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A B S T R A C T   

The anti-phagocytosis signal, CD47, prevents phagocytosis when it interacts with signal-regulatory protein alpha (SIRPα) on macrophages. Given the vital role of 
CD47 in immune response, further investigation on the regulation of CD47 in tumor microenvironment is needed. Herein, we identified that interferon-gamma (IFN- 
γ), one of the most important cytokines in the immune and inflammatory response, up-regulated CD47 expression in cancer cells and this effect could be inhibited by 
the JAK1/2 inhibitor ruxolitinib, as well as siRNA-mediated silencing of JAK1, STAT1, and IRF1. The IFN-γ-induced surface expression of CD47 contributed to a 
stronger binding affinity to SIRPα and a decrease in phagocytosis of cancer cells by macrophages. Knockdown of JAK1, STAT1, or IRF1 by siRNA reversed the 
decreased phagocytosis caused by IFN-γ. Besides, analysis from TCGA revealed that IFNG had a positive correlation with CD47 in various types of cancer, which was 
supported by the increased surface CD47 expression after IFN-γ treatment in different types of cancer cells. The discovery of IFN-γ-induced up-regulation of CD47 in 
cancer cells unveils another feedback inhibitory mechanism of IFN-γ, thus providing insights into cancer immunotherapy targeting CD47.   

Introduction 

CD47 acts as a “don’t eat me” signal since it exerts its anti- 
phagocytosis function by interacting with signal-regulatory protein 
alpha (SIRPα) on myeloid cells including macrophage [1,2]. This 
transmembrane protein is widely expressed on almost all normal cell but 
overexpressed on cancer cells [3,4], which assists cancer cells to evade 
immunosurveillance [5]. Elevated expression of CD47 in mRNA level is 
associated with a poor probability of patient survival in numerous 
cancer types [6,4]. Oncoprotein including MYC and hypoxia-inducible 
factors 1 have been identified to mediate in CD47 expression by 
directly binding to CD47 promotors [7,8]. Tumor necrosis-factor alpha 
(TNF-α) regulates CD47 expression via nuclear factor-κB (NF-κB) 
pathway. Interleukin-6 (IL-6) increases CD47 expression through acti-
vating signal transducer and activator of transcription 3 (STAT3), and 
other interleukins such as IL-4, IL-7, and IL-13 also participate in CD47 
regulation [9-14]. It is believed that the regulation of CD47 in the tumor 
microenvironment (TME) is complicated and a large part of CD47 reg-
ulatory mechanism remains unknown. 

Interferon-gamma (IFN-γ) is one of the most essential cytokines in 
the inflammatory response and immune response. It is mainly produced 
by natural killer (NK) cells in innate immune system and T cells in 
adaptive immune system [15]. Like most cytokines, IFN-γ has two sides. 
On the one side, it exerts anti-tumor effects by directly inhibiting tumor 

cells proliferation, increasing antigen presentation, modulating macro-
phage phenotype and augmenting the function of CD8+ cytotoxic T 
lymphocytes [15]. On the other side, it plays a pro-tumor role mainly 
through up-regulating inhibitory immune checkpoints such as PD-L1 
[16]. Canonically, IFN-γ binds to interferon-gamma receptor, followed 
by phosphorylation of Janus kinase 1 (JAK1) and JAK2, and then causes 
signal transducer and activator of transcription 1 (STAT1) phosphory-
lation. The dimerization of STAT1 translocate into the nuclear to 
mediate transcription of some IFN-γ-stimulated genes (ISGs) [17]. 
Interferon regulatory factor 1 (IRF1) acts as an important ISG that is 
involved in transcription of many secondary response genes [16,18]. 
IFN-γ could also activate other transcription factors such as STAT3 [19], 
STAT5 [20] and AP-1 [21]. 

