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Abstract
Endoplasmic reticulum (ER) stress initiates the unfolded protein response (UPR) and is decisive for tumor cell growth and 
tumor microenvironment (TME) maintenance. Tumor cells persistently undergo ER stress and could transmit it to the neigh-
boring macrophages and surroundings. Tumor infiltrating macrophages can also adapt to the microenvironment variations 
to fulfill their highly energy-demanding and biological functions via ER stress. However, whether the different macrophage 
populations differentially sense ER stress and transmit ER stress to surrounding tumor cells has not yet been elucidated. 
Here, we aimed to investigate the role of transmissible ER stress, a novel regulator of intercellular communication in the 
TME. Murine bone marrow-derived macrophage (BMDM) can be polarized toward distinct functional endpoints termed 
classical (M1) and alternative (M2) activation, and their polarization status has been shown to be tightly correlated with 
their functional significance. We showed that tumor cells could receive the transmissible ER stress from two differentially 
polarized macrophage populations with different extent of ER stress activation. The proinflammatory M1-like macrophages 
respond to ER stress with less extent, however they could transmit more ER stress to tumor cells. Moreover, by analyzing 
the secreted components of two ER-stressed macrophage populations, we identified certain damage-associated molecular 
patterns (DAMPs), including S100A8 and S100A9, which are dominantly secreted by M1-like macrophages could lead to 
significant recipient tumor cells death in synergy with transferred ER stress.

Keywords  Intratumoral cell communications · Macrophage polarization · TME editing · MAPK · Secreted molecules · 
Tumor killing effects

Abbreviations
ER	� Endoplasmic reticulum
TME	� Tumor microenvironment
UPR	� Unfolded protein response

DC	� Dendritic cell
TLR	� Toll-like receptor
M-CSF	� Macrophage colony-stimulating factor
GM-CSF	� Granulocyte–macrophage colony-stimulat-

ing factor
TAM	� Tumor-associated macrophage
GM-BMDM	� GM-CSF cultured bone marrow-derived 

macrophage
M-BMDM	� M-CSF cultured bone marrow-derived 

macrophage
DAMP	� Damage-associated molecular pattern
MAPK	� Mitogen-activated protein kinase
Tm	� Tunicamycin
Tg	� Thapsigargin
CM	� Conditioned media
Grp78	� Glucose-regulated protein-78
sXbp1	� Spliced X-box binding protein 1
CHOP	� C/EBP homologous protein
IL	� Interleukin
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CXCL1	� C–X–C motif chemokine ligand 1
cPARP	� Cleaved Poly (adp-ribose) polymerase
p-JNK	� Phosphorylated c-Jun N-terminal kinase
p-ERK	� Phosphorylated extracellular signal-regu-

lated kinase
NT	� No treatment
DEG	� Differentially expressed gene
GO	� The Gene Ontology
IFN	� Interferon
IPA	� Ingenuity pathway analysis
EV	� Extracellular vesicle
TNF	� Tumor necrosis factor
ICD	� Immunogenic cell death
DMEM	� Dulbecco's modified eagle medium
RT-PCR	� Reverse transcription polymerase chain 

reaction
FC	� Fold change

Introduction

Tumorigenesis is unceasingly occurred along with cor-
relative chronic inflammatory responses, and the abundant 
tumor-associated inflammatory immune cells infiltration 
were observed in clinical tumor biopsies [1–3]. Numerous 
intrinsic and extrinsic factors, such as hypoxia, viral infec-
tion, nutrient deficiency, low pH and proto-oncogene activa-
tion, lead to aberrant endoplasmic reticulum (ER) stress acti-
vation in the tumor microenvironment (TME). To restore ER 
homeostasis, the unfolded protein response (UPR) increases 
ER chaperone content to elevate protein folding rate [4]. 
Transmissible ER stress has been shown to play a critical 
role in intercellular communication in the pathogenesis of 
various diseases, especially in malignant cancers [5–9]. The 
transmissible ER stress from tumor cells to neighboring 
non-tumor cells, such as macrophages and DCs, has been 
identified in the TME. It was also reported that ER stress 
could be transmitted from prostate cancer cells to homolo-
gous and heterologous cancer cells, promoting β-catenin-
mediated Wnt signaling and enhancing tumorigenic effects 
in vivo [10]. Moreover, cancer cells under pharmacological 
or physiological ER stress can train the nearby macrophages 
to mirror the behaviors of cancer cells, and this transmis-
sible ER stress is not sensed by TLR2 or IL-6R but TLR4 
[5]. Meanwhile, limited evidence suggests that ER stress 
has the capacity to modulate therapeutic efficacy in cancer 
cells. However, whether ER stress could be transferred from 
non-tumor cells, like macrophages, to tumor cells has not 
yet been studied.

Macrophages are highly plastic and heterogeneous cell 
populations and account for up to almost 50% of cell com-
ponents in some solid neoplasms [11, 12]. Accumulating 
studies have already proved that the clinical significance 

of the number and density of macrophages within TME is 
highly linked with poor patient prognosis and poor survival 
in some cancer types [13]. Moreover, the phenotypes of 
macrophages are suggested to be responsible for promoting 
activities of tumors, including tumor initiation, progression 
and metastasis [14]. Macrophages have continuous func-
tional activity states with two extremely distinct polarized 
conditions, mostly named proinflammatory M1- or anti-
inflammatory M2-phenotypes. In the invasive TME, mac-
rophage colony-stimulating factor (M-CSF) was considered 
to have the effect to recruit macrophages in tumors by pro-
moting migration and survival, by which mainly induces 
M2-like macrophages. M2-like macrophages secrete sup-
pressive cytokines (such as IL4, IL10, TGFβ, CCL22, etc.) 
to suppress innate and adaptive anti-tumor immunity. On the 
other hand, the proinflammatory factors, such as IL6, IL12, 
TNF, granulocyte–macrophage colony-stimulating factor 
(GM-CSF) and other relative cytokines, could recruit the 
proinflammatory M1 macrophages to tumor local site [15, 
16]. Even though numerous shreds of evidence suggested 
that macrophages in vivo do not exhibit hyper-polarized M1 
or M2 phenotype and intermediate state of macrophages 
exist to perform M1 and M2 characteristics concurrently 
and mixed polarization phenotypes of macrophages have 
been described in several human malignant solid tumors 
[17], however, tumor-associated macrophages (TAMs) are 
still generally considered as M2-like macrophages. Notably, 
the previous study has reported that in non-small cell lung 
cancer, the density of M1-like macrophage is an independ-
ent factor of overall survival time [18], indicating that mac-
rophage polarization status could be an indispensable factor 
when studying intratumoral cell communications.

In the current study, using well-documented GM-CSF 
cultured bone marrow-derived macrophages (GM-BMDM) 
and M-CSF cultured counterpart (M-BMDM) as the in vitro 
differentiated M1 and M2 macrophage models [19], we 
observed that ER stress transmission is a bidirectional pro-
cess. ER stress can be transferred from tumor cells to mac-
rophages and vice versa. Transcriptome analysis revealed 
that GM-BMDM has less potential to sense but could trans-
fer more ER stress to tumor cells than M-BMDM. In further 
proteomics study, we screened the secreted proteins from 
ER-stressed macrophages and identified certain classic dam-
age-associated molecular patterns (DAMPs) (S100A8 and 
S100A9) as the ER stress promoted transferable components 
dominantly from GM-BMDM, which could synergize with 
transferred ER stress to trigger significant tumor cell death. 
Both UPR and ER stress-induced activation of mitogen-
activated protein kinase (MAPK) signals were involved and 
amplified by DAMPs and ER stress co-stimulation. Taken 
together, our findings suggested that M1 macrophage could 
prompt severe tumor cell death via transmissible ER stress 
and release of DAMPs, whereas M2 populations would 
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facilitate tumor growth and metastasis under the same con-
ditions. These findings suggested a novel understanding that 
different macrophage populations have distinct responses to 
ER stress and could remodel the TME via transmissible ER 
stress.

