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Abstract

BACKGROUND

Type I diabetes (T1D) is characterized by insulin loss caused by inflammatory
cells that excessively infiltrate and destroy the pancreas, resulting in
dysregulation of tissue homeostasis, mechanobiological properties, and the
immune response. The streptozotocin (STZ)-induced mouse model exhibits
multiple features of human T1D and enables mechanistic analysis of disease
progression. However, the relationship between the mechanochemical signaling
regulation of STZ-induced T1D and macrophage migration and phagocytosis is
unclear.

AIM
To study the mechanochemical regulation of STZ-induced macrophage response
on pancreatic beta islet cells to gain a clearer understanding of T1D.

METHODS

We performed experiments using different methods. We stimulated isolated
pancreatic beta islet cells with STZ and then tested the macrophage migration
and phagocytosis.

RESULTS

In this study, we discovered that the integrin-associated surface factor CD47
played a critical role in immune defense in the STZ-induced T1D model by
preventing pancreatic beta islet inflammation. In comparison with healthy mice,
STZ-treated mice showed decreased levels of CD47 on islet cells and reduced
interaction of CD47 with signal regulatory protein a (SIRPa), which negatively

June 15,2020 | Volumel1l | Issue6 |


https://www.wjgnet.com
https://dx.doi.org/10.4239/wjd.v11.i6.239
http://orcid.org/0000-0002-4082-9994
http://orcid.org/0000-0002-7394-530X
http://orcid.org/0000-0001-7771-1829
mailto:guozgang@gmail.com

Zhang ] et al. CD47 decline promotes macrophage phagocytosis

on different terms, provided the
original work is properly cited and
the use is non-commercial. See:
http:/ /creativecommons.org/ licen
ses/by-nc/4.0/

Manuscript source: Unsolicited
manuscript

Received: November 7, 2019
Peer-review started: November 7,
2019

First decision: December 12, 2019
Revised: March 30, 2020

Accepted: April 18, 2020

Article in press: April 18, 2020
Published online: June 15, 2020

P-Reviewer: Pirola L, Vorobjova T
S-Editor: Wang YQ

L-Editor: Wang TQ

E-Editor: Li X

Raishidengs  WJD | https://www.wjgnet.com 240

regulates macrophage-mediated phagocytosis. This resulted in weakened islet
cell immune defense and promoted macrophage migration and phagocytosis of
target inflammatory cells. Moreover, lipopolysaccharide-activated human acute
monocytic leukemia THP-1 cells also exhibited enhanced phagocytosis in the
STZ-treated islets, and the aggressive attack of the inflammatory islets correlated
with impaired CD47-SIRPa interactions. In addition, CD47 overexpression
rescued the pre-labeled targeted cells.

CONCLUSION

This study indicates that CD47 deficiency promotes the migration and
phagocytosis of macrophages and provides mechanistic insights into T1D by
associating the interactions between membrane structures and inflammatory
disease progression.

Key words: Type I diabetes; Immune defense; CD47; Migration; Phagocytosis; Cell-cell
interaction

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Type I diabetes (T1D) has caused worldwide public health concerns. The
mechanochemical regulation of the disease-induced immune response raised more
considerations. We provide mechanistic insights into T1D, associating interactions
between membrane structures and inflammatory disease progression. The immune
response could be a novel section for preventing the T1D progression.
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INTRODUCTION

