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SUMMARY
CD47 is a ligand of SIRPa, an inhibitory receptor expressed bymacrophages, dendritic cells, and natural killer
(NK) cells, and, therefore, transgenic overexpression of CD47 is considered an effective approach to inhibit-
ing transplant rejection. However, the detrimental effect of CD47 signaling is overlooked when exploring this
approach. Here, we construct amutant CD47 by replacing the transmembrane and intracellular domains with
a membrane anchor (CD47-IgV). In both human and mouse cells, CD47-IgV is efficiently expressed on the
cell surface and protects against phagocytosis in vitro and in vivo but does not induce cell death or inhibit
angiogenesis. Furthermore, hematopoietic stem cells expressing transgenic CD47-IgV show no detectable
alterations in engraftment or differentiation. This study provides a potentially effective means of achieving
transgenic CD47 expression that may help to produce gene-edited pigs for xenotransplantation and hypo-
immunogenic pluripotent stem cells for regenerative medicine.
INTRODUCTION

CD47 is composed of an extracellular N-terminal immunoglobulin

variable (IgV) domain, five-transmembrane helices, and an intra-

cellular C-terminal domain.1–3 The CD47 molecule is widely ex-

pressed on the surface of most cells and serves as a ligand of

the signal regulatory protein alpha (SIRPa), an inhibitory receptor

expressed on myeloid cells, including macrophages and

dendritic cells (DCs), and natural killer (NK) cells.4,5 CD47/SIRPa

signaling plays an important role in controlling both innate

and adaptive immune responses. By interacting with SIRPa,

CD47 inhibits macrophage phagocytosis;6 DC activation and,

hence, T cell responses;7,8 and NK cell activation.5 Furthermore,

CD47 overexpression by tumor cells serves as an important

mechanism for constructing the immunosuppressive tumor

microenvironment and, hence, providing an effective target for

cancer immunotherapy.9,10

Given its strong immunoinhibitory effects, transgenic overex-

pression of CD47 is considered a potential strategy to prevent

transplant rejection.11,12 Previous studies have shown that mac-

rophages mediate robust xenograft rejection predominantly due

to the lack of cross-species interaction between CD47 and

SIRPa, which can be effectively prevented by transgenic expres-

sion of the recipient-type CD47.13–16 CD47 overexpression has

also been reported to be effective in preventing allograft rejec-

tion,7 offering an effective means of generating hypoimmuno-
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genic pluripotent stem cells for regenerative medicine.17 How-

ever, the potential adverse effect of CD47 overexpression has

been largely overlooked. CD47 is not only a ligand for SIRPa,

but also a receptor that mediates a variety of functions upon

engagement with its ligands. It has been shown that CD47 in-

duces cell death and inhibits angiogenesis upon ligation with

its ligands, including TSP-1, soluble SIRPa, and agonistic anti-

bodies.18–22 CD47 signaling also inhibits insulin release from

pancreatic b cells, hence affecting islet transplantation out-

comes.23 Furthermore, CD47 is an important factor mediating

radiation damage24 and ischemia-reperfusion injury.25 Thus,

there is an urgent need to develop an effective strategy that

may enable CD47/SIRPa inhibitory function without the adverse

effect of CD47 overexpression.

Given the critical roles of the transmembrane domains, intra-

cellular loops, and intracytoplasmic tail in transmitting CD47

signaling,26,27 here we sought to generate a mutant CD47 that

preservers its functional interaction with SIRPawithout transmit-

ting intracellular signals by replacing the transmembrane and in-

tracytoplasmic domains with a membrane anchor molecule, gly-

cosylphosphatidylinositol (GPI). We found that the mutant CD47

(referred to as CD47-IgV) could be efficiently expressed on the

cell surface and inhibit phagocytosis both in vitro and in vivo to

a level comparable with wild-type (WT) CD47. However, unlike

WT CD47, CD47-IgV does not transmit cell death signals or

inhibit angiogenesis. Furthermore, hematopoietic stem cells
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expressing CD47-IgV have no detectable defect in engraftment

or blood cell differentiation. Thus, CD47-IgV may offer a strategy

for transgenic CD47 overexpression to ameliorate xenograft

rejection and produce hypoimmunogenic pluripotent stem cells.

RESULTS

CD47-IgV is expressed normally on the cell surface but
not capable of transmitting cell death signals
A mutant human CD47 (hCD47) construct was made by replac-

ing the hCD47 transmembrane and intracellular domains with a

GPI attachment signal component as a cell membrane anchor28

(referred to as hCD47-IgV) (Figures S1A and S1B). Because the

five-transmembrane helices are involved in CD47 cell surface

expression,2,29 we first determined whether hCD47-IgV can be

appropriately expressed on the cell surface. CD47 knockout

(CD47KO) human Jurkat cells were transduced with lentiviral

vectors encoding hCD47-IgV or hCD47 isoform 2 (hCD47-iso2;

the most widely expressed CD47 isoform). Flow cytometry anal-

ysis revealed that, similar to hCD47-iso2, hCD47-IgV was effi-

ciently expressed on the cell surface with no or minimal intracel-

lular retention (Figure 1A). Furthermore, in agreement with the

critical role of the transmembrane and intracellular domains in

transmitting CD47 signaling,26,27 incubation with an agonistic

anti-CD47 antibody resulted in apoptosis in hCD47-iso2- but

not hCD47-IgV-expressing cells (Figure 1B).

