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Purpose. This study was designed to illustrate the feasibility of using
soluble CD47 protein to antagonize phagocytosis of colloidal drug
carriers by macrophages.

Methods. Expression of CD47-streptavidin (CD47-SA) fusion pro-
tein was achieved in B21CodonPlus host cells following IPTG induc-
tion. Murine macrophage cell line J774A.1, expressing high levels of
SIRPa, was selected as the biologic model system for phagocytosis.
FITC-labeled perfluorocarbon (PFC) emulsions were used as the col-
loidal carriers to trigger phagocytosis. Microscopy (inverted light and
UV-fluorescence) and flow cytometry were used to qualitatively and
quantitatively determine the degree of phagocytosis, respectively.
Results. The bacterially expressed, purified CD47-SA had neither
cytotoxic nor cytostatic effects when incubated with J774A.1 cells up
to a concentration of 400 nM for 24 h. Phagocytosis of FITC-labeled
PFC emulsions was significantly diminished when macrophages were
pretreated with 100 nM CD47-SA for 1 h.

Conclusions. We demonstrated that soluble CD47-SA antagonized
phagocytosis of colloidal carriers to a significant degree by interaction
with macrophage SIRPa.

KEY WORDS: CD47; colloidal drug carrier; perfluorocarbon emul-
sion; phagocytosis; SIRPa.

INTRODUCTION

Rapid clearance of intravenously administrated colloidal
drug carriers (e.g., liposomes, polyplexes, and emulsions) by
the mononuclear phagocyte system (MPS, including liver
Kupffer cells and splenic red pulp macrophages) is a major
obstacle to drug delivery (1). As a result, there have been
several attempts to improve the circulatory persistence of
colloidal drug carriers as therapeutic agents. Among these,
PEGylation (coating with hydrophilic polyethylene glycol
polymer) appears to be the most popular approach for modi-
fying particulate surfaces to prolong circulatory lifetimes (2—
5). Nevertheless, a better strategy for designing compatible
colloidal carriers with increased circulatory persistence is to
use a more physiologic basis for modification (1). Recently,
integrin-associated protein (IAP or CD47) was demonstrated
to function as a marker of self on murine erythrocytes (6).
The absence of CD47 on these cells results in their rapid
clearance from the bloodstream by splenic red pulp macro-
phages. This cell surface marker protects red cells from elimi-
nation by binding to a cognate receptor, SIRP«a, on macro-
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phage membranes. Based on this interesting finding, we hy-
pothesized that CD47/SIRPa interaction may represent a
feasible biomimetic approach for the design of persistent col-
loidal drug carriers. As a first step, we purified recombinant,
soluble human CD47 and examined its potency in reducing
ingestion of colloidal perfluorocarbon (PFC) emulsions by
murine J774A.1 macrophages. Our results demonstrated that
soluble CD47 consisting of only the extracellular domain with
a conserved immunoglobulin (Ig) fold was able to signifi-
cantly antagonize phagocytosis of PFC emulsions. It is con-
jectured that the antiphagocytic properties of CD47 will be
enhanced if it is conjugated directly to colloidal drug carriers.

MATERIALS AND METHODS

Materials

Polyethylene glycol (avg. MW 1450; PEG, ,5,) Was a gen-
erous gift from Union Carbide (Danbury, CT). Pentadeca-
fluorooctanoyl chloride (C,F,;sCOCIl) was purchased from
Aldrich (Milwaukee, WI), perfluorooctyl bromide (PFOB;
perflubron) from Chem-surf (Sebastopol, CA), Talon resin
(immobilized Co**) from Invitrogen (Palo Alto, CA), bacte-
rial media components from Becton-Dickinson (Sparks,
MD), Taq polymerase from Fisher Scientific, and restriction
enzymes from New England Biolabs (Beverly, MA). All
other chemicals and solvents not listed here were purchased
from either Aldrich or Sigma (St. Louis, MO). All materials
were used as received without further purification.

Methods

Synthesis of Perfluoroalkylated PEG Surfactant

PEG, 5, Was converted to diamino-PEG,5, as described
(7,8), precipitated from diethyl ether, dried in vacuo, and re-
acted with pentadecafluorooctanoyl chloride to obtain the
Ry-functionalized PEG surfactant (9). The final product, Rg-
PEG,,s,-NH, surfactant with amide-linked pentadecafluo-
rooctanoyl (Rp) moiety, was precipitated from diethyl ether
and dried in vacuo.

