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CD47 is a ubiquitously expressed cell surface integrin-
associated protein. Recently, we have demonstrated that
integrin Mac-1 (a2, CD11b/CD18, CR3), the major adhesion
receptor on the surface of myeloid cells, can be coprecipitated
with CD47. However, the molecular basis for the CD47-Mac-1
interaction and its functional consequences remain unclear.
Here, we demonstrated that CD47 regulates macrophage
functions directly interacting with Mac-1. In particular, adhe-
sion, spreading, migration, phagocytosis, and fusion of CD47-
deficient macrophages were significantly decreased. We
validated the functional link between CD47 and Mac-1 by
coimmunoprecipitation analysis using various Mac-1-
expressing cells. In HEK293 cells expressing individual ay; and
B, integrin subunits, CD47 was found to bind both subunits.
Interestingly, a higher amount of CD47 was recovered with the
free B, subunit than in the complex with the whole integrin.
Furthermore, activating Mac-1-expressing HEK293 cells with
phorbol 12-myristate 13-acetate (PMA), Mn?*, and activating
antibody MEM48 increased the amount of CD47 in complex
with Mac-1, suggesting CD47 has a greater affinity for the
extended integrin conformation. Notably, on the surface of
cells lacking CD47, fewer Mac-1 molecules could convert into
an extended conformation in response to activation. Addi-
tionally, we identified the binding site in CD47 for Mac-1 in its
constituent IgV domain. The complementary binding sites for
CD47 in Mac-1 were localized in integrin epidermal growth
factor-like domains 3 and 4 of the B, and calf-1 and calf-2
domains of the ay; subunits. These results indicate that Mac-
1 forms a lateral complex with CD47, which regulates essen-
tial macrophage functions by stabilizing the extended integrin
conformation.

CD47 is a ubiquitously expressed transmembrane protein
implicated as an essential regulator of integrin function and a
marker of “self” in normal physiological processes (1-3). It is
also involved in many pathophysiological processes, such as
inflammation, tumorigenesis, and others (4). CD47 is a
member of the immunoglobulin (Ig) superfamily with a single
extracellular IgV-like domain and five-pass transmembrane
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segments. CD47 has been initially identified as a ~50 kDa
protein copurified with integrin o,p3 from neutrophils, plate-
lets, and placenta and named integrin-associated protein
(5-7). Early in vitro studies showed that CD47 is required for
numerous a,p3-dependent functions of neutrophils. In
particular, function-blocking anti-CD47 antibodies reduced
the binding of vitronectin-coated beads, Fc-receptor—mediated
phagocytosis, chemotaxis, migration through endothelial and
epithelial barriers, increase in the concentration of intracel-
lular Ca**, and oxidative burst (6—12). Subsequent studies in
CD477'~ mice using several animal models of inflammation
demonstrated that CD47 was involved in transendothelial
migration of leukocytes (13, 14). In addition to a3, CD47 has
been shown to associate with integrins a,p; and aypPs on
platelets (15, 16), azB; on smooth muscle cells (17), ayf; on
sickle erythrocytes (18), and asf; in chondrocytes (19). CD47
has also been found to regulate adhesive functions of oy 3, (20),
a member of the B, subfamily of integrins expressed on leu-
kocytes, and the interaction between oy, and CD47 on the
surface of cultured T-cells was detected by fluorescence life-
time imaging microscopy (20). Studies of the molecular re-
quirements for the association of CD47 with integrin a,f; have
implicated the IgV domain of CD47 since GPI-linked IgV
expressed on the surface of CD47-deficient ovarian cancer
cells was capable of restoring the o,ps;-mediated vitronectin
binding (12). Furthermore, chimeric molecules containing only
IgV and the first transmembrane segment of CD47 were suf-
ficient to restore the arrest of CD47-negative Jurkat T-cells on
VCAM-1 (21).

Although the exact mechanism by which CD47 regulates
integrin function remains elusive, the association of CD47 with
integrins that belong to different subfamilies and are expressed
in various cells suggests that this interaction is required for a
common process. We postulated that CD47 associates with
and modulates functions not only of oy 3, but other leukocyte
B, integrins, in particular, integrin Mac-1 (apf, CDI11b/
CD18, CR3). Indeed, we have recently shown that Mac-1 can
be coprecipitated with CD47 from Mac-1-expressing
HEK293 cells and RAW264.7 murine macrophages (22).
Among the B, integrins, Mac-1 is the most abundant and
versatile receptor on the surface of myeloid leukocytes. It
mediates numerous adhesive reactions of neutrophils and
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monocyte/macrophages during the inflammatory response
(23, 24). In particular, it contributes to the firm adhesion of
neutrophils to endothelial cells, promotes their diapedesis, and
participates in the migration of neutrophils to sites of
inflammation. Ligand engagement by Mac-1 initiates various
other leukocyte responses, including phagocytosis, respiratory
burst, homotypic aggregation, and degranulation.

Like other B, integrin subfamily members, Mac-1 is a het-
erodimeric receptor composed of the a subunit (CD11b) and
the common (3, subunit (CD18). The ay; subunit contains an
inserted I-domain, a region of ~200 amino acid residues, a
characteristic feature of (3, integrins responsible for the bind-
ing of multiple ligands (25). Similar to other integrins, acti-
vation of Mac-1 during the immune-inflammatory response is
accompanied by conformational changes resulting in the
conversion of integrin from the bent to the extended confor-
mation, which is detected by conformation-sensitive anti-
bodies (26). Despite the critical role of Mac-1 in leukocyte
biology, the functional significance of its association with
CDA47 and the molecular basis for the CD47-Mac-1 interac-
tion remains unexplored.

In the present study, we investigated the effect of CD47
deficiency on Mac-1-mediated macrophage responses and
determined the mechanism by which CD47 modulates integ-
rin’s function. This study also aimed to identify the region in
CD47 responsible for Mac-1 binding and the complementary
site(s) for CD47 in Mac-1. We demonstrated that the Mac-1—
CD47 complex is required for numerous Mac-1-dependent
macrophage responses, including adhesion, migration,
spreading, phagocytosis, and fusion. The conversion of Mac-1
from the bent to extended conformation upon treatment of
cells with activating stimuli increased the amount of CD47 in
the Mac-1-CD47 complexes, suggesting that CD47 has an
increased affinity for integrin in the extended conformation.
The studies with CD47-deficient cells showed that CD47 is
necessary to facilitate the extension of Mac-1. The IgV domain
of CD47 and the integrin epidermal growth factor—like do-
mains 3 and 4 (EGF-3 and EGF-4) of the 3, subunit and calf-1
and calf-2 domains of the oy, subunit have been identified as
complementary binding sites. These findings are significant as
they provide evidence for the direct interaction of CD47 with
Mac-1 and present a potential for selective modulation of
integrin function.

Results
CD47 regulates Mac-1-dependent macrophage responses

To explore how CD47 might affect the Mac-1 function, we
investigated the effect of CD47 deficiency on various macro-
phage responses, including adhesion, spreading, migration,
phagocytosis, and IL-4—mediated macrophage fusion. In this
set of experiments, we examined the reactions known to
depend specifically on Mac-1 but not other integrins. Figure 1,
A and B show that adhesion of CD47-deficient macrophages to
fibrinogen and ICAM-1, biologically relevant Mac-1 ligands
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(27, 28), was significantly reduced compared to WT macro-
phages. At 2.5 to 5 pg/ml, the concentrations of fibrinogen that
mediate the maximal Mac-1-mediated adhesion of many cell
types (29, 30), adhesion of CD47-deficient macrophages was
~2-fold less than that of WT cells. Similarly, adhesion of
CD47-deficient cells to ICAM-1 was reduced by ~2.4-fold.
The effect of CD47 deficiency was not due to the difference in
the surface expression level of Mac-1, which was similar in
WT and CD47-deficient macrophages (Fig. S1). In agreement
with the cell adhesion results, the spreading of CD47-deficient
macrophages on fibrinogen and ICAM-1 was significantly
lower than WT counterparts (Fig. 1, C—E). Furthermore, un-
like WT macrophages, CD47-deficient cells lacked podosomes,
the actin-based structures containing integrins, talin, vinculin,
and other proteins (Fig. 1C, arrowheads).

It is known that in vitro Mac-1 promotes migration of
macrophages toward its ligands (31-33). To determine
whether CD47 deficiency affects the ability of Mac-1 to
participate in macrophage migration, we used the cathelicidin
peptide LL-37, a Mac-1 ligand that mediates migration of WT
but not Mac-1-deficient macrophages (32). As shown in
Figure 1, F and G, migration of CD47-deficient macrophages
to LL-37 in a Transwell system was significantly decreased (by
1.8-fold) compared to WT cells.

