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ARTICLE INFO ABSTRACT

Keyword: ‘Don’t eat me’ signal of CD47 is activated via its interaction with SIRPa protein on myeloid cells, especially phago-
Luteolin cytic cells, and prevents malignant cells from anti-tumor immunity in which pyroglutamate modification of CD47
FD47'SIRP“ by glutaminyl-peptide cyclotransferase-like protein (isoQC) takes an important part evidenced by our previous
i’s}(:gg((:)cytosis report that isoQC is an essential regulator for CD47-SIRP« axis with a strong inhibition on macrophage-mediated

phagoctyosis. Therefore, we screened for potential isoQC inhibitors by fluorescence-activated cell sorting assay
and identified luteolin as a potent compound that blocked the pyroglutamation of CD47 by isoQC. We further
demonstrated that luteolin directly bound to isoQC using pull-down assay and isothermal calorimetric (ITC)
assay. In consistency, we showed that luteolin markedly abrogated the cell-surface interaction between CD47
and SIRP« in multiple myeloma H929 cells and consequently promoted the macrophage-mediated phagocytosis.
Collectively, our study discovered a promising lead compound targeting isoQC, luteolin, which functions dis-
tinctly from current CD47 antibody-based drugs and therefore may potentially overcome the clinical side effects
associated with CD47 antibody treatment-induced anemia.

Tumor immunotherapy

Introduction

Cancer immunotherapy has been broadly employed as a therapeutic
strategy against cancer over the past decade [1]. Cancer cells can escape
from immune surveillance by hijacking the inhibitory checkpoint path-
ways [2-4]. CD47 is a highly expressed inhibitory ligand on many types
of tumor cells and can directly interact with the receptor signal regu-
latory protein alpha (SIRPa) that abundantly expresses on phagocytic
cells, which serves as the major ‘don’t eat me’ signal to stop the elimina-

tion of tumor cells by macrophage-mediated phagocytosis and finally fa-
cilitates immune evasion of tumors [4]. In this context, CD47-SIRP« axis
plays an essential role in regulation of anti-tumor immunity, backed up
by relevant studies demonstrating that antibodies targeting the CD47-
SIRP« interaction can effectively terminate various types of cancer in
mice and humans [5,6]. However, endogenous CD47 is also expressed
on normal cells (i.e. erythrocytes), leading to undesirable side effects
associated with anemia when cancer patients were treated with CD47
monoclonal antibodies during clinical trials [7]. In addition, antibody-

Abbreviations: BMDM, Bone marrow derived macrophage; BSA, Bovine Serum Albumin; CD47, Cluster of Differentiation 47; DEPC, Diethyl pyrocarbonate; DTT,
Dithiothreitol; DMEM, Dulbecco’s Modified Eagle Medium; DMSO, Dimethyl sulfoxide; EDTA, Ethylene Diamine Tetraacetic Acid; FACS, Fluorescence- activated cell
sorting; FBS, Fetal bovine serum; GEO, Gene Expression Omnibus; GST, Glutathione s-transferase; ITC, Isothermal Titration Calorimetry; M-CSF, Macrophage-Colony
Stimulating Factor; SDS-PAGE, Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis; PBS, Phosphate-buffered saline; PCR, Polymerase Chain Reaction; PMSF,
Phenylmethanesulfonylfluoride; pGlu, Pyroglutamate; QC, Glutaminyl cyclases; isoQC, Glutaminyl-peptide cyclotransferase-like protein; SIRP«, Signal regulatory

protein alpha.
* Corresponding authors.

E-mail addresses: wangp@tongji.edu.cn (P. Wang), yulei31@tongji.edu.cn (L. Yu), xin.ge@tongji.edu.cn (X. Ge).

! These authors have contributed equally to this work and share first authorship.

https://doi.org/10.1016/j.tranon.2021.101129

Received 10 March 2021; Received in revised form 5 May 2021; Accepted 17 May 2021
1936-5233/© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.tranon.2021.101129
http://www.ScienceDirect.com
http://www.elsevier.com/locate/tranon
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tranon.2021.101129&domain=pdf
mailto:wangp@tongji.edu.cn
mailto:yulei31@tongji.edu.cn
mailto:xin.ge@tongji.edu.cn
https://doi.org/10.1016/j.tranon.2021.101129
http://creativecommons.org/licenses/by-nc-nd/4.0/

Z. Li, X. Gu, D. Rao et al.

based drugs are economically unsustainable for clinical translation due
to the high costs resulted from limited production rates, strict preser-
vation requirements and stringent demands on transportation. Hence,
there is a clear need for identifying alternative agents to disrupt CD47-
SIRP« interaction.