Fluorescein Isothiocyanate Labeling of R-PEG,,5,-NH,

Fluorescein isothiocyanate (FITC) was reacted with the
amine-containing Rg-PEG,,5,-NH, surfactant to create a
stable isothiourea linkage. The procedure was based on a
standard approach for protein labeling that involves reaction
between the isothiocyanate group of FITC and the e-amino
groups of protein (10). The FITC-labeled fluorosurfactant
was purified from unreacted FITC by repeated precipitation
from hexane.

Emulsification of PFC

The FITC-labeled fluorosurfactant concentration used
for making perflubron emulsions was 4% (w/v) in water. Both
perflubron and surfactant solutions were filter-sterilized
through 0.2-pm membrane filters before emulsification under
aseptic conditions. Emulsification was achieved by homog-
enizing 1 mL of perflubron and 2 mL of FITC-labeled fluo-
rosurfactant solution using a sonicator (550 W, 20 kHz; Miso-
nix, Farmingdale, NY) for 3 min under a programmed cycle
mode of 8 s on and 4 s off. Size distribution of PFC emulsion
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was determined by laser light scattering (Mastersizer X-4700,
Malvern Instruments, UK). Mean diameters were calculated
from the volume-moment average of the particle size distri-
bution.

Expression of Recombinant Soluble Human CD47-SA

Human CD47 cDNA (pIAP323) was obtained from Dr.
Eric Brown (UCSF). The extracellular domain gene sequence
corresponding to amino acids 17-142 (Ser'” to Thr replace-
ment) was amplified with the following PCR primers: sense,
GGCTCATGACAGCTCAACTACTGTTTAGT; antisense,
GCGGGATCCTTTTCATTTGGAG. Core streptavidin
(386 nucleotides, 129 amino acids) was PCR amplified from
pSTE2-215 (yol) (11) and inserted between BamHI and Xhol
sites of pET20b to give pMA00S5. The CD47 PCR product
(378 nucleotides) was inserted between the Ncol and BamHI
sites of pMAOOS to yield pMAQ006. Expression of CD47-
streptavidin (SA) fusion protein was achieved in
BL21CodonPlus host cells following induction with 1 mM
isopropylthiogalactoside (IPTG) for 1 h. The recombinant
protein was purified from bacterial lysate by standard meth-
ods, and biotinyl agarose was used in the last step of purifi-
cation.

Phagocytosis Assay

Murine macrophage cell line J774A.1 (ATCC) was used
for in vitro phagocytosis assays. Cells (10°) were inoculated
into six-well culture dishes (BD Biosciences) with 4 mL of
Dulbecco’s modified Eagle’s medium (DMEM, Irvine Scien-
tific, Santa Ana, CA) supplemented with 7.5% fetal bovine
serum (FBS, Gibco BRL, Rockville, MD), grown overnight at
37°C, and refed with 1 mL of complete medium before addi-
tion of recombinant soluble human CD47-SA fusion protein,
as indicated. After incubation at 37°C for 1 h, 3 mL of un-
supplemented medium containing 3 pL of FITC-labeled PFC
emulsions was added. Cell incubation was continued at 37°C
for 2 h as indicated. Emulsion phagocytosis by J774A.1 cells
was determined by inverted visible light and fluorescence mi-
croscopy. The changes in cell morphology and presence of
intracellular FITC-labeled PFC emulsion particles were docu-
mented by digital photography.

Assay of Phagocytosis by Flow Cytometry

The FACStar Plus flow cytometer (Dako-Cytomation
Inc., Fort Collins, CO) was used to quantify phagocytic activ-
ity of J774A.1 cells following ingestion of FITC-labeled emul-
sion particles. Cells were harvested after FITC-labeled PFC
emulsion challenge by gentle washing of the attached cells
three times with 1 mL of phosphate-buffered saline (PBS)
and detaching them by scraping them directly into 1 mL of
ice-cold PBS. Cells were kept at 4°C until flow cytometry
analysis. Cells were analyzed for intracellular fluorescence,
and the fluorescent signal was gated through forward and
90-degree light-scattering detectors to eliminate autofluores-
cence signals from non-emulsion-containing macrophages
and debris. A total of 5000 fluorescent particles (cells) of each
gated population were analyzed. Fluorescence data were ana-
lyzed using the instrument manufacturer’s software.
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RESULTS AND DISCUSSION