Infiltration of inflammatory cells into pancreatic islets and selective destruction of
insulin-secreting cells are characteristics of type I diabetes!"”. A similar process occurs
in autoimmune diabetes, as well as in multiple low-dose streptozotocin (STZ)-treated
micel**l. Macrophages play a critical role in the development and pathogenesis of
autoimmune or inflammatory disease. Macrophage recruitment strongly correlates
with the progression of autoimmune diabetes, as these are the first immune cells to
infiltrate the pancreatic islet, where they act as antigen-presenting and effector cells?™l.
To maintain tissue integrity, tissue macrophages must prevent phagocytosis of
healthy endogenous cells. By differentiating “self” and “non-self” cells, macrophages
exert their phagocytic function. Immunogenic proteins play critical roles in this
process. CD47-signal regulatory protein a (SIRPa) interaction-mediated inhibition is a
critical mechanism that prevents macrophages from phagocytizing healthy
endogenous cells"""*l. CD47 is an integrin-associated molecule that is an essential
marker of “self”’I"". The inhibitory receptor SIRPa is an extracellular ligand of CD47.
In this mechanism, CD47 acts as a marker of self, along with SIRPa, and inhibits
signaling in macrophages related to migration and phagocytosis of abnormal cells or
other antigens!">"l. Through its extracellular IgV-like loops, SIRPa binds to CD47,
which induces phosphorylation of the SIRPa immunoreceptor tyrosine-based
inhibitory motifs (ITIMs), leading to association with the SH2 domain-containing
protein tyrosine phosphatases SHP-1 or SHP-2. Then, negative signaling cascades are
initiated, resulting in the inhibition of macrophage function"*'”l. The end result of
CD47-SIRPa-mediated signaling is the inhibition of inappropriate phagocytosis of
endogenous cells!"*'l. Previous studies have reported the CD47-SIRPa inhibition
mechanism in red blood cell (RBC) transfusion experiments, which demonstrated that
wild-type mice rapidly eliminate syngeneic CD47-null RBCs through
erythrophagocytosis in the spleen. The lack of tyrosine phosphorylation in SIRPa
ITIMs was associated with macrophage aggressiveness””!l. Later, other experiments
showed that CD47-deficient circulating cells were rapidly cleared by splenic
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macrophages. A lack of this inhibitory signaling promoted blood cell binding to
macrophages and was sulfficient to trigger a phagocytic signal®*. Consistent with the
CD47-SIRPa interaction inhibiting macrophage phagocytosis, studies of cancer
pathogenesis indicated that increased CD47 expression commonly occurred on tumor
cells and acted as a pathway to evade immunological eradication*. However,
perturbation of the CD47-SIRPa interaction provides opportunities for cancer
eradication, especially in conjunction with therapeutic anticancer antibodies!*’~"'l.
Other studies showed that by binding to SIRPa, lung factors, such as surfactant
protein A (SP-A) and surfactant protein D (SP-D), act as surveillance molecules to
suppress macrophage phagocytic function and lung inflammation’>*l. Recent
research indicated that both the CD47-SIRPa interaction and IL-10 constrain
inflammation-induced macrophage phagocytosis of healthy endogenous cells!'’.
Multiple low-dose STZ (MLD-STZ) treatment induces infiltration of macrophages in
the islets and then leads to insulitis and diabetes*]. Thus, the core question remains:
What is the mechanism that initiates macrophage infiltration and phagocytosis of
endogenous cells under inflammatory stimulation? In this mouse model, the results
revealed that CD47 expression by pancreatic islet beta cells was reduced, leading to
increased interest in discovering whether CD47 downregulation induces macrophage
recruitment to pancreatic islets. As a protective factor, CD47 expression in pancreatic
islet beta cells prevents macrophage phagocytic function when inflammatory lesions
occurt™*l. Ablating CD47 might be sufficient to contribute to autoimmune disease
progression. Enhancing the expression of CD47 might improve the survival of
pancreatic islet beta cells in the development of autoimmune diabetes.

MATERIALS AND METHODS

Antibodies and chemicals

The primary antibody against insulin was obtained from Cell Signaling Technology
(Boston, CA, United States). Primary antibodies against CD47 and GAPDH were
obtained from Santa Cruz BioTechnology (San Diego, CA, United States). The anti-
F4/80 primary antibody was purchased from eBioscence (San Diego, CA, United
States). STZ was purchased from Sigma. The insulin ELISA kit was purchased from
BD Biosciences. Carboxy fluorescein succinimidyl ester (CFSE) was purchased from
Invitrogen. RAW264.7 and Min6 cells were purchased from the China Cell Culture
Center (Shanghai, China). The cells were cultured in low-glucose RPMI 1640
supplemented with 10% fetal bovine serum (FBS) (Gibco), penicillin, and
streptomycin in a water-saturated atmosphere with 5% CO,.