Glutaminyl-peptide cyclotransferase-like protein (isoQC) is exclu-
sively resident in the Golgi apparatus, which is absent from mature
red blood cells along with other cell organelles (i.e. nucleus, mitochon-
dria, endoplasmic reticulum etc.) [8,9] and catalyzes the formation of
N-terminal pyroglutamate (pGlu) by converting glutamate/glutamine
to pGlu residue similar as the secretory isoenzyme Glutaminyl cyclases
(QQ) [1,10,11]. Prior researches have indicated that isoQC is the criti-
cal regulator of pGlu modification of CD47 N-terminal peptide and resul-
tantly affects the interaction between CD47 and SIRPa [12,13]. Interfer-
ence with isoQC activity enhances antibody-dependent cellular phago-
cytosis and leads to a major increase in neutrophil-mediated killing of
tumor cells in vivo [12], suggesting a promising role of isoQC as the
therapeutic target of anti-tumor immunity.

In the past decades, bioactive natural compounds have been reported
to work as therapeutic agents for treating various human disorders such
as cancers [14], inflammation [15], cardiovascular [16] and neurode-
generative diseases [17]. In current study, we screened small molecules
obtained from a natural compound library (The construction of designed
library is described in the part of Materials and Methods) and identified a
natural compound- luteolin, experimentally marked as D108, as a poten-
tial isoQC inhibitor. It can reduce pyroglutamate modification of CD47
and thus attenuate the interaction between CD47 and SIRP« in multiple
myeloma H929 cells, which is mechanistically distinguished from cur-
rent therapeutic strategy using CD47 antibody-based drugs that focus on
CDA47 blockade. Our study paves a way for de novo anti-tumor drug dis-
covery that may avoid CD47 blockade-triggered side effects and arouse
further robust interest for a better understanding of immune checkpoint
signaling.

Materials and methods
Cell culture

Human multiple myeloma cell line NCI-H929 cells were kindly pro-
vided by Dr. Congying Wang (Shanghai Ten’s People Hospital, China).
Human colorectal cancer cell lines HCT116 and DLD1 cells were pur-
chased from Shanghai Cell Bank, Chinese Academy of Sciences. HCT116
cells were cultured in DMEM supplemented with 10% fetal bovine serum
(FBS, Gibco), 100 U/ mL penicillin, and 100 ug/ mL streptomycin (In-
vitrogen) at 37 °C in a humidified 5% CO, incubator, while DLD1 and
H929 cells were cultured in RPMI 1640 supplemented with 10% fetal
bovine serum, 100 U/ mL penicillin, and 100 pg/ mL streptomycin.

Natural compound library construction

Natural compounds used in the current study is kindly provided by
our collaborator (Dr. Wang’s lab). Briefly, raw plant drugs were ground
and then soaked in 2.4 L of hydrophobic acid at a ratio of 1:8 (g/mL)
at 80 °C with constant stirring for 1 hr. The filtrate was collected af-
ter vacuum concentration in a rotary evaporator. The crudes were ob-
tained by reduced pressure distillation in the rotary evaporator. The
crudes were separated by reversed-phase silica gel column chromatog-
raphy with methanol-water gradient elution. The eluting components
of each bed volume were collected and detected by thin-layer chro-
matography. The development agent was chloroform: ether: methanol
(10: 10: 1). After the development, 2% bismuth potassium iodide was
used to develop the color, which was reddish brown. The components
were enriched and product was obtained after vacuum concentration
in the rotary evaporator at 50 °C, followed by homogeneity assess-
ment, determination of molecular weight, composition analysis, fourier

Translational Oncology 14 (2021) 101129

transform-infrared (FT-IR) spectrophotometry analysis and NMR analy-
sis. Obtained natural compounds were suspended in DMSO for following
experiments.

Western blotting

Cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1% Tritonx-100, 5% Glycerol and a cocktail of pro-
teinase inhibitors). After lysis for 15 min in 4 °C, the soluble fraction
of the cell lysate was isolated via centrifugation at 13,800 g in a micro-
centrifuge for 15 min at 4 °C. After mixed with loading buffer, the pro-
teins were processed at room temperature, resolved via SDS-PAGE gel
electrophoreses, and analyzed via immunoblotting. The proteins were
detected using the Odyssey system (LI-COR Biosciences).