Materials and methods

Reagents

Tunicamycin (Tm, ≥ 98%, 12,819), thapsigargin (Tg, ≥ 98%, 
12,758) and cell lysis buffer (9803) were purchased from 
Cell Signaling Technology (CST). Dulbecco’s phosphate-
buffered saline (PBS) was obtained from Biosharp. Phos-
phatase (4,906,837,001), protease (04,693,132,001) inhibi-
tors cocktails, 2 × RNase inhibitor and FastStart Essential 
DNA Green Master (4,913,914,001) were from Roche. 
Recombinant mouse GM-CSF (415-ML, BJ2518091) and 
M-CSF (416-ML, ME4920031) were purchased from R&D. 
Murine recombinant S100A8 (50,228-M08B) and S100A9 
(50,284-M07E) proteins were purchased from Sino Bio-
logical. PrimeScript™ RT reagent kit with gDNA eraser 
(RR047A) was acquired from Takara. BCA protein assay 
kit, Hoechst 33,342 (C0030) and PI (C0080) solutions were 
from Solarbio Life Sciences. Cell culture inserts (0.4 μm, 
PICM01250) were purchased from Millipore. Luminescent 
cell viability assay (G7570), 3D cell viability (G9681), 
Caspase-Glo 3/7 assay (G8091) and cell cytotoxicity assay 
(G8741) were from Promega.

Cell culture

Mouse Louis Lung Cancer cell lines (LLC) were purchased 
from the Cell Bank of the Chinese Academy of Sciences 
and tested without mycoplasma contamination. LLC cells 
were cultured in DMEM (Gibco) supplemented with 10% 
fetal bovine serum (FBS, Gibco), 100 U/ml penicillin and 
100 mg/ml streptavidin (Sangon Biotech). Cell lines were 
cultured at 37 °C in a carbon dioxide cell incubator with 
5% CO2.

Animals and procedures

Male C57BL/6 mice (SPF degree, 6–12 weeks old) were 
purchased from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. The animals were maintained in the 
specific-pathogen-free laboratory animal room with a 12-h 
light–dark cycle. All experimental protocols involved were 
approved by the Committee on the Ethics of Animal Experi-
ments of the School of Life Sciences of Lanzhou University 
(EAF-2021026).

Murine primary BMDM isolation and culture

Mouse BMDMs were prepared by collecting the bone mar-
row cells from femurs as previously described [20]. The 
cell suspensions were passed through a 100 micron nylon 
cell strainer (BD Falcon), collected by centrifugation at 
300 g for 10 min, and resuspended in DMEM containing 
10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, 
either with 50 ng/ml M-CSF or 20 ng/ml GM-CSF. Cells 
(5 × 106 for M-BMDMs or 10 × 106 for GM-BMDMs) were 
seeded in 100 mm dishes and cultured at 37 °C with 5% 
CO2 for 7 days. Non-adherent cells were removed and the 
adherent BMDMs were treated as indicated in individual 
experiment. The BMDMs cultured in upper chambers of the 
transwell plates (0.2 × 106 for M-BMDMs or 0.4 × 106 for 
GM-BMDMs) were seeded in 24-well plates and cultured 
at 37 °C with 5% CO2 for 7 days.

Immunoblotting and antibodies

Cell lysates were centrifuged at 12,000g for 10 min, and 
the supernatants were collected. The protein concentrations 
were measured by the BCA protein assay kit (Solarbio, 
PC0020). The proteins were fractionated by SDS-PAGE and 
transferred to the 0.2 μm polyvinylidene difluoride mem-
brane (Millipore). After blocking with 5% nonfat milk in 
TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.1% Tween 
20) for 1 h at room temperature, the membranes were incu-
bated with the specified primary antibodies overnight at 
4 °C. After being washed by TBST, the membranes were 
incubated with the secondary antibody in 5% nonfat milk 
for 2 h at room temperature. Then, the binds were detected 
with ECL Detection Reagent (Millipore, WBKLS0500) and 
photographed by Tanon 5200 imaging system.

The primary antibodies used were: Purified mouse mono-
clonal antibody to Grp78 (610,978, 1:1000, BD Biosciences, 
RRID:AB_398291), mouse monoclonal antibody to CHOP 
(2895, 1:1,000, CST, RRID:AB_2089254), rabbit monoclo-
nal antibodies to Xbp1 (ab220783, 1:1,000, Abcam), rab-
bit monoclonal to caspase-1 (ab179515, 1:1,000, Abcam, 
RRID:AB_2884954), mouse monoclonal antibody to 
caspase-9 (9508, 1:1,000, CST, RRID:AB_2068620), 
rabbit monoclonal antibody to GAPDH (5174, 1:1,000, 
CST, RRID:AB_10622025), rabbit polyclonal antibody 
to LC3 (4108, 1:1,000, CST, RRID:AB_2137703), rab-
bit monoclonal antibody to Beclin-1 (3495, 1:1,000, CST, 
RRID:AB_1903911), rabbit monoclonal antibody to 
p-ULK1 (5869, 1:1,000, CST, RRID:AB_10707365), rabbit 
polyclonal antibody to cleaved-PARP (9544, 1:1,000, CST, 
RRID:AB_2160724), rabbit monoclonal antibody to p-JNK 
(4668, 1:1,000, CST, RRID:AB_823588), rabbit polyclonal 
antibody to JNK (9252, 1:1,000, CST, RRID:AB_2250373), 
rabbit monoclonal antibody to p-ERK (4370, 1:1,000, 
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CST, RRID:AB_2315112), rabbit monoclonal antibody 
to ERK (4695, 1:1,000, CST, RRID:AB_390779), rab-
bit monoclonal antibody to p-p38 (4511, 1:1,000, CST, 
RRID:AB_2139682), rabbit monoclonal antibody to 
p38 (8690, 1:1,000, CST, RRID:AB_10999090), rabbit 
monoclonal antibody to S100A9 (73,425, 1:1,000, CST, 
RRID:AB_2799839). Secondary antibodies were horse-
radish peroxide-conjugated anti-mouse IgG (abs20001, 
RRID: AB_2716555) or anti-rabbit IgG (abs20002, RRID: 
AB_2716554) obtained from Absin.

Quantitative real‑time PCR

Total RNA was isolated with Trizol reagent (Takara, 9109) 
following the manufacturer’s instructions. The concentra-
tion, integrity, and purity of RNAs were quantified on a Nan-
odrop (ND-ONE) spectrophotometer (Thermo Scientific). 
RNAs reverse transcribed by PrimeScript™ RT reagent kit 
following the manufacturer’s protocol. Real-time PCR was 
performed with an ABI Stepone Plus system to quantify the 
mRNA expression levels using FastStart Essential DNA 
Green Master. The target genes were normalized to that of 
β-actin [20], and relative expression was determined using 
the ΔCt relative Quantification method. The primers used 
were listed in Table S1.