Mice and STZ diabetes mouse model

Male C57BL/ 6] mice (7-8 wk old, weighing 20-25 g) were purchased from the Model
Animal Research Center of Nanjing University (Nanjing, China) and were maintained
in a pathogen-free animal facility on a 12 h light/dark cycle. STZ-induced murine
diabetes was established as previously described. Briefly, to establish diabetes, the
mice received five daily intraperitoneal injections of STZ (40 mg/kg body weight)
dissolved in citrate buffer, pH 4.5. Control mice were given equal volumes of citrate
buffer. The mice were monitored for blood glucose and body weight changes.

Immunohistochemistry and flow cytometry analysis

To detect pancreatic islet CD47 protein expression and macrophage infiltration, 5 mm
sections of frozen pancreas were labeled with anti-insulin, anti-CD47, and anti-F4/80
primary antibodies. The corresponding fluorescent secondary antibodies were used to
label the primary antibodies. Fluorescence microscopy was then used for imaging.
Min6 cells were labeled with a CD47 primary antibody and subsequently with a
secondary FITC antibody. The labeled Min6 cells were detected by flow cytometry to
evaluate CD47 expression changes.

In vitro phagocytosis assay

Macrophage activation and in vitro phagocytosis assays were performed as previously
described. In brief, lipopolysaccharide (LPS) was added to the medium to stimulate
macrophage activation for 8 h. Miné6 cells, treated with and without STZ, were labeled
with CFSE and co-incubated with activated macrophages for 2 h, after which
phagocytosis was analyzed by fluorescence microscopy.

Pancreatic islet isolation and insulin secretion detection

The mice were anesthetized with chloral hydrate and euthanized. Pancreatic islets
were isolated by collagenase digestion and were hand-picked according to the
method described above. The islets were cultured in RPMI 1640 medium containing
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5.5 mmol/L glucose and supplemented with 1% penicillin-streptomycin, 10% fetal
bovine serum (all from Gibco/BRL, Burlington, ON), and 10 mmol/L HEPES (Sigma).
Serum insulin concentrations were assessed using specific insulin ELISA kits
according to the manufacturer’s instructions.

All animal experiments were performed in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and were approved by
the Ethics Committee on the Care and Use of Laboratory Animals of Nanjing Normal
University.

Western blot analysis

Miné6 cell lysates were analyzed by Western blot to detect changes in CD47 expression
after treatment with STZ. Western blot analysis was conducted using an antibody
specific for CD47. The antigen was visualized using an ECL plus detection system
(Amersham Pharmacia Biotech). Normalization was performed by probing the same
samples with an anti-GAPDH antibody. Student's ttest was used for comparisons.

RESULTS

Increased macrophage migration to pancreatic islet cells with reduction of CD47
expression under STZ-inflammation condition

A diabetic mouse model was established by MLD-STZ treatment as previously
described™. Seven- to eight-wk-old male C57/BL6 mice received five daily
intraperitoneal injections of STZ (40 mg/kg body weight), which was dissolved in
citrate buffer (pH 4.5) (Figure 1A). Control animals received equal volumes of citrate
buffer. Daily blood samples were taken from the tail vein for glucose detection. Then,
any changes in blood glucose were tested with a glucometer. The results revealed that
plasma glucose values in STZ-injected mice were significantly elevated after the
fourth STZ injection (mean plasma glucose value of 13.6 mmol/L, n = 10) compared to
those of the citrate buffer group (mean plasma glucose value of 8.7 mmol/L, n = 10),
and a substantially high level was maintained for the subsequent 9 d
(Supplementary Figure 1A). Additionally, the body weights were recorded. The
control group displayed a normal body weight, while the STZ-treated mice showed
slower growth (Supplementary Figure 1B).

