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KEY WORDS Abstract The relationship between chronic psychological stress and tumorigenesis has been well
defined in epidemiological studies; however, the underlying mechanism remains underexplored. In this
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Phagocytosis;’ detrimental factor. Mechanistically, GC disturbed the balance of the “eat me” signal receptor (low-density
LRPI; lipoprotein receptor-related protein-1, LRP1) and the “don’t eat me” signal receptor (signal regulatory
SIRP«; protein alpha, SIRP«). Further analysis revealed that GC led to a direct, glucocorticoid receptor (GR)-
Therapeutic target dependent trans-repression of LRP1 expression, and the repressed LRP1, in turn, resulted in the elevated
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gene level of SIRPa by down-regulating miRNA-4695-3p. These data collectively demonstrate that stress
induces the imbalance of the LRP1/SIRP« axis and entails the disturbance of tumor cell clearance by
macrophages. Our findings provide the mechanistic insight into psychological stress-evoked tumor sus-
ceptibility and indicate that the balance of LRP1/SIRP« axis may serve as a potential therapeutic strategy

for tumor treatment.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

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

1. Introduction

The relationship between chronic psychological stress and
tumorigenesis has been intensively investigated in epidemiolog-
ical researches' . Fundamental studies further revealed that
chronic stress-induced hormones promote tumor metastasis via the
activation of their receptors’, and increase stem-like properties in
tumor cells via enhancing the lactate dehydrogenase A dependent
metabolic rewriting®. However, research so far has mainly focused
on the detrimental influence of stress on tumor cells themselves,
ignoring the role of stress on immune cells in the tumor micro-
environment. Recently, increasing attention has been paid to
tumor immunosurveillance in the prevention and treatment of
tumors’®. In particular, macrophages, the most infiltrating im-
mune cells in tumor tissues, can recognize and phagocytose tumor
cells through non-specific immunity’, followed by T cell-mediated
specific immunity, which involves the degradation of tumor cells
and the expression of major histocompatibility complex classes I
and II on the cell surface'®''. It is worth to note that a large
number of macrophages are required to phagocyte apoptotic tumor
cells timely during radiotherapy or chemotherapy, which is critical
in promoting the therapeutic effect'”. These lines of evidence
indicate that macrophage-based phagocytosis is a critical mediator
of tumor immunosurveillance. Therefore, disturbance to macro-
phage function is expected to affect tumor growth and develop-
ment. Earlier studies from our laboratory and other groups have
suggested that psychological stress deteriorated the phagocytosis
capacity of macrophages in mice'” ', raising the possibility that
chronic stress could facilitate tumor growth by inhibiting macro-
phage function. However, whether stress-augmented tumor growth
is associated with the dysfunction of macrophage-induced
phagocytosis has not been rigorously tested.

Tremendous progress has been made in recent years in iden-
tifying a constellation of “eat me” and “don’t eat me” signals
expressed on tumor cells and their corresponding receptors on
macrophages'®'”. As a dominant “eat me” signal, calreticulin is
highly expressed on the surface of drug-treated or apoptotic tumor
cells and binds to its receptor, low-density lipoprotein receptor-
related protein-1 (LRP1) on the surface of macrophages, thus
promoting the reorganization of actin and phagocytosis of tumor
cells'® 2. On the contrary, CD47 and its receptor signal regula-
tory alpha (SIRP«) act as a pivotal “don’t eat me” signal in
counteracting the “eat me” signal-elicited macrophages’ phago-
cytosis'®*'*2. Interestingly, a previous study revealed that
blocking the interaction of calreticulin with LRP1 prevented anti-
CD47 antibody-mediated phagocytosis, highlighting the balance
between pro- and anti-phagocytic signals in immune evasion of
tumor”. This intriguing observation serves as a starting point for

us to speculate whether there lies a certain axis between “eat me”
and “don’t eat me” signal receptors on macrophages, through
which they are counterbalanced by each other.

In this study, we discovered that impaired macrophage phago-
cytosis contributed to the psychological stress-evoked tumor sus-
ceptibility, and the stress hormone glucocorticoid (GC) was
identified as a principle detrimental factor. In deciphering GC-
restrained phagocytosis of tumor cells by macrophages, a disturbed
balance of the LRP1—SIRP« axis was revealed to be the main
culprit. GC led to a direct, glucocorticoid receptor (GR)-dependent
trans-repression of LRP1 expression, and the repressed LRP1 in turn
resulted in the elevated protein level of SIRP«a by down-regulating
miRNA-4695-3p. Our findings, from the perspective of macro-
phage phagocytosis, uncover that “eat me” and “don’t eat me”
signal receptors expressed on macrophages are limited by each
other. These results shed significant insights into the mechanism
underlying chronic stress-evoked tumorigenesis and provide poten-
tial innovative strategies for preventing and treating tumors.

2. Materials and methods

2.1.  Animals and treatment

Female BALB/c wild-type (WT) mice (6—8 weeks old) and nude
mice (4—5 weeks old) were purchased from Guangdong Medical
Laboratory Animal Center and Laboratory Animal Center of
Southern Medical University. The mice were maintained a 12 h
light/dark cycle at 22 + 2 °C and adaptive feed for a week before
the experiment. The animal experiment protocol has been
reviewed and approved by Laboratory Animal Ethic Committee of
Jinan University, Guangzhou, China.