CD47-IgV expression inhibits phagocytosis in vitro and
in vivo

We next assessed the protective effect of hCD47-IgV against

phagocytosis. In the in vitro phagocytic assay, carboxyfluorescein

succinimidyl (CFSE)-labeled CD47KO or hCD47-IgV- or hCD47-

iso2-expressing Jurkat cells were incubated for 4 h with human

macrophages (derived from macrophage colony stimulating fac-

tor [M-CSF]-stimulated peripheral blood mononuclear cells

[PBMCs]), and phagocytosis was assessed using flow cytometry

or confocal imaging by measuring the percentage of human SIR-

Pa+CFSE+ macrophages. We found that the levels of phagocy-

tosis of hCD47-IgV- and hCD47-iso2-expressing Jurkat cells

were comparably and significantly reduced compared with

CD47KO Jurkat cells (Figure 1C). Similar protective effects were

also observed when these Jurkat cells were incubated with

bonemarrow (BM)-derivedmacrophages (BMDMs) of non-obese

diabetic (NOD)/ShiLtJGptPrkdcem26Cd52Il2rgem26Cd22/Gpt (NCG)
Figure 1. Comparable protection against phagocytosis of Jurkat cells

(A) The surface and total CD47 expression of CD47KO (left), hCD47-IgV (center)

(B) Percentages (mean ± SEM) of apoptotic (propidium iodide [PI]+/Annexin V+

agonistic antibody (CC2C6). **p < 0.01; NS, not significant (two-way ANOVA).

(C and D) Phagocytosis of CFSE-labeled CD47KO, hCD47-IgV, and hCD47-iso

Phagocytosis was determined by flow cytometry using an anti-human CD172a

centages of CFSE+ human (CD172a/b+) or mouse (F4/80+) macrophages. Shown

n = 3) of phagocytosis. Representative results of three independent experiments

(E) Confocal images showing phagocytosis of CFSE (green)-labeled CD47KO, hCD

anti-F4/80-APC, red). Cell nuclei were stained with Hoechst 33342 (blue). Scale

(F–H) Shown are levels (MFI) of CD47 expression (F) and phagocytosis by NCGm

mean ± SEM; n = 3) of CD47KO, hCD47-IgVhi, hCD47-IgVlo, hCD47-iso2hi, and h

(I) Survival curves of NCG mice that were injected (i.v.) with Jurkat cells not expr

(n = 7). *p < 0.05, **p < 0.01; NS, not significant (log rank test).
mice that express SIRPa capable of cross-reacting with

hCD47.30 Flow cytometry (Figure 1D) and confocal analysis (Fig-

ure 1E) revealed that the levels of phagocytosis of hCD47-IgV-

and hCD47-iso2-expressing cells were significantly reduced

compared with CD47KO Jurkat cells. In a repeated experiment,

we sorted the cells with different levels of hCD47 expression

and found that the magnitude of protection appeared to be corre-

lated with the level of transgenic hCD47 expression for both

hCD47-IgV- and hCD47-iso2-expressing cells (Figures 1F–1H).

These results indicate that hCD47-IgV has efficiency comparable

with hCD47-iso2 in inhibiting phagocytosis in vitro.

We then assessed potential of hCD47-IgV to inhibit rejection of

Jurkat cells in immunodeficient NCG mice lacking T, B, and NK

cells by comparing the tumorigenic potential of CD47KO or

hCD47-IgV- or hCD47-iso2-expressing Jurkat cells. Previous

studies have shown that hCD47 may functionally cross-react

with NCGmouse SIRPa.30,31 Thus, the susceptibility of these Ju-

rkat cells to rejection by mouse macrophages is a key factor

affecting tumor growth and mortality in recipient NCG mice.

We observed that all NCG mice receiving CD47KO Jurkat cells

intravenously (i.v.) showed long-term tumor-free survival indica-

tive of robust rejection of CD47KO Jurkat cells (Figures 1I and

S1C). However, hCD47-IgV- and hCD47-iso2-expressing Jurkat

cells were comparably effective in causing tumor growth and an-

imal death after injection into NCG mice (Figures 1I and S1C),

indicating that hCD47-IgV is as effective as hCD47-iso2 in inhib-

iting phagocytosis in vivo.

To verify that the observation is not species specific, we made

a mouse CD47 (mCD47) mutant by replacing the mCD47 trans-

membrane and intracellular domains with a GPI attachment

signal anchor and assessed its expression and protection

against phagocytosis. Mouse leukemic cell line A20 cells ex-

pressing mCD47-IgV or mCD47-iso2 were made by lentiviral

transduction of CD47KO A20 cells that were generated by the

CRISPR/Cas9 technique. Flow cytometry analysis revealed

that both mCD47-IgV and mCD47-iso2 were efficiently ex-

pressed on the cell surface (Figure 2A). Furthermore, flow cytom-

etry (Figure 2B) and confocal (Figure 2C) analysis revealed that

CD47KO A20 cells were efficiently phagocytosed in vitro by syn-

geneic BALB/cAnNCrl (hereafter called BALB/c) mouse

BMDMs, while both mCD47-IgV- and mCD47-iso2-expressing

CD47KO A20 cells showed an equally significant decrease in

phagocytosis compared with CD47KO A20 cells. mCD47-IgV-

andmCD47-iso2-expressing A20 cells also showed comparably
by transgenic expression of hCD47-IgV and CD47-iso2

, and hCD47-iso2 (right).

) cells of CD47KO, hCD47-IgV, and hCD47-iso2 Jurkat cells induced by an

2 Jurkat cells by human macrophages (C) or NCG mouse macrophages (D).

/b-APC antibody (Ab) or anti-mouse F4/80-APC Ab and is presented as per-

are representative flow cytometry profiles (left) and levels (right, mean ± SEM,

are shown. *p < 0.05, **p < 0.01 (one-way ANOVA).