Expression of CD47-Streptavidin Fusion Protein

The recombinant protein preparation was estimated to
be >98% pure and had an observed molecular weight of
26,000 (see Fig. 1). As reported earlier, avoidance of phago-
cytosis can be attributed to ligation of CD47 to SIRPa recep-
tors on macrophages (6), thus cells used for this study must
have sufficient levels of the SIRPa receptor protein. Murine
macrophage cell line J774A.1 was selected as the biologic
model system for phagocytosis, and like most cell types of
myeloid origin, this cell line is reported to express high levels
of SIRPa (12). CD47-SA was incubated with J774A.1 cells for
determination of any cytotoxic or cytostatic effects. We ob-
served no deleterious effects of CD47-SA on J774A.1 viabil-
ity or morphology up to the highest concentration tested (400
nM), based on the trypan blue exclusion method, 6, 12, and 24
h postaddition (data not shown).

FITC-Labeled PFC Emulsion

Colloidal particles used to assay phagocytosis by J774A.1
cells were perflubron-based oxygen carriers (so-called blood
substitutes) that are currently in clinical trials (13). The sur-
factant used to prepare these perfluorocarbon (PFC) emul-
sions was a synthetic PEG-associated fluorosurfactant:
C,F,sCONH-(CH,CH,O0),-NH, (designated as Re-PEG 45~
NH,). PFC emulsions prepared with this fluorosurfactant
containing a low-molecular-weight PEG (MW 1450) triggered
a higher ingestion rate in J774A.1 cells than another prepared
with high-molecular-weight (MW 8000) PEG substitutions
(9). The Rg-PEG,,5,-NH, fluorosurfactant was further la-
beled with FITC for the purpose of quantifying phagocytosis
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Fig. 1. Bacterially expressed CD47-streptavidin (SA) fusion protein.
BL21CodonPlus bacterial strain transformed with pMA006 was used
as source of CD47-SA. The protein was purified from bacterial lysate
by biotinyl-agarose affinity chromatography. Approximately 100 ng
of purified protein was analyzed by SDS-PAGE; the silver-stained gel
is shown. Positions of molecular weight standards are indicated on
left; position of CD47-SA is indicated by the arrow.
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by J774A.1 cells. The size of FITC-labeled PFC emulsions
ranged from 0.2 to 0.5 wm in diameter with a mean size of 0.34
+0.15 pm (mean + SD; n = 3). The stability of PFC emulsion
was verified by examining the average particle size in aqueous
suspension over a period of 1 month. The effect of culture
medium on the stability of PFC emulsions was also examined
and determined to have no significant effect on particle size
within the experimental period.

In control experiments, we determined that FITC cova-
lently bound to fluorosurfactant did not significantly alter the
rate or extent of phagocytosis of PFC emulsions by J774A.1
cells. Furthermore, photomicroscopic examination of J774A.1
cells containing ingested FITC-labeled PFC emulsions
showed no notable changes in cell morphology compared to
cells that had ingested non-FITC-labeled PFC emulsions
(data not shown). Hence, the FITC-labeling technique devel-
oped here provides an alternative quantitative assay for
phagocytosis in addition to the '?F-NMR method described
previously (9).

Antiphagocytic CD47-Streptavidin

In vitro phagocytosis of colloidal PFC microdroplets was
examined in the presence and absence of soluble human
CDA47-SA. As shown in Fig. 2B, cells treated with PFC emul-
sions readily phagocytosed the extracellular emulsion par-
ticles. Brightfield microscopy showed extensive formation of
PFC-containing vacuoles in the cytoplasm. This was con-
firmed by colocalization of green fluorescence to vacuoles
containing FITC-labeled PFC emulsions (compare brightfield
and UV views of Fig. 2B). In contrast, addition of soluble
CD47-SA to cells (Fig. 2C) before challenge with PFC emul-
sions resulted in a visible reduction of PFC-laden vacuoles
compared to untreated cells (Fig. 2B). To make sure the ob-
served inhibition of phagocytosis was not the result of trace
contamination by unreacted reagents or solvents, emulsified
PFC particles were premixed with trace amount of chemicals
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used for CD47-SA purification before incubation with mac-
rophages. In these control experiments, J774A.1 cells in-
gested PFC emulsions without any indication that phagocy-
tosis was inhibited by the trace chemicals. Antagonism of
phagocytosis was further examined by flow cytometry. As
shown in Fig. 3, the mean fluorescence intensity of untreated
cells vs. CD47-SA treated cells after FITC-labeled PFC emul-
sion challenge was reduced from 162.3 to 92.82; for compari-
son, background mean fluorescence intensity of untreated
cells was 13.52. These quantitative results from flow cytom-
etry corroborated the qualitative observations presented in
Fig. 2.