WT mice were randomly divided into five groups: control,
stress, corticosterone (CORT), “mifepristone (Ru486, an antago-
nist of GR) + stress”, “CORT + Ru486”. CORT and Ru486 were
purchased from Sigma—Aldrich (MO, USA) and dissolved in
polyethylene glycol 400. As shown in Fig. 1A, animals were daily
received 2-h restraint stress, CORT (2 mg/kg/day, s.c.) or Ru486
(25 mg/kg/day, s.c.) treatment for 28 days. On the 7th day, mice
were subcutaneously injected with 4T1 cells (1 x 10° cells in
200 pL). Mice in stress group were restraint in a ventilated plastic
centrifuge tubes of 50 mL, maintained horizontally in their home
cages during the restraint sessions and released into the same cage
during the free sessions.

In order to exclude the involvement of T cells in stress-evoked
tumor growth, T lymphocyte-deficient nude mice were utilized.
They were randomly divided into four groups, including control,
CORT, vinblastine (VBL) and “VBL + CORT”. Mice in CORT
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Figure 1

Stress hormone GC-promoted tumor growth is link to macrophage function. (A) Experiment procedures for establishing restraint
stress-induced tumor susceptibility in WT mice. Animals were divided into five groups (n =

5), including control, stress, CORT,

“Stress + Ru486” and “CORT + Ru486”. They were received daily 2 h restraint stress, CORT (2 mg/kg, s.c.) or GR antagonist Ru486 (25 mg/kg,
s.c.) treatment for 28 days, 4T1 cells were subcutaneously inoculated to mice on the 7th day of stress. (B) Tumor growth of all mice was
monitored every 3 days for 21 days. (C) Tumor weight was recorded after mice sacrificed on the 22nd day. (D) Plasma CORT level was detected
by HPLC—UYV method. (E) Schematic protocol in T lymphocyte-deficient nude mice. Details are described in the Materials and methods section.
(F) Tumor growth, (G) tumor weight and (H) photographs of excised MDA-MB-231 solid tumor from nude mice (n = 5). Scale bar = 1 cm. (I)
Schematic protocol in macrophages-depleted mice. Details are described in the Materials and methods section. (J) Tumor growth, (K) tumor
weight and (L) photographs of excised 4T1 solid tumors (n = 6). Scale bar = 1 cm. GC, glucocorticoid; CORT, corticosterone (the main type of
GC in rodents); Ru486, mifepristone; VBL, vinblastine; CL, clodronate liposomes. The values are represented as mean £ SD. ns, not significant.

*P < 0.05, ¥P < 0.01, ***P < 0.001.

and “CORT + VBL” groups were subcutaneously injected with
2 mg/kg CORT for 28 days. MDA-MB-231 cells (2 x 10° cells in
200 pL) were subcutaneously injected to each mouse after 7 days
of CORT treatment. VBL (0.5 mg/kg) were intratumorally injec-
ted to mice every 3 days on the 7th day after tumor cells injection
(Fig. 1E).

Subsequently, macrophages-depleted mice were established by
clodronate liposomes (CL, Liposoma BV, Amsterdam, The
Netherlands) to explore the potential role of macrophages. As seen
from Fig. 21, mice were received 28 days of CORT (2 mg/kg/day,
s.c., daily). On the 7th day, they were subcutaneously injected
with 4T1 cells (1 x 10° cells in 200 pL). Seven days before 4T1
cells inoculation, macrophages in mice were depleted by a 200-pL
injection (i.p.) of CL. This depletion was conducted every 6 days.

The body weight of each mouse was measured every day.
Tumor size was measured every 3 days using calipers, and tumor
volume was calculated using Eq. (1):

Volume (mm’) = 0.5 x [Length (mm)] x [Width (mm)]* (1)

Mice were necropsied on the 21st day after tumor injection.
Tumor tissues were collected, weighted, photographed.

2.2.  Cell culture and treatment

4T1 cells and HL60 cells were cultured in RPMI medium 1640
(Thermo Fisher Scientific, MA, USA), and MDA-MB-231 cells
were cultured in DMEM (Thermo Fisher Scientific), containing
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Figure 2  Diminished macrophages-mediated phagocytosis of tumor cells contributes to stress-provoked tumor growth. (A) and (B) Immu-
nohistochemistry analysis of macrophages stained with F4/80 in tumor tissue section from WT mice and nude mice. Tumor cell phagocytosis by
macrophages was observed and indicated by red arrow. (C)—(E) THP1 macrophages were co-incubated with CMFDA-labeled HL60 tumor cells
(pretreated with or without VBL) for 2 h, and then macrophages phagocytosis was assessed by flow cytometry. (C) Macrophages were treated with
or without cortisol (50 pmol/L) for different time periods (12, 24, 36, and 48 h). (D) THP1 macrophages were treated with or without different
concentrations of cortisol (10, 50, and 100 pmol/L) for 24 h. (E) Representative phagocytosis of HL60 tumor cells by THP1 macrophages was
recorded by confocal microscopy. Scale bar = 10 pm. (F)—(I) BMDMs were treated with CORT (100 pmol/L) for 24 h and co-incubated with
HL60 cells (F, G) or 4T1 cells (H, I) for 2 h. Phagocytosis was assessed by flow cytometry, and representative images were recorded by confocal
microscopy. Scale bar = 10 um. The values are represented as mean + SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. WT, wildtype; CORT,

corticosterone; Ru486, mifepristone; VBL, vinblastine; cortisol, the main type of GC in human being. BMDMs, bone marrow-derived
macrophages.