To determine macrophage infiltration, pancreatic tissue was fixed and labeled for
F4/800%%1. As shown in Figure 1B and 1D, a large number of macrophages
surrounded and infiltrated the islets, accompanied by reduced insulin secretion in
STZ-treated mice. The statistical analysis is shown in Figure 1C and 1D. Significant
insulin reduction was associated with pancreatic islet beta cell necrosis and pancreatic
architecture damage. The anti-CD47 antibody was used to detect CD47 expression in
pancreatic islet cells. CD47 expression on pancreatic islets was significantly reduced
after five daily doses of STZ (Figure 1D). These results clearly highlight that
macrophage activation and invasiveness were increased with a reduction in
pancreatic islet cell CD47 expression in the STZ-treated group.

In vitro studies of macrophage phagocytosis

The use of Min6 cells that were treated with STZ further confirmed the effect of STZ
on CD47 expression, as well as macrophage phagocytosis. For these experiments,
Min6 cells were stimulated with 1 mmol/L STZ for 18 h. As expected, CD47
expression on the Min6 cell surface strongly decreased after STZ treatment, as
measured by a FAC scan flow cytometer (Figure 2A and 2B). These results further
confirmed that STZ affected CD47 expression both in vitro and in vivo. To determine
the function of Min6 cells after STZ treatment, we incubated Min6 cells with 1
mmol/L STZ for 1 h. After a 24-h recovery, insulin secretion was detected under 5
mmol/L or 25 mmol/L glucose conditions. Insulin secretion was reduced under both
low and high glucose conditions in STZ-treated cells (Figure 2C). STZ impaired Min6
cell function with CD47 expression reduction. These results suggest that the reduction
in CD47 is a critical factor in the process of macrophage accumulation in pancreatic
islet cells, resulting in a series of immune responses, as well as in the clinical
development and pathogenesis of autoimmune diabetes. To detect CD47 expression-
mediated regulation of the phagocytic function of macrophages, Min6 cells were
labeled with CFSE and subsequently cocultured with LPS-activated macrophages.
Accelerated Min6 cell phagocytosis was observed under STZ treatment compared
with that of the control group. The results revealed that macrophages had a greater
tendency to phagocytose CFSE-labeled Miné cells, and the STZ-induced
downregulation of CD47 vastly improved macrophage phagocytic activity (Figure
3D).
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Figure 1 Increased macrophage migration to pancreatic islet cells with the reduction of CD47 expression under streptozotocin treatment. A: The
experimental design. Mice were treated by five daily intraperitoneal injections of streptozotocin (STZ) to construct a diabetes model; B: Macrophage infiltration into
pancreatic islet cells which was indicated by increased F4/80 labeling accompanied by decreased insulin secretion in STZ treated cells; C: Statistical data; D and E:
CD47 expression decreased under STZ condition. Student's t-test was performed. 2P < 0.01 vs CTL. CD47: Cluster of differentiation 47; STZ: Streptozotocin; CFSE:

Carboxy fluorescein succinimidyl ester.

To imitate a similar situation and study the direct effect of STZ on pancreatic islet
beta cells, mouse pancreatic islet cells were isolated as previously described!. Then,
the islet cells were cultured in dishes with or without 1 mmol/L STZ stimulation for
12 h. Consistent with the in vitro test, we found that CD47 expression in pancreatic
islet beta cells was significantly reduced under STZ treatment (Supplementary Fig-
ure 2A and B). Insulin secretion was also detected at 5 mmol/L or 25 mmol/L
glucose. There was a similar result as that of treatment of Min6 cells, and insulin
secretion was greatly reduced by STZ stimulation (Supplementary Figure 2C). These
results indicate that the effect of STZ on pancreatic islet beta cells and macrophages
might be related to the reduction in CD47 expression, which may provide a new
mechanism of diabetes pathogenesis.