Conditioned media preparation

The ER-stressed conditioned media (CM) were generated 
as follows. GM-BMDMs, M-BMDMs or LLC cells were 
treated with 1 μg/ml Tm or 300 nM Tg for the indicated 
times. After stimulation, cells were washed 3 × with Dul-
becco’s PBS and were added with fresh serum-containing 
media. After 16 h’ incubation, media were collected and 
filtered through a 0.22 μm syringe filter (Millipore) to obtain 
CM.

Co‑cultured 3D system

3D cell culture was performed as managed previously [21, 
22]. Briefly, 0.8 × 104 cells/well were seeded into 24-well 
plates. GM-BMDMs and M-BMDMs cultured in cell inserts 
were treated with Tm (1 μg/ml) for 0 or 6 h. Then, the inserts 
were washed with PBS for 3 times and incubated with 3D 
cultured LLC for additional 40 h.

The high content imaging analysis system 
and fluorescence microscope

LLC (0.5 × 104 cells in 1 ml) were seeded into the 24-well 
plates (Corning). PI (a membrane-impermeant nuclear dye, 
red) and Hoechst 33,342 (a cell-permeable nuclear dye, 
blue) were added shortly before automated image acquisition 

in an atmosphere-controlled chamber (37 °C, 5% CO2) using 
High-quality cell imaging instrument (HCI, Operetta, Perki-
nElmer, America) or the ZEISS Ver.A1 microscope (Carl 
Zeiss, Heidenheim, Germany). The living cells were visual-
ized by Hoechst 33,342 and the dead cells were positive for 
PI. The PI+ or Hoechest+ cell numbers were quantified using 
Image J software.

Elisa

The concentrations of S100A8, S100A9 and S100A8/A9 
in the supernatants of BMDMs post the indicated treatment 
were measured using commercial ELISA kits (Cloud Clone) 
following the manufacture’ instructions.

RNA‑sequencing

Total RNA was isolated from cells using the Trizol reagent 
(Takara). The 3 µg of RNA were used as input material 
for the RNA sample preparations to generate sequencing 
libraries. Products were purified (AMPure XP system) and 
the library was then sequenced on NovaSeq 6000 platform 
(Illumina). The high qualities sequences (clean data) were 
filtered using Cutadapt (v1.15) and mapped to the reference 
genome using HISAT2 v2.0.5 [23]. The gene read counts 
were acquired via htseq-count [24]. Differentially expressed 
genes (DEGs) were analyzed using DESeq [25] and iden-
tified the threshold of P value < 0.05 and fold change 
(FC) > 1.5 as significantly differential expression. Hierarchi-
cal cluster analysis of DEGs was performed to explore genes 
expression patterns. The Gene Ontology (GO) Annotation 
analysis [26] and IPA analysis [27] of DEGs were, respec-
tively, performed.

Protein mass spectrometry

CMs were centrifugated at 12,000g at 4 °C for 10 min in 
an ultrafiltration device to remove the putative cell compo-
nents. The protein concentration was determined with the 
BCA kit and the tryptic peptides were fractionated by high 
pH reverse-phase HPLC. The resulting MS/MS data were 
processed using the Maxquant search engine (v.1.5.2.8). 
Tandem mass spectra were searched against the UniProt 
database concatenated with reverse decoy database [28]. 
Proteins containing secreted keywords in UniProt database 
are filtered as secreted proteins and shown in Table S4. Fold 
change > 1.2 was set as the threshold for significantly dif-
ferential expression.

Mass spectrometry analysis

Tunicamycin in culture medium was quantified by mass 
spectrometry analysis. Chromatographic separation was 
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Fig. 1   Tumor cells sense transferable ER stress from two different 
polarized macrophage populations. a Schematic diagram of experi-
mental workflow. GM-BMDMs and M-BMDMs were treated with 
Tm (1  μg/ml) for 0, 4, 6, 8 and 12  h. After washing 3 × with Dul-
becco’s PBS, fresh serum-containing media were added. 16  h later, 
conditioned media (CM_GM and CM_M) were collected and used to 
culture LLC cells for 24 h. LLC cells were harvested and processed 
for the indicated measurement. b–h LLC cells were treated as in a 
and total RNAs were prepared and used to determine mRNA levels 
of UPR activation markers CHOP (b), Grp78 (c) and sXbp1 (d), 
and the whole cell lysates were processed for Immunoblot analysis 
and probed with the indicated primary antibodies including Grp78, 

sXbp1, CHOP (e). Molecular weights in kDa are indicated to the 
right. Data are representative of triplicate experiments and the quan-
titative analysis of Western blot data are shown in f–h. i–k LLC cells 
were treated as in a and total RNAs were analyzed by qRT-PCR for 
inflammatory mediators IL6 (i), IL1α (j) and CXCL1 (k). Data are 
presented as Mean ± SEM of triplicate experiments and the differ-
ences were evaluated by two-way ANOVA and multiple compari-
sons test. P < 0.05 is indicated by * for the comparison of Tm-treated 
groups vs untreated ones in CM_GM culture, Ψ for comparison of 
Tm-treated groups vs untreated ones in CM_M culture, and # for 
comparison CM_GM culture vs CM_M culture with the same Tm 
treatment time. ns, no significance. CM, conditioned media
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performed on an Agilent 1290 Infinity II ultrahigh-perfor-
mance liquid chromatography system, using a poroshell 120 
EC C18 column (Agilent Technologies, California, USA). 
The injection volume was 10 μl. The separation was carried 
out with a mobile phase consisting of 10% solvent A (water) 
and 90% solvent B (methanol) at a flow rate of 0.3 ml/min.

Mass spectrometry analyses were performed on a 6460 
Triple Quad mass spectrometer (Agilent Technologies, Cali-
fornia, USA) with electrospray ionization (ESI) source in 
positive mode. Quantitation was based on peak area gen-
erated by scanning for product ions (m/z 755.3) from the 
protonated molecular ion parent (m/z 867.4).

Statistical analysis

The experimental data are presented as Mean ± SEM of trip-
licate experiments. P value s < 0.05 were indicated statisti-
cally significant in the figure legends as indicated. Statistical 
analysis was performed using one-way or two-way ANOVA 
and Tukey’s multiple comparisons using GraphPad Prism 
version 8.0 software.

