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RED CELLS, IRON, AND ERYTHROPOIESIS

Cell rigidity and shape override CD47’s “self”’-signaling in phagocytosis
by hyperactivating myosin-II
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and Dennis E. Discher’
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Key Points

* Rigidity of an opsonized
red cell that contacts a
macrophage is found to
hyperactivate myosin-Il and
thus overpowers CD47’s
self-signaling.

¢ Red cell shape modulates
CD47’s signaling of self
and highlights biophysical
contributions to phagocytosis.

A macrophage engulfs another cell or foreign particle in an adhesive process that often
activates myosin-Il, unless the macrophage also engages “marker of self” CD47 that
inhibits myosin. For many cell types, adhesion-induced activation of myosin-Il is maximized
by adhesion to a rigid rather than a flexible substrate. Here we demonstrate that rigidity
of a phagocytosed cell also hyperactivates myosin-Il, which locally overwhelms self-
signaling at a phagocytic synapse. Cell stiffness is one among many factors including
shape that changes in erythropoiesis, in senescence and in diseases ranging from inherited
anemias and malaria to cancer. Controlled stiffening of normal human red blood cells
(RBCs) in different shapes does not compromise CD47’s interaction with the macrophage
self-recognition receptor signal regulatory protein alpha (SIRPA). Uptake of antibody-
opsonized RBCs is always fastest with rigid RBC discocytes, which also show that
maximal active myosin-Il at the synapse can dominate self-signaling by CD47. Rigid but
rounded RBC stomatocytes signal self better than rigid RBC discocytes, highlighting
the effects of shape on CDA47 inhibition. Physical properties of phagocytic targets thus
regulate self signaling, as is relevant to erythropoiesis, to clearance of rigid RBCs after blood storage, clearance of rigid pathological cells
such as thalassemic or sickle cells, and even to interactions of soft/stiff cancer cells with macrophages. (Blood. 2015;125(3):542-552)

Introduction

Factors that promote the cytoskeleton-intensive process of phago-
cytosis (Figure 1A, left) are opposed by several inhibitory factors'
that ultimately dictate whether a macrophage engulfs a target cell or
particle. Immunoglobulin G (IgG) bound to a target engages the Fcy
receptor on a macrophage, for example, and this stimulates the assem-
bly of numerous phagocytic synapse proteins,* including nonmuscle
myosin-Il motors that help drive uptake.>” If CD47 is displayed in
parallel on a target, it binds the macrophage’s inhibitory receptor
signal regulatory protein alpha (SIRPA).® which activates the immu-
nomodulatory phosphatase Src homology region 2 domain-containing
phosphatase-1 (SHP-1),” which regulates multiple proteins,'® including
suppression of nonmuscle myosin-ITA.'" Inhibition of actomyosin
contractility at the phagocytic synapse’*'? could explain various
observations that “marker of self” CD47 partially blocks phagocy-
tosis of mouse red blood cells (RBCS),13 as well as normal white
blood cells,'*'* stem cells,'® and cancer cells.'®!'” Macrophage uptake
of opsonized RBCs is also reported to contribute to clearance of RBCs in
senescence'® > and in various diseases, including sickle cell anemia and
thalassemia.”*>> Such diseased cells and other conditions, including
aging of cells, are the cause of many differences from normal that include
increased cell rigidity,?**® increased IgG opsonization, increased
phagocytosis, and in vivo processes consistent with increased clearance

(supplemental Table 1, available on the Blood Web site). Remarkably,
RBCs generated in culture from stem cells are phagocytosed inde-
pendent of CD47 but in inverse proportion to elongation by shear,?
and a ~50-fold increase in erythrocyte deformability during erythro-
poiesis had long been hypothesized to determine release of RBCs from
marrow° where interactions with marrow macrophages occur in a
niche known as the erythroblastic island.*' Cell stiffness also changes
in cancers and chemotherapy,*?->* which could be important to broad
anticancer efforts aiming to exploit CD47-SIRPA interactions.'>'”
Particle studies indeed show that stiff gel particles are engulfed in
greater numbers than soft particles, but relevance to cells with
or without “self” is untested. Normal human RBCs are controllably
stiffened here to assess phagocytosis of rigid self-cells under conditions
that aim to preserve the interfacial biochemistry (Figure 1A, right).

As RBCs senesce, aldehydes are produced, which greatly accel-
erates RBC clearance from the circulation, but aldehyde levels are
also higher in some diseased cells.***’ Aldehydes react primarily with
amines in Lys residues, which only occur in CD47 distal to its binding
site with SIRPA (Protein Data Bank ID code 2JJS). However, alde-
hydes can sometimes react with Arg,® which CD47 has in its binding
site (Arg103), so that marker of self interactions might be inhibited
by reaction with age-generated aldehydes. Aldehyde-mediated
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cross-linking of various RBC membrane proteins certainly stiffens
cells.*® Rigid RBCs in healthy or disease states become stuck in
narrow capillaries throughout the body,***° especially splenic slits
that impede rigid RBCs™*'; this could facilitate probing and clearance
by splenic macrophages.*? Synthetic polymer RBC mimics that lack
any CD47 or other RBC proteins are also removed from circulating
blood more rapidly when they are stiff compared with soft.*?