10% fetal bovine serum (PAN biotech, Baglia, Germany) in an tumor tissue, sections of tumor tissue were deparaffinized using
incubator containing 5% CO, at 37 °C. Human peripheral blood xylene, hydrated with a graded series of alcohol, and boiled in
mononuclear cell line (THP1 cells) was maintained at 1640-RPMI citrate solution (pH = 6) for 8 min for antigen retrieval. Anti-
medium supplemented with 10% fetal bovine serum, 2 mmol/L F4/80 antibody (#ab6640, Abcam, MA, USA) was staining at
L-glutamine and 50 pmol/L. B-mercaptoethanol. THP1 cells were 4 °C overnight. Staining was visualized using DAB Detection Kit
differentiated into macrophages using 200 nmol/L phorbol 12- (Gene Tech, Shanghai, China) according to the manufacturer’s
myristate 13-acetate (Sigma—Aldrich) for 72 h. instructions. The images of tissues were characterized by the M8
Microscope and Scanner (PreciPoint, Freising, Germany).

2.3.  Histomorphology and immunohistochemistry

2.4.  Immunofluorescence staining
After 4% paraformaldehyde-fixation, tumor samples were
embedded in paraffin, sliced in a thickness of 4 um. For the For the cell immunofluorescence staining, cells were fixed in 4%
immunohistochemistry on studying macrophages phagocytosis in paraformaldehyde for 15 min, permeabilized with 0.1% Triton-
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X100 for 5 min, and then incubated with glucocorticoid receptor
(D6H2L) XP rabbit mAb (#12041, Cell Signaling Technology,
MA, USA) at 4 °C overnight. Then, cells were incubated with goat
anti-rabbit IgG (H + L) cross-adsorbed secondary antibody, Alexa
Fluor 488 (A-11008, Thermo Fisher Scientific) for 1 h. Last, the
cell nuclei were stained using DAPI staining solution (Beyotine,
Shanghai, China). Immunofluorescence images of cells were
recorded using Laser Scanning Confocal Microscopy (LSM800,
Zeiss, Oberkohen, Germany).

For the tissue immunofluorescence staining, tumor tissue was
fixed on freeing microtome using embedding medium, sliced in
a thickness of 6 um. The sections of tumor tissue were fixed
with 4% paraformaldehyde for 15 min, and then incubated with
recombinant anti-LRP1 antibody (#ab92544, Abcam) and anti-
F4/80 antibody (#ab6640, Abcam) at 4 °C overnight. Then, cells
were incubated with donkey anti-rat IgG (H + L) highly cross-
adsorbed secondary antibody, Alexa Fluor 594 (A-21209,
Thermo Fisher Scientific) for 1 h. Last, the section was stained
using DAPI for 10 min and mounted using anti-fluorescence
quenching agent. The immunofluorescence images were recor-
ded using LXS51 Inverted Microscope (Olympus, Tokyo, Japan)
equipped with DP70 Digital Camera System (Olympus, Tokyo,
Japan).

2.5.  Detection of CORT level in the plasma

Blood was collected from mice and centrifuged at 2500x g for
10 min to obtain plasma. Cortisone (Sigma—Aldrich) was added
to plasma as internal standard. The steroids were extracted by
ethylacetate, washed with 0.1 mol/L NaOH solution and double
distilled water, dried with nitrogen. The samples were recon-
stituted with liquid phase (acetonitrile:water = 45:55, v/v). CORT
level in the plasma of mice was quantitatively analyzed by high
performance liquid chromatography—ultraviolet, equipped with
C18 reversed phase column (5 pm, 4.6 mm L.D. x 250 mm). The
flow rate was 0.8 mL/min, and the detection wavelength was
254 nm.

2.6.  Western bolt analysis

Total proteins from cells or tumor tissue were isolated using whole
cell lysis buffer (Beyotine, Shanghai, China) and quantified by
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Briefly,
the equal amounts proteins of each group were separated on so-
dium dodecyl sulfate-polyacrylamide gel and transferred into
PVDF membrane (Merk Millipore, MA, USA). The membranes
were blocked with non-fat milk for 2 h and incubated with re-
combinant anti-LRP1 antibody and recombinant anti-SIRP alpha
antibody (#ab92544 and ab191419, Abcam) overnight at 4 °C, and
then incubated with HRP AffiniPure goat anti-rabbit IgG (H + L)
(FDO0128, Fude Biological Technology, Hangzhou, China) at room
temperature for 2 h. Immunoreactive proteins were detected using
FDbio-Pico ECL Kit (FD8000, Fude Biological Technology,
Hangzhou, China) and Tanon 5200 Chemiluminescent Imaging
System (Tanon, Shanghai, China).

2.7.  Quantitative polymerase chain reaction (qPCR) analysis

Total RNA from cells and tumor tissues were isolated by TRIzol
reagent (15596026, Thermo Fisher Scientific) and converted into
cDNA using TranScript One-Step gDNA Removal and cDNA
Synthesis Supermix Kit (AT311-02, Transgen Biotech, Beijing,

China) according to the manufacturer’s instructions. qPCR was
performed using TransStart Top Green qPCR SuperMix Kit
(AQ131-01, Transgen Biotech, Beijing, China) and CFX Connect
Real-Time PCR Detection System (Bio-Rad Laboratories, CA,
USA). The specific primers (Genray Biotech, Shanghai, China)
used in qPCR are described in the Supporting Information Table
S1. Relative mRNA expression of each gene was normalized
with housekeeping gene through the delta cycle threshold method.