Results

Tumor cells sense transferable ER stress from two 
different polarized macrophage populations

Recent data from single cell RNA-sequencing analysis of 
patient tumor samples showed that ER stress related genes are 

highly expressed not only in malignant cells but also in intra-
tumoral macrophages, for example in lung and liver tumors 
(Fig. S1a and S1b) (https://​omnib​rowser.​abios​cienc​es.​com) 
[29, 30]. A previous study reported that tumor cells undergo-
ing ER stress could promote ER stress signals in TAMs, and 
this transmissible ER stress was sensed by TLR4 [5]. Moreo-
ver, the infiltrating macrophages are also in the stress TME 
and could have high protein folding demand, which could 
also initiate ER stress [31]. Therefore, we wondered whether 
the transferable ER stress is bidirectional? Do differentially 
polarized macrophages have similar behavior on initiating and 
transferring ER stress? To investigate these questions, Tunica-
mycin (Tm, 1 μg/ml) was used to block protein glycosylation 
and trigger the ER stress [32] in donor GM-BMDMs (M1-like 
macrophages) and M-BMDMs (M2-like macrophages) [19]. 
Upon Tm treatment, the generated ER-stressed conditioned 
media (CM) were further applied to the recipient mouse Louis 
Lung Cancer cell (LLC) (Fig. 1a). After 24-h incubation with 
CMs from ER-stressed M-BMDMs or GM-BMDMs, the sig-
nificantly increased abundance of critical ER stress master 
regulator glucose-regulated protein-78 (Grp78) was observed, 
in parallel with the induction of other ER stress signature mol-
ecules, such as spliced X-box binding protein 1 (sXbp1) and 
C/EBP homologous protein (CHOP) in LLC cells (Fig. 1b–d). 
The effects were further confirmed by immunoblotting assays, 
demonstrating enhanced activation and generation of UPR key 
sensors upon CMs treatment (Fig. 1e–h). Of note, LLC treated 
with ER-stressed GM-BMDM-CMs showed a more potent ER 
stress response at every Tm treatment time point, indicating 
that GM-BMDMs could transmit more ER stress to LLC cells 
than M-BMDMs. Interestingly, notably upregulated expres-
sions of inflammatory cytokines IL6 and IL1α, and chemokine 
CXCL1 were observed in LLC cells treated with CMs from 
ER-stressed GM-BMDMs (Fig. 1i–k), suggesting that differ-
ent transmissible ER stress could induce distinct responses in 
recipient tumor cells. To better mimic the TME and evaluate 
the ER stress transmitted by components in CMs more accu-
rately, we stressed the macrophages in a cell insert and then 
evaluated the transmissible ER stress in transwell chambers 
with the established LLC spheres embedded in a 3D Matrigel 
matrix (Fig. S1c). Consistent with the observation in Fig. 1, 
UPR mediators were elevated in LLC cells after receiving 
transferred ER stress from macrophages (Fig. S2d–f). Both 
proinflammatory cytokine IL6 (Fig. S2g) and chemokine 
CXCL1 (Fig. S2h) were predominantly expressed in spheres 
co-cultured with ER-stressed GM-BMDMs. In addition, 
another ER stress inducer thapsigargin (Tg) who inhibits cal-
cium ion uptake [5] was used to drive ER stress and similar 
results were observed (Fig. S2i–n). To rule out the possibil-
ity that remaining Tm carried over in CMs activated UPR in 
recipient tumor cells, mass spectroscopy was used to analyze 
the abundance of Tm in ER-stressed CMs. The result showed 
that there is no detectable Tm existed in CMs (Fig. S3a). 

Fig. 2   Transferred ER stress induces LLC tumor cell death. a–c LLC 
cells were treated as in Fig. 1a for 36 h. Cells were co-stained with 
PI (red) and Hoechst 33,342 (blue) for 30  min and photographed 
by a High-quality cell imaging instrument (HCI). Representative 
images were shown (a) and percentages of Hoechst+ cells (b) and PI+ 
cells (c) were calculated. Scale bars, 100 μm. Data are presented as 
Mean ± SEM of triplicate experiments and the differences were evalu-
ated by two-way ANOVA and multiple comparisons test. P < 0.05 is 
indicated by * for the comparison of Tm-treated groups vs untreated 
ones in CM_GM culture, Ψ for comparison of Tm-treated groups vs 
untreated ones in CM_M culture, and by # for comparison CM_GM 
culture vs CM_M culture with the same TM treatment time. ns, no 
significance. d–g LLC tumor cells treated as in a for 36 h. Whole cell 
lysates were processed for Western Blot analysis and probed with the 
indicated primary antibodies including caspase-1, caspase-9, cleaved-
PARP, p-ULK1, Beclin-1 and LC3 in d and p-JNK, p-ERK, p-p38, 
JNK, ERK and p38 in f. Molecular weights in kDa are indicated to 
the right. Data are representative of triplicate experiments and the 
quantitative analysis of Western blot data are in e and g. Data are 
presented as Mean ± SEM and the differences were evaluated by two-
way ANOVA and multiple comparisons test. P < 0.05 is indicated by 
* for the comparison of Tm-treated groups vs untreated ones in CM_
GM culture, Ψ for comparison of Tm-treated groups vs untreated 
ones in CM_M culture, and # for comparison CM_GM culture vs 
CM_M culture with the same Tm treatment time. CM, conditioned 
media

◂

https://omnibrowser.abiosciences.com
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Besides, the minimum dose of Tm can be detected is 0.25 μg/
ml while Tm at this dose could not successfully prompt stress 
responses in both macrophages (Fig. S3b–f) and tumor cells 

(Fig. S3g–i), indicating that the transmission of ER stress from 
macrophage populations to tumor cells is not because of the 
carryover Tm in the CMs. Hence, the results suggested that 
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macrophages who underwent ER stress could transfer UPR to 
the nearby tumor cells, with the more potent induction of ER 
stress from GM-BMDMs-derived CMs.

Transferred ER stress induces LLC tumor cells 
death

One outstanding phenotypic switch of recipient cells we 
observed was the development of cell death upon transmit-
ted ER stress (Fig. 2a–c). As shown, LLC cells dramati-
cally died after CM incubation, and the longer ER stress 
received by donor cells the severe death the recipient cells 
experienced. Consistently, more LLC cells survived in 
M-BMDM-CMs than GM-BMDM-CMs both in 2D (Fig. 
S3a) and transwell 3D system (Fig. S3b-d). These results 
showed that the induction of cell death in recipient LLC 
tumor cells differed due to transmitted ER stress donor 
cells, with GM-BMDM-donor cells giving more dramatic 
cell death in LLC. Since both autophagy and apoptosis 
could be activated by ER stress [33], we further examined 
the typical apoptosis and autophagy markers in CM-treated 
LLC cells. The apoptotic signals, including cleaved-
PARP, caspase-1 and caspase-9 were more abundant in 
LLCs treated with CMs from GM-BMDMs (Figs. 2d, e 
and S3e–g). Interestingly, the autophagy-related proteins 

were also higher in LLC tumor cells receiving transfer-
able ER stress from GM-BMDMs (Figs. 2f, g and S3h, 
i). These results suggested that LLC cells initiated both 
autophagy and apoptosis upon this transferred ER stress 
in LLC cells, while autophagy initially activated to aid cell 
survival, prolonged stress might also induce autophagic 
and apoptotic cell death at later stage [33].

Both autophagy and apoptosis could be modulated 
by cascade signaling pathways including MAPK signal-
ing pathways [34]. LLC recipient cells treated with ER-
stressed CMs from GM-BMDMs had much higher lev-
els of phosphorylated JNK (p-JNK) throughout all Tm 
treatment times (Fig. 2f, g). While extracellular signal-
regulated kinase (p-ERK) was transiently induced in 
M-BMDMs stressed LLCs with the peak at 4 h of Tm 
treatment. In contrast, the level of p-ERK was gradually 
enhanced in GM-BMDMs stressed LLCs (Fig. 2f, g). The 
phosphorylated p38 (p-p38) abundance was highest in both 
populations at 4 h of Tm treatment with a more sustained 
level in GM-BMDMs stressed LLCs (Figs. 2f and S3j). 
These findings demonstrated that MAPK signaling path-
ways could be the potential targets of this transmissible ER 
stress and different macrophage populations activate these 
pathways with different patterns.