Rigid cells that become physically lodged within blood vessels vs
rigidity-enhanced phagocytosis have not been distinguished in past
studies, and any role for CD47 in such processes is also unclear. The
hypothesis examined here is that cell rigidity promotes phagocytic
uptake by overwhelming CD47’s signaling of self. Mechanistically, in
the adhesion of most cell types to a planar substrate, a stiffer substrate
generally activates myosin-II more so than a soft substrate; such
activation drives polarization in hematopoietic stem cells,** cell
spreading of macrophages*’ and neutrophils,*® and actomyosin stress
fiber assembly in various fibroblastic cell types.*” However, whether
rigidity-driven macrophage activation affects CD47 inhibition of
phagocytosis has not been studied. Myosin-II is shown here to be
hyperactivated by RBC rigidity and to oppose CD47’s self-signaling,
thereby increasing phagocytosis. The findings with cells of controlled
rigidity and CD47 signaling are broadly relevant to erythropoiesis,?
to accelerated senescence and clearance after blood storage,*® to
anemias that affect red cell shape and rigidity, to phagocytosis of
cancer cells, and even to synthetic particles used in vivo.

Materials and methods

Reagents, cell lines, and standard methods are described in supplemental
Methods. All blood was collected after informed consent with institutional
review board approval at the University of Pennsylvania. This study was
conducted in accordance with the Declaration of Helsinki.

Preparation of RBCs

Fresh RBCs were washed with phosphate-buffered saline (PBS), incubated
with 0 to 50 mM glutaraldehyde (GA) for 1 minute at room temperature, and
extensively washed. GA stomatocytes were first swollen with 200 mOsm PBS
(30 minutes) and then treated with GA (50 mM, 200 mOsm, 1 minute, room
temperature).

SIRPA binding assay

Soluble SIRPA-glutathione-S-transferase fusion (SIRPA-GST) was prepared
and used as before with fluorescent anti-GST*’ or fluorescently labeled
with AlexaFluor 546 maleimide (Life Technologies) (SIRPA-GST-Fluor).
SIRPA-GST was incubated with RBCs for 30 minutes at room temperature.
Cells were pelleted and resuspended in 5% fetal bovine serum/PBS, and
intensity was measured by flow cytometry (Becton-Dickinson LSRII).

Phagocytosis assay by flow cytometry

For RBC opsonization, 10 wL packed RBCs were incubated with 0 to 10 pL
opsonizing antibody (supplemental Table 2) and CD47 blocked with 0 to
270 nM anti-CD47 (B6H12). After shaking (Argos RotoFlex, 45 minutes,
room temperature), RBCs were pelleted and labeled with PKH26 dye (room
temperature, 30 minutes). THP-1-derived macrophages incubated with
opsonized RBCs for standard phagocytosis assay’ were isolated by washing
cultures twice in PBS and 0.5 mL H,O for RBC lysis (1 minute), followed by
Trypsin incubation (5 minutes, 37°C) and quenching with RPMI. Macro-
phages were centrifuged (3000g, 5 minutes), resuspended with DNA labeling
(10 minutes with Hoechst 33342), centrifuged again, and resuspended in 5%
fetal bovine serum/PBS for flow cytometry analysis.
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Results
Rigid human RBCs bind SIRPA but are rapidly engulfed

Normal human RBCs that are chemically modified with physiological
concentrations of malonyldialdehyde®” (MDA) or with GA display
functional CD47 as demonstrated by binding soluble SIRPA-GST,
as well as a function blocking anti-CD47 (Figure 1B; supplemental
Figure 1). GA is just 2 carbons longer than MDA and is a common
but hazardous disinfectant in the clinic.**° Flow cytometry was
used to measure binding and to also show that binding of soluble
SIRPA-GST to RBCs could be inhibited by pretreatment of cells
with the anti-CD47 (Figure 1B). Fluorescent SIRPA-GST (SIRPA-
GST-Fluor) was used to image native and rigid RBCs (Figure 1C)
and showed that SIRPA can still bind rigid RBCs, indicating that
CD47 is likely folded correctly.

For rabbit RBC suspensions in fluid shear, the bulk deformability
of cells decreases exponentially with aldehyde concentration®®
(supplemental Figure 2A). To assess cell-to-cell variability after
GA treatment and on a scale similar to a phagocytic cup that forms
in RBC engulfment, individual human RBCs (hRBCs) were aspi-
rated here into micropipettes of slightly smaller diameter than the
cells (Figure 1D). All native RBCs were rapidly aspirated and highly
distorted, whereas GA RBCs always entered more slowly, deformed
less, and, with extreme GA treatment, became stuck at the micropi-
pette entrance (Figure 1D; supplemental Figure 2B). The exponential
decrease in single cell deformability index with GA is consistent with
past bulk results for aldehyde-treated RBCs in shear*® (supplemental
Figure 2A), and the reasonably small cell-to-cell variations indicate
uniformity of the reaction. In addition, RBCs stored at room
temperature for 1.5 days led to cell rigidification similar to a 17 mM
GA treatment (Figure 1D, gray triangle). Such storage treatment is
not as extreme as time-and-temperature treatments that are already
known to drive rapid clearance by the spleen (ie, refrigerating at 4°C
for >1 month or heating of RBCs to 50°C for 20 minutes*").