In early 2000, CD47 had been reported as an ISGs [22]. Slight 
up-regulation of CD47 expression was found in human melanoma cells 
after treatment with human IFN-γ [23,24]. However, in murine tumor 
cell lines Hepa 1.6, MC38, AK-7 and 4T1, CD47 expression was unal-
tered upon murine IFN-γ stimulation [25]. Besides, there is no other 
study that focuses on IFN-γ regulation to CD47 on other types of human 
cancer, much less probe the detailed mechanisms. Given the important 
role of IFN-γ in the TME, we discovered that CD47 up-regulation 
induced by IFN-γ was a universal phenomenon in human cancer, and 
the JAK-STAT1-IRF1 axis was the main pathway mediated in 
IFN-γ-induced CD47 up-regulation. 
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Materials and methods 

Cell culture 

NCI-H1975 (human lung cancer), A549 (human lung cancer), HEY 
(human ovarian cancer) and MCF-7 (human breast cancer) cells were 
from American Type Culture Collection (Rockville, MD, USA). HCC827 
(human lung cancer) and HCT116 (human colon cancer) were provided 
by the Shanghai Cell Bank (Shanghai, China). A549, NCI-H1975 and 
HCC827 cells were cultured in RPMI-1640 medium (Gibco, Carlsbad, 
CA, USA) with 10% (v/v) Fetal bovine serum (FBS, Gibco, Carlsbad, CA, 
USA) and 1% (v/v) penicillin (100 units/ml)–streptomycin (100 μg/ml). 
MCF-7 and HEY were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM, Gibco, Carlsbad, CA, USA) medium with 10% (v/v) FBS and 1% 
(v/v) penicillin (100 units/ml)–streptomycin (100 μg/ml). HCT116 was 
cultured in McCoy’s 5A Medium (Gibco, Carlsbad, CA, USA) with 10% 
(v/v) FBS and 1% (v/v) penicillin (100 units/ml)–streptomycin (100 μg/ 
ml). All of the aforementioned cells were maintained with 5% CO2 at 
37 ◦C. 

Quantitative real-time PCR 

RNA was extracted by TRIzol reagent (Life Technologies, Shanghai, 
China). The cDNA was synthesized by RevertAid First Strand cDNA 
Synthesis Kit (Waltham, Massachusetts, USA). SYBR Green reagent 
(Roche, Penzberg, OBB, Germany) was used as a fluorescent DNA 
binding dye and the RT-PCR was conducted in ViiATM 7 Real-Time PCR 
system (Applied Biosystems, Foster City, California, USA). The se-
quences of the primers of CD47 and β-actin were shown in Table 1. The 
relative expression of CD47 was normalized to β-actin, and 2− ΔΔCT was 
used to calculate the relative gene expression. 

Western blot 

The process of western blot was described before [26]. The primary 
antibodies used to detect the targeting proteins expression were as fol-
lows: CD47 (Cell Signaling Technology (CST), Beverly, USA, #63000), 
JAK1 (CST, #3332S), JAK2 (CST, #3230S), STAT1 (CST, #14994), 
p-STAT1 (Tyr701) (CST, #9167), IRF1 (CST, #8478S) and GAPDH (CST. 
# 5174S). 

Cell surface CD47 detection by flow cytometry 

After IFN-γ treatment or other combined treatment with IFN-γ, cells 
were washed with phosphate buffer saline (PBS) and trypsinized (all 
steps were conducted at 37 ◦C). The cells collected by centrifugation 
were blocked with 0.5% BSA (incubation buffer) for 15 min. Then cells 
were washed with PBS for one time. The specific antibody against CD47 
(Biolegend, San Diego, USA, #CC2C6) was added into the cells for 1 h in 

dark. After being washed with PBS, cell surface CD47 was detected by 
flow cytometry and data were analyzed by using FlowJo VX software 
(Tree Star, Inc, San Carlos, CA, USA). 

SiRNA transfection 

The siRNAs of JAK1, JAK2, STAT1 and IRF1 were purchased from 
Shanghai GenePharma (Shanghai, China). Lipofectamine® 3000 Re-
agent (Invitrogen, Carlsbad, USA) was used to transfect with SiRNA 
according to the manufacturer’s protocol. The siRNA sequences of all 
target genes were listed in Table 1. 

Immunofluorescence 

Cells were pretreated with or without 1μM ruxolitinib followed by 
IFN-γ treatment in the confocal dishes. The cell samples were washed 
with PBS and fixed with 4% PFA for 0.5 h at 37 ◦C. After fixation, 0.5% 
Triton X-100 was used to permeabilize the cells. Subsequently the cells 
were blocked with 5% BSA for 1 h. The cell samples were incubated with 
the primary antibody against CD47 (Santa Cruz Biotechnology (SCBT), 
Dallas, USA, #sc-12730) at 4 ◦C overnight. Next, cells were incubated 
with the anti-rabbit IgG (H+L), F(ab’)2 Fragment (Alexa Fluor® 488 
Conjugate/Alexa Fluor® 594 Conjugate, Thermo Fisher Scientific, 
Waltham, USA, #A-11008/#A-11012) for 1 h at 37 ◦C. After incubation, 
Hoechst 33342 solution was used to stain the cell nucleuses for 5 min. 
Immunofluorescence images were captured by the confocal laser scan-
ning microscope (Leica TCS SP8, Solms, Germany). 