As previously reported [5], ER stress could transfer 
from tumor cells to macrophages. We next tested if tumor 
cells influenced the survival of different macrophage 
populations equally. Interestingly, the transmission of ER 
stress from tumor cells led to the induction of cell death in 
macrophages, and GM-BMDMs died more after receiving 
transferable ER stress (Fig. S3k–n). These data suggested 
that the bidirectional transmissible ER stress can drive 
recipient cell death and play a significant role in the hostile 
condition between tumor and GM-like M1 macrophage.

LLC cells exhibit different gene expression 
profiles in response to transferred ER stress 
from two polarized macrophage populations

To better characterize the influence of transmissible ER 
stress on the recipient cells, the high-throughput RNA-seq 
[35] was performed with LLC cells cultured in various CMs. 
We compared normally cultured LLC cells (NT) with LLC 
cultured in CMs from unstressed M-BMDMs (CM_M0) 
or GM-BMDMs (CM_G0) as well as with LLC cultured 
in CMs from 12-h ER-stressed M-BMDMs (CM_M12) or 
GM-BMDMs (CM_G12). The heatmap of differentially 
expressed genes (DEGs) showed that treatment with CMs 
could alter gene expression in LLC cells (Fig. 3a). There 
were 101 (CM_G12 vs CM_G0) and 144 (CM_M12 vs CM_
M0) upregulated DEGs in LLC treated with stressed CMs, 
respectively (Fig. 3b), in which multiple ER stress-inducible 

Fig. 3   LLC cells exhibit different gene expression profiles in response 
to transferred ER stress from two polarized BMDMs. a The hierar-
chical cluster of DEGs (fold change > 1.5 and P value  < 0.05) of 
pairwise comparison between five groups. LLC cells were treated as 
in Fig. 1a. 24 h later, the total RNA of LLC cells was extracted and 
performed for RNA-seq analysis. NT represented LLC cells with-
out CMs treatment. CM_G0 and CM_M0 for LLC cells treated with 
CM_GM or CM_M without Tm incubation, respectively, CM_G12 
and CM_M12 for LLC cells treated with CM_GM or CM_M with 
Tm incubation for 12  h. The upregulated DEGs were indicated in 
red and down-regulated in green. b Bar chart of DEGs between each 
comparison in a. c The Volcano Plots of DEGs among LLC culti-
vated in ER-stressed conditioned media, CM_G12 vs CM_G0 (left) 
and CM_M12 vs CM_M0 (right). Red dots showed the upregulated 
DEGs in CM_G12 or CM_M12 and blue dots for the down-regulated 
DEGs. d GO enrichment analysis of the shared upregulated DEGs in 
CM_G12 vs CM_G0 and CM_M12 vs CM_M0. The bar charts rep-
resent the enrichment scores of relevant pathways. The dotted  lines 
indicate the gene numbers enriched to related pathways. GO enrich-
ment analysis of the upregulated DEGs (e) and down-regulated DEGs 
(f) in the comparison of CM_M12 vs CM_G12 group. The blue bar 
charts represent enrichment scores of the relevant pathways. The 
orange dotted lines indicate the gene numbers enriched to related 
pathways. g The relative distribution of apoptotic-associated genes 
(above) and autophagy-related genes (below). The gene lists were 
seen in Table S2. h The upregulated networks of the term “inflamma-
tory response” by IPA analysis. Orange indicates upregulated disease/
function in GM_G12 group compared with CM_M12. Green indi-
cates down-regulated DEGs while red indicates upregulated DEGs in 
CM_G12 vs CM_M12 group. DEG, differentially expressed genes; 
FC, fold change
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genes were among the top upregulated genes in both CM_
G12 and CM_M12 treated LLC cells (Fig. 3c), such as Avil, 
Car6, Lcn2, Sspo, Ppp1r15a and Hspa5, demonstrating 
that the transmission of ER stress from two macrophage 

populations to recipient tumor cells took place. Interestingly, 
some inflammation-related genes including Ptgs2, Sh2d6 
and ATf3 were also included in the top changed DEGs.
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Consistently, the GO enrichment analysis indicated 
that the pathways of responses to unfolded protein, 
cytokine activity, as well as protein folding were signif-
icantly enriched in the functions of upregulated DEGs 
both for CM_G12 vs CM_G0 and CM_M12 vs CM_M0 
(Fig. 3d). In addition, the upregulated DEGs of the CM_
M12 group compared with the CM_G12 group (CM_
M12 vs CM_G12 up) were specifically enriched in the 
functions beneficial to blood vessel development and 
cell migration (Fig. 3e), whereas the down-regulated 
DEGs (CM_M12 vs CM_G12 down) were enriched in 
pathways of cell killing and inflammatory responses 
(Fig. 3f), such as the response to IFNγ and IL1. Moreo-
ver, the apoptosis- and autophagy-associated genes 
were highly expressed in LLCs receiving GM-BMDMs 
stressed CMs (Fig. 3g; Table S2). The IPA analysis of 
significant DEGs showed that tumor cells treated with 
CMs from stressed M1-like macrophages (CM_G12) 
possessed more ability to recruit and activate immune 
cells, which may, in turn, be a disadvantage to tumor 
growth (Fig. 3h). Collectively, these results suggested 
that tumor cells received transmissible ER stress from 
M2-like macrophages have the potential to facilitate 
tumor survival, while transmissible ER stress from 
M1-like macrophages could lead to more acute cell 
death and inflammation.

Differential ER stress responses in two 
polarized macrophage populations

The different responses of recipient LLC cells receiving 
transmissible ER stress from two donor macrophage popu-
lations suggested that these two types of macrophages might 
have different responses to ER stress. To assess this possibil-
ity, both GM-BMDMs and M-BMDMs were treated with 
Tm (1 μg/ml) for indicated times. The expression of ER 
stress genes (such as CHOP, Grp78 and sXbp1) were upreg-
ulated after 4–12-h Tm treatment (Figs. 4a–e and S4a–c) 
and M-BMDMs sense more ER stress than GM-BMDMs. 
Interestingly, the expression of proinflammatory mediators, 
including IL1β (Fig. 4f) and IL6 (Fig. 4g), were enhanced in 
Tm-treated macrophages more dominantly in GM-BMDMs. 
Under the same treatment condition, anti-inflammatory 
cytokine IL10 expressed dominantly in M-BMDMs, but 
its expression decreased upon stress (Fig. 4h). However, 
proinflammatory chemokine CXCL1 was induced early in 
stressed GM-BMDMs, but more abundant later in stressed 
M-BMDMs, indicating the diverse gene expression regula-
tions in stressed macrophages (Fig. 4i).

To better elucidate ER stress-induced responses in differ-
ent macrophage populations, we also performed RNA-seq 
studies in Tm-challenged GM-BMDMs and M-BMDMs. 
The unbiased hierarchically clustered heatmap of DEGs 
indicated that stress induces a subset of genes expression in 
both cell types, however, the differentiation factors appeared 
to be the dominant determinator of gene expression pro-
files (Fig.  4j). Under normal physiological conditions, 
GM-BMDMs (G0 vs M0 up) promoted proinflammatory 
responses, such as IL1, IFNγ and TNF responses and pro-
vided hostile surroundings for tumor cells (Fig. S4d). Mean-
while, M-BMDMs exhibited functions (G0 vs M0 down) 
including tissue remodeling and angiogenesis (Fig. S4e), 
indicating M-BMDMs could help the tumor to remold TME 
and hold the tumorigenic abilities. Furthermore, ER stress-
induced genes in M-BMDMs (MTm4h vs GTm4h up) were 
enriched in angiogenesis and cell–cell adhesion (Fig. 4k). 
On the other hand, multiple inflammatory response-related 
cell death and apoptosis signaling pathways were enriched in 
stressed GM-BMDMs (MTm4h vs GTm4h down) (Fig. 4l). 
Consistently, apoptosis-, autophagy- and necroptosis-related 
genes were significantly heightened in ER-stressed GM-
BMDMs (Fig. S4f–h; Table S3). Altogether, the results sug-
gested that macrophages with different polarization charac-
teristics could respond to ER stress differentially. Notably, 
M-BMDMs were more susceptible to ER stress, but GM-
BMDMs facilitated the induction of proinflammatory signals 
while M-BMDMs facilitate tumor growth.