47-IgV, or hCD47-iso2 Jurkat cells by NCGmousemacrophages (labeled with

bars, 20 mm.

ouse macrophages (G, representative flow cytometry profiles; H, percentages;

CD47-iso2lo Jurkat cells. *p < 0.05, ****p < 0.0001 (unpaired t test).

essing CD47 (CD47KO; n = 6) or expressing hCD47-IgV (n = 6) or hCD47-iso2
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Figure 2. Mouse CD47-IgV expression efficiently inhibits phagocytosis of mouse leukemic A20 cells in vitro and in vivo

(A) CD47 expression on mCD47-IgV A20 cells, mCD47-iso2 A20 cells, WT A20 cells, and CD47KO A20 cells (the numbers indicate MFI of mouse CD47 staining).

Unstained WT A20 cells (WT/NC) were used as a genative control (NC).

(B) Phagocytosis of CFSE-labeled CD47KO, mCD47-IgV, and mCD47-iso2 A20 cells by BALB/c mouse macrophages. Shown are representative flow cytometry

profiles (left) and levels (right, mean ± SEMs, n = 3) of phagocytosis (i.e., percentages of macrophages that have engulfed CFSE+ target cells [CFSE+ cells] in

mouse F4/80+ macrophages). Representative results of three independent experiments are shown. ***p < 0.001, ****p < 0.0001 (one-way ANOVA).

(C) Confocal images showing phagocytosis of CFSE (green)-labeled CD47KO,mCD47-IgV, or mCD47-iso2 A20 cells by BALB/cmousemacrophages (labeled by

anti-F4/80-APC, red). Cell nuclei were stained with Hoechst 33342 (blue). Scale bars, 20 mm.

(D) Survival curves of 3.5 Gy-irradiated BALB/c mice injected (i.v.) with CD47KO, mCD47-IgV, or mCD47-iso2 A20 cells (1 3 106, n = 10 per group). *p < 0.05,

**p < 0.01; NS, not significant (log rank test).

(E) Survival curves of female (left) or male (right) Rag�/� BALB/c mice injected (i.v.) with 13 106 CD47KO (n = 7 for females, n = 5 for males), mCD47-IgV (n = 8 for

females, n = 6 for males), or mCD47-iso2 (n = 7 for females, n = 7 for males) A20 cells. *p < 0.05; NS, not significant (log rank test).

(F) CD47 expression on mCD47-IgV/WT, mCD47-iso2/WT, WT, and CD47KO A20 cells (the numbers indicate MFI of mouse CD47 staining).

(G) Survival curves of 3.5-Gy-irradiated BALB/c mice injected (i.v.) with 13 106 CD47KO (n = 3), WT (n = 5), mCD47-IgV/WT (n = 11), or mCD47-iso2/WT (n = 10)

A20 cells. *p < 0.05, ***p < 0.001; NS, not significant (log rank test).
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increased leukemogenic potential compared with CD47KO A20

cells after injection into sublethally (3.5 Gy) irradiated syngeneic

BALB/c mice (Figure 2D) or immunodeficient Rag�/� BALB/c

mice (Figure 2E). Despite lacking a statistically significant differ-

ence, tumor cells expressing CD47-IgV induced higher mortality

andmore rapid death than those expressing CD47-iso2 in immu-
4 Cell Reports Medicine 5, 101450, March 19, 2024
nocompetent BALB/c mice (mortality rates and median survival

times for the CD47-IgV and CD47-iso2 groups were 90% vs.

70% and 59.5 days vs. 79 days, respectively; Figure 2D), likely

due to the defect of CD47-IgV in transmitting death signals (Fig-

ure 1B). Of note, there was a significant difference in bodyweight

between female and male Rag�/� BALB/c mice at the time of
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tumor cell injection (Figure S2A), whichmay explain the observed

difference in mortality between female and male Rag�/� BALB/c

mouse recipients (Figure 2E).

In these experiments, CD47-IgV- and CD47-iso2-expressing

cells were generated by transgenic expression in CD47KO cells,

and the levels of CD47 expression on these cells were consider-

ably lower than the parental WT cells (Figures S2B and 2A). We

next generated CD47-IgV- or CD47-iso2-expressing cells using

WT A20 cells, in whichWT A20 cells were transduced to express

mCD47-IgV (mCD47-IgV/WT) or mCD47-iso2 (mCD47-iso2/

WT). As expected, the levels of surface CD47 expression in

mCD47-IgV/WT and mCD47-iso2/WT A20 cells (expressing

both transgenic and endogenous CD47) were markedly higher

than in WT A20 cells expressing only endogenous CD47 (Fig-

ure 2F). We then injected (i.v.) mCD47-IgV/WT- or mCD47-

iso2/WT-expressing A20 cells, WT or CD47KO A20 cells (as con-

trols) into sublethally (3.5 Gy) irradiated syngeneic BALB/c mice

and followed the recipient mice for tumor formation and mortal-

ity. All mice receiving WT A20 cells, but none receiving CD47KO

A20 cells, died of tumors, indicating a significant protective ef-

fect of endogenous CD47 against rejection by macrophages.

Although injection of mCD47-IgV/WT or mCD47-iso2/WT A20

cells also resulted in death in all mice, significantly accelerated

mortality was seen in mice receiving mCD47-IgV/WT but not

mCD47-iso2/WT A20 cells compared with those receiving WT

A20 cells (Figure 2G), despite the level of CD47 surface expres-

sion being higher in both CD47-IgV/WT and CD47-iso2/WT A20

cells than WT A20 cells (Figure 2F). These results confirmed that

CD47-IgV expression is effective in protecting A20 cells from

phagocytosis and improving survival and tumorigenesis in syn-

geneic mice. The more rapid death in mice receiving CD47-

IgV/WT A20 cells than those injected with CD47-iso2-expressing

A20 cells can presumably be attributed to the disadvantage of

CD47-IgV in transmitting death signals compared with CD47-

iso2 (Figure 1B).19,20

CD47-IgV does not affect hematopoietic stem cell
function
To determine whether CD47-IgV expressionmay affect cell func-

tion, we determined the potential of mCD47-IgV-transduced

mouse hematopoietic stem/progenitor cells (HSPCs) to engraft

and differentiate in syngeneic recipients. Lineage-negative

Sca-1+c-kit+ (LSK) HPSCs were sorted from BM cells of GFP-

transgenic CD47KO C57BL/6JNifdc (C57BL/6) mice and trans-

duced with lentiviruses encoding mCD47-IgV or mCD47-iso2.

