cells
in the spleen.

Materials and Methods

Abs and reagents

An agonistic rat mAb to mouse LTBR (4H8) was described previously (28,
29). A rat mAb to mouse CD16/32 (2.4G2) was isolated from the culture
supernatant of hybridoma cells (kindly provided by K. Okumura, Juntendo
University, Tokyo, Japan). A rat mAb to mouse SIRP« (kindly provided by
C.F. Lagenaur, University of Pittsburgh, Pittsburgh, PA) was purified from
culture supernatants of hybridoma cells. The mAbs were conjugated
to sulfo-NHS-LC biotin [sulfosuccinimidyl-6-(biotinamido) hexanoate;
Pierce]. Goat anti-mouse CCL21, CCL19, and CXCL13 polyclonal Abs
were purchased from R&D Systems. Cy3-conjugated donkey Abs to goat
IgG and hamster IgG were from Jackson ImmunoResearch Laboratories.
FITC-conjugated mAbs to mouse B220 (RA3-6B2) and CD4 (L3T4),
biotin-conjugated mAbs to mouse Thy1.2 (30-H12) and CD19 (eBio1D3),
and a hamster mAb to mouse gp38 (ebio8.1.1) were from eBioscience.
FITC-conjugated mAbs to CD8a: (53-6.7), an allophycocyanin-conjugated
mAb to CD11c, biotin-conjugated mAbs to CD4 (RM4-5), and FITC- or
PE-conjugated streptavidin were obtained from BD Biosciences. Allo-
phycocyanin-Cy7-conjugated mAb to B220 (RA3-6B2) were from Bio-
Legend (San Diego, CA). Anti-biotin microbeads were from Miltenyi
Biotec (Bergisch Gladbach, Germany). RPMI 1640 medium (Sigma-
Aldrich) was supplemented with 10% heat-inactivated FBS, 50 pM 2-
ME, 2 mM L-glutamine, 10 mM HEPES-NaOH (pH 7.4), penicillin (100
U/ml), streptomycin (100 wg/ml), and 1 mM sodium pyruvate to yield
complete medium. .

Animals

Mice that express an MT version of SIRPa lacking most of the cytoplasmic
region were described previously (30, 31). The mice were backcrossed
onto the C57BL/6 background for five generations. CD47 KO mice were
described previously (19, 25) and backerossed to the C57BL/6 background
for >10 generations. Sex- and age-matched mice at 6-12 wk of age were
studied. Mice were bred and maintained in the Institute of Experimental
Animal Research of Gunma University under specific pathogen-free con-
ditions, and care and use were in accordance with the animal care guide-
lines of Gunma University.

REGULATION BY SIRPa OF T CELL HOMEOSTASIS

Histological and immunohistofluorescence analyses of the
spleen or peripheral LNs

For histological analysis, the spleen or peripheral LNs (pLNs) were re-
moved and immediately fixed with 4% paraformaldehyde in 0.1 M sodium
phosphate buffer (pH 7.4). Paraffin-embedded sections (4 um) were stained
with Mayer’s H&E. For immunohistofluorescence analysis, the spleens
were directly embedded in optimal cutting temperature compound
(Sakura) and immediately frozen in liquid nitrogen, followed by cutting
into 8-pm sections and fixation in 4% paraformaldehyde in 0.1 M phos-
phate buffer. All sections were incubated for 1 h at room temperature in
blocking solution (PBS with 5% BSA) and then stained with primary Abs
diluted in PBS containing 5% BSA and 0.3% Triton X-100 overnight
at 4°C. They were then washed with PBS, stained with Cy3- or FITC-
conjugated Abs diluted in PBS containing 1% BSA and 0.3% Triton X-100
for 1 h at room temperature, and they were washed again with PBS.
Fluorescence or bright-field images were acquired with a BX-51 micro-
scope (Olympus), a color cooled CCD camera (DP71; Olympus), and DP
controller software (Olympus). For measurement of areas for the T zone
and B zone or of gp38-positive regions in the spleen, cross-sections were
made through central segments of the spleen, stained for Thy1.2 and B220
or gp38, and images were then acquired at X4 (T zone and B zone) or X10
(gp38) objective magnification, respectively. By the use of Image J soft-
ware (National Institutes of Health), the values for positively stained
regions in a microscopic image of the spleen from each mouse were
obtained and averaged.