Fig. 4   Differential ER stress responses in two polarized macrophage 
populations. a Schematic diagram of experimental workflow. b–i 
GM-BMDMs and M-BMDMs were treated with Tm (1  μg/ml) for 
0, 4, 6, 8 and 12 h. Total RNA was prepared and used to determine 
mRNA levels of UPR sensors CHOP (b), Grp78 (c) and sXbp1 (d) 
and inflammatory mediators IL1β (f), IL6 (g), IL10 (h) and CXCL1 
(i) by RT-PCR. Whole cell lysates were processed for Western Blot 
analysis and probed with the indicated primary antibodies including 
Grp78, CHOP, sXbp1 (e). Molecular weights in kDa are indicated 
to the right. All data were represented as mean ± SEM of triplicate 
experiments and the differences were evaluated by two-way ANOVA 
and multiple comparisons. P < 0.05 is indicated by * for comparison 
of vehicle—(0 h) and Tm-treated GM-BMDMs, Ψ for comparison of 
vehicle—(0 h) and Tm-treated M-BMDMs, and # for comparison of 
GM-BMDMs and M-BMDMs with the same Tm treatment time. ns, 
no significance. j GM-BMDMs and M-BMDMs were treated with 
Tm (1 μg/ml) for 0 and 4 h. Total RNAs were processed for RNA-
seq analysis. The hierarchically clustered heatmap of DEGs (fold 
change > 1.5 and P value  < 0.05) of pairwise comparison of vehi-
cle- and Tm-treated groups for GM-BMDMs (G0 and GTm4h) and 
M-BMDMs (M0 and MTm4h). The upregulated DEGs were indi-
cated in red and down-regulated in green. GO enrichment analysis of 
the upregulated (k) and down-regulated (l) DEGs in MTm4h com-
pared with GTm4h. The blue bar charts represent enrichment scores 
of the relevant pathways. The orange dotted lines indicate the gene 
numbers enriched to related pathways
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GM‑BMDM‑derived CMs contain more 
proinflammatory mediators and enrich cell 
death functions

As the CM from stressed GM-BMDMs and M-BMDMs 
have distinct effects on LLC cell survival, the next question 

we asked is which component(s) in the CM exert this func-
tion. BMDMs were treated with Tm for 6 h when there is 
no measurable cell death (Fig. S5a) and the supernatants 
were collected and analyzed by mass spectrometry [36]. The 
differential secreted proteins were identified as in Fig. 5a 
and Table S4. There were 157 upregulated secreted proteins 
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released from stressed GM-BMDMs (CM_G6 vs CM_
GM_C) and 59 proteins in stressed M-BMDMs (CM_M6 vs 
CM_M_C) (Fig. 5b). Functions of inflammatory response, 
ERK cascade, protein secretion, extracellular exosome and 
vesicle transport were found in ER stress-induced changes 
of secreted proteins in both stressed macrophage populations 
(CM_G6 vs CM_GM_C up and CM_M6 vs CM_M_C up), 
indicating ER stress was capable of prompting molecules 
release in both cells (Fig. 5c). Not surprisingly, the func-
tions of secretory proteins from M-BMDMs (CM_GM_C vs 
CM_M_C down) were beneficial for remodeling (Fig. S5b) 
while those from GM-BMDMs (CM_GM_C vs CM_M_C 
up) were inflammation-related (Fig. S5c). Furthermore, 
the upregulated secreted proteins from ER-stressed GM-
BMDMs (CM_G6 vs CM_M6) were enriched in apoptotic 
signaling process and secretory regulation (Fig. 5d). In con-
trast, the upregulated proteins in Tm-challenged M-BMDMs 
(CM_M6 vs CM_G6) were strongly related to proliferation 
and regeneration (Fig. 5e), suggesting the different responses 
to UPR between two characteristic macrophage populations. 
Consistent with the shown observations (Fig. 4f–1), in the 
CMs from stressed GM- and M-BMDMs, the levels of pro-
inflammatory cytokines, such as IL2, IL6, IL1β, IL12p70, 
TNFα and IFNγ were much higher in CM_G6, whereas the 
anti-inflammatory cytokine IL10 was higher in CM_M6 
(Fig. 5f). In-depth analysis of these differentially secreted 
proteins (CM_G6 vs CM_M6 up) revealed that cell death-
associated signaling pathways were predicted to be upregu-
lated in CMs from ER-stressed GM-BMDMs, and corre-
spondingly the cell survival was predicted to be upregulated 

(Fig. 5g) in ER-stressed M-BMDM-CMs, which may par-
tially explain the phenomenon observed in Fig. 2. These 
results demonstrated GM-BMDMs under ER stress released 
much more molecules heightened with cell death signals.

GM‑BMDMs store and release more DAMPs 
and induce tumor cell death in synergy 
with ER stress

To verify which kind of molecules in the CMs might contrib-
ute significantly towards death of the recipient cell, the IPA 
upstream analysis was applied to the DEGs of LLC recipi-
ent cells under the transmissible ER stress from ER-stressed 
GM-BMDMs and M-BMDMs (CM_G12 vs CM_M12). The 
result revealed that the S100 family could be the causal fac-
tor resulting in subsets of gene expression changes in recipi-
ent cells, which are connected with the functions of cell 
death and inflammatory responses (Fig. 6a). We noticed that 
some of them are DAMPs, which could be released upon 
ER stress and trigger cell death and immune responses [37]. 
Therefore, we hypothesized that GM-BMDMs might release 
more DAMPs into the CMs under stress conditions than 
M-BMDMs. By looking at the known DAMPs detected in 
the transcriptome and proteomics in GM- and M-BMDMs, 
S100A8 and S100A9 with relatively high expression levels 
were found in GM-BMDMs and enriched in stressed GM-
BMDMs (Fig. S5d). We further verified these findings by 
RT-PCR, Western blot and ELISA. As shown in Figs. 6b, c 
and S5e, f, GM-BMDMs showed higher levels of S100A8 
and S100A9 mRNA transcripts and S100A9 protein. 
Moreover, the levels of S100A8, S100A9 and the dimer of 
S100A8/A9 were higher in CMs derived from GM-BMDMs 
(Fig. 6d–f). The results indicated that GM-BMDMs could 
store more DAMPs in normal physiological conditions and 
release more DAMPs under ER stress.

ER stress is widely known to induce the efficient emission 
of DAMPs and serve as an important mechanism accentuat-
ing immunogenicity, especially decisive for immunogenic 
cell death (ICD) [38]. Hence, we postulated that these two 
proteins may affect cell survival along with ER stress in the 
process of ER stress transmission. To test this hypothesis, 
recombinant S100A8/A9 proteins were used to treat LLC 
cells with or without ER stress. As previously reported, both 
DAMPs and ER stress could induce certain cell death, how-
ever, surprisingly, the combination of DAMPs and stress 
could dramatically enhance tumor cell death (Fig. 7a, b).