Another important function of Mac-1 is phagocytosis
(23, 24). Previous studies demonstrated that Mac-1 is involved
in mediating phagocytosis of latex beads opsonized with
various Mac-1 ligands, including LL-37 (32). The effect of
CDA47 deficiency on the ability of macrophages to phagocytose
opsonized particles was examined by incubating adherent
macrophages isolated from WT and CD47 '~ mice with LL-
37—-coated beads and determining the phagocytosis index. The
opsonin-mediated phagocytosis by CDA47-deficient macro-
phages was strongly impaired (Fig. 1, H and I). In particular,
while phagocytosis of LL-37-coated beads by WT macro-
phages increased ~2-fold compared to uncoated beads, CD47-
deficient macrophages ingested beads to the same extent as
uncoated beads, suggesting that Mac-1 lost its ability to
participate in opsonin-dependent phagocytosis.

As an adhesion receptor, Mac-1 is involved in macrophage
fusion induced by IL-4 in vitro (34, 35). The role of CD47 in
this process was examined by plating inflammatory macro-
phages isolated from WT and CD47 '~ mice on the fusion-
promoting substrate and determining the kinetics of fusion.
Figure 1, J and K shows that CD47 was required for macro-
phage fusion since fusion was significantly reduced after 24
and 48 h, and there was a trend toward decreasing the
numbers of multinucleated giant cells formed from CD47-
deficient macrophages at early times (6 and 12 h).

Mac-1 and CD47 associate on the surface of Mac-1-expressing
cells

We previously reported that CD47 could be immunopre-
cipitated with Mac-1 from suspended Mac-1-expressing
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Figure 1. Requirement of CD47 in mediating Mac-1-dependent macrophage responses. Inflammatory macrophages were isolated from the perito-
neum of WT and CD47~~ mice on day 3 after TG injection and purified as described in the Experimental procedures. A and B, effect of CD47 deficiency on
macrophage adhesion. Aliquots of calcein-labeled macrophages were added to microtiter wells coated with different concentrations of fibrinogen (A) and
ICAM-1 (B). After 30 min at 37 °C, nonadherent cells were removed by washing, and the fluorescence of adherent cells was measured. Data are expressed as
a percentage of maximal adhesion determined at 5 pg/ml of each ligand and are means + SD from three experiments with triplicate measurements. C-E,
effect of CD47 deficiency on macrophage spreading. Macrophages were added to glass coverslips coated with 2.5 ug/ml fibrinogen (C) or 2 pg/ml ICAM-1
(D) and allowed to adhere and spread for 1 h at 37 °C. Samples were fixed and incubated with Alexa Fluor 488-conjugated phalloidin to detect F-actin
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HEK293 (Mac-1-HEK293) cells that endogenously express
CD47 and murine RAW?264.7 macrophages (22). We per-
formed additional immunoprecipitation experiments to
corroborate this finding, extend it to naturally occurring and
cultured macrophages, and examine whether Mac-1 and CD47
associate on the surface of adherent Mac-1-HEK293 cells. In
agreement with previous data in RAW264.7 macrophages,
antibodies against the mouse ay, integrin subunit and CD47
immunoprecipitated Mac-1 and CD47 from isolated WT
mouse peritoneal macrophages but not from CD47-deficient
cells (Fig. 24, left and central panels). Control immunopre-
cipitations performed with control rabbit IgG did not pull
down these proteins. Western blot analyses of lysates
authenticated the lack of CD47 in CD47-deficient peritoneal
macrophages (Fig. 24, right panel). Mac-1 was also immuno-
precipitated in complex with CD47 from IC-21 cells, a cell line
derived from peritoneal mouse macrophages (Fig. 2B). We
confirmed that Mac-1 could be immunoprecipitated in com-
plex with CD47 from Mac-1-HEK293 cells by mAb 44a against
the oy integrin subunit but not by isotype-specific control
(Fig. 2C). As determined by ratios of CD47 to the oy and B,
integrin subunits present in the immunoprecipitates obtained
from these cells, similar quantities of the Mac-1-CD47 com-
plex can be immunoprecipitated from suspended and adherent
cells (Fig. 2, D and E). Since Mac-1-HEK293 cells were used in
all subsequent analyses, we characterized these cells in greater
detail. In particular, considering CD47 was shown to interact
with B integrins (18, 19) and several P; integrins, including
asP1, g1, o3P, axPy, and avP;, are expressed on the surface of
Mac-1-HEK293 cells (36), we determined whether CD47
remained in complexes with 1 integrins after precipitation
with anti-ay;. We found that the anti-CD47 mAb could pull
down almost all CD47 in a complex with integrin(s) during the
initial round of immunoprecipitation (Fig. 2F; denoted 1 IP).
Only a negligible amount of CD47 was present in the immu-
noprecipitates after the second round of precipitation of the
supernatant with ani-ap; mAb, even though a substantial
amount of Mac-1 remained in the lysate (Fig. 2F; denoted 2
IP). Analyses of the immune complexes obtained from the
supernatant after the second round of precipitation using anti-
1 mAb showed only traces of CD47, suggesting that on the
surface of Mac-1-HEK293 cells, the majority of CD47 was in
complex with Mac-1 (Fig. 2F; denoted 3 IP).

The a,, and 3, integrin subunits are involved in the interaction
with CD47

To determine if the ay or B, subunits of Mac-1 could be
implicated in CD47 binding, we generated HEK293 cells
expressing individual oy; and [, subunits (Fig. 34) and
analyzed them by immunoprecipitation. Also, cells expressing
the form of Mac-1 in which the ay; I-domain of the ay;-sub-
unit was deleted were examined. The presence of CD47 in the
lysates of all cell lines was confirmed by Western blotting
(Fig. 3B). Lysates of ay-HEK293 and B,-HEK293 cells were
incubated with anti-o; mAb 44a or anti-f, mAb IB4 against
the ay; or B, integrin subunits, respectively, and the immune
complexes were analyzed by Western blotting using anti-CD47
mAb (Fig. 3C) An additional representative immunoprecipi-
tation experiment is shown in Fig. S2. The mAbs were able to
pull down CD47 from both types of cells suggesting that CD47
can form complexes with both integrin subunits. Control
immunoprecipitations performed with isotype-specific IgGs
did not pull down these proteins. However, the amount of
CD47 in complexes with each integrin subunit was different.
As determined by densitometry, while the ratio of CD47 to the
o subunit obtained from oy-HEK293 cells was ~2-fold lower
than that in immunoprecipitates recovered from cells
expressing the whole integrin, the ratio of CD47 to the P,
integrin subunit in the immunoprecipitates obtained from f3,-
HEK293 cells was ~1.6-fold greater, suggesting the difference
in the strength of complexes (Fig. 3D). Deletion of the ayl
domain in the I-less integrin did not affect the complex be-
tween Mac-1 and CD47, suggesting that this domain is not
involved in the CD47 binding (Figs. 3C and S2). Interestingly,
similar to the free B2 subunit, ~1.5 times more CD47 was
found in the complex with the I-less integrin than the whole
integrin (Fig. 3D), which could be tentatively explained by the
conformational change caused by the deletion of the oy I-
domain.