RNA extraction and quantitative real-time polymerase chain reaction
(qRT-PCR)

Total RNA was isolated from cells as treated above by using TRI-
zol (TAKARA) according to the manufacturer’s instructions. After isola-
tion, 1 ug of mRNA was used to be converted to cDNA using the Prime
ScriptTM RT reagent kit (Cat# DRR0O37A, Takara,). These reactions were
performed in CFX96 (Bio-Rad, United States) and run pre-programmed
program. The cycle threshold (Ct) values were collected and nor-
malized to the level of respective Actin. The primers were listed as
follows:

Actin-F: ACACTGTGCCCATCTACGAG.
Actin-R: TCAACGTCACACTTCATGATG.
CD47-F: GTACAGCGATTGGATTAACCTCC.
CD47-R: ACCACAGCGAGGATATAGGCT.

isoQC protein purification

The DNA with sequence coding for the human glutaminyl-peptide
cyclotransferase-like protein (nucleotide entry: NP_060129) was syn-
thesized and then inserted into the pGEX-4T-2 vector. The vector was
transformed into Escherichia coli BL21 (DE3) competent cells (CB105,
Tiangen Biotech, Beijing). The bacteria were grown in Terrific Broth
containing ampicillin (70 xg/ mL) at 37°C until the cell density reached
an ODg(, of 0.8-0.9. The cultures were induced with 1 mM isopropyl
p-D-thiogalactopyranoside for 8- 10 h at 20 °C. The bacteria were col-
lected and resuspended in 50 mL PBS, and 1% Triton X-100 (v/v), 1%
p-mercaptoethanol (v/v), PMSF (final concentration 1 mM) were added
into the mixed solution. The bacterial cells were then harvested by cen-
trifugation (4700 g for 30 min at 4 °C) followed by ultrasonic breaking.
The resulted solution was clarified by centrifugation at 13,800 g for
30 min. GST-beads was suspended to the supernatant and was gently
shook for 1 hour to bind the protein. The resulted protein solution was
centrifuged at 1500 g for 5 min and the supernatant was discarded. At
least 10-fold the volume of PBS was added to the pellet to sufficiently
suspend the beads in the solution. Then the solution was clarified by
centrifugation at 1500 g for 5 min and the supernatant was discarded.
The above steps were repeated twice. 1 mL GST elution buffer was added
to the pellet and the solution was shaken gently for 30 min following
by centrifugation at 1500 g for 5 min. The supernatant was collected
and was eluted with GST elution buffer at least twice. The supernatant
was loaded onto SDS-PAGE electrophoresis to detect protein purity. The
protein was stored at —80 °C.

Isolation of bone marrow-derived macrophages

Six-week-old C57BL/6 wild-type mice were obtained from Shanghai
Experimental Animal Center (Shanghai, China). To obtain bone marrow
derived macrophage BMDM, femora and tibiae were flushed with ice-
cold PBS, and erythrocytes were lysed with RBC lysis buffer. Then bone
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marrow cells were cultured in DMEM medium with 10% FBS (Gibco)
and 100 U/ mL penicillin, and 100 g/ mL streptomycin (Invitrogen) in
the presence of 50 ng/mL mouse M-CSF (Macrophage-Colony Stimulat-
ing Factor) (PeproTech) for 7 days.

Compound treatment

1-(1H-Benzimidazol-6-y1)—5-(4-propoxyphenyl) imidazolidine-2,4-
dione (PQ529) was synthesized by WuXiAppTec. Cells were plated and
treated with different concentrations of isoQC inhibitor (PQ529) or com-
pounds for 48 h, then cells were harvested and CD47 was detected by
FACS.

Flow cytometry assay

Binding to cell surface CD47 was assessed by staining cells with
fluorochrome-labeled antibodies clone CC2C6 (BioLegend, Cat. #
323102) and B6H12 (Abcam, Cat# ab134485) to human CD47 at a dilu-
tion of 1:100 in PBS containing 0.5% (w/v) BSA (Sigma) and 0.2% (w/v)
sodium azide (Sigma) (FACS buffer) for 30 min at 4 °C, while protected
from light. SIRPa binding to CD47 was assessed by incubating cells with
PE labeled recombinant human SIRPa/ CD172a Protein, Fc tag (Cat. #
SIA-HP252, ACRO Biosystems) for 1 hour at 4 °C, while protected from
light.

Phagocytosis Assay were conducted as previously described [13].
Briefly, macrophages were plated 1 x 10° cells per well in a 24-well
plate in complete DMEM medium, supplemented with M-CSF overnight
before the experiment. Cancer cells were stained with 2.5 yuM CFSE
at 37 °C for 10 min. Each phagocytosis reaction reported in this work
was performed by co-culture of target cells and macrophages for 2 h at
37 °C. Macrophages were identified with APC-labeled anti-F4/80 (Cat.
# 123116, Biolegend), and flow cytometry (BD FACS verse) was per-
formed. Phagocytosis was calculated as the percentage of CFSE*F4/80*
cells (Q2) among F4/80% cells (Q1+Q2): phagocytosis (%) = [Q2 / (Q1+
02)] x100%.