Cell preparation and flow cytometry

Cell suspensions were prepared from spleen or pLNs as described pre-
viously (25). For preparation of splenocytes or pLN cells, the spleen or
pLNs were minced and then digested with collagenase (Wako) at 400 U/ml
in the presence of 5 mM EDTA for 30 min at 37°C. The undigested fibrous
material was removed by filtration through a 70-um cell strainer (BD
Falcon), and RBCs in the filtrate were lysed with Gey’s solution. The
remaining cells were washed twice with PBS and then subjected to flow
cytometric analysis. The cells were first incubated with an mAb to mouse
CD16/32 to prevent nonspecific binding of labeled mAbs to Fcy receptors
and then stained with a biotin-conjugated mAb to mouse CD4. The cells
were washed and incubated with an FITC-conjugated mAb to mouse CDS,
PE-conjugated streptavidin, allophycocyanin-conjugated mAb to CDllc,
and allophycocyanin-Cy7—conjugated mAb to B220. The cells were
washed again before suspension in the presence of propidium iodide to
identify dead cells and analyzed by flow cytometry with the use of an
FACSCanto 11 or FACSAria IT instrument (BD Biosciences) and FlowJo
software (Tree Star).

Preparation of cDNA and quantitative real-time PCR

Total RNA was extracted from the freshly isolated spleen using Qiazol and
the RNeasy mini kit (Qiagen) according to the manufacturer’s instructions.
The first-strand cDNA was synthesized from 1 pg total RNA using the
QuantiTect Reverse Transcription kit (Qiagen) according to the manu-
facturer’s instructions. cDNA fragments of interest were amplified using
the QuantiTect SYBR Green PCR kit (Qiagen) on LightCycler 480 (Roche
Applied Science) in 96-well plates (Roche Diagnostics). The amplification
results were analyzed by the use of LightCycler 480 software (Roche
Applied Science) and then normalized with GAPDH levels for each
sample. Primer sequences for quantitative real-time PCR were as follows:
Cel21, forward: 5'-ATCCCGGCAATCCTGTTCTC-3’, reverse: 5'-GGG-
GCTTTGTTTCCCTGGG-3"; Ccll9, forward: 5'-GGGGTGCTAATGAT-
GCGGAA-3', reverse: 5'-CCTTAGTGTGGTGAACACAACA-3'; Cxcll3,
forward: 5'-GGCCACGGTATTCTGGAAGC-3', reverse: 5'-GGGCGTA-
ACTTGAATCCGATCTA-3'; Lta, forward: 5'-TCCACTCCCTCAGAA-
GCACT-3', reverse: 5'-AGAGAAGCCATGTCGGAGAA-3'; Ltb, forward:
5'.TGCGGATTCTACACCAGATCC-3', reverse: 5'-ACTCATCCAAGC-
GCCTATGA-3": Tnfsfl4 (LT-like, exhibits inducible expression and com-
petes with HSV glycoprotein D for herpes virus entry mediator, a receptor
expressed by T lymphocytes [LIGHT]), forward: 5'-CAACCCAGCAG-
CACATCTTA-3, reverse: 5'-ATACGTCAAGCCCCTCAAGA-3'; LtbR,
forward: 5'-AGCCGAGGTCACAGATGAAAT-3’, reverse: 5'-CCCTGG-
ATCTCACATCTGGT-3"; li7, forward: 5'-GATAGTAATTGCCCGAATA-
ATGAACCA-3', reverse: 5'-GTTTGTGTGCCTTGTGATACTGTTAG-3";
Nfkb2 (p100), forward: 5'-CTGCTGCTAAATGCTGCTCA-3', reverse:
5'-AGCAGTTGCTCCAGGTTCTG-3'; and Gapdh, forward: 5'-AGGTC-
GGTGTGAACGGATTTG-3', reverse: 5'-TGTAGACCATGTAGTTGAG-
GTCA-3".
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Bone marrow chimeras

Recipient wild-type (WT) or MT mice were subjected to lethal irradiation
(9.5 Gy) and then injected i.v. with 5§ X 10° bone marrow (BM) cells
obtained from either WT or MT donor mice as described previously (25).
Six to 8 wk after BM transplantation, the recipient mice were killed, and
the spleen was subjected for histology, immunohistofluorescence analysis,
and extraction of RNA for real-time PCR.

Isolation of T and B cells

The spleen was gently ground with sterilized frosted slide glasses in PBS
followed by filtration through a 70-pm cell strainer (BD falcon) to remove
fibrous components. RBCs were lysed with Gey’s solution and washed
twice in PBS. For isolation of T cells, splénocyte suspension was filtrated
again through nylon wool before purification, T or B.cells were purified
with the use of magnetic beads coated with a biotin-conjugated mAb to
Thyl.2 or CD19, respectively, and an MACS column (Miltenyi Biotec).
The purity of the isolated Thy1.2* T cells or CD19" B cells were >90% as
determined by flow cytometry.