Activation of Mac-1 increases the amount of CD47 recovered
in complexes with Mac-1

The increased reactivity of CD47 with the free B, integrin
subunit, which is known to exist in the extended conformation
when expressed alone (37), suggested that the binding site for
CD47 in the whole receptor may be partially shielded due to

(gray) and DAPI to stain nuclei (blue). The scale bars are 20 um. Arrowheads indicate podosomes. The cell area was determined from confocal images of
30 cells adherent and spread on each ligand using ImageJ software and expressed in arbitrary units (a.u.) (E). Data shown are means + SD from three
individual experiments. F and G, effect of CD47 deficiency on macrophage migration. Macrophages isolated from the inflamed peritoneum of WT and
CD47~"~ mice were added to the upper chamber of the Transwell system, and the cathelicidin peptide LL-37 (5 ug/ml) was added to the bottom chamber.
Macrophages were allowed to migrate for 90 min at 37 °C. Representative images of fluorescent cells that migrated through the filter of the Transwell
system and remained attached to the underside of the filter are shown in (F). The scale bars are 100 pm. The number of cells per high power field (600 mm?)
was counted (G). Data are presented as migrated cells per field + SD for five random 20x fields per chamber from three individual experiments. H and /, the
CD47 requirement for Mac-1-dependent phagocytosis of opsonized beads. Fluorescent latex beads were preincubated with LL-37 (40 pg/ml) for 30 min at
37 °C, and soluble LL-37 was removed from beads by high-speed centrifugation. LL-37-coated beads were incubated with adherent mouse peritoneal
macrophages isolated from WT and CD47~'~ mice for 30 min at 37 °C. Nonphagocytosed beads were removed, and phagocytosis was determined.
Representative images of WT and CD47-deficient macrophages after uptake of fluorescent beads are shown in (H). The scale bars are 50 uM. Phagocytosis
was quantified from ten fields of fluorescent images (/). Data shown are means + SD from three experiments. J and K, effect of CD47 deficiency on
macrophage fusion. Inflammatory macrophages isolated from WT and CD47~~ mice were seeded on coverslips, and fusion was induced with IL-4. After
different times, cells were fixed and stained with Alexa Fluor 647—-conjugated phalloidin and DAPI (J). The scale bars are 100 um. Fusion indices were
calculated from confocal images as described in Experimental procedures (K). Ten images were analyzed per time point. Data shown are means + SD from
three individual experiments. *p < 0.05, **p < 0.01, ***p < 0.001. DAPI, 4,6-diamidino-2-phenylindole; TG, thioglycollate.
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Figure 2. Association of CD47 with Mac-1 on the surface of various Mac-1-expressing cells probed by immunoprecipitation analyses. A, purified WT
and CD47-deficient inflammatory peritoneal mouse macrophages were lysed and immunoprecipitated with rabbit polyclonal anti-ay, antibody, rabbit
polyclonal anti-CD47 antibody, or control rabbit IgG that was used as a specificity control. Blots were analyzed with rabbit polyclonal antibodies against the
ay or CD47. The lysates of WT and CD47-deficient macrophages were analyzed by Western blotting using anti-ay and CD47 antibodies. B, murine IC-21
macrophages were lysed and immunoprecipitated with anti-ay, rabbit polyclonal antibody or rabbit polyclonal anti-CD47 antibody, and blots were analyzed
with rabbit polyclonal antibody against the ay or CD47. C, biotinylated Mac-1-HEK293 cells were lysed and immunoprecipitated with mAb 44a against the
ay subunit or isotype control IgG1. Blots were disclosed with streptavidin-conjugated horseradish peroxidase (HRP). The molecular weight of the ay
(165 kDa) and B, (95 kDa) integrin subunits and CD47 (47 kDa) are indicated on the right of the panel. D, suspended (denoted “s”) or adherent (denoted “a”)
Mac-1-HEK293 cells were lysed and immunoprecipitated with anti-ay mAb 44a or anti-B, mAb IB4. Blots were analyzed with anti-ay, anti-B,, and anti-CD47
antibodies. E, the ratios of CD47 to the ay and {3, integrin subunits in the immunoprecipitates from suspended and adherent cells were determined from
the densitometry analyses of blots. The ratio of CD47 to each integrin subunit in suspended cells was taken as 1.0. F, lysates of biotinylated Mac-1-
HEK293 cells were immunoprecipitated with anti-CD47 mAb B6H12; then immunoprecipitates were subjected to Western blotting probed with
streptavidin-HRP (left panel; 1 IP). After the first round of immunoprecipitation, the supernatant was immunoprecipitated with anti-ay; mAb 44a (middle
panel; 2 IP). The third round of immunoprecipitation (3 IP) was performed using anti-3; mAb (right panel). M, molecular weight markers.

the bent conformation of integrin and becomes exposed in the
extended integrin. To investigate this possibility, we deter-
mined the amount of CD47 in complexes with integrin
immunoprecipitated from Mac-1-HEK293 cells treated with
Mn?*, phorbol 12-myristate 13-acetate (PMA), and mAb

MEM48. It is known that the activation of P, integrins with
these reagents converts integrins from the bent to the
extended conformation that can be detected by mAb KIM127.
The mAb KIM127 recognizes Gly504, Leu506, and Tyr508, the
residues at the end of EGF-2 (37) shielded in the interface with
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Figure 3. CD47 interacts with both a, and B, subunits of integrin Mac-1. A, Mac-1-HEK293 cells and HEK293 cells expressing individual ay and 3,
subunits were analyzed by flow cytometry analysis using anti-ay; mAb 44a or anti-3, mAb IB4 followed by Alexa Fluor 488-conjugated secondary antibody.
Filled histograms indicate cells stained with the primary and secondary antibodies, and open histograms show cells stained with the secondary antibodies
(control). B, total cell lysates of WT Mac-1-HEK293 cells and generated cell lines were analyzed by Western blotting using anti-ay and anti-CD47 antibodies.
G, lysates of Mac-1-HEK293 cells and cells expressing individual ay and (3, integrin subunits were immunoprecipitated with mAb 44a and mAb IB4 against
ay and B, integrin subunits, respectively, or isotype-specific control IgGs and immunoprecipitates were analyzed by Western blotting using anti-CD47 mAb
and antibodies against the integrin subunits. HEK293 cells expressing the heterodimer consisting of the I-less form of the ay subunit and B, subunit were
immunoprecipitated with mAb IB4. D, the ratios of CD47 to integrin subunits were determined from densitometry analyses. The ratio of CD47 to either ay or
{3, subunit in the immune complexes from Mac-1-HEK293 cells was taken as 1.0. *p < 0.05, ***p < 0.001.

the PSI domain in the bent integrin conformation and became
exposed in the extended conformation (38, 39). Initial fluo-
rescence activated cell sorting (FACS) analyses showed that
12 + 6% of nonactivated Mac-1-HEK293 cells bound KIM127,

6 . Biol. Chem. (2023) 299(4) 103024

indicating that a portion of molecules was already in the
extended conformation (Fig. 4A). The treatment of cells with
100 nM PMA and 1 mM Mn*" resulted in a ~1.8 and ~2.6-
fold increase in the number of cells expressing Mac-1 in the
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Figure 4. Activation of Mac-1-HEK293 cells results in increased CD47 recovered in complexes with Mac-1. A, the Mn?*- and PMA-induced conversion
of Mac-1 into the extended conformation was detected by FACS analysis using the reporter mAb KIM127. Blue histograms indicate cells incubated with
KIM127 and Alexa Fluor 488-conjugated secondary antibody, and open histograms show cells incubated with the secondary antibodies only (control). The
number of KIM127-positive cells was defined as a percent of cells expressing Mac-1 determined in each experiment. To determine the epitope expression
for mAb KIM127 after activating mAb MEM48, mAb KIM127 was conjugated to Alexa Fluor 488. Histograms are representative of four separate experiments.
Data are means + SD. MFI, mean fluorescence intensity of KIM127 staining after subtracting control MFI for secondary antibody staining. %, percentage of
positive cells. B, lysates of Mac-1-HEK293 cells activated with 100 nM PMA, 1 mM Mn?*, and MEM48 (5 ug/ml) were immunoprecipitated with anti-ay mAb
44a, and the precipitates were analyzed by Western blotting using antibodies against ay and CD47. C, the ratio of CD47 to the ay subunit was determined
from densitometry analyses. The ratio of CD47 to ay, in the immune complex obtained from nonactivated Mac-1-HEK293 cells was assigned 1.0. D, lysates of
nonactivated and Mn?*-stimulated human monocytes were immunoprecipitated with mAb 44a and analyzed by Western blotting with antibodies against
ay and CD47. E, the ratio of CD47 to ay in the immune complex obtained from nonactivated cells was assigned 1.0. Data shown are means + SD from three
individual experiments. ***p < 0.001. FACS, fluorescence activated cell sorting.

extended conformation (Fig. 4A). In addition, activation of
cells with mAb MEM48 followed by incubation with Alexa
Fluor 488—conjugated KIM127 showed a ~2-fold increase of
cells expressing extended receptors (Fig. 44, right panels). In
agreement with the transition of Mac-1 into an extended
conformation, adhesion of Mn>*-activated cells to fibrinogen
was increased (Fig. S3). Mac-1-CD47 complexes immuno-
precipitated from cells activated with PMA and Mn** con-
tained more CD47 than nonactivated cells (Fig. 4, B and C).
The activation of cells with MEM48 resulted in an even higher
amount of CD47 complexed with Mac-1 (Fig. 4, B and C).
The presence of a portion of Mac-1 molecules in the
extended conformation on the surface of nonactivated Mac-1-
HEK?293 cells raised the question of whether coprecipitation of
CD47 with Mac-1 was a property of the extended integrins and
that bent integrins were not able to bind CDA47. Similarly,
immunoprecipitation of Mac-1-CD47 complex from cultured
IC-21 murine macrophages and macrophages isolated from
the inflamed peritoneum might have been due to the activated
state of these cells. We performed immunoprecipitation
analysis using freshly isolated human monocytes to examine
whether CD47 does not bind the nonactivated integrin on
resting cells. Figure 4D shows that mAb 44a precipitated Mac-
1 in complex with CD47. Furthermore, although not

SASBMB

statistically significant, activating monocytes with Mn**
showed a trend toward the increased amount of CD47 in the
complex with Mac-1 (Fig. 4E), suggesting that in resting
monocytes, CD47 is prebound to Mac-1 and cellular activa-
tion, through the extension of the integrin, strengthens the
complex.