Fresh RBC discocytes normally possess a highly flexible mem-
brane that extends easily under forces that even a few myosin motors
might apply (~10 pN27‘51). Time-lapse imaging of hRBCs opsonized
with anti-human RBC antiserum during engulfment by human-
derived THP-1 macrophages showed that CD47-blocked RBCs un-
dergo classical phagocytosis, with uptake complete within 5 minutes
after contact (Figure 2A). Erythrophagocytosis always begins with a
macrophage pinching the RBC membrane into a semiconical syn-
apse and causing the rest of the discocyte to become more spherical
(Figure 2A-B; supplemental Figure 3A). Such pinching is also
evident at the outset of phagocytosis of giant lipid vesicles that are
subsequently ruptured (supplemental Figure 3B). With RBCs, mac-
rophage pseudopods zipper along the membrane, constricting the
erythrocytes in a manner expected to pressurize the hemoglobin-
filled cytoplasm. Myosin-IIA contributes to cytoskeletal dynamics
beneath the phagocytic cup,® and confocal imaging confirms that an
engulfed RBC is quasi-spherical, with a diameter of ~6 wm, con-
sistent with a sphere of conserved volume (supplemental Figure 3A,
engulfed). When CD47 is not blocked (eg, native RBCs), such engulf-
ment to spherical completion is infrequent (=25%). More often, as
CD47 signals self, macrophage-imposed deformations are larger and
more sustained (Figure 2B). GA discocytes are not deformable and
are rapidly engulfed (Figure 2C).

Regardless of self-signaling, extension of native RBCs that are
being phagocytosed can provide estimates of forces that macro-
phages exert in engulfment (supplemental Figure 3C). Time-lapse
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Figure 1. SIRPA binds CD47 on both rigid and
native RBCs. (A) Downstream of FcyR binding of IgG,
kinases phosphorylate multiple cytoskeletal proteins,
including myosin-Il, which drive assembly of the
phagocytic cup and promote uptake. CD47-SIRPA
signaling leads to activation of SHP-1 phosphatase
that can deactivate myosin-1l. Because substrate ri-
gidity initiates assembly and polarization of myosin-II
in many cell types, phagocytic target rigidity is ex-
pected to counterbalance CD47-mediated inhibition of
the motor. Our working hypothesis is that with flexible
self-cells (left), CD47 initiated inhibition can overcome
myosin-ll activation, whereas with rigid self-cells (right),
the myosin-Il driven cytoskeleton is not diminished by
CD47-SIRPA self signals. (B) Flow cytometry histo-
grams show SIRPA-GST binds to GA- and MDA-
rigidified RBCs unless partially blocked by pretreating
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saturable and specific binding, as well as CD47
blocking. (D) Aspiration of RBCs into micropipettes
with diameters similar to phagocytic cups and in
vivo capillaries shows GA treatment rigidifies cells,
as does storage at ambient conditions. The maximal
RBC length and width under aspiration were quan-
tified by image analysis and normalized by pressure
and pipette cross section (native, n = 9; 17 mM GA

amount of SIRPA-GST bound per RBC (Intensity, AU)

discocyte, n = 23; 50 mM GA discocyte, n = 2; error
bar = standard deviation [SD]). *P = .05 compared
with native; trend line R2 = 0.99.

C p
GA-Disc

[
D | T T T L) 1 T r L} T
5% 04} 4
E c
3 o Storage at
= +| o | 25*C 36h .
o 40
[\:] *
E 2o
o DI= DA% sk] ool
- 0} 24 mM -
o ] . " . . I . . . " I

0 25 50

GA (mM), 1 min Reaction, 23° C

images were quantified most simply in terms of the RBC’s projected
length (L,; Figure 2D, schematic, top left) along the phagocytosis
axis and perpendicular to the synapse. L is initially ~8 pm, the di-
ameter of an hRBC discocyte (Figure 2D). When CD47 is func-
tionally signaling self, L, increases up to ~12 pm, thus stretching the
RBC by ~50%. Pseudopods extend from the macrophage but do not
surround the RBC at the distal end; the RBC deformation process
seems similar to that reported for macrophages pretreated with a
myosin-light chain kinase inhibitor,® which will prove to be no co-
incidence. With GA-rigidified RBCs, the RBC is often flipped up and
very rapidly engulfed, suggestive of rigidity-enhanced phagocytosis