Mitogen-activated protein kinase (MAPK) signaling 
is predominantly activated upon DAMP stimulation [39]. 
S100A8 and S100A9 could induce the activation of NF-κB 
via increasing the phosphorylation of p38 and (or) p-ERK 
MAP kinases and play a pivotal role in the regulation of 
inflammatory responses [34]. To investigate how stress 

Fig. 5   GM-BMDM-derived conditioned medium contains more pro-
inflammatory mediators and enriches in cell death functions. a GM-
BMDMs and M-BMDMs were washed 3 × with Dulbecco’s PBS 
and fresh serum-free media or media containing Tm (1 μg/ml) were 
added. 6  h later, CMs of GM-BMDMs (CM_GM_C and CM_G6) 
and M-BMDMs (CM_M_C and CM_M6) were harvested and pro-
cessed for proteomic analysis. The heatmap of secreted proteins 
filtered using UniProt database was shown (Fold change > 1.2). b 
Venn diagram of the upregulated secreted proteins among the indi-
cated comparison groups. c GO enrichment analysis of the shared 
upregulated secreted molecular pathways in CM_G6 vs CM_GM_C 
and CM_M6 vs CM_M_C. The bar charts represent the enrichment 
scores of the relevant enriched pathways. The dotted  lines indicate 
the gene numbers enriched to related pathways. Pathway analysis of 
the upregulated secreted proteins of CM_G6 compared with CM_M6 
(d) and CM_M6 compared with CM_G6 (e). f GM-BMDMs and 
M-BMDMs were treated with Tm (1 μg/ml) for 6 h. After washing 
3 × with Dulbecco’s PBS, fresh serum-containing media were added. 
16  h later, CMs for GM-BMDMs (CM_G6) and M-BMDMs (CM_
M6) were collected and 10 inflammatory cytokines/chemokines were 
analyzed. g The predicted disease/function networks of the differently 
expressed secreted proteins of CM_G6 compared with CM_M6 were 
evaluated by IPA analysis. Orange indicates upregulated disease/func-
tion in the CM_G6 group compared with CM_M6 while blue indi-
cated down-regulated ones
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synergizes with DAMP signaling in inducing tumor cells 
death, LLC cells were pretreated with or without Tm to 
trigger the activation of UPR signals followed by S100A9 
treatment as shown in Fig. 7c. Interestingly, pre-activated 
UPR signaling could further enlarge the S100A9-induced 
MAPK signaling pathways, especially the levels of p-JNK 

and p-p38. Meanwhile, S100A9 treatment following the acti-
vation of stress could significantly enhance the expression of 
ER stress markers, such as Grp78, CHOP and sXbp1 even 
with short time treatment (Fig. 7d and S6 a–d). The results 
suggested that S100A9 and S100A8 could severely induce 
cell death in synergy with ER stress, which may at least 
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partially result from synergetic stress and DAMP-induced 
signaling (Fig. 8).

Discussion

Persistent ER stress, an essential feature of cancer, is driven 
by multiple metabolic and oncogenic abnormalities in the 
tumor microenvironment (TME) that disrupt protein-fold-
ing homeostasis in malignant cells and infiltrating immune 
cells. The active ER stress response enables malignant cells 
to adapt to carcinogenesis and environmental challenges 
and coordinates with various immunomodulatory mecha-
nisms to promote malignant progression [40]. In addition 
to directly mediating the activities of cancer cells, it has 
been reported that ER stress is also involved in intercellular 
communication. ER stress can be transferred from tumor 
cells to the surrounding bone marrow-derived myeloid cells, 
macrophages, and dendritic cells [5, 10]. And the receiver 
macrophages can sense and potentiate the transferred ER 
stress in a TLR4-dependent manner [5]. Moreover, cancer 
cells could regulate the macrophage transforming into the 
anti-inflammatory phenotype during the ER stress transmis-
sion, the anti-tumor effects of immune cells in the tumor 
were repressed and therefore the tumor growth and devel-
opment can be promoted [41]. Along with the production 
of tumorigenic cytokines and immunosuppressive enzyme 
arginase, the transmission of ER stress could also suppress 
cross-priming in dendritic cells and further block the T-cell 
proliferation [42]. Furthermore, transmissible ER stress was 

shown to induce the activation of Wnt signaling in recipient 
human prostate cancer cells and enhance the resistance to 
common chemotherapies [10].

In the previous reports [5, 10, 41], the source of transfer-
able ER stress has been focused on the tumor intrinsic ER 
stress. As the non-cancer cells in TME should also sense 
the hypoxia, nutrient deprivation, lactic acidosis resulted 
from oxygen depletion, these cells could also initiate intrin-
sic ER stress. Macrophages, an abundant tumor infiltration 
immune cell populations, could experience the high demand 
of protein folding or secretion during chemoattraction and 
response to a variety of intratumoral stimuli, therefore, it is 
likely that the ER stress could be initiated from macrophage 
as well. In the current study, our results suggested that the 
transferable ER stress indeed is bidirectional. It could also be 
transferred from stressed macrophages to nearby tumor cells. 
This bidirectional transmissible ER stress might be a fun-
damental mechanism of intercellular communication when 
tissue adapted to various stresses, especially in the TME.

Macrophage polarization present in the TME has com-
plex functions in shaping the TME and regulating immu-
nity. For example, the ratio of M1 to M2-like macrophages 
is closely correlated with the survival rate in ovarian can-
cer patients, and the overall M1/M2 TAM ratio decreased 
as the cancer stage increased [43]. Similar to this, a better 
overall survival was observed in pediatric classical Hodg-
kin Lymphoma patients with a predominant M1 polarization 
[44]. Hypoxia, lactate production and other cytokines can 
shift macrophage polarization from an anti-tumor M1-like 
phenotype towards a pro-tumor M2-like based on the envi-
ronmental changes in the TME [45]. Several preclinical 
studies also manifested some strategies switch M2-like to 
M1-like phenotypes in order to inhibit tumor growth and 
progression [46, 47]. Approximately 30 compounds can shift 
M1-like phenotypes toward the M2-like macrophages and 
20 compounds switch M2-like TAMs to the M1 phenotype 
through high-throughput screening were also identified in 
the reported study [48]. M-CSF, a M2 polarization factor, is 
overexpressed in many malignancies [49–51]. Treatment of 
tumor-bearing mice with anti-M-CSFR monoclonal block-
ing antibody resulted in a reduction of mature TAMs, and 
the block of M-CSFR is one of the oncotherapy strategies 
clinically [52]. On the other hand, GM-CSF has been used 
in cancer immunotherapy as an adjuvant by activation of 
both innate and adaptive immunity [53]. In our study, we 
use GM-CSF- and M-CSF-derived BMDMs as the model 
cells and found that though GM-CSF primed M1-like mac-
rophages respond to ER stress weaker than M-CSF primed 
M2-like ones but they could transfer stronger ER stress sig-
nals to surrounding tumor cells. The elevated ER stress in 
recipient tumor cells initiates the cell death signaling leading 
to notable tumor killing. More interestingly, this M1-like 
macrophage is also disliked by the tumor cells. Once the 