The role of CD47/SIRP« interaction in the recognition of
self and inhibition of phagocytosis has been illustrated by the
observation that primary, wild-type mouse macrophages rap-
idly phagocytose CD47~~ RBCs (obtained from CD47/~
gene knockout mouse) but not wild-type (CD47**) RBCs
(6). Tt has also been reported that through its receptor,
SIRPa, CD47 inhibits both F.y and complement receptor-
mediated phagocytosis (14). It has been observed that ligation
of SIRPa by CD47 on macrophages results in cytoplasmic
domain phosphorylation of tyrosine and recruitment of Src
homology (SH) 2 domain-containing protein tyrosine phos-
phatase (SHP)-1, which is the major regulator of phagocytic
responses (15). To be precise, the regulation of macrophage
phagocytosis depends on the relative strength of phagocytic
and CD47/SIRPa-generated signals. If the inhibitory signals
generated by CD47/SIRPa interaction via the SHP-1 phos-
phatase are sufficient to counteract phagocytic signals medi-
ated through F_y and/or complement receptors, the process of
ingesting colloidal particles will be reduced or inhibited.
These experiments demonstrate that ligation of SIRPa by
recombinant, soluble CD47 is sufficient to inhibit phagocyto-
sis of colloidal PFC emulsions. We can only speculate as to
the molecular events leading to interference of signal trans-
duction events responsible for phagocytosis in this system.

Fig. 2. Effect of CD47-SA on colloidal PFC particles taken up by J774A.1 cells. Examination of
J774A.1 cell morphology and FITC-fluorescence after incubation with PFC emulsions (prepared
with Rg-PEG, 450-NH, conjugated with FITC). (A) untreated cells; (B) cells incubated with 3 pl
of PFC emulsions for 2 h; (C) cells pre-treated with 100 nM soluble human CD47-SA for 1 h then
treated with PFC emulsions for 2 h. PFC-laden vacuoles are pointed out by the arrows. Bar = 10 pum.
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Fig. 3. FACS analysis of J774A.1 cell phagocytosis of FITC-labeled
PFC emulsions. Cells were treated with PFC emulsions as described
in legend to Fig. 2. The filled curve represents untreated cells with
mean fluorescence intensity (MFI) of 13.52. The light-colored curve
represents cells pretreated with CD47-SA for 1 h before cultivation
with PFC emulsions; the MFI = 92.82. The dark-colored curve rep-
resents cells without CD47-SA pretreatment for 1 h before culturing
with PFC emulsions; the MFI = 162.3. This set of overlaid FITC
histograms represents one of the triplicate data sets.

Nonetheless, this result is important because synthetic mate-
rials containing this biomimetic ligand may impart a similar
antiphagocytic property.

We observed that the activity of soluble CD47-SA is
short-lived in this in vitro system. The efficacy of soluble
CD47-SA in deterring phagocytosis via the inhibitory signals
triggered by the CD47/SIRP« interaction appeared to last for
only 2 h. After this period, cells regained their phagocytic
capability. Why are the predominant inhibitory signals dimin-
ished after 2 h? We reasoned that this outcome could be
attributed to (a) instability of CD47-SA in the culture me-
dium or (b) cobinding of CD47-SA to «,B; integrins on
J774A.1 cells. The latter would have the effect of decreasing
the pharmacologic concentration of the protein by depleting
the protein from the culture medium. Furthermore, we have
no information regarding the rate of receptor turnover and de
novo synthesis as a route for SIRPa (or o, 35) replenishment
at the cell membrane. From this discussion, we expect that the
biologic activity of CD47 may be prolonged if it is immobi-
lized on the surface of colloidal carriers. This can be done
simply by binding CD47-SA to biotinylated PFC emulsions
(via biotinylated Rg-PEG,,50-NH,) or other chemical ap-
proaches to crosslink CD47 to the surface of colloidal par-
ticles.

In conclusion, we demonstrated that soluble CD47-SA
antagonized phagocytosis of colloidal carriers to a significant
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degree by interaction with macrophage SIRPa. We surmise
that the methods described here offer alternative ways to
design and fabricate stable parenteral, colloidal drug carriers
endowed with low phagocytic uptake.
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