seen previously with polymer beads.>® The GA RBCs contact the
macrophage en face and seem to strongly adhere, but consistent with
these GA discocytes being rigid, they do not become fully sphered in
the phagosome as occurs with native RBCs (Figure 2C, inset fourth
panel). GA discocytes are more often engulfed into spacious phago-
somes with a =3-pum gap between discocyte and phagosome
membranes (supplemental Figure 3D). The frequency of classical
phagocytosis events, in which engulfment vectors inward and the
RBC does not greatly stretch, is 100% for GA discocytes and 75% for
CD47-blocked native RBCs vs =25% for native RBCs signaling self,
with such frequency proportional to engulfment time (Figure 2E).
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Time-Lapse Imaging Shows Self Signaling Prolongs Defor!
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Figure 2. Phagocytic uptake of opsonized RBCs is faster with CD47 inhibition but fastest for rigid RBCs. Human-derived THP-1 macrophages were incubated with
human RBCs that were opsonized with anti-hRBC antiserum and also (A) blocked with anti-CD47, (B) native RBCs with active CD47", or (C) rigidified as GA discocytes.
Time-lapse imaging in DIC and phase contrast begins with initial adhesion between macrophage and RBC targets and ends on complete engulfment (scale bar, 8 um). At the
right of each time-lapse series, silhouettes of the target RBC clarify the changes in RBC morphology over the course of engulfment and RBC position relative to
the macrophage boundaries, as indicated by the sketched lines (C, fourth panel, inset) GA discocytes are often enclosed in a spacious phagosome that shows gaps between
the discocyte and phagosome membranes. (D) The projected length (L) of the engulfed RBC was quantified along the phagocytosis axis (schematic, top left) and shows that
phagocytic deformation is fast and classically vectored inward for rigid RBCs and for CD47-blocked RBCs compared with native RBCs (n = 3 = SD). When CDA47 can signal
self, phagocytosis is much slower, and L, often increases (up to 1.5-fold L,0). (E) The percentage of classical uptake events for each RBC treatment is plotted vs the time
required to complete engulfment, with the frequency of classical uptake showing a negative linear correlation with engulfment time (line fit, %> = 1.0). Nonclassical uptake is
most frequently observed with native RBCs that signal self and deviates from the classical trend by at least twofold.
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Myosin-lIA Assembly Increases with Target Rigidity or ‘Self’ Inhibition
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Figure 3. Myosin-ll accumulation at the phagocytic
synapse is strongly promoted by target rigidity and
more weakly inhibited by CD47. (A) The phagocytic
synapse schematic (left) illustrates the intensity analysis
of immunofluorescence images. White arrow indicates
alignment. THP-1 macrophages were either pretreated
or not with myosin-II inhibitor blebbistatin (20 wM),
followed by incubation with the various antiserum
opsonized RBCs for 45 minutes at 37°C and then fixed
and immunostained for myosin-lIA (green), F-actin (red),
and DNA (blue) (scale bar, 10 wm). (B) Accumulation
of myosin-Il at the phagocytic synapse was quantified
(n = 3 = SD), proving highest for rigid GA discocytes
and secondarily for CD47-blocked RBCs (*P < .05).
Blebbistatin suppresses myosin-llA accumulation to
levels similar to native RBCs, denoted CD47" (**P < .05).
(C) Fluorescence images of myosin-IIA localization in
macrophage fed either GA discocytes with or without
pretreatment with blebbistatin (20 M), or CD47-blocked
RBCs (scale bar, 30 pm). (D) Actomyosin fiber formation
was quantified in macrophages, showing that addition
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fibers. (Inset) Immunoblot for nonmuscle myosin-IIA heavy
chain, of macrophage lysates following phagocytosis,
shows the presence of 230- and 520-kDa bands, with
the high molecular weight band suggesting stable my-
osin assembly.
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Importantly, with native RBCs, the process is most often nonclassical,
with large distensions persisting approximately twofold longer than
classical uptake and approximately fivefold longer than uptake of rigid
RBCs.

Myosin-Il localization to the phagocytic synapse is promoted by
RBC rigidity

Adhesion to arigid (not soft) substrate for many cell types drives cell
spreading with assembly of stress fibers and polarization of nonmuscle
myosin-II***%3233; macrophages are certainly mechanosensitive
in adhesion*>**> and phagocytosis.>> Target rigidity can therefore
contribute to the generation of contractile forces during the phago-
cytosis of foreign cells. Accumulation of myosin-IIA at the phago-
cytic synapse between THP-1 macrophages and opsonized hRBCs is
largely inhibited by CD47,” as reproduced in a comparison of CD47-
blocked native hRBCs and native hRBCs (Figure 3A-B). Rigid GA

CD47-Blocked

discocytes, in comparison with native RBCs, show significantly
greater accumulation of myosin-IIA within the macrophage distal to
the human-human phagocytic synapse, and this apparent hyperactivation
of contractility is completely inhibited by the myosin-II ATPase in-
hibitor blebbistatin (Figure 3A-B).

Actomyosin stress fibers are common with cells such as fibro-
blasts when adherent to rigid substrates, but stress fibers are found in
only the occasional macrophage,® as is evident here in the rare THP-1
cell (supplemental Figure 4A-B). Surprisingly, addition of opsonized
and rigid GA discocytes caused a larger fraction of cells to assemble
stress fibers, unlike when native hRBCs were added in identical
numbers (Figure 3C-D). Compared with native hRBCs that were
CD47 blocked, rigid GA discocytes induced the formation of straight
and tensed’ stress fibers in fourfold more macrophages, whereas
addition of blebbistatin produced relaxed arcs as seen in similarly
treated myocytes.”® Stress fibers were also induced in macrophages
when CD47 was blocked (supplemental Figure 4A). Immunoblots
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against the myosin-IIA heavy chain in whole cell lysates after
phagocytosis indeed show a high-molecular-weight form of myosin-
IIA (Figure 3D, inset) that suggests a greater assembly of myosin
induced by rigid compared with native RBCs (supplemental Figure 4C).
Rigidity of a phagocytic target thus tends to hyperactivate myosin-
IIA in macrophages.