Synthesis and formation of biotin-luteolin

The synthesis of compound Biotin-luteolin is outlined in sup-
plementary Fig. S1. First, commercially available luteolin was
protected by diphenyl and the OH of tert-butyl (14-hydroxy-
3,6,9,12-tetraoxatetradecyl) carbamate was converted to the OTs,
respectively. The 2-(2,2-diphenylbenzo[d] [1,3] dioxol-5-yD)-5,7-
dihydroxy-4H-chromen-4-one was further substituted to tert-butyl(14-
((2-(2,2-diphenylbenzo[d] [1,3] dioxol-5-yl)-5-hydroxy-4- oxo- 4H-
chromen-7-yl) oxy)- 3,6,9,12-tetraoxatetradecyl) carbamate in presence
of 2,2- Dimethyl-4-o0x0-3,8,11,14,17-pentaoxa-5-azanonadecan-19-yl-4-
methylbenzenesulfonate. After removal of the tert-butylcarbonate (Boc)
protecting group, the resulting primary amine intermediate reacted
with a carboxylic acid to produce N-(14-((2-(2,2-diphenylbenzo[d]-
[1,3]-dioxol-5-y1)—5-hydroxy-4-oxo —4H-chromen-7-yl)-oxy)-3,6,9,12-
tetraoxatetradecyl)—5-((3aS,4S,6aR)—2-oxohexahydro-1H-thieno[3,4-
d]-imidazol-4-yl)-pentanamide. This was deprotected of the diphenyl
to afford final compound Biotin-luteolin.

GST pull-down assay

Biotin- or biotin-luteolin-conjugated agarose beads were prepared as
described below. 15 uL of streptavidin agarose beads (50% slurry, pre-
washed) and 10 uL of 10 mM Biotin- or biotin- luteolin were mixed in a
1.5 mL tube and incubated at room temperature for 30 min with occa-
sional mixing. 1 uL BSA (10 mg/ mL) and 200 uL binding buffer were
added to the mixture solution and incubated in cold room with rotation
for 2 h. 8 ug of GST-isoQC protein were then added to the above solution
and was incubated with rotation overnight at 4 °C. After incubation, the
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beads were washed 5 times with washing buffer (10 min each) in cold
room. At last wash, buffer was removed as much as possible. Remain-
ing material was loaded with 10~15 uL of 2x SDS loading buffer and
determined by Western blotting assay.

Molecular docking studies

All the procedure was performed using Maestro software
(Schrodinger LLC). The crystal structure of human isoQC was taken
from protein database bank (PDB ID: 3PB7). Then, the protein was
processed using the ‘Protein Preparation Wizard’ workflow in Maestro
to adding bond orders and hydrogens. All het atm residues and crystal
water molecules beyond 5 A from het group were removed. The
co-crystallized molecule was removed from the system. Compound
D108 was built by LigPrep module by OPLS-2005 force field. Glide
module was used as docking program. The active site was defined using
the zinc as the center. The docking box was placed on the centroid
of the binding ligand in the optimized crystal structure as described
above.

Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry experiments were performed using
a MicroCal iTC200 (GE Healthcare) at 25 °C. The isoQC protein was
supplemented with buffer containing 10 mM HEPES, pH 7.5, 3.4 mM
EDTA, 0.005% Tween-20, 150 mM NaCl, and 0.005% dimethyl sul-
foxide (DMSO). Small molecules were diluted in the same buffer from
10 mM stock in DMSO. All solutions were degassed before titrations
were performed. The sample cell was filled with 250 uL small molecule
(0.2 uM) and the syringe was filled with 60 uL protein (9.57 uM). The
titration consisted of an initial injection of 0.4 uL followed by 17 injec-
tions of 2 uL. To determine the baseline, the protein was titrated into
the same buffer without the small molecules under the same conditions.
Data was analyzed with the software Origin 7.0 (OriginLab) using the
one set of sites model.

Statistical analysis

GraphPad Prism 8 software was used for data analysis. All experi-
ments were repeated at least twice. Data were shown as mean + SD.
Statistical significance was evaluated by Student’s t-test. P value was
considered statistically significant. In the graphed data *, s and s
denote pvalues of < 0.05, 0.01 and 0.001, respectively. In the figures,
ns represents not significant data.