2.8.  Isolation and differentiation of mouse bone marrow-derived
macrophages (BMDM:s)

The isolation and differentiation of BMDMs was performed ac-
cording to the reported method*>. Mice (6—8 weeks old, C57BL/6)
were anesthetized and immersed in 75% alcohol for disinfection.
Two femurs of each mouse were obtained in clean beach and put
into a Petri dish containing sterile and cold phosphate buffer so-
lution (PBS). Removal of muscles on femurs, the bone marrow
cavity of femurs was flushed using cold PBS and passing through
Falcon Cell Strainer (352350, BD Biosciences, NJ, USA) to obtain
single cell suspensions. Cells were centrifuged at 200x g for 5 min,
suspended in complete medium and counted. After adjusting the
concentration, cells were plated in a six-well plate, cultured in
DMEM/F12-complete containing recombinant murine M-CSF
(100 ng/mL, Peprotech, NJ, USA) for 7 days, marked with F4/80
and identified by flow cytometry.

2.9.  Assessment of phagocytosis capacity of tumor cells by
macrophages

The assessment of phagocytosis was performed as previously
described®**. Tumor cells (HL60 cells) were labeled with
1 pumol/L CellTracker Green CMFDA Dye (C7025, Thermo
Fisher Scientific), and treated in the presence or in the absence of
VBL (an apoptosis inducer) for 18 h. Tumor cells were collected,
washed with PBS to remove excess dye, and co-cultured with
macrophages (THP1 macrophages or BMDMs) (macrophages:
tumor cells = 1:10) in serum-free medium for 2 h at 37 °C in a
CO, incubator. Next, after removing the unbound/unengulfed
tumor cells, macrophages were labeled with PE anti-human
CD11b antibody or PE anti-mouse F4/80 antibody (301,306 and
123,110, BioLegend, CA, USA) and analyzed by flow cytometry
(FACSAria II, BD Biosciences, NJ, USA). Data analysis was
performed using FlowJo software (v.10.0.8). F4/80"CMFDA ™" or
CD11b*CMFDA™ double-positive ratio indicates the phagocy-
tosis percentage of tumor cells by macrophages.

For imaging the capacity of macrophage phagocytosis, tumor
cells and macrophages were incubated with CMFDA (1 pmol/L)
and CellTracker Red CMPTX dyes (1 pmol/L, C34552, Thermo
Fisher Scientific) for 30 min at 37 °C, respectively. Cells were
washed with PBS to remove excess dye, and co-cultured at a ratio
of 1:10 (macrophages:tumor cells) in serum-free medium for 2 h.
The unbound/unengulfed targets were removed and macrophages
were fixed with 4% paraformaldehyde before imaging. The
phagocytosis of tumor cells by macrophages was recorded by
Laser Scanning Confocal Microscopy (LSM800, Zeiss, Oberko-
hen, Germany).

2.10.  Luciferase reporter assay

HEK293 cells in a 48-well plate were transfected with LRP1-
promoter luciferase reporter plasmids (200 ng), pRL-TK vector
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Figure 3

Stress hormone GC disturbs the balance of “eat me” and “don’t eat me” signal receptors in macrophages. (A) Expressions of “eat me”

signal receptors in cortisol-treated-THP1 macrophages. (B)—(G) Effects of GC on the mRNA and protein levels of LRP1 in THP1 macrophages,
respectively. (B, D) Macrophages were treated with different concentrations of cortisol (10, 50, and 100 umol/L) for 24 h. (C, E) Macrophages were
treated with cortisol (50 pmol/L) for different time periods (12, 24, and 36 h). (F, G) THP1 macrophages were treated with cortisol (50 pmol/L) for
24 h, followed by co-culture with HL60 cell for 2 h. (H) Relapse-free survival and (I) overall survival of LRP/ mRNA levels were generated using
KM plotter (2017 version). (J, K) LRP1 protein and mRNA expressions in tumor tissues of WT mice. (L) LRP1 protein expression in macrophages
was monitored by F4/80 and LRP1 double immunostaining in tumor tissues. SIRP« protein expression in THP1 macrophages treated with cortisol for
different (M) concentrations or (N) time periods. (O) Schematic model depicting the imbalance of LRP1 and SIRP« in macrophages caused by stress
hormone GC. The values are represented as mean £+ SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. GC, glucocorticoid; CORT, corticosterone;
Ru486, mifepristone; LRP1, low density lipoprotein receptor-related protein 1; CD14, cluster of differentiation 14; CD36, cluster of differentiation
36; TREM2, triggering receptor expressed on myeloid cells 2; GAS6, growth arrest-specific 6; TIM4, T-cell membrane protein 4; DD1«, death
domainla; MERTK, mer receptor tyrosine kinase; MFGES, milk fat globule EGF and factor V/VIII domain containing; SIRP«, signal-regulatory

protein alpha; F4/80, the marker of macrophage.