Rigid discocytes are phagocytosed in greater numbers than
flexible discocytes

Although the studies above (Figures 1 to 3) all indicate engulf-
ment processes depend functionally on RBC rigidity and CD47,
complete engulfment is the definitive end stage and must be
quantified. In addition, varying the level of opsonization is needed
to demonstrate the net balance for and against phagocytic uptake.
RBCs in dogs and humans are opsonized by autologous IgG>® that
increases up to sevenfold toward the end of the cell’s life span
in vivo,'®%® and aged hRBCs lack other “eat me” signals, such
as exposed phosphatidylserine.®' Engulfment of native hRBCs by
THP-1 macrophages is found to increase here with opsonization of
the hRBCs by anti-hRBC antiserum, saturating at >10-fold higher
levels than unopsonized hRBCs (Figure 4A). IgG concentration
in serum is 100 wM, and the highest IgG concentration used here
has been calculated to be 10 wM, with only a minor fraction of this
expected to be specific for human RBCs (supplemental Table 2).
Direct imaging of engulfed RBCs per macrophage at the end of the
45-minute in vitro assay was done by scoring =100 randomly
chosen macrophages. For higher throughput, a flow cytometry as-
say was developed (“Materials and methods”) and yielded the same
relative phagocytic index as microscopy, with normalization to
uptake of native RBCs. Blocking hCD47 nearly doubles the uptake
of native cells that are highly opsonized, but blebbistatin inhibition of
myosin-II always produces uptake levels statistically similar to
native hRBCs (Figure 4B, left). Rigidified GA discocytes are
engulfed at similar levels as CD47-blocked native RBCs (Figure 4B,
right), whereas decreasing the GA treatment decreases phagocytosis
(supplemental Figure 4D), similar to previously published results
with MDA (supplemental Figure 4E), and follows an exponential
trend consistent with the aldehyde dependence of rigidification
(Figure 1D) and in vivo clearance (supplemental Figure 2A).
Remarkably, blocking CD47 on the rigid GA discocytes consistently
shows no effect on engulfment (Figure 4B, right; supplemental
Figure 4F). In contrast, blebbistatin always inhibits uptake of GA
discocytes (Figure 4B, far right), with phagocytosis reduced to
levels similar to native RBCs that signal self. Increased uptake of
GA discocytes and CD47-blocked RBCs thus depends largely on
active myosin-IL.

Varying the level of opsonization by antiserum helps reveal
the mechanistic interplay of rigidity sensing and CD47 signaling
(supplemental Figure 4G-H). At high antiserum opsonization (sup-
plemental Table 2; Figure 4Ci), increasing amounts of anti-CD47
blocking promotes engulfment of native RBCs, saturating near the
invariant level for GA discocytes. At low antiserum opsonization
(Figure 4Cii), engulfment of native RBCs is minimal, with the same
increases in anti-CD47 blocking, which indicates that the blocking
antibody is not sufficiently abundant to contribute to opsonization.
Conversely, the same low opsonization of GA discocytes increases
engulfment with increasing anti-CD47 (Figure 4Cii, upper curve).
Importantly, because the engulfment curves with anti-CD47 for
native hRBCs with high antiserum (Figure 4Ci) and for rigid RBCs
with low antiserum (Figure 4Cii) fit to the same saturable uptake
curves, hCD47 appears equally functional on GA-treated cells. This
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conclusion from phagocytosis is consistent with binding to soluble
SIRPA-GST (supplemental Figure 1A,C).

For zero antiserum (Figure 4Ciii), engulfment is always much
lower, as expected. However, rigid GA discocytes are again engulfed
more than native RBCs, and blocking with anti-CD47 decreases
engulfment of rigid GA discocytes without affecting engulfment of
native RBCs. The blocking results for rigid GA RBCs provides
additional evidence that CD47 is functional, and because blocking
impedes weakly adhesive interactions with macrophage SIRPA,” the
result seems consistent with past reports of CD47 acting as an
adhesive ligand for cell tethering and phagocytosis of apoptotic and/
or damaged cells,®* although any cell stiffness in the cited studies
were not addressed.

GA discocytes with intermediate opsonization (supplemental
Table 2) were used to clarify the mechanistic balance between pro-
and antiphagocytic signals, starting with preincubation of macro-
phages with an anti-SIRPA antibody that blocks CD47-SIRPA
interactions (Figure 4D). This leads to engulfment of rigid RBCs that
is statistically the same as complete blocking with anti-hCD47.
Because CD47 binding to SIRPA activates the phosphatase SHP-1,
which we have shown’ deactivates myosin-IIA at a phagocytic
synapse with native RBCs, an inhibitor of SHP-1 (NSC8787712)
was added and found to enhance uptake even more than the blocking
antibodies (Figure 4D). This could reflect a basal level of SIRPA
phosphorylation and signaling.”