To substantiate further that CD47 regulates the integrin
conformation, we disrupted CD47 gene expression in Mac-1-
HEK293 cells using the CRISPR/Cas9 technology. Human
cells were used for these experiments because conformation-
sensitive antibodies against mouse [, integrins are unavailable.
FACS analyses of selected cells lacking CD47 (CD47-KO)
showed unaltered Mac-1 expression (Fig. 5, A and B). In addi-
tion, Western blot analyses of cell lysates and immunoprecipi-
tates obtained from CD47-KO cells confirmed the absence of
CD47 (Fig. 5C). Consistent with adhesion studies of CD47-
deficient mouse macrophages, adhesion of CD47-KO cells was
significantly reduced (Fig. S4). Furthermore, considerably fewer
integrins on the surface of CD47-KO cells treated with Mn**
expressed the KIM127 epitope than WT cells (2.7 + 0.2 versus
1.4 £+ 0.2 fold increase for WT and CD-KO cells, respectively),
suggesting the failure of Mac-1 to convert into the extended
conformation (Fig. 5, D and E). Further evidence for the CD47-
dependent regulation of the extended integrin conformation
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Figure 5. CD47 deficiency in Mac-1-HEK293 cells results in reduced expression of the KIM127 epitope in response to Mn?*. Expression of CD47 in WT
Mac-1-HEK293 cells, Mac-1-HEK293 cells in which CD47 gene expression was disrupted using the CRISPR/Cas9 technology (CD47-KO), and cells in which expression
of CD47 was “rescued” by transient transfection with the CD47-carrying plasmid (CD47-R) was analyzed by FACS with anti-CD47 mAb B6H12 (A) and anti-ay mAb
44a (B). Blue histograms indicate cells stained with the primary and Alexa Fluor-conjugated secondary antibodies, and open histograms show cells stained with the
secondary antibodies (control). The histograms are representative of 3 to 6 separate experiments. The numbers indicate the percentage of positive cells. ND, not
detected. C, left panel, the lack of CD47 in CD47-KO and restoration of CD47 expression in CD47-R cells was confirmed by Western blotting of cell lysates using rabbit
anti-CD47 mAb ab218810. Right panel, analyses of immune complexes obtained from lysates of WT, CD47-KO, and CD47-R cells using anti-ay mAb 44a and probed
with mouse anti-human oy, mAb 44a and anti-CD47 mAb B6H12. D, WT and CD47-KO were treated with 1 mM Mn2* and the conversion of Mac-1 into the extended
conformation was detected by FACS using mAb KIM127. Blue histograms indicate cells stained with the primary and secondary antibodies, and open histograms
show cells stained with the secondary antibodies (control). Representative histograms of three separate experiments are shown. The numbers indicate the per-
centage of positive cells. £, the binding of mAb KIM127 after treating WT and CD47-KO cells with Mn®* is shown as a fold increase in the percent of KIM127-positive
compared to untreated cells. F, WT and CD47-R cells were treated with 1 mM Mn?*, and expression of the KIM127 epitope was analyzed by FACS using Fluorescein-
conjugated mAb KIM127.The binding of mAb KIM127 to WT and CD47-R cells was determined in the gated population of cells expressing both Mac-1 and CD47 and
is shown as a fold increase compared to untreated cells. Data are means + SD from three separate experiments. *p < 0.5,
***p < 0.001, ns, nonsignificant. FACS, fluorescence activated cell sorting; MFI, mean fluorescence intensity.

was obtained in the “rescue” experiments. Transient trans- of the gated population of CD47-R cells expressing both Mac-1
fection of CD47-KO cells with a CD47-carrying plasmid and CD47 showed increased expression of the KIM127 epitope,
restored CD47 expression on 67 + 4% of CD47-R cells (n = 3)  similar to that in WT cells (Fig. 5F). The results indicate the
with no alteration of Mac-1 expression (Fig. 5, A—C). To detect Mac-1-CD47 interaction is strengthened after converting
expression of the KIM127 epitope on Mn>*-treated CD47-R  integrin from the bent to the extended conformation suggesting
cells, mAb KIM127 was conjugated with fluorescein. Analyses that CD47 may stabilize the extended integrin conformation.
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The IgV domain of CD47 binds to Mac-1

To localize the binding site for Mac-1 in CD47, we tested the
idea that the single extracellular IgV domain of CD47 is involved
in the interaction with Mac-1. The recombinant IgV domain was
expressed in Escherichia coli as a fusion protein with glutathione
S-transferase (GST, Fig. 6A4), and its ability to compete with the
CD47-Mac-1 complex formation was examined. As shown in

Mac-1-CD47 complex in macrophages

increasing concentrations of IgV-GST resulted in the dose-
dependent decrease of CD47 that can be recovered in immune
complexes, suggesting that recombinant protein can displace
the IgV domain of CD47 in complex with Mac-1. Purified
control GST was not effective (Fig. 6, B and C). Recombinant
GST-IgV was not detected in complex with Mac-1, but this may
result from a weaker affinity of isolated IgV than the IgV domain

Figure 6, B and C, incubation of Mac-1-HEK293 cells with in the context of the whole molecule.

A  KkDa kba m B
250 == 250
150 | 150 IP: anti-a,,
100 100 IgV-GST o GST N
75 75 Sy ST
WB: kDa @ o o¥ %% WB:kDay o oF o° 0
50 50 250 250 4 b e
OLM 150 bJHH“ a’M 150 Kol -
37 37 - .. cnar | 50 [ e o= cp47(50 -
37 37 =
25 25
C D
120 - 120+ kil HKH H KK .
. S R
% 801 = 80 Lo
3 S | A
5 60 3 60 .
= <
=] ©
© 40 << 404
20 4 IgV-GST 201 S
0 . . . . . . . 0
00 02 04 06 08 10 12 14 IgV-GST - + - + - + - +
Protein, uM n/a PMA Mn?* MEM48
E F n/s
120 - =
R100] pee —’:—
(2]
g 80 n
§ 60 [ | | 4
j=d v
S 40 aA
o v
20
0
+IgV-GST IgV-GST 0 0.13 0.25 05 - um
GST _ _ 05

Figure 6. The IgV domain of CD47 binds Mac-1. A, the recombinant IgV domain of CD47 fused with GST was purified from soluble fractions of Escherichia
coli lysates by affinity chromatography using glutathione agarose and characterized by SDS PAGE (left panel) and Western blotting (right panel). B, Mac-1-
HEK293 cells were incubated with different concentrations of IgV-GST (left panel) or GST (right panel). CD47 in complex with Mac-1 was determined after
immunoprecipitation of lysates using mAb 44a, followed by Western blotting with an anti-CD47 antibody. C, effect of IgV-GST and GST on complex for-
mation between CD47 and Mac-1 determined from immunoprecipitation analyses shown in (B). The CD47/ay, ratio in the absence of IgV-CD47 was assigned
a value of 100%. D, effect of IgV-GST on adhesion of nonactivated and activated Mac-1-HEK293 cells to fibrinogen. Calcein-labeled nonactivated and PMA,
Mn?*, or mAb MEM48-stimulated cells were preincubated with 1.2 uM IgV-GST for 15 min at 22 °C. Adhesion in the absence of IgV-GST was assigned a value
of 100%. Data shown are mean + SD from three separate experiments. *p < 0.1; ***p < 0.001 compared with control adhesion in the absence of IgV-GST. E,
the effect of IgV-GST on phagocytosis of LL-37-coated latex beads by peritoneal macrophages isolated from WT mice. Adherent macrophages were
incubated with beads in the absence or presence of different concentrations of IgV-GST for 30 min at 37 °C, and nonphagocytosed beads were removed by
washing. F, phagocytosis was quantified as a percentage of uptake of LL-37-coated beads in the absence of IgV-GST. Phagocytosis was determined from
ten fields of fluorescent images. Data shown are means + SD from three separate experiments. GST, glutathione S-transferase.
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To further demonstrate the importance of the IgV domain of
CD47 in binding to Mac-1, we examined the effect of recom-
binant IgV on selected Mac-1-mediated functional responses.
The preincubation of Mac-1-HEK293 cells with 1.2 pM IgV-
GST resulted in a partial but significant decrease in the adhe-
sion of both nonactivated and activated cells to fibrinogen
(Fig. 6D). The recombinant IgV more effectively inhibited
adhesion of cells activated with Mn>* (51 + 7%) than cells
activated with PMA and mAb MEM48 (25 + 0.9% and 18 + 3%,
respectively). As a control, GST was inactive. These results
demonstrate that recombinant IgV can compete with IgV in
membrane-bound CD47. However, since isolated IgV reduces
cell adhesion only partially, the transmembrane or cytoplasmic
portions of CD47 may be required for its function. To examine
the effect of recombinant IgV on opsonin-mediated phagocy-
tosis, adherent mouse macrophages were incubated with IgV-
GST for 30 min, and then LL-37-coated beads were added.
Recombinant IgV inhibited phagocytosis of opsonized beads in
a dose-dependent manner with the ICs5, value of 0.36 + 0.04 uM
(Fig. 6, E and F). Incubation of cells with GST did not inhibit
phagocytosis. These observations indicate that the Mac-1
binding site likely resides within the IgV domain of CD47.