(an internal control with renilla luciferase gene, 50 ng), and GR
plasmids (200 ng). The transfection assays were performed using
DNA transfection reagent (Neofect Biotech) according to the
manufacturer’s protocols. On the next day, the DMEM was
changed with or without cortisol (100 pmol/L). The luciferase
activities were determined by the Dual-Luciferase Reporter Assay
System and GloMax 20/20 luminometer (Promega, WI, USA).
The relative luciferase activity values were normalized to control
group.

2.11. miRNA expression profiling

Total RNA from THP1 macrophages were isolated by TRIzol Re-
agent (Thermo Fisher Scientific) and precipitated in equivalent
isopropanol (v/v) with 1 pL glycogen overnight at —20 °C. mRNA
library was constructed using MGIEasy Small RNA Library Prep
Kit (MGI, Shenzhen, China) following the manufacturer’s

instructions. Libraries were sequenced on an BGISEQ 500
sequencer for paired-end RNA-seq with a read length of 100 bp.
Adapters were trimmed from the reads, and the reads shorter than
17 nt were discarded. The reads were mapped to the human mRNA
reference database using FANSe3 algorithm”® on Chi-Cloud NGS
Analysis Platform (Chi-Biotech, Shenzhen, China). The significant
changed miRNAs were screened using edgeR method, and the
screening threshold for significant gene was set as following: log
(fold change) > 1 and P value < 0.05. The significantly changed
miRNAs were verified by qPCR in THP1 macrophages.

2.12.  Transfection of siRNA, plasmids, miRNA mimic and
inhibitor

The small interfering RNA (siRNA) targeting LRP1 (Gene-
Pharma, Shanghai, China) were transfected to THP1 macro-
phages or HEK293 cells, and a non-targeting siRNA was used as
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negative control. The transfection was performed using Lip-
ofectamine 2000 (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Membrane-containing LRP1 mini-
receptors (mLRP1, mLRP2, mLRP3, and mLRP4) plasmids were
constructed according to previous research®’ *°, transfected to
HEK?293 cells treated with or without cortisol (50 pmol/L) using
DNA transfection reagent. miRNA-4695-3p mimic (25 nmol/L),
miRNA-4695-3p inhibitor (100 nmol/L) and scrambled oligo-
nucleotides (negative control, NC) (Ribo Bio, Guangzhou,
China) were transfected to THPI-differentiated macrophages.
Cells were harvested 24 h after transfection for qPCR and
Western blot analysis.

2.13.  Statistical analysis

Data were represented by mean + standard deviation (SD) and
graphed using GraphPad Prism 6. P values were determined using
unpaired two-tailed #-tests or one-way analysis of variance
(ANOVA) followed by a post hoc analysis with Turkey’s multiple
comparison test. Overall-free survival and relapse-free survival
were generated using Kaplan—Meier (KM) plotter database (2017
version)*’. Statistical significance was set at P < 0.05.

3. Results

3.1.  Diminished macrophage-mediated phagocytosis
contributes to stress-provoked tumor growth

In this study, we firstly established 4T1 breast cancers in wild type
(WT) mice to explore the role of psychological stress in gyne-
cological oncology. Mice received daily 2-h restraint stress for 28
days and were inoculated with 4T1 breast cancer cells on the 7th
day of stress (Fig. 1A). In consistent with previous reports®' %,
chronic restraint stress dramatically promoted tumorigenesis as
shown by significantly increased tumor volume and tumor weight
(Fig. 1B and C). In the meantime, the level of corticosterone
(CORT), a typical stress GC hormone in rodents, was significantly
elevated in the plasma of stressed mice (Fig. 1D). However, stress-
induced tumor growth was significantly relieved by the GC re-
ceptor antagonist mifepristone (Ru486, 25 mg/kg, s.c). To confirm
that stress induced GC contributes to stress-provoked tumor
growth, mice were administered with CORT (2 mg/kg, s.c.) daily
for 28 days and inoculated with 4T1 cells (Fig. 1A). Results show
that CORT treatment significantly elevated tumor weight and
tumor volume in mice, in a pattern similar to restraint stress
(Fig. 1B—D). Collectively, these findings demonstrate that stress-
enhanced tumor growth is linked to the production of GC.

To investigate the exact role of GC, we took advantage of T
lymphocyte-deficient nude mice (Fig. 1E) and macrophage-
depleted mice by CL (Fig. 1I and Supporting Information
Fig. S1) in this study. Unexpectedly, results show that tumor
growth was also evoked by GC treatment in nude mice
(Fig. 1F—H), similar to the results from WT mice. By sharp
contrast, the detrimental effect of GC on tumor growth was
abolished in macrophage-depleted mice (Fig. 1J—L). Based on
these strong results, we therefore infer that deterioration of
macrophage-based phagocytosis might be critical for stress-
induced tumor growth. To test this hypothesis, we assessed
the impact of stress/GC on macrophages-mediated phagocytosis
of tumor cells in vivo and in vitro. Results from in vivo ex-
periments demonstrated that both restraint stress and GC

treatment obviously inhibited the phagocytosis of tumor cells
by macrophages in tumor tissues of both WT mice (Fig. 2A)
and T lymphocyte-deficient nude mice (Fig. 2B). Our previous
studies have found that stress in mice led to a significant
reduction of macrophages'®. In order to explore the effect of
GC on phagocytic function of macrophages in vitro, GC with
no significant effect on the cell viability and cell number of
macrophages were applied in this study (Supporting
Information Fig. S2). In vitro results revealed that cortisol, a
typical type of GC in human beings when experiencing stress,
decreased the phagocytosis of HL60 cells by THP1 macro-
phages in a time- and dose-dependent manner (Fig. 2C and D).
Confocal imaging further confirmed this phenomenon
(Fig. 2E). In accordance with the inhibitory effect of cortisol
on THP1 macrophages, CORT (100 pmol/L, 24 h) also
inhibited mouse bone marrow-derived macrophages (BMDM)-
mediated phagocytosis of HL60 cells (Fig. 2F and G) and 4T1
cells (Fig. 2H and I). These results highly suggest an essential
role of GC-inhibited macrophage phagocytosis in stress-
augmented tumor growth.