SIRPα binding assay 

3 × 105 cancer cells were incubated with 50 μl PE Labeled Human 
SIRPα/CD172a Protein, Fc tag (0.2 μg/ml, ACRO Biosystems, Beijing, 
China #SIA-HP252) for 1 h at 4 ◦C in dark. The cells were washed three 
times and analyzed via flow cytometry. 

Phagocytosis assay 

Mouse bone marrow derived macrophages (BMDMs) were derived 
from 4-6 weeks old C57BL/6 wild-type mice. All experiment operations 
were strictly complied with the animal ethics application approved by 
the Animal Ethics Committee of the University of Macau. Mice femora 
and tibiae were flushed with ice-cold PBS, erythrocytes were lysed with 
red blood cell lysis buffer, and then bone marrow cells were cultured in 
the DMEM medium with 10% FBS and 1% (v/v) penicillin (100 units/ 
ml)–streptomycin (100 μg/ml) and 25% L929 supernatant for 7 days. 
After 7 days, BMDMs were plated in a 24-well plate (1 × 105 per well) in 
the culture medium overnight. 2 × 105 A549 cells per well were stained 
with 2.5 μM CFSE at 37 ◦C for 10 min, and washed with the full culture 
medium and PBS. Each phagocytosis reaction reported in this work was 
performed by co-culture of 3 × 105 target cells and 1 × 105 macrophages 
for 2 h at 37 ◦C in the incubator. Macrophages were identified with APC- 
labeled anti-F4/80 (Biolegend, San Diego, USA #123116), and flow 
cytometry (BD FACS verse) was performed. Phagocytosis was calculated 
as the percentage of CFSE+F4/80+ cells (Q2) among F4/80+ cells (Q1 +
Q2): phagocytosis (%) = [Q2 / (Q1 + Q2)] *100%. The relative 
phagocytosis index of each group was calculated by the percent of 
control. 

Gene expression profiling 

All cancer data were from The Cancer Genome Atlas (TCGA), and 
downloaded from the cBioPortal website (https://www.cbioportal.org/) 
[27,28] and UCSC Xena (https://xena.ucsc.edu/) website [29]. The 
correlation between CD47 and IFNG mRNA expression was analyzed by 
calculating Pearson correlation coefficients in GraphPad Prism 6 
(Graph-Pad Software, Inc, California, USA). 

Table 1 
Primers and siRNA sequences.  

Genes Analysis Sequences 

CD47 qRT-PCR Forward: 5’-AGAAGGTGAAACGATCATCGAGC-3’ 
Reverse: 5’-CTCATCCATACCACCGGATCT-3’ 

β-actin qRT-PCR Forward: 5’- AGCGAGCATCCCCCAAAGTT-3’ 
Reverse: 5’- GGGCACGAAGGCTCATCATT-3’ 

JAK1 siRNA Sense: 5’-GCCUGAGAGUGGAGGUAAC-3’ 
Antisense: 5’-GUUACCUCCACUCUCAGGC-3’ 

JAK2 siRNA Sense: 5’-CCAUCAUACGAGAUCUUAA-3’ 
Antisense: 5’-UUAAGAUCUCGUAUGAUGG-3’ 

STAT1 siRNA Sense: 5’-GUUCGGCAGCAGCUUAAAA-3’ 
Antisense: 5’-UUUUAAGCUGCUGCCGAAC-3’ 

IRF1 siRNA Sense: 5’-GUAAGGAGGAGCCAGAAAUTT-3’ 
Antisense: 5’-AAAUUUCUGGCUCCUCCUUAC-3’ 

Negative Control siRNA Sense:5’-UUCUCCGAACGUGUCACGUTT-3′

Antisense: 5’-ACGUGACACGUUCGGAGAATT-3  
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Statistical analysis 

The statistical significance was analyzed by using Student’s unpaired 
t-test and one-way ANOVA in GraphPad Prism 6. P <0.05 was regarded 
as statistical significance. 