Results

isoQC is associated with decreased patient survival in multiple types of
cancers

Our previous work reported that isoQC is significantly upregulated
in multiple types of cancers [13]. To investigate whether high expres-
sion of isoQC is correlated with patient survival, we employed OncoLnc
analysis that can extract patient survival data from publicly available
The Cancer Genome Atlas (TCGA) datasets to generate Kaplan plot [18].
The expression data in OncoLnc for mRNAs analysis were transformed
into normalized RSEM values via “rsem.genes.normalized_results”. The
median-expression values were calculated as 533.72, 269.34, 130.98,
211.35, 236.92, 347.39 for skin cutaneous melanoma, kidney renal pap-
illary cell carcinoma, brain lower grade glioma, kidney renal clear cell
carcinoma, sarcoma and rectum adenocarcinoma, respectively. Using
median expression as the cut-off value to define high expression, we
found that isoQC is strongly associated with a decreased overall survival
rate of multiple types of cancers including skin cutaneous melanoma,
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Fig. 1. isoQC is negatively correlated with the survival rate of patient. Correlation of isoQC expression with the prognosis in patients with multiple types of cancers,
such as (A) Skin cutaneous melanoma, (B) Kidney renal papillary cell carcinoma, (C) Brain lower grade glioma, (D) Kidney renal clear cell carcinoma, (E) Sarcoma
and (F) Rectum adenocarcinoma using OncoLnc. (The red: patients with high expression levels of isoQC; the blue: patients with low expression levels of isoQC).

kidney renal papillary cell carcinoma, brain lower grade glioma, kid-
ney renal clear cell carcinoma, sarcoma and rectum adenocarcinoma
(Fig. 1), suggesting that isoQC may act as a potential therapeutic target
for anti-tumor immunity.

Screening natural compounds to identify potential inhibitors for pGlu
modification of CD47

Both Logtenberg et al. [12] and our previous work [13] demon-
strated that isoQC is an essential regulator that dictates the inter-
action between CD47 and SIRPe, which plays an important role
in CD47-related immune checkpoint signaling. To identify potential
small-molecules that affect isoQC activity, we established a biochem-
ical screening system utilizing fluorescence-activated cell sorting assay
(FACS), followed by the surface-expression analysis of CD47 using anti-
human CD47 monoclonal antibody B6H12 (BD, Cat# 563760) and an-
tibody CC2C6 (Biolegend, Cat# 323124) that has been confirmed to
specifically recognize pGlu-modified CD47 at its N-terminus [13]. We
used the isoQC inhibitor, PQ529, as a positive control [19] and screened
112 compounds in treatment of multiple myeloma H929 cells (Fig. 2A).
We found that compound D48, D79, D108, D110 or D119 could down-
regulate the pGlu modification of CD47 with relative inhibition around
21.1%, 20.2%, 35.2%, 18.4%, or 22.5%, respectively, while their total
surface levels of CD47 remained unaffected (Fig. 2B, 2C and supple-
mentary Fig. S1 and Fig. S2). To confirm such inhibition caused by
these compound treatments is not a unique instance, we further detected
the surface-expression of CD47 and its pGlu modification in DLD1 and
HCT116 cells through which similar results were obtained (Fig. 2D-2G
and supplementary Fig. S1 and Fig. S2). Particularly, luteolin (marked
as D108) decreased the pGlu modification of CD47 with inhibitory ef-

ficiency of 35.2%, 20% and 17% in H929, DLD1 and HCT116 cells, re-
spectively. Our data indicated that luteolin is a potential inhibitor for
pGlu modification of CD47.

Luteolin directly interacts isoQC protein

To test whether luteolin binds to isoQC protein in vitro, we per-
formed biotinylated protein interaction pull-down assay. Bio-luteolin
was synthesized as shown in Fig. 3A, supplementary Fig. S3 and
Fig. S4. Our data showed that bio-luteolin tightly bound to isoQC pro-
tein, which validates a direct interaction between luteolin and isoQC
(Fig. 3B). To explore how luteolin interacts with isoQC protein, infor-
mation regarding the possible binding mode of luteolin was obtained
through an in silico docking analysis. We utilized the X-ray crystal struc-
ture of human isoQC complexed with a known inhibitor (PDB ID: 3PB7).
Glide SP (Standard Precision) docking was carried out, showing that lu-
teolin was docked very well at the active site of isoQC (Fig. 3C). The or-
tho-hydroxy groups in pyrocatechol part (Part I in Fig. 3D) was translo-
cated into tunnel-shaped pocket and chelated with zinc atom deep in the
pocket (Fig. 3C). Two hydroxy groups formed hydrogen-bonding inter-
action with amino acids Asp269 and Glu225, respectively (Fig. 3D). The
phenyl group in pyrocatechol part (Part I) formed a z—z stacking inter-
action with the side chain of Trp350 (Fig. 3D). The phenol group of the
chromone core was pointed to solvent region and the 4H-chromen-4-one
core (Part II) presented =—x interaction with residue Trp231, which is
located at the backside of the active-site opening (Fig. 3D). The carbonyl
group of the chromone core formed hydrogen bonding interaction with
the residue Glu325 (Fig. 3D). Together, these data demonstrated that
luteolin directly interacts isoQC protein.
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Fig. 2. Natural compounds screening.