The membrane-proximal B, EGF-3-4 and ay, calf-1-2 domains
of Mac-1 interact with the IgV domain of CD47

The dimensions of the IgV domain of CD47 plus a short
linker connecting its C-terminal end and the first trans-
membrane segment suggest that IgV may protrude from the
plasma membrane at a distance of ~5 nm (40). In addition, a
long-range disulfide bond between Cys15 in the IgV domain
and Cys245 in the extracellular loop between the fourth and
fifth transmembrane helices (41) keeps IgV close to the plasma
membrane (40). Such positioning may juxtapose the IgV
domain of CD47 with the membrane-proximal region of Mac-
1 encompassing the P tail (BT), EGF-4, and the C-terminal part
of EGF-3 domains of the 3, subunit, whose lengths are 2.5, 2.0,
and 2.1 nm, respectively (Fig. 7A). In the bent conformation,
EGEF-3 and EGF-4 form the tight interface and are partially
shielded by the oy, B-propeller and P, hybrid domains, which
may explain the greater amount of CD47 in complex with
Mac-1 after the conversion of integrin into the extended
conformations caused by activating stimuli. Furthermore,
since CD47 was immunoprecipitated with the ay; subunit
from an-HEK293 cells, the IgV domain can also potentially
interact with the membrane-proximal calf-2 and the C-ter-
minal portion of calf-1, whose lengths are ~4 nm each. Based
on these considerations, we prepared recombinant fragments
derived from the part of the (B, subunit spanning EGF-3
through BT and the calf-1 and calf-2 domains of the ay; sub-
unit (Fig. 7, B and C) and examined their interaction with
CDA47-1gV. The proteins were prepared with a 6xHis tag, and
their binding to immobilized CD47-IgV freed from its fusion
part was analyzed using a solid-phase binding assay. Figure 7D
shows that fragments containing EGF-3 and EGF-4, including
EGF-3-4-BT and EGF-4-BT, as well as isolated EGF-3 and
EGF-4 bound CD47-IgV in a dose-dependent manner. The
binding of the BT fragment was negligible. To substantiate the
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involvement of the [, subunit—derived fragments in CD47
binding, we examined the ability of these proteins to inhibit
Mac-1-CD47 complex formation on the surface of Mac-1-
HEK293 cells. As shown in Figure 7, E and F, EGF-3-4-fT
inhibited complex formation between Mac-1 and CD47 in a
dose-dependent manner. The BT fragment was not active. The
interaction of recombinant calf-1 and calf-2 fragments with
CDA47-1gV was also detected (Fig. 7G). However, when tested
at the same concentration (5 uM), calf-1 and calf-2 bound to a
lower extent than the EGF-3-4-BT fragment. The binding of
the control recombinant Ig-like fragments derived from signal-
regulatory protein-alpha (SIRPaq, Ig 2 and Ig 2-3) and total IgG
was insignificant (Fig. 7G).

Discussion

CD47 plays an essential role in regulating the functions of
integrins expressed on various cells, including leukocytes,
where it was found in complexes with o,f3 (VLA-3) and oy,
(LFA-1) (5-7, 20). The present study demonstrates that CD47
forms a complex with and regulates adhesive functions of the
major myeloid cell-specific integrin Mac-1 and clarifies the
basis for its modulating effect. In particular, the lack of CD47
in mouse macrophages strongly impairs adhesion, spreading,
migration, phagocytosis, and macrophage fusion. Based on
coimmunoprecipitation analyses, previous studies suggested a
physical link between CD47 and B, and B3 integrins (5-7, 15,
17-19). However, only a single study detected the direct
interaction of CD47 with integrin oyy,P3, albeit in the presence
of the thrombospondin-binding peptide 41NK (16). Localizing
the regions in CD47 and Mac-1 involved in their association,
our study provides the first evidence for the direct interaction
between these molecules. We show the interaction between
the IgV domain of CD47 and the membrane-proximal EGF-3
and EGF-4 domains of the {3, integrin subunit and calf-1 and
calf-2 of the ay; subunit is responsible for the CD47-Mac-1
complex formation.

Our data demonstrate that CD47 is prebound to Mac-1, as
evidenced by coprecipitation of CD47 with Mac-1 by anti-
Mac-1 and anti-CD47 antibodies from resting monocytes
and nonactivated Mac-1-expressing HEK293 cells. It is well
established that on the surface of resting cells, integrins are
mostly maintained in a default inactive state exhibiting a bent
conformation (38, 39, 42, 43). In this conformation, the
integrin headpiece formed by the head and upper leg domains
of the a and P subunits closely contacts the lower legs (Fig. 74,
schematic on the left). The bends occur at the knees between
the thigh and calf-1 domains in the o subunit and EGF-1 and
EGEF-2 in the P subunit. The bent conformation is also stabi-
lized by the association between the cytoplasmic parts of the
integrin o and P subunits (37). The release of the interface
between the headpiece and lower legs at the a- and B-knees
converts the integrin into an extended conformation (Fig. 7A4,
schematic in the center) (38, 39). This conformation with low
ligand affinity has been termed “extended-closed” (26). In
addition to the extension at the a and 3 knees, the headpiece
opening resulting from the conformational changes in the
BI-like domain in the B subunit and the adjacent hybrid
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Figure 7. Localization of the binding site for CD47-lgV in Mac-1. A, schematic representation of the integrin Mac-1 in the bent, extended-closed, and
extended-open conformations. CD47 is prebound to the nonactivated bent integrin (not shown). CD47 is arbitrarily shown as bound to both integrin
subunits in the extended-closed conformation and the 3, subunit in the extended-open conformation. B, schematic of recombinant proteins used in solid-
phase-binding assay and immunoprecipitation experiments. E3, E4, and T denote EGF-3, EGF-4, and B-tail fragments derived from the {3, subunit, and calf-
1 and calf-2 are derived from the ay, subunit. C, His-tagged recombinant proteins were purified from soluble fractions of Escherichia coli lysates by affinity
chromatography using Ni-NTA-agarose column and characterized by SDS-PAGE. D, binding of recombinant fragments to CD47-IgV. The wells of microtiter
plates were coated with free CD47-IgV (2 pg/ml), and different concentrations of recombinant fragments were added to the wells for 3 h at 37 °C. Bound
proteins were detected using an anti-His mAb followed by an AP-conjugated secondary antibody. Data are the mean + SD from three separate experiments.
E, Mac-1-HEK293 cells were incubated without or with different concentrations of E3-E4-BT (2.5 and 5 uM) or BT (5 uM), and the CD47-Mac-1 complex
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domain forces the latter to swing away, leading to leg sepa-
ration (Fig. 7A, schematic on the right) (26). This integrin
conformation is known as “extended-open.” Structural studies
on several integrins have demonstrated a direct relationship
between the extended-open conformation and high affinity for
ligands (rev. in (44)). Previous studies showed that extracel-
lular activation of integrins by Mn®* and inside-out activation
of integrins stimulated by protein kinase C induce an extended
integrin conformation reported by the conformation-sensitive
mAb KIM127 (45). Our findings that the amount of CD47 in
complexes with Mac-1 was increased after integrin activation
by Mn>* and PMA suggest that the CD47-binding site in Mac-
1 is partially shielded in the bent conformation and becomes
available in the extended conformations, increasing the sta-
bility of the complex. This proposal also agrees with the higher
amount of CD47 in the complex with the free , subunit
(Fig. 3), which is known to exhibit extended conformation
when expressed alone (37). We observed an even greater effect
of activating mAb MEMA48, the epitope for which was mapped
to the interface between the EGF-3 and EGF-4 (37). However,
the reason for this is unclear.