Fig. 6   GM-BMDMs store and release more DAMPs. a GM-BMDMs 
and M-BMDMs were treated with Tm (1 μg/ml) for 12 h. After wash-
ing 3 × with Dulbecco’s PBS, fresh serum-containing media were 
added. 16 h later, conditioned media were collected and used to cul-
ture LLC cells for 24 h. The total RNA of LLC cells was extracted 
and performed for RNA-seq analysis. The direct and indirect connec-
tion of S100 with the upregulated DEGs of CM_G12 compared with 
CM_M12 by IPA analysis. CM_G12 and CM_M12 represent LLC 
cells treated with CM_GM or CM_M derived from GM-BMDMs 
and M-BMDMs incubated with Tm for 12  h. The orange box indi-
cates the upstream regulatory gene family, red indicates the certain 
upstream regulatory genes, green indicates the detectable upregulated 
genes in sequencing, and blue shows the relevant biological func-
tions displayed by detectable genes in green box. b–c GM-BMDMs 
and M-BMDMs were treated with Tm (1  μg/ml) for 0, 4, 6, 8 and 
12 h. The S100A9 (b) and S100A8 (c) mRNA levels were determined 
using RT-PCR. d–f GM-BMDMs and M-BMDMs were treated with 
Tm (1  μg/ml) for the indicated time. After washing 3 × with Dul-
becco’s PBS, fresh serum-containing media were added. 16  h later, 
CMs from GM-BMDMs (CM_GM) and M-BMDMs (CM_M) were 
collected and S100s were analyzed including S100A9 (d), S100A8 
(e) and S100A8/A9 (f). Data were represented as mean ± SEM of 
triplicate experiments and the differences were evaluated by two-way 
ANOVA and multiple comparisons. P < 0.05 is indicated by * for 
comparison of vehicle—(0  h) and Tm-treated GM-BMDMs and by 
# for comparison of GM-BMDMs and M-BMDMs with the same Tm 
treatment time
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tumor cells facing the M1–like macrophage, it also prefers to 
trigger this kind of M1 macrophage to die. Contrast to that, 
M2-like macrophage survived better in the stressed TME 

even though they sensed more stress. The intercellular sig-
nals M2-like macrophage sent to tumor cells are enriched 
in supporting tumor growth. Therefore, intratumoral 

Fig. 7   DAMP signaling acts in synergy with ER stress signaling to 
induce tumor cell death. a, b LLC cells were treated with Tm (0.5 μg/
ml), S100A8 (5  μg/ml) and S100A9 (5  μg/ml) individually or in 
combination for 6 h. Cells were co-stained with PI (red) and Hoechst 
33,342 (blue) for 30  min and photographed by microscope. Repre-
sentative images were shown (a) and the percentage of PI+ cells (b) 
was calculated. Scale bars, 100 μm. c Schematic diagram of experi-
mental workflow. LLC cells were pretreated with DMSO or Tm 
(0.5  μg/ml) for 6  h and S100A9 (5  μg/ml) was added for the indi-

cated times. d LLC cells were treated as in c. Whole-cell lysates were 
processed for Western Blot analysis and probed with the indicated 
primary antibodies including Grp78, CHOP, sXbp1, p-ERK, p-JNK, 
and p-p38, ERK, JNK and p38. Molecular weights in kDa are indi-
cated to the right. Data are representative of triplicate experiments 
and the quantitative analysis of Western blot data is shown in right 
panel. Data were represented as mean ± SEM and evaluated by one-
way ANOVA, *P < 0.05 is for comparison of vehicle (0 h) with other 
treatments
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macrophage polarization status not only influence the con-
dition of tumor proliferation, but also is decisive for the sur-
vival of macrophages themselves (Fig. 8). That is consistent 
with the observations that most TAM are M2 like. As elimi-
nating the tumor-associated immune monocytes in tumor 

tissue is unpractical, the strategy regulated macrophages’ 
polarization under ER stress might be more preferable and 
is worthy of further investigation.

To date, the underlying mechanisms of how ER stress 
is transferred among cells remain elusive. The molecules 

Fig. 8   Schematic illustration of bidirectional ER stress transmission 
among macrophages and tumor cells in the tumor microenvironment. 
In the TME, ER stress could be sensed by both tumor cells and two 
types of macrophages. M1-like macrophages undergo less intracel-
lular ER stress but could transfer more ER stress to the surrounding 
tumor cells in company with substantial release of proinflammatory 
cytokines, chemokines (IL6, IL1β, IL2, TNFα, etc.) and DAMPs 
(S100A8 and S100A9). On the contrary, M2-like macrophages sense 
more but transfer less ER stress to surrounding tumor cells with the 
release of anti-inflammatory molecules such as IL10, TGFβ and 

VEGF and less DAMPs (S100A8 and S100A9). The DAMPs-induced 
MAPK signaling could synergy with transferred ER stress signaling, 
consequently tumor cells are more likely to be killed by M1 mac-
rophages but survive better with M2 macrophages. In turn, ER stress 
initiated by tumor cells within TME could vice versa be transferred to 
the nearby M1 and M2 macrophages, resulting in the more cell death 
in M1 macrophages but not much in M2 macrophages. Eventually, 
tumor cells and anti-inflammatory M2 macrophages (e.g., TAMs) 
survive under ER stress within TME to provoke tumor progression
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produced by ER stress transmission were suggested as a 
considerable participant that can facilitate the tumor cell 
progression and survival in the microenvironmental sur-
roundings [41]. The cellular ER stress induced in HepG2 
cells promotes the release of DAMPs to enable the death 
signals [37]. ICD elicited by UPR enables the release of 
critical danger signals (normally DAMP) and propagates 
immunity to augment therapeutic efficacy eventually to 
anti-neoplastic immunity [38, 54]. Emerging evidence 
revealed that the cancer cells could communicate with 
non-cancer cells involving ER stress via secreted factors, 
such as tumor-derived extracellular vesicles (exosomes) 
[55, 56], secreted proteins (Golgi protein 73) [57] even 
the lactic acid [41]. Chemotherapeutics and radiotherapy 
have been reported to induce ER stress with the emis-
sion of DAMPs to efficiently stimulate the immune sys-
tem and critically provoke immunogenic cell death (ICD) 
[38, 54]. S100 proteins are believed to express the hall-
mark of DAMPs and play a crucial role in regulating the 
immune responses. In fact, DAMPs, especially S100 pro-
teins were reported to be able to excrete extracellularly 
freely or in exosomes [58]. Free S100 proteins could bind 
to cell membrane receptors (RAGE or TLRs) to initiate 
the inflammatory response [59], however, the mechanism 
of S100 proteins within EVs remains to be investigated. 
In the current study, we identified S100A8 and S100A9 
in the ER-stressed CM using both ELISA and Western 
blot; therefore, it is likely that the released S100 proteins 
are freely exist extracellularly, however, whether they are 
also in EVs require the further studies. Nevertheless, the 
release of more S100A8 and S100A9 by the ER-stressed 
M1-like macrophage could trigger the MAPK signaling 
in tumor cells, which is in synergy with amplified trans-
ferred ER stress leading to significant tumor death. Further 
studies identifying the whole spectrum of necessary and 
sufficient secreted factors mediating ER stress transmis-
sion may constitute key points to elucidate the pro- and 
anti-cancer mechanisms. The deeper understanding of 
ER stress mediated complex intertumoral cell communi-
cations might contribute to further clinical therapies to 
cancer patients.
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