A. Analysis of CD47 surface expression. H929 cells were treated with 10 M isoQC inhibitor (PQ529) or other compounds as indicated for 48 h followed by FACS
analysis using anti-CD47 CC2C6 monoclonal antibody. Their relative median fluorescence intensity (MFI) shown in the heatmap was displayed compared to those
of DMSO treated samples (control). Error bars represent standard deviation from three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001).

B, D and F. FACS analysis of pGlu levels of CD47 using anti-CD47 CC2C6 monoclonal antibody in H929 cells, DLD1cells, HCT116 cells, respectively, after the
treatments of 10 uM PQ529 or compounds D48, D79, D108, D110 and D119 for 48 h. Error bars represent standard deviation from three independent experiments

(*p < 0.05, **p < 0.01, ***p < 0.001).

C, E and G. FACS analysis of cell surface levels of CD47 using anti-CD47 B6H12 monoclonal antibody in H929 cells, DLD1cells, HCT116 cells, respectively, after the
treatments of 10 yuM PQ529 or compounds D48, D79, D108, D110 and D119, respectively, for 48 h.

Luteolin is a novel inhibitor of isoQC

The chemical structure of luteolin, a 3,4,5,7-tetrahydroxy flavone, is
shown in Fig. 4A. Since isoQC has been reported to control the interac-
tion between CD47 and SIRPa [12], we further examined the binding
affinity of luteolin to isoQC. To this end, we performed isothermal titra-
tion calorimetry (ITC) assay and the dissociation constant, Ky, value,
was calculated from experimentally determined values of Ka (Kp =1/
Ka) using a single set of sites model analyzed by Origin 7.0 (Origin-
Lab). We found that luteolin strongly bound to isoQC protein with a Kp,
value of 9.4 uM (Fig. 4B) which is slightly less than that of reported
isoQC inhibitor PQ529 whose Ky, value is around 1.7 uM [19] (Fig. 4C).
The signature plots representing thermodynamics parameters of titra-
tion demonstrated that the enthalpy change AH = —320,000 Kcal/ mol,
entropy change AS = —1070 Kcal/ mol, and the number of binding sites
N = 0.46 (Fig. 4B). The inhibition of luteolin on proliferation activity
was also investigated in H929 cells by counting cell number 4 days af-
ter the treatment of PQ529 or luteolin. Luteolin exhibited a remarkable
inhibition on tumor cell proliferation, which has similar function of a
known isoQC inhibitor, PQ529 (Fig. 4D). These results together indi-
cated that luteolin is a novel inhibitor of isoQC activity.

Luteolin reduces pGlu modification of CD47 and its surface binding to
SIRPa

Since is0QC is critical for pGlu formation of CD47 at the N-terminus,
we next examined the effect of luteolin on the CD47 pGlu formation in
H929 cells. Expression of CD47 and surface expression of pGlu CD47 in
H929 cells were detected by anti-CD47 CC2C6 and B6H12 monoclonal
antibodies, respectively, after 72-hr treatment with 10 M luteolin. Our
data showed that luteolin reduced pGlu formation of CD47 in a time-
dependent way (Fig. 5A), while little effect on the surface-expression of
CD47 was observed (Fig. 5B). Because pGlu formation usually protects

proteins from proteasomal degradation, we also examined whether lute-
olin could affect the total protein expression of CD47. Endogenous tran-
scriptional mRNA level of CD47 in H929 cells was examined by Quanti-
tative Real-Time PCR assay and protein level of CD47 was demonstrated
by western-blotting assay. Our data showed that luteolin had no signif-
icant inhibition on CD47 at both transcriptional and translational level
(Fig. 5C and 5D). Since pGlu modification of CD47 has been demon-
strated to block the interaction between CD47 and SIRP« [20], we there-
fore examined whether luteolin affected the binding of CD47 to SIRP«
using a cell-based SIRPa binding assay. Our data showed that luteolin
reduced the cell surface binding of CD47 to SIRPa similar as the known
isoQC inhibitor-PQ529 (Fig. 5E and 5F), supporting our assumption that
luteolin may function as a novel isoQC inhibitor.