We showed that the binding site for Mac-1 in CD47 resides
in the IgV domain of CD47, and the complementary binding
sites in Mac-1 are present in the EGF-3-4 and calf-1-2 domains
of the B, and oy subunits, respectively. The location of these
sites in the membrane-proximal parts of integrin legs is
consistent with the close adjacency of CD47-IgV to the plasma
membrane in the context of the whole CD47 (40). In the three-
dimensional structure of «,f3, (CD11¢/CD18), a sister integrin
highly homologous to Mac-1, some portions of EGF-3-4 and
calf-1-2 are exposed in the bent integrin on resting cells and
may be available for CD47-IgV binding (39). However, sig-
nificant portions of both regions are shielded in the bent
conformation by the a subunit B-propeller and P, hybrid
domain and by close apposition between EGF-3-4-BT and calf-
1-2. The elongation of integrin in the extended-close confor-
mation may expose some amino acid sequences and make
them available for CD47-IgV interaction. Furthermore, the
separation of legs in the extended-open conformation would
disrupt the interface between the inner faces of EGF-3-4 and
calf-1-2 and unmask additional sites for the interaction with
CD47-IgV. The increase in CD47 in complex with Mac-1 after
activation with PMA and Mn>* is consistent with such an
explanation; however, further studies of CD47-Mac-1-binding
sequences are required to substantiate the proposed model.

What is the possible role of CD47 in the complex with
Mac-1? The three-dimensional structure of the IgV domain
of CD47 shows that its dimensions of ~5 nm x 3.2 nm (40)
could theoretically permit the interaction with both EGF-3-4
and calf-1-2 that are adjacent in the bent and extended-closed
conformations. However, the separation of legs in the

extended-open conformation at a distance of ~12 nm (44)
should preclude the simultaneous engagement of two integrin
legs by a single IgV domain. A significantly higher amount of
CD47 recovered from cells expressing a free 3, subunit than
cells expressing the ay; subunit or the whole receptor sug-
gests that the B, subunit has a higher affinity for CD47. Based
on this finding, it seems plausible to assume that the EGF-3-4
may associate with CD47-IgV after the leg separation. How-
ever, the possibility that the a and P subunits interact with
the IgV domains on different CD47 molecules cannot be
ruled out. The EM studies of integrins a,p,, aifB,, avps, and
asPB; demonstrated significant variability in the lower P leg
orientation below the PSI-EGF1 domains (26, 38, 44).
Furthermore, the ten different (3, leg structures of a,f, were
observed in three crystal lattices (39). These findings have led
to a proposal that the [ legs are highly flexible (26). The IgV
domain of CD47, through its disulfide bond to the extracel-
lular loop connecting the fourth and fifth transmembrane
segments (40), seems to be constrained in the defined
orientation in the membrane-bound CD47. Therefore, it is
tempting to hypothesize that the IgV may retard the lateral
motion of the P, leg in the plasma membrane plane and
stabilize the extended-open conformation of Mac-1 and other
B, integrins required for the high-affinity ligand binding. Such
stabilization may also be necessary for coupling the B, leg
with the intracellular signaling machinery, as illustrated by
the markedly weak spreading of CD47-deficient macrophages
(Fig. 1, C-E).

We observed a striking defect in the epitope exposure for
the activation reporter mAb KIM127 in CD47-deficient Mac-
1-HEK293 cells after their treatment with Mn?*, which the
restoration of CD47 expression could rescue. These data are in
line with previous studies by Azcutia et al. (20). These in-
vestigators showed reduced binding of mAbs KIM127 and 24
to arf, after activation of CD47-deficient T cells with Mn?*
and proposed that CD47, through its association with integrin,
directly or indirectly facilitates transition into or stabilizes the
activated form of oy ;. The reduced exposure of epitopes for
the activation reporter mAbs in CD47-deficient cells implies
that either a portion of integrins on the surface of activated
cells remained in the bent conformation or integrins adopted a
state intermediate between the bent and extended conforma-
tions. Yet another possibility is that some integrins transi-
tioned from the extended conformation back into the bent
conformation. In this regard, Tang et al. (46) reported the
reversion of Mg/EGTA-activated o, that was reactive with
KIM127 to its resting nonreactive bent conformation after
depletion of activating cation by EDTA. These different pos-
sibilities are theoretically not mutually exclusive and align with
the idea that CD47 exerts the stabilizing effect on the extended
conformation of integrin.

formation was determined after immunoprecipitation of lysates using mAb 44a followed by Western blotting. F, CD47 in complex with Mac-1 in
immunoprecipitates was determined from densitometry analyses. The ratio of CD47 to the ay subunit in immune complexes in the absence of inhibitors
was taken as 1.0. G, the binding of calf-1 and calf-2 fragments to immobilized IgV-CD47 was compared with E3-E4-BT. Recombinant proteins were tested at
equimolar concentrations (5 uM). The recombinant fragments spanning the IgC-like domains of SIRPAa (SIRPa Ig3, SIRPa Ig2-3) and whole IgG were used as
a negative control. The binding of E3-E4-BT to IgV-CD47 was taken as 1.0. Data shown are mean + SD from three separate experiments. M, markers; 3T,

tail; SIRPa, signal-regulato rotein-alpha. ***p < 0.001.
9 g ry p p p
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Based on the negative stain EM studies with various acti-
vating and blocking mAbs, it has been proposed that the 3, B,
and B3 subfamilies of integrins have similar overall global
conformational states, i.e., bent-closed, extended-closed, and
extended-open (26, 47). Since the single CD47 molecule reg-
ulates functions of all three integrin subfamilies expressed on
various cells, the common mechanism involving the interac-
tion of CD47-IgV with the EGF-3-4 and calf-1-2 may underlie
the CD47 function. Although the EGF-3-4 domains of By, B,
and P; integrin subunits exhibit moderate homology (except
for conservative cysteines), all three share a high degree of
homology in the segment corresponding to ***CSGRGRC>"* in
EGEF-4 of the B, subunit and some amino acid residues. The
contribution of EGF-3-4 and calf-1-2 domains of the ; and 3
subunits to the interaction with CD47-IgV remains to be
determined.

In addition to regulating the integrin functions, CD47 serves
as a counter-receptor for SIRPa, which is abundantly
expressed in macrophages (48, 49). In a number of homeo-
static and inflammatory processes, the CD47—-SIRPa interac-
tion sends the inhibitory “do not eat me” signal in
macrophages, preventing the destruction of normal host cells
(50-53). Based on this phenomenon, CD47 has been impli-
cated as a “marker of self” (2). Since many hematologic and
other malignancies demonstrate elevated levels of CD47
(54-56), it has been proposed that CD47 may allow cancer
cells to evade phagocytosis-mediated elimination (54).
Accordingly, targeting CD47 may be a unique mechanism of
action with broad applicability in antitumor therapy aimed to
augment macrophage-mediated destruction of cancer cells,
and consequently, several antibodies that target CD47 have
been generated (57, 58). It is known that the CD47-SIRP«
interaction can regulate phagocytosis mediated by two main
phagocytic systems on macrophages, Fcy and complement
receptors (59). One of the complement receptors is the
integrin Mac-1, also known as the complement receptor 3
(CR3) (60). Our data show that CD47 is essential for the
phagocytic function of Mac-1 on macrophages. Therefore,
ideally, the antibodies that target CD47 during antitumor
therapy should inhibit the trans CD47—-SIRPa interaction but
spare the cis CD47-Mac-1 complex for its full phagocytic
activity. One of the best-characterized anti-CD47 mAbs that
showed efficacy in numerous mouse tumor models is mAb
B6H12 (61). Although effective in targeting the CD47—-SIRP«
interaction, this mAb is also known to inhibit many integrin-
dependent functions, including phagocytosis (9, 11, 13, 62).
The crystal structure of the CD47-B6H12 complex showed
that the SIRPa-binding site in CD47 overlaps with epitopes
recognized by mAb B6H12 (40, 63), suggesting that the
binding sites in CD47 for integrins and SIRPa may partially or
fully overlap. Thus, it will be interesting and important to
determine the critical determinants responsible for the inter-
action of CD47-IgV with the EGF-3-4 and calf-1-2 domains of
Mac-1.