We previously showed NOD/SCID/IIngfl ~ (NSG) mice rec-
ognize hCD47 as self, which is evident in slower splenic clearance
when hCD47 is displayed.'? Therefore, we injected stiff, highly
opsonized hRBCs into NSG mice to examine splenic clearance.
Blocking or not with anti-hCD47 had no effect on splenic mac-
rophage uptake (Figure 4E; supplemental Figure 4I), which is
consistent with our in vitro results (Figure 4C).

RBC shape also modulates engulfment

Changes in RBC shape during phagocytosis clearly decrease with
RBC stiffness (Figure 2C), but whether the initial shape of the RBC
influences engulfment and CD47 signaling is unclear and is certainly
relevant to altered RBC shape in hereditary anemias (eg, hereditary
spherocytosis and sickle cells®®) and senescence.”? Moreover, because
rigid polystyrene spheres displaying CD47 can signal self and inhibit
phagocytosis,”'* we generated and assayed more rounded and rigid
RBCs. By treating RBCs with a mild hypotonic buffer prior to GA
cross-linking, cells take on a morphology similar to that seen in
hereditary stomatocytosis>*®* (supplemental Figure 5A). In patients,
stomatocyte-spleen interactions were abnormally high but also re-
duced by a drug that decreases production of tumor necrosis factor-o.,*
which is often associated with upregulation of adhesion molecules on
vascular endothelium.®®

In the absence of opsonization, the hypotonic pretreatment has
no effect on the low basal level of phagocytosis of rigidified cells
(Figure 5A). However, high antiserum increases phagocytosis in the
order native < GA stomatocytes < GA discocytes (Figure 5A), even
though opsonization is equal across the cells (supplemental Figure 5B).
The hypotonic treatment is therefore indeed mild rather than
damaging. Rigid GA stomatocytes bind soluble SIRPA-GST (sup-
plemental Figure 5C) and signal self based on the observation
that engulfment numbers increase with anti-CD47 blocking with
opsonization by high antiserum (Figure 5B) and by purified anti-
hRBC IgG (supplemental Figure 5D). As with native RBCs, immuno-
blocking of CD47 on GA stomatocytes also increases the rate of
engulfment (supplemental Figure SE). Nonetheless, inhibitory signaling
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CD47 Does Not Inhibit Engulfment of
Highly Opsonized Rigid cells, but Myosin-Il Inhibition Does
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Figure 4. Rigid RBCs and CD47-blocked RBCs both promote opsonization-driven phagocytosis unless myosin-Il is directly inhibited. (A) Phagocytic uptake shows
an increasing and saturating response to antiserum concentration. High antiserum is defined as treatment with antiserum concentration greater than that required to result in
half of saturating levels of engulfment, as highlighted by the arrows and gray box. (B) High antiserum opsonized RBCs were incubated with THP-1 macrophages for
45 minutes at 37°C. A microscopy-based phagocytosis assay indicated that native RBCs were engulfed more so when they were CD47 blocked, unless macrophages were
pretreated with blebbistatin (20 wM). Rigidified GA discocyte engulfment proved independent of CD47 blocking (*P < .05). However, engulfment of GA discocytes, like native
RBCs, was inhibited by pretreating macrophages with blebbistatin. The gray bar thus highlights a baseline level of myosin-ll-independent phagocytosis. Phagocytosis is
significantly higher than baseline when RBC targets are either CD47 blocked or GA rigidified. Blebbistatin pretreatment of both native-blocked and rigid cells keep uptake at
the baseline. (C) High-throughput flow cytometry assay for phagocytic uptake with opsonization per supplemental Table 2 shows that for high antiserum opsonization,
phagocytosis of GA discocytes is unaffected by blocking of CD47 (not significant) (i), whereas at low antiserum opsonization, blocking of CD47 on GA discocytes does
increase phagocytosis) (ii). For high antiserum opsonized deformable native RBCs, phagocytosis increases with blocking of CD47 (i), whereas, at low antiserum opsonization,
phagocytosis of native cells is insignificant regardless of blocking CD47 (not significant) (ii). Hyperbolic fits for i and ii give K = 90 nM and an ~2.5-fold increase from baseline
to saturation. Clearly, the anti-CD47 blocking treatment alone is not sufficient to drive engulfment of native RBCs. In the absence of antiserum, or with zero antiserum
treatment, blocking CD47 on GA discocytes reduces phagocytosis (iii). This suggests the functional CD47-SIRPA interaction on rigidified cells indicated by the SIRPA binding
studies here (Figure 1B). For all experiments, *P < .05; n = 3 =+ standard error of the mean). (D) At intermediate antiserum opsonization (supplemental Table 2), CD47
signaling can be blocked. Phagocytosis of native RBCs and rigid GA discocytes significantly increases on blocking with anti-CD47 (90 nM). An anti-SIRPA antibody (90 nM)
and an SHP-1 inhibitor (NSC87877, 60 nM) enhance uptake of GA discocytes. (E) NSG splenic macrophages take up stiff, highly opsonized hRBCs in vivo, independent of CD47.
High antiserum opsonized GA rigidified (17 mM) RBCs were anti-CD47 (CD47 block) treated or not (CD47"), mixed 1:1, and injected into NSG mice via the tail vein (n = 4). Rigid
discs were prelabeled with 2 lipophilic dyes, either DiR or PKH26, to be distinguished after mixing. Spleens were isolated 15 minutes after injection, dissociated, and analyzed by
flow cytometry. Splenic macrophages were distinguished from splenocytes by Cd11b expression and quantified for the percentage positive RBC uptake. Although 1% of splenic
macrophages were positive for CD47 blocked and CD47* hRBCs, double-positive macrophages were rare, as were positive nonmacrophage cells (CD11b™).
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Figure 5. Shape of rigid RBCs modulates CD47’s “don’t eat me” signal. (A) A flow cytometry-based phagocytosis assay shows that macrophage phagocytosis of high
antiserum opsonized native RBCs, GA stomatocytes, and GA discocytes is significantly higher than unopsonized cells (*P < .05 compares indicated conditions; ** P < .05
compares high antiserum to zero antiserum for each RBC condition: native RBC, GA stomatocytes, and GA discocytes). (B) RBCs treated with a mild hypotonic buffer followed by
GA reaction generated rigid, more rounded, GA stomatocytes (upper inset image). A flow cytometry-based phagocytosis assay of high antiserum opsonized GA stomatocytes
shows less engulfment than GA discocytes in the absence of anti-CD47 blocking antibody, whereas blocking CD47 equalized uptake (*P < .05; n = 5000 macrophage in duplicate,
+8D). Time-lapse imaging of the macrophage phagocytic synapse with the stomatocyte shows pseudopods closely surrounding the rounded cell (lower inset image).