After in vitro culture for 60 h, the transduced cells (Figure S3A)

were transplanted (i.v., 53 104 per mouse) into lethally irradiated

syngeneic WT C57BL/6 mice (GFP�) along with GFP� recipient

BM cells (as carrier cells, 3 3 105 per mouse). Peripheral blood

cells were collected 4, 8, and 14 weeks after transplantation

and analyzed for GFP+ donor cell chimerism by flow cytometry.

There was no detectable difference in levels of GFP+ donor total

CD45+, CD11b+ myeloid, CD3+ T, or CD19+ B cells between the

recipients of mCD47-IgV-transduced LSK cells and those

receiving mCD47-iso2-tranduced LSK cells (Figures 3A and

S3B). We also analyzed donor chimerism in the spleen

(Figures 3B and S3C), lymph nodes (Figures 3C and S3D), and

BM (Figures 3D and S3E) when recipient mice were sacrificed
14 weeks after transplantation and found no difference in either

the levels of donor chimerism or lineage distributions between

the two groups. Furthermore, BM cells from the two groups of

mice had comparable levels of GFP+ donor LSK, granulocyte-

macrophage progenitor (GMP), common myeloid progenitor

(CMP), megakaryocyte-erythrocyte progenitor (MEP), and com-

mon lymphoid progenitor (CLP) cells (Figures 3E and S3F).

Together, these results indicate that CD47-IgV expression

does not affect HSPC function compared with CD47-iso2

expression. Furthermore, the long-term survival of CD47KO cells

with transgenic expression of mCD47-IgV provides additional

evidence demonstrating the efficacy of mCD47-IgV to protect

against phagocytosis.

CD47-IgV does not inhibit endothelial cell angiogenesis
To determine the ability of CD47-IgV vs. CD47-iso2 to inhibit

angiogenesis, we generated CD47KO endothelial cells (ECs) us-

ing a human EC line (EA.hy926) and transduced CD47KO ECs to

express hCD47-IgV or hCD47-iso2 (Figure S4A). We first

compared their angiogenic potential in vitro using a tube forma-

tion assay, in which hCD47-IgV, hCD47-iso2, and control (WT

and CD47KO) ECs were cultured with Matrigel matrix, and

angiogenesis was assessed 6 h later by measuring the EC junc-

tion number (JN) and total length (TL). We found that, in agree-

ment with the inhibitory role of CD47 in angiogenesis,21,22

CD47KO ECs showed a significantly improved angiogenic ca-

pacity, as shown by increased JNs and TL, compared with WT

ECs (Figure 4A). ECs with transgenic hCD47-IgV expression

showed improved angiogenesis comparable with CD47KO

ECs, while there was no detectable difference in angiogenesis

between hCD47-iso2-expressing and WT ECs (Figure 4A).

Furthermore, in vitro cell passage-induced angiogenic impair-

ment21 was clearly detected in WT and hCD47-iso2-expressing

ECs, as shown by significantly reduced JNs and TL for passage

10 (P-10) cells compared with P-3 cells (Figure 4B). However,

such an effect of cell passaging on angiogenesis was not de-

tected in CD47KO and minimally detected in hCD47-IgV-ex-

pressing ECs (Figure 4B).

We also assessed the in vivo angiogenic potential of these

ECs using a Matrigel plug assay. Briefly, different ECs were

mixed with Matrigel and injected subcutaneously into NCG

mice; Matrigel plugs were removed 10 days later and analyzed

for angiogenesis by H&E and anti-hCD31 immunohistochem-

istry (IHC). The lack of microvessel formation in Matrigel plugs

without ECs (Figure S4B) confirmed that injected ECs are

responsible for neovascularization within the plugs. H&E and

IHC analyses revealed that Matrigel plugs with CD47KO ECs

showed a substantial increase in CD31+ ECs and microvessel

formation compared with Matrigel plugs with WT ECs (Fig-

ure 4C). Furthermore, plugs with hCD47-IgV ECs also showed

a marked angiogenic improvement to a similar extent as those

with CD47KO ECs, whereas there was no difference in EC

number or microvessel formation between plugs with hCD47-

iso2-expressing and WT ECs (Figure 4C). Together, both

in vitro and in vivo data indicate that, different from endogenous

CD47 and transgenic CD47-iso2, transgenic CD47-IgV expres-

sion on ECs has no, or at least a severely limited, inhibitory

effect on angiogenesis.
Cell Reports Medicine 5, 101450, March 19, 2024 5



Figure 3. Comparison of engraftment and dif-

ferentiation of CD47-IgV- and CD47-iso2-ex-

pressing hematopoietic stem cells

(A) WBCswere prepared at the indicated time points

and analyzed for donor chimerism and lineage dis-

tribution. Shown are percentages (mean ± S.D.) of

donor GFP+ cells among total CD45+ cells and gated

CD11b+, CD3+, and CD19+ cells (n = 8 per group);

NS, not significant (Two-way ANOVA).

(B–D) Percentages (mean ± SEM) of donor GFP+

cells among total CD45+ cells and gated CD11b+,

CD3+, and CD19+ cells in the spleen (B), lymph no-

des (C), and BM (D) 14 weeks after transplantation

(n = 8 per group); NS, not significant (unpaired t test).