Luteolin promotes macrophage-mediated phagocytosis

Blockade of CD47-SIRPa interaction has been shown to dramati-
cally enhance tumor cell phagocytosis by macrophage in preclinical
models of cancer [21,22]. To investigate whether luteolin can increase
the macrophage-mediated phagocytosis of cancer cells, we performed
in vitro phagocytotic assay by culturing H929 cells with mouse bone
marrow-derived macrophages. Through employing this well-established
phagocytosis assay, we showed that treatment of luteolin significantly
enhanced the phagocytic capacity of macrophages targeting H929 cells
(Fig. 6A and 6B) and DLD1 cells (Fig. 6C and 6D), indicating that lute-
olin may exert inhibitory effect on isoQC activity and thereby promote
the macrophage phagocytosis of cancer cells via a repressed CD47-SIRP«
signaling axis. Thus, we present the results of study as the schematic il-
lustration concerning the different roles of luteolin, a new inhibitor tar-
geting at pGlu modification of CD47, in macrophage-mediated phago-
cytosis of cancer cells and erythrocytes (Fig. 7), which may render a
better visualization of how to fine-tune immune responses by using an
organelle-specific enzyme.
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Fig. 3. Luteolin physically interacts with isoQC protein.
A. The chemical structure of biotin-luteolin (Bio-luteolin).
B. Luteolin binds to isoQC protein demonstrated by GST-pull down assay while whole cell protein extracts were used as an input control.

C. Computational molecular docking of luteolin to human isoQC. Luteolin was predicted to bind to the active site of isoQC. Luteolin is displayed as sticks with green
carbon atoms, and zinc atom is shown as a purple ball.
D. Two-dimensional representation of the main interactions of luteolin with the active site residues of the isoQC. Hydrogen bonds are shown as purple arrows and
the 7—r stacking interaction is marked as a green-arcs or arrows.
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Fig. 4. Luteolin is a potent inhibitor of isoQC.
A. The chemical structure of luteolin.
B and C. Isothermal titration calorimetry (ITC) was employed to measure the binding affinities between isoQC protein and luteolin or PQ529.

D. Proliferation was assessed by counting cell numbers in triplicates for 4 days following treatment with PQ529 or luteolin. Error bars represent standard deviation
from three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001).
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Fig. 6. Luteolin promotes macrophage-mediated phagocytosis.
A, B Phagocytosis of H929 cells by macrophages after treatment with PQ529 or luteolin (10 yM or 20 M), which is normalized using DMSO treated sample as

control. Phagocytosis was determined by the number of the CFSE* labelled F4/80" macrophages vs the total macrophages. The presented data is a representative
image from three independent experiments with similar results, showing that there is a statistically significance between luteolin treated samples and those only
with DMSO treatment (*p < 0.05, **p < 0.01, ***p < 0.001).

C, D Phagocytosis of DLD1 cells by macrophages after treatment with PQ529 or luteolin (10 M or 20 xM), which is normalized using DMSO treated sample as
control. Phagocytosis was determined by the number of the CFSE*labelled F4/80* macrophages vs the total macrophages. The presented data is a representative
image from three independent experiments with similar results, showing that there is a statistically significance between luteolin treated samples and those only
with DMSO treatment (*p < 0.05, **p < 0.01, ***p < 0.001).
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Discussion

Cancer is well-established as a heterogeneous entity in terms of clini-
cal presentation, genetic findings, proteomic architecture and metabolic
profiles [23]. Due to the heterogeneity, tumor cells employ different
mechanisms to resist the targeting agent [24]. Thus, inevitable drug re-
sistance becomes the biggest hurdle to targeted cancer therapy with an
unfortunate fact that conventional cytotoxic approaches exhibit limited
effectiveness [25], resulting in a constant search for therapeutics with
improved outcome, such as immunotherapy that utilizes and enhances
the normal capacity of the patient’s immune system [25]. For exam-
ple, the renal cell carcinoma (RCC) represents a heterogeneous group
of kidney neoplastic diseases, among which the kidney renal clear cell
carcinoma was one of the highest incidence subtypes with poor prog-
nosis [26]. Emerging evidence demonstrate that immunotherapy is the
best treatment option for patients with metastatic or advanced RCC, sup-
ported by the clinical outcomes showing that combination immunother-
apy based on a variety of principles has promising prospects [27]. Also,
sarcomas are very heterogeneous characterized by an extensive group
of divergent malignant diseases only sharing a common tag of being de-
rived from mesenchymal cells [28]. Therefore, preventing tumors with
huge heterogeneity (i.e. RCC and sarcoma) from immune escape is par-
ticularly important for the successful clinical implementation targeting
these diseases with huge heterogeneity.