In conclusion, our studies provide evidence for the direct
interaction between the integrin Mac-1 and CD47 and explain
the molecular basis for their association. Significantly, we show
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that the Mac-1-CD47 interaction is enhanced after cell acti-
vation, which may be essential for stabilizing the extended
state of integrin required for high-affinity ligand binding
involved in many responses of this immunologically important
integrin.

Experimental procedures
Reagents

Human fibrinogen and thrombin were obtained from
Enzyme Research Laboratories. ICAM-1 was obtained from
R&D Systems, Inc. The cathelicidin peptide LL-37 was syn-
thesized by Peptide 2.0. The mouse mAb 44a directed against
the human oy, integrin subunit, the rat mAb M1/70, which
recognizes both mouse and human ay; integrin subunits, the
mouse mAb IB4 directed against the human f, integrin sub-
unit, the mouse mAb KIM127 which recognizes the extended
conformation of human B, integrins, and the mouse mAb
B6H12 directed against human CD47 were purified from the
conditioned media of hybridoma cells obtained from the
American Tissue Culture Collection using protein A agarose.
The mouse mAb MEM48 which recognizes the human B,
integrin subunit (catalog #CBL158) and the mouse mAb 1965
against the human p; integrin subunit (catalog #MAB1965)
were from EMD Millipore. The rat phycoerythrin-conjugated
mAD against F4/80 (catalog #12-4801-82) was from Thermo
Fisher Scientific. The rabbit polyclonal anti-mouse oy, anti-
body (catalog #ab128797) and rabbit monoclonal anti-human
CD47 antibody (catalog #218810) were from Abcam. The
mouse anti-human ay; mAb (catalog #66519-1-Ig) and the
rabbit polyclonal antibody, which recognizes both mouse and
human B; integrin subunits (catalog #12594-1-AP), were from
Proteintech. The rabbit polyclonal anti-human/mouse CD47
antibody (catalog #CD47-101AP) was from FabGennix. The
rat monoclonal anti-CD47 antibody (catalog #sc-12731) and
mouse monoclonal anti-His-tag antibody (catalog #sc-8036)
were from Santa Cruz Biotechnology. The secondary anti-
bodies, goat anti-mouse IgG (H + L) conjugated to horseradish
peroxidase (HRP) (catalog #1706516) and goat anti-rabbit IgG
(H + L)-HRP (catalog #1721019), were obtained from Bio-Rad.
HRP-conjugated goat anti-rat IgG (catalog #62-9520) and
Zysorbin-G (catalog #10-1051-1) were from Invitrogen. The
mouse IgG1 (catalog #401407), an isotype control for mAbs
44a and B6H12, the mouse IgG2a (catalog #401507), an iso-
type for mAb IB4, and the rat IgG2b (catalog #400621), an
isotype control for M1/70, were obtained from BioLegend.
Alexa Fluor 568-conjugated phalloidin (catalog #A12380),
Alexa Fluor 488-conjugated phalloidin (catalog #A12379),
Calcein-AM (catalog #C3100MP), Alexa Fluor 488 Antibody
Labeling kit (A20181), NHS-Fluorescein (catalog #46410), and
fluorescent latex beads (FluoroSpheres, 1 pm) were from
Thermo Fisher Scientific. Interleukin-4 (catalog #702996) was
purchased from GenScript. Reduced glutathione (catalog
#G6529) and the protease inhibitor cocktail (Sigma-Aldrich)
were from Sigma-Aldrich. Glutathione-agarose was from
Thermo Fisher Scientific.
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Mice

WT C57BL/6 and CD47/~ (B6.129S7-Cd47"'*7!/]) mice
were obtained from The Jackson Laboratory. All procedures
were performed under the animal protocols approved by the
Institutional Animal Care and Use Committee of Arizona State
University. Animals were maintained under constant temper-
ature (22 °C) and humidity on a 12-h light/dark cycle in the
Animal Facility of Arizona State University. Eight- to twelve-
week-old male and female mice were used in all experiments
with age- and sex-matched WT and deficient mice selected for
side-by-side comparison. Peritonitis in mice was induced by
the intraperitoneal injection of 0.5 ml of a 4% Brewer thio-
glycollate solution (Sigma-Aldrich).

Cells

Human embryonic kidney cells (HEK293) stably expressing
integrin Mac-1 (Mac-1-HEK293) were previously described
(36, 64). HEK293 cells stably expressing the ay; subunit or
transiently expressing the (3, subunit of Mac-1 were generated
using a pcDNA3.1 vector containing the full-length comple-
mentary DNAs (cDNAs) from oy, or B, essentially as described
(64). HEK293 cells expressing a heterodimer consisting of the
modified oy, subunit in which the ayI-domain was deleted and
intact 3, subunit (denoted I-less-HEK293 cells) were generated
as previously described (65). Mac-1-HEK293 cells in which
CD47 gene expression was disrupted were generated using
CD47 CRISPR/Cas9 KO Plasmid (h) obtained from Santa Cruz
Biotechnology (catalog #sc-400508). According to the manu-
facturer’s protocol, a pool of three plasmids, each encoding the
Cas9 nuclease and target-specific 20 nt guide RNA, were
transfected into the cells. Successful transfection was confirmed
by GFP detection. CRISPR/Cas9 Plasmid (Santa Cruz
Biotechnology; catalog #sc-418922) containing nontargeting
20 nt scramble guide RNA was used as a control. Cells were
examined for CD47 expression by FACS analysis using anti-
CD47 mAb B6H12 and sorted to obtain a population showing
no CD47 expression. The lack of CD47 was confirmed by
Western blotting. The expression of Mac-1 in transfected cells
was controlled by FACS analysis using mAb 44a. For the
“rescue” experiments, CD47-KO cells were transiently trans-
fected with a plasmid encoding CD47 (OriGene, catalog #
RC218813), and expression of CD47 was verified using mAb
B6H12. The HEK293-based cell variants were maintained in
DMEM/F12 medium (10-092-CM) supplemented with 10%
fetal bovine serum (FBS) and antibiotics. IC-21 murine mac-
rophages were grown in RPMI (Corning; catalog #10-040-CM)
containing 10% FBS and antibiotics. Resident peritoneal mac-
rophages were obtained from eight-week-old WT and CD47~/~
mice by lavage using cold PBS containing 5 mM EDTA as
described (34). Inflammatory macrophages were collected
3 days after thioglycollate injection by peritoneal lavage with
5 ml ice-cold PBS+5 mM EDTA. Macrophages were isolated
from the peritoneal lavage using the EasySep Mouse selection
kit (StemCell Technologies) with mAb F4/80 conjugated to PE.
Human blood monocytes were isolated from the PBMC frac-
tion using EasySEP Human Monocyte Isolation Kit. The studies

14 J Biol Chem. (2023) 299(4) 103024

were approved by the Institutional Review Board of Arizona
State University and performed in accordance with the Decla-
ration of Helsinki.

Expression of recombinant proteins

The ¢cDNA encoding the extracellular N-terminal IgV
domain of human CD47 (residues 19-141) was amplified from
the plasmid hCD47 VersaClone cDNA (RDC1523, R&D sys-
tems) and was cloned in the expression vector pGEX-4T-1 (GE
Healthcare). Recombinant CD47 was expressed as a fusion
protein with GST and purified from soluble fractions of E. coli
lysates by affinity chromatography using Glutathione-agarose.

Recombinant Mac-1-derived fragments spanning the hu-
man extracellular domains EGF-3 (residues 513-551), EGF-4
(residues 552—596), BT (residues 597—673), EGF-3-4-BT (res-
idues 513-673), and EGF-4-BT (residues 552-673) of the
integrin [, subunit; calf-1 (residues 764—901) and calf-2 (res-
idues 902-1086) of the ay; subunit were expressed as fusion
proteins with a polyhistidine tag. The coding regions were
amplified by PCR using the full-length ¢cDNA of oy and B,
subunits as a template. The fragments were digested with
appropriate restriction enzymes and cloned in the pET15b
expression vector (EMD Millipore). The plasmids were
transformed in E. coli strain BL-21(DE3)pLysS-competent
cells, and expression was induced by adding 1 mM IPTG for
5 h at 37 °C. Proteins were purified using Ni-NTA from sol-
uble fractions of E. coli lysates by metal-affinity chromatog-
raphy. The fragments spanning the IgV domains of mouse
SIRPa were previously described (22).