with GA stomatocytes (Figure 5B) is less effective than that seen with
native cells (Figure 4Ci).

With anti-CD47 and high antiserum opsonization, both GA
discocytes and GA stomatocytes are engulfed to a similar extent
(Figure 5A). In contrast, GA discocytes are engulfed less than GA
stomatocytes when opsonized with IgG from purified antiserum
(supplemental Figure 5D), even though the amount of bound IgG on
antiserum and pure IgG opsonization is the same (supplemental
Figure 5D, inset). The latter result is consistent with IgG-opsonized
spheres being phagocytosed more readily than nonspheres in studies
of particles.® The difference may be explained by the fact that
antiserum contains additional opsonizing factors, such as C3b,% that
drive complement-receptor mediated phagocytosis characterized by
large phagosomes in which the macrophage loosely surrounds the
target®”®® and minimizes the dense focal adhesions of IgG-driven
phagocytosis.®® The biconcave contour of a rigid GA discocyte and
the resulting nonuniform membrane contact with a macrophage (sup-
plemental Figure 3D) make complement-driven uptake more efficient.
The loose contact between macrophage and a GA discocyte (supple-
mental Figure 3D) clearly contrasts with the tightly apposed pseudopods
seen during GA stomatocyte engulfment (Figure 5B, inset).

Discussion

In many disease states and numerous conditions (eg, alcohol con-
sumption), erythrocytes have been amply demonstrated to exhibit
increased rigidity, opsonization, and clearance (supplemental Table 1),
and numerous additional diseases (eg, Fanconi anemia’®) have also
been speculated to increase RBC rigidity. The quantitative balance
between physicochemical changes of RBCs that promote phagocy-
tosis vs CD47-SIRPA that signals against phagocytosis is summarized
in a structure-function heat map that facilitates objective comparisons
of the different phenotypes (columns in Figure 6A). The few dif-
ferences in uptake evident for native RBCs vs rigid GA discocytes
when myosin-II is inhibited reveal uptake of GA RBCs without red
cell deformation and also a tendency of GA discocytes to stimulate
stress fiber assembly even though myosin-IIA’s ATPase is inhibited.
Atthe opposite end of the heat map, blocking of CD47 has little effect
on the uptake of GA discocytes (compare CD47 "~ to CD47™"), with
a slight attenuation of the uptake phenotype for blocked cells,
perhaps reflecting the fact that blocking impedes the weakly
adhesive interactions of CD47 with macrophage SIRPA.” Native

CD47-blocked RBCs show an intermediate heat map profile but
group more with the rigid GA discocytes, consistent with strong
myosin-II activation.