(E) Percentages (mean ± SEM, n = 8 per group) of

GFP+ cells among gated LSK, GMP, CMP,MEP, and

CLP cells in BM; NS, not significant (unpaired t test).
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DISCUSSION

Transgenic expression of human CD47 is effective in protecting

pig xenograft rejection by human macrophages.11,12 Recently,
6 Cell Reports Medicine 5, 101450, March 19, 2024
this approach has also been applied to

reduce the immunogenicity of pluripotent

stem cells.14 However, upon engagement

of its agonistic ligands, CD47 also trans-

mits apoptosis signals,19,20 inhibits EC

function and angiogenesis,21,22 and trig-

gers the innate alloresponse.32 Although

the IgV-like extracellular domain of CD47

is essential for its binding to SIRPa, the di-

sulfide bond between the Ig and the multi-

ple-membrane-spanning domains of CD47

is important in maintaining its normal topol-

ogy on the cell surface and binding to

SIRPa.29,33,34 Furthermore, an engineered

variant of CD47 IgV-like domain, despite

its high affinity to SIRPa, was found to be

incapable of triggering the inhibitory SIRPa

signaling,35 supporting a functional role of

the transmembrane domains of CD47.29

Thus, the challenge remains to generate a

CD47 mutant that does not transmit intra-

cellular signals while retaining functional

interaction with SIRPa. GPI as amembrane

anchor has been successfully used to

achieve cell surface expression of varying

fusion proteins,36–40 including CD47.41,42

In the present study, we constructed hu-

man and mouse CD47-IgV mutants using

a method modified from previous

studies41,42 by linking the GPI attachment

signal anchor to the C terminus of the

CD47 IgV domain without insertion of a

peptide containing charged amino acid

residues and modifiable residues that

may bring unpredictable structural and/or

functional disturbances.41 We show that
replacement of the transmembrane and intracellular domains

with GPI did not affect CD47 cell surface expression while

resulting in loss of the ability to transmit CD47 signals upon

engagement of agonistic anti-CD47 antibodies. Furthermore,



Figure 4. CD47-IgV expression does not inhibit angiogenesis in vitro or in vivo

(A) Angiogenic potential determined by tube formation assay. Shown are representative images (left; scale bars, 200 mm) and levels (mean ± SEM, n = 3) of EC

junction numbers (JNs) and total length (TL) per field counted by the ImageJ plugin Angiogenesis Analyzer. Data are from one representative of two experiments.

*p < 0.05, **p < 0.01; NS, not significant (one-way ANOVA).

(B) Angiogenic potential of P-3 vs. P-10 ECs determined by tube formation assay. Shown are representative images (left; scale bars, 200 mm) and levels (mean ±

SEM, n = 3) of JNs and TL per field. Data are from one representative of two experiments. *p % 0.05, **p < 0.01; NS, not significant (unpaired t test).

(C) Analysis of neovascularization of Matrigel plugs from NCG mice by H&E (top) and anti-CD31 IHC (bottom). Arrows point to vessels; scale bars, 50 mm. The

experiment (n = 3 per group) was repeated twice, and images of plugs from representative animals are shown.
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CD47-IgV retains the ability to interact with SIRPa and inhibits

phagocytosis to a level comparable with CD47-iso2, the most

commonly expressed CD47 isoform. This study offers a CD47

mutant that lacks the multiply membrane-spanning and intracel-

lular domains, capable of interacting with SIRPa and inhibiting

phagocytosis.
The role of CD47 in promoting EC senescence and inhibiting

angiogenesis21,22 remains amajor drawback to the use of organs

or cells with transgenic overexpression of CD47. Here, we

observed that, like CD47KO ECs, ECs expressing CD47-IgV

showed significantly reduced cell senescence and improved

angiogenic function compared with ECs that express
Cell Reports Medicine 5, 101450, March 19, 2024 7
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endogenous CD47 or CD47-iso2. CD47-IgV also shows defects

in transmitting cell death signals compared with CD47-iso2,

consistent with previous findings that the transmembrane and

intracellular domains are required for transmitting CD47

signaling.26,27 Incubationwith agonistic anti-CD47 antibodies re-

sulted in apoptosis in CD47-iso2- but not CD47-IgV-expressing

cells. In agreement with the in vitro data, mice receiving CD47-

overexpressing CD47-IgV/WT A20 cells showed significantly

accelerated mortality compared with those receiving CD47-

overexpressing CD47-iso2/WT A20 cells.

Previous studies have shown that the five-transmembrane

helices are also involved in maintaining an appropriate CD47 to-

pology on the cell surface, suggesting their roles in aiding CD47

cell-surface expression and/or interaction with SIRPa.29,33,34

However, it has been reported that the IgV domain, but not the

transmembrane helices, is responsible for CD47 interaction

with integrins.41 The lack of a membrane domain has been

shown to decrease CD47 binding to anti-Ig domain antibodies

and SIRPa-Fc, reduce CD47/SIRPa-mediated cell-cell adhe-

sion, and affect T cell activation, Ca2+ response, and Gi-depen-

dent signaling.29,42,43 We found that mouse HSPCs with trans-

genic expression of CD47-IgV show no detectable defect in

engraftment or differentiation after transplantation into synge-

neic recipients, suggesting that transgenic overexpression of

CD47-IgV in cells with expression of the endogenous CD47 is

unlikely to cause significant functional defects. Thus, our results

support the usefulness of the CD47-IgV mutant for transgenic

overexpression, aiming to ameliorate immune responses, offer-

ing a potentially effective means of generating gene-edited

pigs for xenotransplantation and hypoimmunogenic pluripotent

stem cells for regenerative medicine.