3.2.  Stress hormone GC disrupts the balance of “eat me” and
“don’t eat me” signal receptors on macrophages

Subsequently, we sought to characterize the pattern by which
stress/GC affect the phagocytic capacity of macrophages. Since
efficient engulfment of tumor cells by macrophages is exqui-
sitely regulated by a constellation of “eat me” and “don’t eat
me” signals and their corresponding receptors expressed on
macrophages, we firstly determined the effect of stress on “eat
me” signal receptors expressed on THP1 macrophages. Result
found that stress hormone cortisol remarkably inhibited the
expression of ‘“eat me” signal receptors on macrophages
(Fig. 3A). Especially, cortisol treatment obviously decreased
the protein and mRNA levels of LRP1 in a dose- and time-
dependent manner (Fig. 3B—E). A consistent result was also
found in HL60 cell-co-cultured macrophages (Fig. 3F and G).
Further, we employed a public database, KM plotter, to analyze
the correlation among LRPI mRNA expressions, relapse-free
survival, and overall survival in human breast cancer patients.
Results revealed that LRP1 mRNA level is positively correlated
with the relapse-free survival of breast cancer patients and this
correlation extended to overall survival (Fig. 3H and I). Data
from in vivo experiments confirm that both stress and CORT
treatment remarkably decreased LRP1 mRNA and protein
levels in breast cancer tissues of WT mice (Fig. 3J and K) and
T lymphocyte-deficient nude mice (Supporting Information
Fig. S3A and S3B). Immunofluorescence images further
demonstrated that LRP1 protein expressed on macrophages was
decreased by stress/CORT treatment (Fig. 2L and Fig. S3C).
Contrary to the reduced expression of “eat me” signal receptor
LRP1, an interesting finding caught our attention is that the pro-
tein level of SIRP«, an important “don’t eat me” signal receptor,
was obviously elevated by stress/CORT treatment in breast cancer
tissues of WT mice (Fig. 3J) and T lymphocyte-deficient nude
mice (Fig. S3A and S3B). Data from THP1 macrophages further
confirmed that cortisol treatment obviously increased the protein
expression of SIRPa in a time- and dose-dependent manner
(Fig. 3M and N). Nevertheless, no significant alteration of its
mRNA level was noticed (Fig. S3F, S3G and S3I). Similar results
were observed in tumor cell-macrophage co-culture systems
(Fig. S3H), Results from KM plotter also revealed that SIRPA
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verified by Western blot. (D) LRP/ mRNA level in GR siRNA transfected THP1 macrophages. (E) LRP/ mRNA level was analyzed in THP1
macrophages treated with cortisol (50 pmol/L) in presence or absence of protein synthesis inhibitor (CHX, 10 pg/mL, 6 h). (F) The decay of LRP1
mRNA were analyzed in THP1 macrophages treated with cortisol (50 pumol/L) for 2 h before RNA synthesis inhibition (ActD, 100 ng/mL). (G)
Schematic map of putative nGREs within the 2000-bp region of human LRP1 promoter. Luciferase activities of LRP1 were determined in (H)
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mRNA level has no correlation with the relapse-free survival and
the overall survival of breast cancer patients (Fig. S3D and S3E).
Collectively, these results show that stress hormone GC induced
opposite effects on the expression levels of LRP1 and SIRPe«,
indicating an imbalance of “eat me” and “don’t eat me” receptors
on macrophages (Fig. 30).

3.3.  GC leads to a direct, GR-dependent trans-repression of
LRP] expression

The above results strongly indicate that GC downregulated the
mRNA expression of LRP1. The biological action of GC is mainly

mediated by its receptor (GR)*, which can be translocated into
the nucleus and binds to GR element (GRE) to regulate the
transcription of targeted genes’>. Thus, we asked whether the
effect of GC on LRP1 mRNA expression was associated with GR-
dependent gene transcription. To prove this hypothesis, we firstly
examined the location of GR in THP1 macrophages treated with
cortisol. Confocal images indicated that GR was translocated to
the nucleus (Fig. 4A). In addition, we uncovered that both GR
antagonist Ru486 treatment and GR knockdown by siRNA
completely abrogated cortisol-induced LRP1 elevation in THP1
macrophages (Fig. 4B—D). These data support our notion that the
effect of GC on LRPI mRNA level is GR-dependent.
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Furthermore, protein synthesis inhibitor cycloheximide (CHX,
10 pg/mL) and transcription inhibitor actinomycin D (ActD,
100 ng/mL) were utilized to explore whether this action was
related to the repression of LRP1 transcription. As shown in
Fig. 4E, cortisol still inhibited the gene expression of LRP1 in
THP1 macrophages pretreated with CHX. To exclude the possi-
bility that GC modulates LRP1 expression on post-transcriptional
level, the decay of LRP1 mRNA in the presence or absence of GC
after the inhibition of transcription by ActD was analyzed. As
expected, GC had no significant impact on the half-life of LRP1
mRNA (Fig. 4F). These data indicate that GC-induced decrease of
LRP1 expression is associated with GR-mediated transcription.