For all of the various RBC targets, IgG on the RBCs is likely
recognized by the macrophage receptor FcyRIIA, which triggers
phagocytic cup formation independent of myosin-II (Figure 6B). The
flexible native RBCs show that CD47-SIRPA inhibition dominates
the opsonization signaling that otherwise activates myosin-II.
Blocking CD47 on soft RBCs leads to the characteristic hourglass
deformations seen when native RBCs from different species are
engulfed,”’ consistent with CD47-SIRPA interactions being species
specific.””>7? Macrophages cannot deform GA-rigidified disco-
cytes, which induces myosin-II activation, assembly, and accumu-
lation at the phagocytic synapse, contributing to rapid rotation of the
target in en face ingestion. Loss of RBC deformability contributes to
rapid clearance of RBCs from the circulation,%’41 consistent with
rapid removal of rigid apoptotic bodies,%”®® but the relative contri-
butions of cell stiffness, opsonin density, and even the roles of
macrophages are rarely clear. Rapid uptake can limit signaling from
other receptor-ligand interactions as can a rigid discocyte’s concave
shape, which limits contact between the macrophage’s nascent
phagosome membrane and a target membrane as shown here (sup-
plemental Figure 3D). A more spherical RBC shape indeed rescues
CD47-SIRPA-mediated signaling (Figure 5B), consistent with the
more tightly apposed projections seen with rounded GA stomato-
cytes (Figure 5B, bottom inset). Rigid polystyrene spheres with
CD47 attached in the same way signal self, minimizing macrophage
uptake in vitro and in vivo while also suppressing myosin-IIA
localization to the phagocytic synapse.”'? FeyR-mediated adhesion
seems analogous to the rapid kinase-driven adhesion mediated
by integrins that can be amplified into focal adhesions when rigid
substrates are engaged by myosin-II contractility***”; however, the
slower phosphatase signaling of CD47-SIRPA subsequently benefits
from the high contact area and eventually dominates prophagocytic
processes—unless some threshold for phagocytosis is already crossed
in such a kinetic competition mechanism.

The various molecular and cellular processes described here all
suggest a myosin-IIA regulatory pathway from unassembled and
relaxed states of assembly to contracting fibers that make phagocytosis
efficient (Figure 6C). Blebbistatin appears to block only the last
step (contraction), as imaging after blebbistatin treatment still
shows fibers, albeit relaxed fibers (Figure 3C). The CD47 pathway
and target rigidity oppositely regulate at least the earlier steps
(Figure 6C).
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Figure 6. Myosin-Il activity at the phagocytic synapse with opsonized RBC targets is inhibited by CD47 and enhanced by target rigidity. (A) Heat map summary and
hierarchical clustering of normalized results for the various experiments. The dendrogram indicates that the macrophage response to rigid GA discocytes is distinct from that
of native RBC targets and that blocking CD47 on deformable RBCs (but not on GA discocytes) reduces the difference, as does blebbistatin pretreatment of macrophages
encountering GA discocytes (CD47" GA-Disc +Blebb). CD47 inhibition is partially rescued with rigid but rounded GA stomatocytes (CD47" GA-Stom), unless CD47 blocked
(CD47~ GA-Stom). (B) Macrophage recognition of IgG opsonin on the surface of RBCs by FcyR phagocytic receptors activates cytoskeletal proteins including myosin-II.
Effective signaling via SIRPA to phosphatases does occur with CD47 on either flexible self-cells or sufficiently rounded but rigid self-cells. RBC rigidity has the effect of rapidly
and strongly activating adhesion and myosin-II contractions. Macrophages pinch deformable CD47-blocked native RBCs at their midpoint and then fully engulf these RBCs in
a manner analogous to a deflated balloon pulled through a napkin ring (inset schematic). Rigid discocytes maintain their shape throughout engulfment, which limits contact
between macrophage receptors and ligands, particularly SIRPA and CD47 on the RBCs, and thus the spacious phagosome may act as a signaling barrier. Rounded GA
stomatocytes show tightly apposed macrophage pseudopods and rescued CD47 signaling. (C) Schematic of myosin-Il assembly in phagocytosis in which myosin-Il dimers
assemble and contract actin filaments in response to rigidity of human RBCs while becoming more disorganized in response to CD47-SIRPA-mediated activation of
immunoinhibitory phosphatase, SHP-1. We showed previously” that phosphorylation of tyrosines in myosin-IIA’s head and tail activate the motor, increasing its accumulation
at the phagocytic synapse and increasing the efficiency of phagocytic uptake, whereas CD47-SIRPA’s activation of the tyrosine phosphatase SHP-1 deactivates myosin-1IA.
Blebbistatin blocks the activity of myosin Il ATPase and thus the ability of the head to generate contractile forces, relaxing the assembled actomyosin fibers. The SHP-1
inhibitor NSC87877 reduces inhibition by CD47 and thus increases RBC uptake.
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Loss of deformability of aged erythrocytes has long been thought
to contribute to their clearance from circulation, with additional de-
terminants possibly including partial loss of CD47 (6-50%*®) and
perhaps oxidation of CD47.777® Gain of deformability might also
be crucial to erythropoiesis,®® particularly release from marrow
macrophages,®’ which is certainly relevant to many efforts aimed at
making circulating RBCs from stem cell cultures.?® The results
here clarify the complementary role that target deformability plays
in clearance by tissue macrophages. The findings are likely rele-
vant to chemotherapy-rigidified leukemias, rigid-walled microbes
(yeast and bacteria), various viral and nonviral particles used in gene
and drug delivery, and the well-known rigid RBCs that result from
blood storage and that also occur in common diseases such as sickle
cell and thalassemia.
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Cell rigidity and shape override CD47's "self"-signaling in phagocytosis
by hyperactivating myosin-II
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