Results 

IFN-γ up-regulates CD47 expression in cancer cells 

To find whether IFN-γ impacts CD47 expression in mRNA level, real- 

Fig. 1. IFN-γ up-regulated CD47 expression. 
In A549 and NCI-H1975 cells, RT-PCR was to detect mRNA expression of CD47 (a), western blot was applied to detect the CD47 protein expression (b), flow 
cytometry was used to detect cell surface expression of CD47 (c). (d) After treatment with IFN-γ (10 ng/ml) for 3, 6, 12, 24 h in two cancer cell lines, the surface 
protein expression of CD47 was detected by flow cytometry, respectively. *, P < 0.05; **, P < 0.01; ns, nonsignificant. 
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time PCR was conducted. CD47 mRNA expression was up-regulated 
after 24 h treatment with IFN-γ doses ranging from 5 to 100 ng/ml in 
two cancer cell lines (Fig. 1A). The same concentration of IFN-γ 
increased CD47 expression in the protein level (Fig. 1B-C). In addition, 
24 h treatment with IFN-γ was adequate for CD47 protein accumulation 
on the cell surface (Fig. 1D). Taken together, IFN-γ up-regulates CD47 
expression from transcriptional level and increases cell surface expres-
sion of CD47 after 24 h of stimulation. 

Ruxolitinib inhibits CD47 up-regulation induced by IFN-γ 

The JAK-STAT pathway is a canonical pathway in IFN-γ-induced 
response [30]. To reveal the mechanism of how IFN-γ induces CD47 
expression, cells were pretreated with 1 μM ruxolitinib, a JAK1/2 in-
hibitor, for 1 h and subsequently combined with or without 10 ng/ml 
IFN-γ for another 24 h. The combination of ruxolitinib and IFN-γ 
significantly inhibited CD47 up-regulation in mRNA level (Fig. 2A). 
Further, after successfully inhibited the IFN-γ-JAK signal, the 
up-regulated protein level of CD47 by IFN-γ in the two cancer cell lines 
was totally disappeared as detected by western blot analysis (Fig. 2C). 
Immunofluorescence staining also exhibited that CD47 had a higher 
protein expression no matter on the cell surface or intracellularly when 
the cells were treated with IFN-γ. But after combined with ruxolitinib, 
the expression of CD47 almost decreased to the same level as the control 
group (Fig. 2B). The flow cytometry analysis showed that the 
up-regulation of CD47 by IFN-γ was abrogated by ruxolitinib (Fig. 2D), 
implying the irreplaceable role of JAK1 and/or JAK2 in the pathway. 

BMDMs from C57BL/6 and Balb/c mice are two widely-used mouse 
strains in the phagocytosis assay [31-35]. From our previous result, no 
significant difference was observed in the phagocytosis between BMDMs 
from these two different mouse stains (data not show). We conducted 
the in vitro phagocytosis experiment by co-culturing BMDMs from 
C57BL/6 mice with cancer cells and detected a significant decline in the 
phagocytosis index between IFN-γ treatment group and the control 
group. However, the decline of phagocytosis was reversed when 
co-treated A549 cells with ruxolitinib and IFN-γ. Meanwhile, treatment 
with ruxolitinib alone did not affect phagocytosis of A549 cells (Fig. 2E). 
All these data indicate that ruxolitinib-mediated inhibition of JAK1/2 
counteracts CD47 up-regulation induced by IFN-γ. 