Cell adhesion assay

Adhesion assays were performed as described previously
(36, 64). Briefly, the wells of 96-well microtiter plates
(Immunol 4HBX, catalog #3855, Thermo Fisher Scientific)
were coated with various concentrations of fibrinogen or
ICAM-1 for 3 h at 37 °C and postcoated with 1.0% PVP for 1 h
at 37 °C. Cells were labeled with 5 pM calcein for 30 min at
37 °C and washed twice with Hanks’ Balanced Salt Solution
containing 0.1% bovine serum albumin (BSA). Aliquots
(100 pl) of labeled cells (5 x 10°/ml) were added to each well
and allowed to adhere for 30 min at 37 °C. The nonadherent
cells were removed by two washes with PBS. Fluorescence was
measured in a CytoFluorIl fluorescence plate reader. In inhi-
bition adhesion experiments, cells were mixed with different
concentrations of recombinant CD47-derived IgV fragment
for 20 min at 22 °C before they were added to the wells coated
with 2.5 pg/ml fibrinogen.

Cell spreading assay

To determine cell spreading, inflammatory macrophages
isolated from the peritoneum of WT and CD47 '~ mice were
allowed to adhere to glass coverslips coated with fibrinogen
(2.5 pg/ml) or ICAM-1 (2 ug/ml) for 1 h at 37 °C. Macro-
phages were fixed with 2% paraformaldehyde, permeabilized
with 0.1% Triton X-100, and incubated with Alexa Fluor 488—
conjugated phalloidin and 4,6-diamidino-2-phenylindole.
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Confocal images were obtained with a Leica SP8 Confocal
System using a 63x/1.4 objective. The cell area was calculated
using Image] software (NIH, imagej.nih.gov).

Transwell migration assay

Migration assays with purified inflammatory macrophages
isolated from the peritoneum of WT and CD47 '~ mice using
Transwell inserts (5 pm pore size) were performed as previ-
ously described (32, 33). Briefly, the lower chamber of the
Transwell system contained 600 pl of 5 pg/ml endotoxin-free
LL-37. F4/80-PE-labeled macrophages (100 pl at 3 x 10°/ml)
were added to the upper wells of the Transwell chamber and
allowed to migrate for 90 min at 37 °C in a 5% CO, humidified
atmosphere. The assay was stopped by removing cells from the
upper part of the filter separating the two chambers. Cells
migrating to the bottom of the filter were detected using a
Leica DM4000 B microscope (Leica Microsystems).

Phagocytosis assay

Phagocytosis of fluorescent beads by adherent macrophages
was previously described (32, 33). Briefly, inflammatory mac-
rophages isolated from the peritoneum of WT and CD47/~
mice were allowed to adhere to glass coverslips for 2 h at
37 °C. After removing nonadherent cells, fluorescent latex
beads coated with the cathelicidin peptide LL-37 were added
to the cells and incubated for 30 min at 37 °C. Cells were
washed with PBS, fixed with 2% paraformaldehyde, and beads
were counted in trypan blue. The ratio of bacterial particles
per macrophage was quantified by taking photographs of three
fields for each well using a Leica DM4000 B microscope (Leica
Microsystems) with a 20x objective.

Macrophage fusion

Macrophage fusion was induced as previously described
(66). Briefly, inflammatory macrophages isolated from the
peritoneum of WT and CD47 '~ mice were allowed to adhere
to paraffin-coated glass coverslips. After incubation in 5% CO,
at 37 °C for 30 min, nonadherent cells were removed, and
adherent cells were continued to culture in complete DMEM/
F12 media with 10% EBS for 2 h. Fusion was induced by adding
10 ng/ml IL-4 to the media. Cells were cultured for 6, 12, 24,
and 48 h after IL-4 addition. After indicated time points, cells
were fixed with 3.7% paraformaldehyde, permeabilized with
0.1% Triton X-100, followed by staining with Alexa Fluor
647-conjugated phalloidin and 4,6-diamidino-2-phenylindole.
Images were obtained with a Leica SP8 Confocal System, and
fusion index was calculated from images as described (66).

Immunoprecipitation

Mac-1-HEK293 cells, HEK293 cells expressing the I-less
form of Mac-1 or individual integrin subunits, IC-21 macro-
phages, inflammatory peritoneal macrophages, and human
monocytes were solubilized with a lysis buffer (20 mM Tris—
HCI, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM CaCl,,
1 mM PMSF, and protease inhibitor cocktail) for 30 min at 22
°C. After removing insoluble material by centrifugation at
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12,000g for 15 min, the lysates were incubated with 10 ug of
normal mouse IgG and 50 pl of Zysorbin-G for 2 h at 4 °C.
After centrifugation, the supernatants were incubated with
mAb 44A, anti-mouse ay; polyclonal antibody, mAb IB4,
anti-B; mAb 1965, anti-human/mouse f; polyclonal antibody,
mAb B6H12, or anti-human/mouse CD47 polyclonal antibody
for 2 h at 4 °C. The integrin—-mAb complexes were then
collected by incubating with 50 pl of protein A-Sepharose
overnight at 4 °C. The immunoprecipitated proteins were
eluted with SDS-PAGE loading bulffer, electrophoresed on
7.5% SDS-polyacrylamide gels, and analyzed by Western
blotting. To detect the presence of selected proteins, Immo-
bilon P membranes were incubated with mAb 44a against
human oy (1:2000), polyclonal anti-mouse oy (1 pg/ml),
polyclonal anti-human/mouse p; (1:2000), polyclonal anti-
human/mouse CD47 (1:500), mAb B6H12 (5 pg/ml), fol-
lowed by HRP-conjugated secondary antibodies and developed
using the SuperSignal West Pico substrate (Thermo Fisher
Scientific). In some experiments, cells (5 x 10°/0.5 ml) were
labeled with 100 pg Immunopure Sulfo-NHS-LC-Biotin
(Thermo Fisher Scientific) for 30 min at 22 °C. After solubi-
lization and immunoprecipitation, the Immobilon P mem-
branes were incubated with HRP-conjugated streptavidin and
developed using the SuperSignal West Pico substrate.

Solid phase-binding assays

To test the interaction of IgV-CD47 with the f, and
ayr-derived recombinant fragments, 96-well plates (Immulon
4BX, Thermo Fisher Scientific) were coated with IgV-CD47
freed from its fusion part (2 pg/ml) overnight at 4 °C and
postcoated with 1% BSA for 1 h at 22 °C. The His-tagged
fragments in 20 mM Tris—HCl, pH 7.4, 100 mM NaCl,
1 mM MgCl,, 1 mM CaCl,, 0.05% Tween 20 were added to the
wells and incubated for 3 h at 37 °C. After washing, bound
proteins were detected using an anti-His mADb (5 pug/ml). After
washing, goat anti-mouse IgG conjugated to alkaline phos-
phatase was added for 1 h, and the binding of recombinant
proteins was measured by reaction with p-nitrophenyl phos-
phate. Background binding to BSA was subtracted.

Flow cytometry

FACS analyses were performed to assess the expression of
ap and B, integrin subunits or CD47 on the surface of
transfected HEK293. Cells were incubated with anti-ay; mAb
44a (10 pg/ml) or anti-B, mAb IB4 (10 pg/ml) or anti-CD47
mAb B6H12 (10 pg/ml) followed by Alexa Fluor 488—conju-
gated secondary antibody and analyzed using a FACScan (BD
Biosciences) and Attune NxT flow cytometer (Thermo Fisher
Scientific). To assess the expression of the epitope for mAb
KIM127, Mac-1-HEK293 cells were activated with Mn**
(1 mM) and PMA (0.1 uM) for 10 min at 22 °C and incubated
with mAb KIM127 10 pg/ml for 30 min at 37 °C followed by
Alexa Fluor 488—conjugated secondary antibody. The KIM127
epitope expression after incubation of Mac-1-HEK293 cells
with mAb MEM48 was assayed using FITC-conjugated
KIM127.

J. Biol. Chem. (2023) 299(4) 103024 15


https://imagej.nih.gov

Mac-1-CD47 complex in macrophages

Statistical analysis

All data are presented as the mean + SD. The statistical
differences between the two groups were determined using a
Student’s t test. Multiple comparisons were made using
ANOVA followed by Tukeys or Dunn’s posttest using
GraphPad InStat software (https://www.graphpad.com/). Dif-
ferences were considered significant at p < 0.05.

Data availability

The manuscript contains all data described within the text.

Supporting article  contains

information.
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