Signaling mechanisms that regulate macrophage phagocytosis upon CD47-SIRPa
interaction

To confirm the direct effect of CD47 in regulating macrophage phagocytosis, we
transfected Miné6 cells with CD47 siRNA, followed by coculture of CFSE-labeled Min6
cells and LPS-activated macrophages to detect macrophage phagocytic activity. As
shown in Figure 3A and 3B, relative CD47 expression was significantly
downregulated with siCD47 transfection compared with siCTL transfection.
Correspondingly, enhanced macrophage phagocytic activity was observed with CD47
siRNA transfection (Figure 3C). The CD47 open reading frame (ORF) was also
transfected to further confirm that CD47-SIRPa negatively mediates phagocytosis.
The CD47 expression level was tested by Western blot (Figure 3D and 3E). As shown
in Figure 3F, cells transfected with the CD47 ORF displayed decreased macrophage
phagocytosis compared to those treated with STZ alone. This demonstrates that the
CD47-SIRPa interaction plays a key inhibitory role in the process of pancreatic islet
beta cell clearance. These results confirmed that the absence of CD47-SIRPa-mediated
inhibition improved macrophage phagocytic activity, and stronger inhibitory
signaling triggered by CD47 ligation under STZ conditions is needed to effectively
block macrophage phagocytosis.

CD47-regulated macrophage phagocytosis signaling

Figure 4 shows the hypothetical model of CD47-SIRPa-regulated macrophage
phagocytosis in pancreatic islets with or without STZ stimulation. CD47-SIRPa-
mediated inhibition is relevant and indispensable when phagocytosis occurs toward
the “self”. Under normal conditions, the CD47-SIRPa interaction provides inhibitory
signals that prevent macrophage phagocytosis. In inflammatory conditions, such as
STZ stimulation, macrophage phagocytosis is activated due to weakened CD47-SIRPa
interactions. Reduced SIRPa might promote macrophage phagocytosis of CD47-low
target cells, such as STZ-induced pancreatic islet beta cells.
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Figure 2 Macrophage phagocytosis assay in vitro. A and B: Flow cytometry results displayed declined CD47 expression of Min6 cells. C: Insulin secretion
decreased with STZ stimulation. D: More LPS activated macrophages were recruited to phagocyte CD47 down-regulated Min6 cells. Arrows indicate phagocytosis.
Student's t-test was performed. P < 0.01 vs CTL. CD47: Cluster of differentiation 47; STZ: Streptozotocin; CFSE: Carboxy fluorescein succinimidyl ester.

DISCUSSION

Macrophages are critical in the development and pathogenesis of autoimmune
disease. They are the first immune cells to infiltrate the pancreatic islet when an “eat
me” signal is present””*!l. The balance between activating and inhibitory signals!***!
regulates macrophage activation. CD47 is one of the inhibitory signals through its
interaction with SIRPa, which is expressed on the surface of macrophages and other
immune cells. Cells that express CD47 are recognized as “self”; otherwise, they will be
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Figure 3 Macrophage phagocytosis is increased by CD47 siRNA transfection while recovered with CD47 overexpression. A and B: Western blot analysis
revealing CD47 relative protein expression with CD47 siRNA transfection and statistical data; C: Macrophage phagocytosis was enhanced when Min6 cells were
transfected with CD47 siRNA; D and E: Western blot analysis indicating CD47 relative protein expression when transfection with CD47 open reading frame (ORF;
CD47 overexpression) and statistical data; F: Macrophage phagocytosis was impaired by CD47 ORF transfection under STZ condition. GAPDH served as a loading
control. Western blot analysis represents the results of three independent experiments. Student's ttest was performed. *P < 0.01 vs CTL. CTL: Control. CD47: Cluster

of differentiation 47.

eliminated as “non-self” targets®!. Although the CD47-SIRPa mechanism may be
dispensable under normal conditions, it becomes extremely important under
inflammatory conditions and infection, during which macrophages enhance
phagocytosis toward endogenous cells®*!l. Findings from SIRPa-/- and CD47-/- mice
show that the animals rapidly develop anemia under inflammatory challenges, which
suggests that the lack of SIRPa or CD47 significantly reduces the threshold of this
condition!**‘l. As reported previously!**l, SIRPa expression in macrophages
decreased following LPS stimulation, suggesting the dynamic nature of CD47-SIRPa-
mediated inhibition, especially in inflammation and infection. In addition, data
presented in recent studies showed that CD47-SIRPa-mediated inhibition controls not
only phagocytic target selection but also the phagocytic robustness of the chosen
target!"‘.