Knockdown of JAK1 significantly inhibits IFN-γ-induced CD47 up- 
regulation 

To further confirm the role of JAK1 or JAK2 in IFN-γ-induced CD47 
up-regulation, siRNAs to knockdown JAK1 or JAK2 were used. Trans-
fected siRNA of JAK1 or JAK2 for 24 h followed by another 24 h 
treatment with 10 ng/ml IFN-γ, we observed that silenced JAK1 
significantly suppressed IFN-γ-induced CD47 up-regulation while 
silencing of JAK2 only had slight inhibition effect in two cancer cell lines 
(Fig. 3A-C). An increase in cell surface expression of CD47 correlates a 
stronger binding affinity of CD47 to SIRPα. Therefore, SIRPα binding 
assay was conducted to test whether IFN-γ treatment, as well as 
knockdown of JAK1, affected the binding of CD47 to SIRPα. IFN- 
γ-induced CD47 up-regulation led to an enhancement of CD47 binding 
affinity to SIRPα. Knockdown of JAK1 followed by IFN-γ exposure 
significantly reduced the binding of SIRPα and CD47 (Fig. 3D). More 
importantly, the result of BMDMs mediated phagocytosis experiment 
demonstrated that siRNA of JAK1 totally abolished the decreased 
phagocytosis index caused by IFN-γ (Fig. 3E). Taken together, both JAK1 
and JAK2 are involved in IFN-γ-induced CD47 up-regulation, while 
JAK1 plays a more critical role in the IFN-γ-CD47 pathway. 

IFN-γ up-regulates CD47 expression through JAK-STAT1 pathway 

Upon IFN-γ stimulation, JAKs mediate tyrosine-phosphorylation (p- 
Tyr) of STATs. The type II interferon elicits a stronger STAT1 response 

[17]. We showed that the different concentrations of IFN-γ activated 
STAT1 in two cancer cell lines (Fig. 1B). In order to address the position 
of STAT1 in the signaling pathway, western blot was conducted and the 
result indicated that silencing of STAT1 reduced CD47 up-regulation 
stimulated by IFN-γ in cancer cells, which was confirmed by flow 
cytometry results (Fig. 4A-B). Moreover, pretreated cancer cells with 1 
μM fludarabine, an STAT1 specific inhibitor, for 24 h then stimulated by 
IFN-γ for another 24 h, the up-regulation effect of IFN-γ to CD47 
expression was partially abolished (Fig. 4C). The binding affinity of 
SIRPα and CD47 in the silencing STAT1 with IFN-γ group had a signif-
icant reduction when compared with the only IFN-γ treatment group 
(Fig. 4D). The phagocytosis index of the combination group was similar 
to the control one (Fig. 4E). SiRNA-mediated silencing of STAT1 
partially inhibits CD47 up-regulation induced by IFN-γ, indicating that 
IFN-γ regulates CD47 expression through the JAK-STAT1 pathway. 

IRF1 is the key factor mediating CD47 up-regulation upon IFN-γ exposure 

It had been reported that IRF1 was the downstream protein of the 
JAK-STAT pathway which bound to PD-L1 promoter to increase PD-L1 
expression [16]. In our study, after integrating and analyzing the data 
from the GEO database (GSE5542, the cancer cell line is same as ours), 
IRF1 was ranked top transcriptional factor with the highest fold change 
upon IFN-γ exposure for 6 hours and 24 h (data not show). Furthermore, 
flow cytometry and western blot results showed that CD47 up-regulation 
was partly inhibited by knockdown of IRF1 in two cancer cell lines 
(Fig. 5A-B). Compared with the IFN-γ treatment group, reduced binding 
of SIRPα and CD47 was shown in the co-treatment group (Fig. 5C). More 
importantly, knockdown of IRF1 reversed the decline of phagocytosis 
index caused by IFN-γ and treatment with siRNA of IRF1 alone had no 
obvious impact on phagocytosis index (Fig. 5D). These results support 
that IRF1 is the key factor in CD47 up-regulation after IFN-γ stimulation. 

The up-regulation of CD47 expression induced by IFN-γ is widespread in 
cancer 

To further unveil the role of IFN-γ to CD47, we analyzed the corre-
lation between CD47 and IFN-γ from TCGA database. All cancer types in 
the database were collected and analyzed, and we found that CD47 had 
positive correlation with IFNG in 15 cancer types including bladder 
carcinoma, skin cutaneous melanoma, uveal melanoma, breast invasive 
carcinoma, head and neck squamous cell carcinoma, kidney renal clear 
cell carcinoma, stomach adenocarcinoma, cervical squamous cell car-
cinoma, colorectal adenocarcinoma, liver hepatocellular carcinoma, 
ovarian serous cystadenocarcinoma, esophageal adenocarcinoma, 
pancreatic adenocarcinoma, pan-lung cancer and prostate adenocarci-
noma (Fig. 6A). Considering the positive correlation between these two 
genes might also due to an increased T cells or natural killer (NK) cells 
infiltrate expressing IFNG, since higher expression of CD47 on T cells 
and NK cells assists them to keep homeostasis [36,37], further experi-
ments was conducted. After 24 h treatment, 10 ng/ml IFN-γ increased 
CD47 surface expression in lung cancer cells (A549, NCI-H1975, and 
HCC827), colon cancer cells (HCT116), ovarian cancer cells (HEY) and 
breast cancer cells (MCF-7) (Fig. 6B). Combined the TCGA data analysis 
and the experiment results, CD47 expression is up-regulated by IFN-γ in 
various cancer types. 