Limitations of the study
The limitations of this study include the experimental models and

transgene expression approach used. In this study, CD47-IgV

expression was achieved by lentiviral transduction of mouse or

human cells, and the effect of CD47-IgV expression was tested

in cell-based in vitro assays andmouse models of cell transplan-

tation. These findings, though supporting, the usefulness of the

CD47-IgV mutant to improve cellular transplantation and gener-

ation of pluripotent stem cells with reduced allogenicity, provide

limited information for organ xenotransplantation. Further

studies involving tissue/organ transplantation from gene-edited

animals (e.g., pigs) are needed to determine the advantages of

CD47-IgV expression for preventing xenograft rejection.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Alexa Fluor� 647 anti-mouse CD47

antibody (clone: miap301)

Biolegend Cat# 127510; RRID: AB_2074944

PE anti-mouse CD47 antibody

(clone: miap301)

Biolegend Cat# 127508; RRID: AB_1134117

purified anti-human CD47 antibody

(clone: CC2C6)

Biolegend Cat# 323102; RRID: AB_756132

APC Annexin V Biolegend Cat# 640920; RRID: AB_2561515

APC anti-human CD172a/b (SIRPa/b)

antibody (clone: SE5A5)

Biolegend Cat# 323810; RRID: AB_11219792

APC anti-mouse F4/80 antibody

(clone: BM8)

Biolegend Cat# 123116; RRID: AB_893481

Pacific BlueTM anti-mouse CD45

antibody (clone: 30-F11)

Biolegend Cat# 103126; RRID: AB_493535

PE/Cyanine7 anti-mouse CD3ε

antibody (clone: 145-2C11)

Biolegend Cat# 100320; RRID: AB_312685

Brilliant Violet 650TM anti-mouse

CD19 antibody (clone: 6D5)

Biolegend Cat# 115541; RRID: AB_11204087

PerCP/Cyanine5.5 anti-mouse Ly-6A/E

(Sca-1) antibody (clone: E13–161.7)

Biolegend Cat# 122524; RRID: AB_893617

PE/Cyanine7 anti-mouse CD117

(c-Kit) antibody (clone:2B8)

Biolegend Cat# 105814; RRID: AB_313223

Alexa Fluor� 700 anti-mouse lineage

cocktail with isotype ctrl (clone: 17A2;

RB6-8C5; RA3-6B2; Ter-119; M1/70)

Biolegend Cat# 133313; RRID: AB_2715571

Biotin anti-mouse lineage panel

(clone: 145-2C11; RB6-8C5;

RA3-6B2; Ter-119; M1/70)

Biolegend Cat#133307; RRID: AB_11124348

Alexa Fluor� 647 anti-mouse

CD34 antibody (clone:SA376A4)

Biolegend Cat# 152205; RRID: AB_2629649

Brilliant Violet 421TM anti-mouse

CD135 antibody (clone:A2F10)

Biolegend Cat# 135314; RRID: AB_2562339

PE anti-mouse CD127 (IL-7Ra)

antibody (clone: SB/199)

Biolegend Cat# 121111; RRID: AB_493510

PE anti-mouse CD11b antibody

(clone: M1/70)

eBioscience Cat# 12-0112-82; RRID: AB_2734869

Alexa FluorTM 700 anti-mouse

CD16/32 antibody (clone: 93)

eBioscience Cat# 56-0161-82; RRID: AB_493994

Alexa Fluor� 647 anti-human

CD47 (clone: B6H12)

BD Bioscience Cat# 561249; RRID: AB_10611568

V500 Streptavidin BD Bioscience Cat# 561419; RRID:

AB_10611863

BV711 anti-mouse CD11b (clone: M1/70) BD Bioscience Cat# 563168; RRID: AB_2716860

Anti-CD31 antibody abcam Cat# ab28364; RRID:N/A

Bacterial and virus strains

TransStbl3 Chemically Competent Cell TransGen Biotech CD521-02

pRRLSIN.cPPT.MSCV.WPRE Johnson et al.44 N/A

pSpCas9(BB)-2A-GFP (PX458) Ran et al.45 Addgene PX458; Cat# 48138

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human peripheral blood Healthy volunteers N/A

Chemicals, peptides, and recombinant proteins

Propidium iodide (PI) Solarbio P8080

Recombinant Human M-CSF Protein R&D Systems 216-MC; GenPept: NP_757350

Recombinant Mouse M-CSF Protein Biolegend 576408; GenPept:NM_001113530.1

Lipopolysaccharides from

Escherichia coli O26:B6

Sigma L2654

Critical commercial assays

7-AAD viability staining solution Biolegend 420404

CellTraceTM CFSE Cell Proliferation Kit ThermoFisher C34554

Matrigel Matrix BD Bioscience 354234

Annexin V Apoptosis Detection Kit Biolegend 640932

Deposited data

N/A N/A N/A

Experimental models: Cell lines

Human: Jurkat line ATCC TIB-152

Human: 293T ATCC CRL-3216

Human: EA.hy926 National Collection of

Authenticated Cell Cultures

GNHu39

Mouse: A20 ATCC TIB-208

Experimental models: Organisms/strains

Mouse: BALB/cAnNCrl Beijing Vital River Laboratory

Animal Technology Co.,

Ltd.(Beijing, China)

211

Mouse: C57BL/6Jnifdc Beijing Vital River Laboratory

Animal Technology Co.,

Ltd.(Beijing, China)

219

Mouse: NOD/ShiLtJGptPrkdcem26Cd52Il2rgem26Cd22/Gpt Gempharmatech Co.,

Ltd. (Nanjing, China)

T001475

Mouse: Rag �/� BALB/c Biogel GeneTech N/A

Mouse: GFP-transgenic CD47 KO C57BL/6J This paper N/A

Oligonucleotides

human CD47-specific sgRNA:

CTACTGAAGTATACGTAAAG

Li et al.19 N/A

mouse CD47-specific sgRNA:

TTGGCGGCGGCGCTGTTGCT

Gao et al.46 N/A

GPI signal sequence of decay

accelerating factor

Caras IW et al.28 N/A

Recombinant DNA

Plasmid: hCD47-IgV- pRRLSIN This paper N/A

Plasmid: hCD47-iso2- pRRLSIN This paper N/A

Plasmid: mCD47-IgV- pRRLSIN This paper N/A

Plasmid: mCD47-iso2- pRRLSIN This paper N/A

Software and algorithms

ImageJ Schneider et al.47 https://imagej.nih.gov/ij/

Flowjo_V10 BD Bioscience https://www.flowjo.com/solutions/flowjo

Prism 8.0 GraphPad https://www.graphpad.com/features
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yong-

Guang Yang (yongg@jlu.edu.cn).