In the present study, we report for the first time that pancreatic islet beta cell
surface CD47 reduction plays a critical role in pancreatic islet beta cell depletion in
STZ-induced diabetes. This conclusion was supported by the data derived from both
in vivo and in vitro experiments. First, concurrent pancreatic islet beta cell depletion
and reduction in CD47 expression was observed in STZ-injected mice compared with
citrate buffer-treated mice. Macrophage infiltration in pancreatic islets was also
increased, as determined by F4/80 labeling. The reduction in CD47 expression was
specific to pancreatic islet beta cells, since there was no change in CD47 surface
expression in other cells in the pancreas after STZ treatment. This might explain why
STZ specifically attacks pancreatic islet beta cells and leads to diabetes. Second, we
confirmed the direct effect of STZ on pancreatic islet beta cells in vitro. After STZ
treatment, both Min6 cells and isolated pancreatic islet beta cells displayed reduced
CD47 expression levels and reduced insulin secretion. Enhanced phagocytosis of STZ-
stimulated Min6 cells was also observed in an in vitro phagocytosis experiment. In
addition, the enhanced macrophage phagocytosis of cells with downregulated CD47
expression was confirmed by direct transfection of CD47 siRNA. These results
confirm our hypothesis that macrophages phagocytize pancreatic islet beta cells by
recognizing CD47 signaling in the MLD-STZ-induced diabetes mouse model, which
might provide an explanation of the mechanism of STZ-induced diabetes. CD47 is a
novel therapeutic factor aimed at attenuating and preventing macrophage-regulated
target cell depletion!*l. Moreover, these findings also encourage us to prevent the
progression of diabetes or other autoimmune and inflammatory diseases clinically by
improving CD47 expression. Further studies are needed to define the mechanism that
controls receptor-mediated macrophage phagocytic recognition of endogenous cells.
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Phagocytosis is inhibited
by CD47-SIRPa interaction

Islet cell

Normal condition

Macrophage is recruited
to the pancreas islet

Macrophage

Phagocytosis is activated
with reduced CD47-SIRPa interaction

Islet cell

Inflammation condition

Figure 4 Hypothetical model of CD47-SIRPa-regulated inhibition phagocytosis in STZ-induced diabetes. Normally, CD47 is universally expressed on
pancreatic islet beta cells. CD47-SIRPa interaction effectively governs macrophage phagocytosis toward healthy self-cells by a “not attach-self’ default mode. With the
stimulation of STZ, macrophages infiltrate into the pancreatic islet and phagocytose cells when CD47-SIRPa interaction could not be maintained under inflammation
condition. “Eat me” signal is transferred with declined expression of CD47 on pancreatic islet cells. CD47: Cluster of differentiation 47; SIRPa: Signal regulatory protein
a.

ARTICLE HIGHLIGHTS

Research background

Type I diabetes (T1D) is characterized by insulin loss, accompanied by excessive inflammatory
cell infiltration like macrophages and the destruction of the pancreas. Regarding the
mechanochemical signaling regulation of T1D, the relationship between macrophage migration
and phagocytosis is still unclear. In this study, we provided a new insight into the immune
response occurring in the pancreas.

Research motivation
We try to provide a new insight into the mechanism of immune response occurring in the
pancreas of T1D patients.

Research objectives
Our aim was to provide a new strategy to prevent T1D progression.

Research methods

This study was performed both in vivo and in vitro. Macrophage migration and infiltration were
assayed to study the mechanism of T1D immune response. The statistical analysis was
performed using SPSS statistical software (version 16.0).

Research results

In this study, we found a significant decrease of CD47 in pancreatic beta islet cells stimulated
with STZ and enhanced migration and infiltration of macrophages. As an integrin-associated
surface factor, CD47 expression level is strongly related to the microphage immune response to
inflamed pancreas beta islet.

Research conclusions
Our study shows a new mechanistic insight into T1D from view of immune response.
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Research perspectives
This study could provide a new strategy to prevent the progression of T1D.
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