Genome-wide analyses revealed that GC can evoke the
repression of target genes through a negative GRE
(CTCC(n)y—,GGAGA)™. In our study, in silico promoter analysis
revealed that three possible nGREs were located at a 2 kb region
upstream of the transcription start site of LRPI (Fig. 4G). To
assess whether GR can directly transcriptionally regulate LRP1,
the promoter region (~2 kb) of LRP1 was cloned into a luciferase
reporter (pGL3 basic). Result from luciferase activity assay shows
that both cortisol and GR overexpression repressed the tran-
scription of LRP1 (Fig. 4H and I). Taken together, these findings
demonstrate that GC leaded to a direct, GR-dependent trans-
repression of LRP1 expression (Fig. 4J).

3.4.  LRPI counterbalances SIRP« protein expression

Above results indicate a solid relation between LRP1 and SIRP«
(Fig. 3). In order to clearly delineate the pattern, gain- and loss-of-
function experiments were performed in THP1 macrophages and
HEK293 cells. The sequence of LRPI siRNA (siLRPI) was
verified by Western blot (Fig. 5A). As shown in Fig. 5B and C,
depletion of LRP1 in THP1 macrophages increased SIRP« protein
levels without significant change on its mRNA level. LRP1 is

A siLRP1 E
NC #1 #2 #3
LRP1 85 kD

composed of a 515-kD chain possessing four extracellular ligand
binding domains and an 85-kD membrane anchored chain. LRP1
minireceptors (MLRP2 and mLRP4) are deemed to fold and traffic
similarly to endogenous full-length LRP1 and binds many of its
physiological ligands”’. As we expected, transfection of mLRP2
and mLRP4 decreased the expression of SIRP« protein (Fig. 5D).
In turn, the elevation of SIRP« protein level induced by cortisol
treatment (Fig. 5E) or siLRPI transfection (Fig. 5F) was blocked
by both mLRP2 and mLRP4 transfection. These data confirm that
LRP1 counterbalances SIRPa protein expression, forming a
delicate balance of the LRP1—SIRP« axis.

3.5.  miRNA-4695-3p plays a key role in GC-disturbed balance
of the LRP1-SIRP« axis

MicroRNAs (miRNAs) have emerged as key regulators of bio-
logical process®’** and LRPI has been reported to induce a
considerable change of miRNAs®’. Importantly, the expression
of SIRP« protein can be regulated by miRNAs through binding
to the 3’-untranslational regions of SIRPA mRNA and blocking
its translation®™*'. An intriguing finding in our study is that GC
increased SIRPa protein expression with no significant effect on
its mRNA level (Fig. 3] and K), prompting us to test whether
miRNAs contribute to GC-disturbed balance of the LRP1-SIRP«
axis. In order to profile miRNA changes, cortisol-treated
(50 umol/L, 24 h) or siLRPI-transfected THP1 macrophages
were collected to conduct miRNA transcriptomic analysis using
ANSe3 algorithm on Chi-Cloud NGS Analysis Platform. As
shown in the volcano plot (Fig. 6A), we screened out that a total
of 38 miRNAs were significantly altered, among which 31
miRNAs were downregulated in cortisol-treated macrophages. In
the meantime, a total of 101 miRNAs were remarkably changed
in siLRPI treatment, with 43 miRNAs in downregulation.
Cortisol or siLRPI-induced downregulated miRNAs were
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LRP1 counterbalances SIRPa protein expression. (A) The sequence of GR siRNA for THP1 macrophages was verified by Western

blot. (B) and (C) The mRNA and protein levels of LRP1 and SIRP« in siLRP/-transfected THP1 macrophages were detected by qPCR and
Western blot, respectively. (D) LRP1 and SIRP« protein expressions in HEK293 cells transfected with mLRP1, mLRP2, mLRP3, mLRP4 plasmid
for 24 h were detected. (E) Cortisol (100 pmol/L) or (F) siLRPI-treated HEK293 cells were transfected with mLRP2 or mLRP4 plasmids. Protein
expressions of LRP1 and SIRP« were detected by Western blot. The values are represented as mean + SD (n = 3). ***P < 0.001. LRP1, low
density lipoprotein receptor-related protein 1; GR, glucocorticoid receptor; SIRPa, signal-regulatory protein alpha.
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Figure 6 miRNA-4695-3p plays a key role in GC-disturbed balance

of the LRP1—SIRP« axis. (A) Volcano map of differentially expressed

genes in cortisol (50 pmol/L, 24 h) vs. control, and siLRPI vs. NC. (B) and (C) Significant downregulated miRNAs in THP1 macrophages treated
with cortisol or siLRP1 are summarized and displayed in the heat map. (D) Venn diagram of significant down-regulated miRNAs between cortisol
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LRP1—SIRP« axis. The values are represented as mean £ SD (n = 3).