Discussion 

Discovering the regulation of CD47 by IFN-γ uncovers a new inhib-
itory mechanism of type II interferon, further determined its pro-tumor 
role mediated in immunosurveillance. Combined our study with previ-
ous findings in melanoma cells [23,24], the increased expression of 
CD47 induced by IFN-γ might be a widespread phenomenon within 
cancer. Other cytokines such as TNF-α also increased CD47 expression in 
various cancer types including breast cancer, hepatocellular carcinoma 

Z.-H. Ye et al.                                                                                                                                                                                                                                   



Translational Oncology 14 (2021) 101162

5

Fig. 2. Ruxolitinib inhibited CD47 up-regulation induced by IFN-γ. 
A549 and NCI-H1975 cells were pretreated with ruxolitinib (1 μM) for 1 hours followed by treatment with IFN-γ (10 ng/ml) for 24 h. The mRNA level of CD47 was 
detected by RT-PCR (a), Immunofluorescence was used to detected CD47 expression in different treatment groups. The Hoechst 33342 was to stain the cell nuclei and 
anti-CD47 antibody was to stain CD47 protein. Scale bar: 250 μm (b), Western blot analysis showed p-STAT1 expression and CD47 expression (c), The surface protein 
expression of CD47 was determined by flow cytometry (d). (e) After A549 cells were treated with or without ruxolitinib, co-culture experiment was conducted by 
flow cytometry and then the relatively phagocytosis index was calculated. *, P < 0.05; **, P < 0.01. 
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and lung cancer [9,10,14]. The up-regulation effect caused by these 
cytokines commonly existed in the TME is a favorable explanation for 
the higher expression of CD47 in cancer [5]. 

Both JAK1 and JAK2 could be activated by IFN-γ. However, IFN- 
γ-induced CD47 expression was mainly through the JAK1-STAT1-IRF1 
axis based on the results from our research, while JAK2 participated 
less in this process. The uncanonical finding was supported by previous 
study, which reported that, in JAK2 deficient cells, the single JAK1 had 
capacity to compensate the loss of JAK2 by activating the subsequently 
signal protein STAT1 thus to complete the transcription of ISGs [20]. 

Utilized siRNA to silence STAT1 partially, but not totally inhibited CD47 
up-regulation, indicating that other proteins might replace the role of 
STAT1 in the pathway once STAT1 was silenced. Upon IFN-γ stimula-
tion, a strong STAT1 response and a weak STAT3 response exist simul-
taneously [19]. However, whether STAT3 is involved in the 
IFN-γ-induced pathway needed further investigation. Another specula-
tion might be attribute to the moderate knockdown effect of siRNA to 
STAT1 (Fig. 4A), i.e., the imperfectly abolished protein expression of 
STAT1 may result in a mild up-regulation of CD47. The participation of 
STAT1 in the signaling pathway is consolidated since the specific STAT1 

Fig. 3. Knockdown of JAK1 significantly inhibits CD47 up-regulation induced by IFN-γ. 
(a-b) After successfully knockdown of JAK1 or JAK2, the cell surface CD47 expression with or without IFN-γ exposure was detected by flow cytometry in A549 and 
NCI-H1975 cells. (c) The JAK1/2 and CD47 expression was showed by western blot after knockdown of JAK1/2 with or without IFN-γ treatment. (d) SIRPα binding 
assay was conducted to exhibit the binding ability of CD47 to SIRPα in A549 cells after silenced JAK1. (e) In A549 cells and BMDMs co-culture system, the 
phagocytosis index changes after knockdown JAK1 combined with or without IFN-γ were analyzed by flow cytometry. *, P < 0.05; **, P < 0.01. 
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inhibitor fludarabine also partially reversed IFN-γ-induced CD47 
up-regulation in cancer cells (Fig. 4C). Besides, knockdown of STAT1 
alone significantly increased phagocytosis ability (Fig. 4E). One sup-
position is the loss of STAT1 in cancer cells decreases the expression of 
major histocompatibility complex class I (MHC class I), which is a newly 
found anti-phagocytosis checkpoint in cancer [38,39]. 