Recently, immune checkpoint blockade therapy has become a pow-
erful weapon against the tumor immune escape. Accumulating evidence
demonstrate that antibody drugs have obvious advantages, such as be-
ing of broad applicability across cancer types and durable clinical re-
sponse due to immune memory [3]. Therefore, a range of immune
checkpoint blockade therapeutic strategies targeting at different ligand-
immunoreceptor engagement have attracted extensive attention in the
fields of both cancer biology and pharmacological research, which have
been demonstrated experimentally and translated into clinical treat-
ments of various cancer types. Among these strategies, CD47-SIRPa
blockade therapy is a hot-spot of research.

It has been reported that CD47 expression level was markedly el-
evated in high-risk patients with RCC, leading to a robust interest in
targeting CD47 of RCC patients [29]. Simultaneously, early trials for
immune checkpoint inhibitors in sarcomas have been carried out, indi-
cating that CD47 inhibitors may be particularly worthwhile to pursue in
treatment of sarcoma patients across various subtypes [30]. Yet, effec-
tive interception of CD47-SIRPa signaling axis has remained stubbornly
elusive for new drug target discovery since current therapeutic strate-
gies using CD47 antibody-based drugs, although initially inspiring, are
deficient in their ability to evade erythrocyte destruction accompanied

with CD47 blockade [4,7]. To address this issue, our lab made great
efforts in identifying novel regulators and reported that inhibition of
isoQC, a Golgi-resident enzyme lacking in mature erythrocyte, satisfied
the requirements for disrupting the CD47-SIRP« interaction specifically
on the surface of cancer cells by reducing the levels of pGlu-containing
CD47 and its consequent binding affinity to SIRPa [13], a similar con-
clusion to the research article from Dr. Schumacher’s lab [12].

To bridge the gap from our proposed theory to its clinical translation
using pGlu modification of human CD47 N-terminal peptide as a thera-
peutic target, we confirmed there exists a negative correlation between
isoQC expression and the prognosis in patients with multiple types of
cancers particularly including RCC and Sarcoma (Fig. 1), leading to a
natural compound screening for novel isoQC inhibitors in current re-
search (Fig. 2) through which luteolin was brought into our interest be-
cause of its direct interaction with isoQC (Fig. 3) and capability of sup-
pressing isoQC activity (Fig. 4). Therefore, luteolin exerted inhibitory
effect on pGlu modification of CD47, a proved biomarker that can faith-
fully predict the CD47-SIRP« interaction [13], in a time-dependent man-
ner (Fig. 5A). Most importantly, luteolin treatment in cancer cells ex-
hibits a remarkable repression on the binding affinity of CD47 to SIRP«
(Fig. 5) and consequently upregulates macrophage-mediated phagocy-
tosis of cancer cells (Fig. 6). In parallel, our results also showed that
treatment with luteolin had nothing to do with erythrocyte destruc-
tion (Supplementary Fig. S5) since there was no sign of erythrocyte
elimination when erythrocytes and macrophages were co-cultured to-
gether (Supplementary Fig. S6). We also noticed that PQ529, a known
isoQC inhibitor, was only effective for treatment of glomerulonephri-
tis in chronic kidney disease when rats were orally administered with
PQ529 (30 and 100 mg/kg) twice a day for 3 weeks. The data collected
from in vivo studies indicated that PQ529 may have poor oral bioavail-
ability, highlighting a plausible reason why clinical translations of isoQC
inhibitors are currently limited [19]. To avoid the same thing happen to
luteolin, we will use luteolin as a lead compound for structure optimiza-
tion and investigation of the structure-activity relationship for isoQC in
the future, which may greatly benefit the discovery of more potent isoQC
inhibitors for cancer immunology therapy.

Our study highlights a new strategy with potential for clinical appli-
cation which overcomes the disadvantages associated with current CD47
blockade-based drugs, and opens a door for treatment of refractory solid
tumors tagged with remarkable heterogeneity in tissue components and
function. Conclusively, we not only offer a new lead compound of isoQC
inhibitor, Luteolin, for immunotherapeutic drug development but also
shed light on the concept that posttranslational modification may serve
practically as the therapeutic target of an anti-tumor immune response
by counteracting the suppressive function of some immune checkpoint,
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which is previously focused on absolute interruption of adaptor-protein
association. Thus, our study breaks a new avenue for mediation of im-
mune checkpoint signaling according to the specific distribution of a
posttranslational-modifying enzyme.
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