*P < 0.05, ¥**P < 0.01, **#*P < 0.001. LRP1, low density lipoprotein

receptor-related protein 1; NC, negative control; WT, wildtype; signal-regulatory protein alpha; GC, glucocorticoid.

displayed in the heat maps (Fig. 6B and C). It is noteworthy that
both cortisol and siLRPI simultaneously repressed the expres-
sion of miRNA-4695-3p (Fig. 6D). This result was further
confirmed by qPCR analysis in THP1 macrophages and
HEK?293 cells (Fig. 6E and F). A similar alteration of miRNA-
4695-3p was also discovered in the tumor tissues of WT mice
(Fig. 6G) and nude mice (Fig. 6H) subjected to restraint stress/
GC treatment. To investigate whether miRNA-4695-3p could
regulate the expression of SIRPa, miRNA-4695-3p inhibitor and
mimic were used to treat THP1 macrophages and their expres-
sions were verified (Supporting Information Fig. S4). We found
that the expression of SIRPa protein was inhibited by miRNA

4695-3p mimic but improved by the miRNA-4695-3p inhibitor
(Fig. 6I), accompanied with no changes on SIRPA mRNA
expression (Fig. 6J). Notably, cortisol or siLRPI-caused eleva-
tion in SIRPa protein was blocked by the miRNA-4695-3p
mimic (Fig. 6K). These results identify miRNA-4695-3p as a
critical determinant of the LRP1-SIRPa axis disruption caused
by GC (Fig. 6L).

4. Discussion

Chronic psychological stress as a susceptible factor in tumori-
genesis has been well established by mounting evidence in recent
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years' *. However, mechanistic understanding of the underlying
causes is lacking. In this research, we characterized stress hor-
mone GC as the major culprit in stress-promoted cancer suscep-
tibility, similar to our previous discovery regarding stress-induced
virus infection*”. By taking advantage of T lymphocyte-deficient
nude mice and macrophage-depleted mice, we further revealed
the importance of macrophages in stress-provoked tumorigenesis.
In fact, the role of macrophage phagocytosis as a critical mediator
of tumor immunosurveillance, especially during chemotherapy,
has been well clarified*> *°. Through a collection of experiments
in vivo and in vitro, we confirmed that stress/GC depresses the
phagocytosis of macrophages to eliminate tumor cells. Our results,
for the first time, innovatively provide a key link between mac-
rophage’s phagocytosis and stress-evoked tumor progression.

The exquisite balance between “eat me” and “don’t eat
me” signals and their corresponding receptors serves as a
crucial factor in deciding the phagocytosis capacity of tumor
cells by macrophages'®***’. Our data identify that the
LRP1—SIRP« axis is disrupted by stress/GC, resulting in an
imbalanced engulfment signal. This finding well supports for
our perspective that stress increases disease susceptibility by
disturbing host inner Yin—Yang balance®®. An emerging
question is how GC decreases LRP1 expression at gene level
in macrophages. Our data show that GC-caused LRP1 down-
regulation is in a direct GR-dependent trans-repression
manner. Three possibly nGREs but not GRE were found at the
2 kb region upstream of transcription start site of LRPI
through in silico promoter analysis. However, it still remains
unknown which specific sequence of nGRE is bound by GR in
the transcription start site of LRP1. The truncated and binding
site mutant of LRP1 promoter may help us better understand
the exact binding site of GC trans-repressed LRPI.

Another pivotal question we have solved is how stress/GC
elevates SIRPa protein levels without affecting its mRNA? An
earlier study proposed that LRP1-activated Notch signaling
induced SIRPw« protein downregulation®” !, raising the possi-
bility that the LRP1—SIRP« axis might be disrupted, and this
disturbance might be relevant in our experimental settings. We
thus resorted to gain- and loss-of-function experiments in
HEK?293 and THP1-derived macrophages. Our data reveal that
GC-induced elevation in SIRP« protein expression is resultant
from LRP1 changes. The firsthand evidence establishes the role of
“eat me” signals in counteracting “don’t eat me” signals,
demonstrating their subtle relationship.

A previous report has pointed out that LRP1 can affect the
expression of miRNAs>’, while the expression of SIRPa protein
can be regulated by miRNAs*™*'. In our study, no significant
change on SIRPA mRNA expression was noticed in GC-treated or
siLRPI-transfected macrophages, raising the possible role of
miRNAs in the imbalance of the LRP1-SIRP«a axis. miRNA
transcriptomic and gain-/loss-of-function experiments under-
pinned our hypothesis and pointed out that miRNA-4695-3p is
likely the bridging factor. Nevertheless, the binding site between
miRNA-4695-3p and SIRPA mRNA and how LRP1 affects this
miRNA remains unclear, which is worth being addressed in future
studies.

5. Conclusions

Our study illustrates an essential role of macrophage-dependent
phagocytosis in stress-evoked tumor growth. Mechanistically, GC,

as a crucial regulator in response to stress status, inhibits LRP1
expression by GR-dependent transcription. GC-downregulated
LRP1 in turn raises SIRPa protein level in a miRNA-4695-3p
dependent manner. The imbalance of “eat me” and “don’t eat me”
signal receptors thus suppress the phagocytosis of tumor cells by
macrophages. Our findings, from the perspective of macrophage-
mediated tumor cell phagocytosis, take deep insights into the
mechanism for stress-induced tumorigenesis and provide the po-
tential of harnessing phagocytosis-related immunotherapy in
preventing and treating tumors.
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