IFN-γ participates macrophage polarization [40]. Researchers 
polarize BMDMs with IFN-γ to transmit them into M1 type of 

macrophages since it has a stronger phagocytic ability [41]. However, it 
is speculated that a contrary effect on macrophage phagocytosis may 
occur simultaneously when treated cancer cells with IFN-γ. Its amplifi-
cation effect to the anti-phagocytosis signal led to a reduced phagocy-
tosis rate as well as stronger binding affinity to SIRPα. We noticed that 
IFN-γ caused nearly 2-fold increase of CD47 expression in mRNA and 
protein level, and from others findings, 2-3 folds increase of CD47 
expression by TNF-α or IL-6 in mRNA level also led to a significant 

Fig. 4. Knockdown of STAT1 inhibited CD47 up-regulation induced by IFN-γ. 
(a) The protein expression of STAT1 and CD47 was analyzed by western blot after knockdown of STAT1 by siRNA in A549 and NCI-H1975 cells. (b) The cell surface 
CD47 expression was revealed by flow cytometry after knockdown of STAT1 with or without IFN-γ treatment. (c) Flow cytometry was used to detect the surface 
expression of CD47 after the STAT1 inhibitor fludarabine treatment. (d) After knockdown of STAT1, the binding of CD47 to SIRPα was determined by flow cytometry 
in A549 cells. (e) The relative phagocytosis index of BMDMs to A549 cells was calculated based on flow cytometry result. *, P < 0.05; **, P < 0.01. 
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decline in macrophage phagocytosis [10,12]. Although we did not test 
the expression of other phagocytosis-related signals upon IFN-γ expo-
sure, from the decrease phagocytosis index caused by IFN-γ we can 
conclude that the anti-phagocytosis signal dominates in the process. 
Moreover, the regulation of IFN-γ to the anti-phagocytosis signal on 
macrophage, SIRPα, is worth to detect in our future study for its 
equivalent exposure under IFN-γ treatment in the TME. Previously IFN-γ 
has been reported to increase SIRPα expression in monocyte, one type of 
cells which is closely related with macrophage in the mononuclear 
phagocyte system [42,43]. 

More importantly, our study might provide some new clues for future 
immunotherapy targeting immune checkpoints. Since PD-L1 was also 
reported to be up-regulated by IFN-γ [16] and recently one clinical 
research found a positive correlation between CD47/PD-L1 co-ex-
pression and CD8+ T cell density [44], it is convincible that IFN-γ may 
exert “linkage effect” between CD47 and PD-L1. The two immune 
checkpoints shared some common up-regulators such as MYC and JUN 
[8,45], meanwhile, CD47 and PD-L1 also co-expressed on cancer cells 
[46]. These studies combined with our finding augments the feasibility 
of developing bi-specific antibody which co-targeting CD47 and PD-L1. 
Recently, one of the bi-specific antibodies is going through phase I 

clinical trials for hematologic malignancy (NCT04795128). The 
bi-specific antibodies also exhibited improved phagocytosis and better 
tumor control [47-50]. 

In conclusion, for the first time we defined the up-regulation of CD47 
expression induced by IFN-γ was widespread among human cancer as 
well as mapped the JAK-STAT1-IRF1 signaling pathway in the IFN- 
γ-induced CD47 expression. Our study completes the regulatory mech-
anism of CD47 in the TME and provides useful information to future 
immunotherapy targeting CD47. 
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Fig. 5. Knockdown of IRF1 inhibited CD47 up-regulation induced by IFN-γ. 
(a) The protein expression of IRF1 and CD47 was analyzed by western blot analysis after knockdown of IRF1 by siRNA in A549 and NCI-H1975 cells. (b) Surface 
expression of CD47 was detected by flow cytometry after silenced IRF1 in two lung cancer cell lines. (c) SIRPα binding assay was presented to showed CD47 binding 
ability to SIRPα after knockdown of IRF1 in A549 cells. (d) Co-culture A549 cells with BMDMs, the phagocytosis index change was measured based on flow cytometry 
result. *, P < 0.05; **, P < 0.01. 
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