Materials availability
The study did not generate new unique reagents.

Data and code availability
d All data are available in the main text.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture
Jurkat cells (TIB-152, ATCC) and A20 cells (TIB-208, ATCC) were cultured in RPMI 1640medium containing 10% fetal bovine serum,

4 mM L-glutamine,100 U/ml streptomycin-penicillin. EA.hy926 (GNHu39, National Collection of Authenticated Cell Cultures) and

293T (CRL-3216, ATCC) was cultured in DMEM medium containing 10% fetal bovine serum, 4 mM L-glutamine,100 U/ml strepto-

mycin-penicillin. The culture conditions were maintained at 37�C in a 5% CO2 incubator of humidified.

Mouse experiments
Female or male C57BL/6Jnifdc (C57BL/6) and BALB/cAnNCrl (Balb/c) mice were purchased from Beijing Vital River Laboratory

Animal Technology Co., Ltd; NOD/ShiLtJGptPrkdcem26Cd52Il2rgem26Cd22/Gpt (NCG) mice were purchased from Gempharmatech

Co., Ltd; Rag�/� balb/c mice were purchased from Biogel GeneTech; and GFP-transgenic CD47KO C57BL/6 mice were bred

in our animal facility. All animals were housed in a specific pathogen-free environment with free access to food and water and

used between 8 and 10 weeks of age. Protocols involving the use of animals were reviewed and approved by the Institutional

Animal Care and Use Committee of the First Hospital of Jilin University and all experiments were performed in accordance

with the protocols.

Mouse macrophage preparation
Mouse macrophages were prepared from bone marrow of 8–10 weeks old female or male NCG mice or BALB/c mice by incubating

with 20 ng/ml mouse M-CSF (Biolegend) for 7–9 days, followed by activation with 20 ng/ml Lipopolysaccharides (Sigma) for 8–12 h.

Mouse Sca-1+c-Kit+ lineage� (LSK) cells preparation
Bone marrow cells from 8 to 10 weeks old female or male CD47KO GFP-transgenic mice were depleted of lineage marker-positive

(Lin+) cells using a cocktail of antibodies magnetic beads. Sca-1+c-Kit+ lineage� (LSK) cells, which contain hematopoietic stem cells

(HSCs) and multipotent progenitors (MPPs), were FACS sorted.

Human macrophage preparation
Human peripheral blood mononuclear cells (PBMCs) from healthy volunteers were isolated by Ficoll density gradient centrifugation,

and the macrophages were prepared by culturing with 20 ng/ml human M-CSF (R&D Systems) for 7–9 days.

METHODS DETAILS

Generation of cell lines
CD47KO Jurkat, EA.hy926 and A20 cell lines were generated using the CRISPR/Cas9 technique as previously described.8,46 Briefly,

the three cell lines were transiently transfected with Addgene pSpCas9 (BB)-2A-GFP PX458 plasmids (#48138, a gift from Feng

Zhang) containing human CD47-specific sgRNA (CTACTGAAGTATACGTAAAG) or mouse CD47-specific sgRNA (TTGGCGG

CGGCGCTGTTGCT), separately,8,19,45 and the transfected cells were sorted 48 h later by GFP expression using a BD Influx cell

sorter. The cells were cultured for one week, stained with AF647-conjugated anti-human CD47 (B6H12) or anti-mouse CD47

(MIAP301) antibodies, and then sorted by three rounds to establish CD47KO cell lines. These cell lines were then used to generate

human ormouseCD47-IgV- andCD47-iso2-expressing cells lines by lentiviral transduction as described.44,48 The human andmouse

CD47-IgV mutants were constructed by fusing the coding sequence of the 37 aa GPI signal sequence of decay accelerating factor

(DAF)28 with the coding sequences of human (CD47 1–137 aa) or mouse (CD47 1–161 aa) CD47-IgV, respectively, by overlap PCR,
Cell Reports Medicine 5, 101450, March 19, 2024 e3
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and then sub-cloned into the pRRLSIN lentiviral vector (a gift from Steven A. Rosenberg).44,48 The human or mouse CD47-IgV- and

CD47-iso2-expressing cell lines were established by two rounds of cell sorting.

Flow cytometric assays
Single-cell suspensions were resuspended in FACS buffer, and stained with antibodies for 30 min at 4�C. The cells were then

washed twice with FACS buffer and detected on a flow cytometer (BD or Cytek flow cytometer) and analyzed using

FlowJo_V10 software.

In vitro phagocytic assays
To measure phagocytosis, human or mouse macrophages were cultured in 24-well plates (23105/well) for 8–12 h. The culture me-

dium was replaced with serum-free medium, and the culture was continued for 2 h, and then added with 0.5 mM carboxyfluorescein

succinimidyl (CFSE)-labeled target cells (at an effect-to-target ratio of 1:4). After 4 h, the cells were harvested and stained with anti-

human CD172a/b-APC or anti-mouse F4/80-APC, and observed for phagocytosis by flow cytometry or confocal macroscopy. For

flow cytometric analysis, phagocytosis of target cells was defined as the percentage of CD172a/b+CFSE+ or F4/80+CFSE+ cells.