Analysis of in vivo gene expression by the injection of agonistic
mAbs to LTBR

In vivo injection of agonistic mAb to LTBR was performed as described
previously with minor modifications (28). In brief, WT or MT mice were
injected i.p. either with 50 wg control rat IgG Ab or 50 g agonistic anti-
LTBR mAbs. Twenty-four hours later, spleen was isolated and cDNA was
prepared, and then mRNA expression of CCL21 (Cci21) or NFkb2 p100
(Nfkb2) was analyzed by real-time PCR.

Statistical analysis

Data are presented as means * SE and were analyzed by Student ¢ test or
by one-way ANOVA, and post hoc comparisons were made using the
Tukey-Kramer test with use of Stat View 5.0 software (SAS Institute). A
p value <0.05 was considered statistically significant.

Results
Impairment of T cell zone development in the spleen of SIRPc
MT mice

We previously showed that the SIRPa MT mice displayed mild
splenomegaly characterized by expansion of the red pulp (15)
(Fig. 1A). The expanded red pulp of the spleen was attributable to
an increase in erythropoiesis to compensate for persistent anemia
caused by increased phagocytic clearance of RBCs. The MT
SIRPa protein expressed in the transgenic mice fails to undergo
tyrosine phosphorylation or form a complex with SHP-1 or SHP-2
(20). Given the importance of the cytoplasmic region of SIRPa for
signaling by this protein, the function of SIRPa is thought to be
eliminated in the MT mice (15, 20). In contrast to the expanded
red pulp, the white pulp in SIRPa MT mice was significantly
smaller and more segmented when compared with WT mice (Fig.
1A). Quantitative immunohistofluorescence analyses of T cells
(Thy1.2*) and B cells (B220™) in the spleens of SIRPa MT mice
revealed the area of the white pulp was markedly reduced, par-
ticularly in the T cell zone around the arteriole (Fig. 1B, 1C). We
consistently observed that the number of CD4¥ T cells in the
spleen of SIRPa MT mice was markedly decreased compared
with that of WT mice (Fig. 1D). The number of CD8* T cells was
slightly decreased in the spleen of SIRPa MT mice, although such
decrease was not statistically significant. By contrast, the number
of B cells in the spleen did not differ between WT and SIRPa. MT
mice (Fig. 1D). The size of T cell zones as well as the absolute
number of CD4" or CD8™ T cells in pLNs did not differ between
WT and SIRPa MT mice (Supplemental Fig. 2). The proportions
of CD4* T cells as well as CD8" T cells and B cells in the pe-
ripheral blood of MT mice were also similar to those apparent for
WT mice (Supplemental Fig. 3). These results suggest that the
alteration of the T cell zone is specific to the spleen of SIRPa MT
mice.
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FIGURE 1. Impairment of T cell zone dc’k'\k/elopment‘ in the spleen of
SIRPa MT mice. A, Paraffin sections of the spleen from WT or SIRPa MT
mice were stained with H&E. The boxed regions of the left panels are
shown at higher magnification in the right panels. Scale bars, 500 pm (left
panels) and 200 pm (right panels). B, Frozen sections of the spleen from
WT or MT mice were double-stained with an mAb to B220 (green) and an
mAb to Thy1.2 (red). Scale bar, 500 um. C, By the use of Image J software
(National Institutes of Health), the areas for Thyl.2-positive T cell zones
or B220-positive B cell zones in the spleen sections prepared as in B was
measured per each image. Data are means * SE for a total of five mice per
group in three independent experiments. D, The absolute numbers of
B cells (B220%), CD4* T cells (CD4%), and CD8* T cells (CD8") in the
spleen of WT or MT mice were determined by flow cytometry. Data are
means * SE for four mice per group and representative of three in-
dependent experiments. **p < 0.01 (Student ¢ test).

Reduced expression of CCL-19, CCL-21, and IL-7 in the spleen
of SIRPc MT mice

The smaller size of the T cell zone as well as the reduced number
of CD4* T cells in the spleen of SIRPa MT mice suggested that
homing or survival of T cells is impaired in the MT mice. Ex-
pression levels of CCL19, CCL21, and CXCL13 mRNA in the
spleen of SIRPa MT mice were markedly decreased in MT mice
compared with WT mice (Fig. 24). Immunohistofluorescence
analysis showed a loss of CCL19 and CCL21 in the T cell zone
of SIRPae MT mice, whereas CXCL13 in the B cell follicles
appeared the same as in WT mice (Fig. 2C). IL-7 is important for
the survival and homeostasis of T cells (6). We found that IL-7
mRNA expression in the spleen of SIRPa MT mice was also
markedly decreased compared with that of WT mice (Fig. 2B).
Thus, both recruitment and survival of T cell may be compro-
mised in SIRPa MT mice. FRCs in the T cell zone express
CCL19, CCL21, and IL-7 (1, 6), suggesting a defect in the
stromal cells in SIRPa MT mice. The expression of the mucin
gp38, which identifies FRCs in the T cell zone (32, 33), was
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