In vivo transplantation experiments
To measure in vivo phagocytosis of Jurkat cells, 8–10 weeks old female immunodeficient NCGmice were randomized into 3 groups,

and injected with Jurkat cells expressing no CD47 (CD47KO; n = 6), hCD47-IgV (n = 6) or hCD47-iso2 (n = 7) transgenes (i.v.; 13106

cells per mouse). Three sets of experiments were performed for measuring phagocytosis of A20 cells: in the first experiment, 8–

10 weeks old female syngeneic BALB/c mice (preconditioned with 3.5Gy total body irradiation) were randomized into 3 groups

(n = 10 for different groups), and injected with A20 cells expressing no CD47 (CD47KO), mCD47-IgV or mCD47-iso2 transgenes

(i.v.; 13106 cells per mouse); in the second experiment, 8–10 weeks old female BALB/c mice (preconditioned with 3.5Gy total

body irradiation) were randomized into 4 groups and injected with A20 cells expressing no CD47 (CD47KO; n = 3), CD47WT

(n = 5), or expressing mCD47-IgV/WT (n = 11) or mCD47-iso2/WT (n = 10) transgenes (i.v.; 13106 cells per mouse); in the third exper-

iment, Rag�/� BALB/c mice (female/male, 8–10 weeks old) were randomized into 3 groups and injected (i.v.; 13106 cells per mouse)

with A20 cells expressing no CD47(CD47KO, n = 7 for females; n = 5 for males), mCD47-IgV (n = 8 for females; n = 6 for males), or

mCD47-iso2 (n = 7 for females; n = 7 for males). Per ethical guidelines, the transplanted mice were followed for tumor cell burden,

weight loss, hindlimb paralysis, and mortality.

In vitro apoptosis assay
Jurkat cells were resuspended in complete RPMI 1640 medium without penicillin/streptomycin (P/S-free media), plated at 13105

cells/well in 24-well plates, incubated at 37�C in a 5% CO2 incubator for 2 h with or without 250 ng/mL agonist anti-CD47 antibody

(CC2C6), then apoptosis was measured using an Annexin V Apoptosis Detection Kit (Biolegend) by flow cytometry according to the

manufacturer’s instructions (Annexin V+ and PI+ cells are considered dead cells).

Hematopoietic stem cell transplantation
Sca-1+c-Kit+ lineage� (LSK) cells were prepared from GFP-transgenic CD47KO C57BL/6 mice and transduced with mCD47-IgV- or

mCD47-iso2-expressing lentiviruses (at a MOI of 10). Syngeneic recipient C57BL/6J mice (male, 8–10 weeks old) were randomized

into 2 groups, conditioned with 9 Gy total body irradiation, and transplanted 6 h later with 53104 transduced LSK cells and 33105

carrier cells (i.e., recipient bonemarrow cells) via tail vein. Levels of donor (GFP+) chimerism in blood and tissues were analyzed at the

indicated time points by flow cytometry.

Endothelial tube formation assay
Matrigel Matrix (BD Bioscience) was added into a 96-well plate (50 mL per well) and allowed to polymerize for 30 min at 37�C. ECs
were plated at 5.53104 cells/well in the 96-well plates, incubated at 37�C in a 5% CO2 incubator for 6 h. The images were acquired

after incubation. The junction number (JN) and total length (TL) in three randomly selected fields were counted by ImageJ47 plugin

Angiogenesis Analyze.

Matrigel plug assay
Matrigel plug assay was used for estimating angiogenesis in vivo. Briefly, 53106 ECs were mixed with 400 mL Matrigel Matrix, and

injected subcutaneously into 8–10 weeks old female or male NCGmice (n = 3 for every group). After 10 days, the Matrigel plugs were

removed and analyzed by Hematoxylin-eosin (H&E) staining and immunohistochemistry stained with human CD31.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses
The data are presented as themean ±SEMs from at least 3 independent experiments (Figures 1B, 1C, 1D, 1H, 2B, 3B, 3C, 3D, 3E, 4A,

and 4B) or as mean ± S.D. (Figures 3A and S2). Data analysis was performed using GraphPad Prism 8.0 software. All data were
e4 Cell Reports Medicine 5, 101450, March 19, 2024
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verified to follow a normal distribution and were subjected to parametric tests. Unpaired t-tests were used for comparison between

two groups and one-way ANOVA or two-way ANOVA was used for comparison among more than two groups, as indicated in the

figure legends. Survival data were analyzed using the log rank test. A p value of %0.05 was considered statistically significant.

ADDITIONAL RESOURCES

This study has no additional resource.
Cell Reports Medicine 5, 101450, March 19, 2024 e5


	Expression of a mutant CD47 protects against phagocytosis without inducing cell death or inhibiting angiogenesis
	Introduction
	Results
	CD47-IgV is expressed normally on the cell surface but not capable of transmitting cell death signals
	CD47-IgV expression inhibits phagocytosis in vitro and in vivo
	CD47-IgV does not affect hematopoietic stem cell function
	CD47-IgV does not inhibit endothelial cell angiogenesis

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Cell culture
	Mouse experiments
	Mouse macrophage preparation
	Mouse Sca-1+c-Kit+ lineage− (LSK) cells preparation
	Human macrophage preparation

	Methods details
	Generation of cell lines
	Flow cytometric assays
	In vitro phagocytic assays
	In vivo transplantation experiments
	In vitro apoptosis assay
	Hematopoietic stem cell transplantation
	Endothelial tube formation assay
	Matrigel plug assay

	Quantification and statistical analysis
	Statistical analyses

	Additional resources



