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Abstract 

Background The malignant behaviors of lung cancers are affected by not only cancer cells but also many kinds of 
stromal cells in tumor microenvironment (TME), including macrophages. Macrophages have been proven to exten-
sively influence tumor progression through several mechanisms, among which switching of macrophages from pro-
inflammatory phenotypes (M1-like) to anti-inflammatory phenotypes (M2-like) mediated by transcription factors such 
as nuclear factor κB (NF-κB) is the most crucial event. The regulation of NF-κB has been well studied, however some 
details remain fuzzy.

Methods Mouse primary bone marrow-derived macrophages (BMDMs) were cultured in Lewis lung carcinoma cell 
line LL-2-derived conditioned medium (LL-2-CM). Proliferation, migration, and polarization of BMDMs were tested by 
CCK8, scratch test, transwell, and flow cytometry. Secretion of several cytokines were detected by ELISA or cytometric 
bead array. To further explore the underlying mechanisms, BMDMs cultured in LL-2-CM were harvested for RNA-seq. 
Cytosolic calcium was detected by calcium probe Fluo-4-AM. Western blot was applied to exam the activation of 
NF-κB signal. BAPTA-AM was applied to sequestrate cytosolic calcium to further investigate the relationship between 
calcium and NF-κB signal. The polarization, calcium alteration, and NF-κB signal activation were further validated in 
BMDMs treated by CMT-64-derived conditioned medium (CMT-64-CM).

Results LL-2-CM promoted proliferation, migration, and M2-like polarization of BMDMs and inhibited M1-like 
polarization of BMDMs. However two pro-inflammatory cytokines, interleukin-6 (IL-6) and tumor necrosis factor-α 
(TNF-α ) were secreted. RNA-seq indicated that LL-2-CM activated both canonical and non-canonical NF-κB signal 
in BMDMs. Western blot showed that canonical NF-κB was temporarily elicited and attenuated at 24 h, while non-
canonical NF-κB was consistently activated. At the same time, expression of genes that regulate cytosolic calcium ion 
concentration were down regulated, which caused diminution of cytosolic calcium in BMDMs treated with LL-2-CM. 
The decreased cytosolic calcium, M2-like polarization, and NF-κB activation was also observed in CMT-64-CM treated 
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BMDMs. On the contrary, elevated cytosolic calcium was observed during M1-like polarization of BMDMs elicited by 
lipopolysaccharide (LPS). Interestingly, administration of calcium chelator, BAPTA-AM, impeded activation of canonical 
NF-κB and expression of M1-like marker induced by LPS, which further confirmed the relationship between cytosolic 
calcium and canonical NF-κB signal.

Conclusions In summary, lung cancer cell-derived conditioned medium promoted migration, proliferation, and 
M2-like polarization of BMDMs. The suppressed M1-like polarization was achieved through mitigating canonical NF-κB 
pathway via diminishing cytosolic calcium concentration. As far as we know, our work firstly revealed that cytosolic 
calcium is the key during inhibition of canonical NF-κB and M1-like polarization in macrophages by tumor cells.

Keywords LL-2, CMT-64 macrophages, NF-κB, Calcium, RNA-seq

Background
Macrophages are a group of multi-facetted cells that 
exist in almost all tissues. The alterations of mac-
rophage functions was underpinned by diverse tran-
scriptomes in response to different stimuli [1]. Briefly, 
macrophages are classified into two main groups. 
M1-like macrophages are pro-inflammatory cells 
stimulated by ligands of Toll-like receptors (TLRs), 
interferon gamma (IFN-γ), and components of micro-
organisms [2–5]. NF-κB, the down-stream transcrip-
tome factor of TLR signals, has been reported to 
mediate M1-like polarization of macrophages in TME 
[6]. Selective degradation of NF-κB p65, a component 
of canonical NF-κB signal, reversed M1-like pheno-
types of macrophages into M2-like phenotypes [6]. 
The markers of M1-like macrophages include major 
histocompatibility complex class II (MHC-II), induc-
ible nitric oxide (iNOS), and CD86. On the contrary, 
anti-inflammatory M2-like macrophages, character-
ized to be  CD206+ and arginase-1+, are induced by 
interleukin-4 (IL-4), interleukin-10 (IL-10), and trans-
forming growth factor beta (TGF-β) [2, 7–10]. In 
TME, macrophages always show M2-like phenotypes, 
although they may express M1-like phenotypes at early 
stage [11]. The M2-like polarization of macrophages 
is mediated by cross-talk between tumor cells and 
macrophages [12, 13]. M2-like macrophages inhibit 
anti-tumor immunity of T cells and nature killer cells 
(NKs), thus reasonable strategies of cancer therapies 
are reprogramming M2-like macrophages into M1-like 
macrophages by TLR ligands (such as classical TLR4 
stimulator LPS) [14] and mitigating macrophage 
recruitment and polarization in TME by colony stim-
ulating factor receptor (CSFR) signal inhibitors [15]. 
Although many research works have illustrated cross-
talks between tumor cells and macrophages, the high-
throughput analysis of the signal changes and the 
related mechanisms in macrophages treated by LL-
2-CM remains limited.

In this research, LL-2-CM promoted proliferation, 
migration, and M2-like polarization of BMDMs, while 
pro-inflammatory IL-6 and TNF-α was also secreted. 
RNA-seq demonstrated that both canonical and non-
canonical NF-κB signals were activated and many GO 
terms mediating cytosolic calcium ion homeostasis 
were down regulated after LL-2-CM treatment. Using 
cytosolic calcium probe, Fluo-4-AM, we found that LL-
2-CM treatment decreased cytosolic calcium concen-
tration. Since cytosolic calcium has been reported to 
stimulate NF-κB signal in lymphocytes [16], we tested 
the activation of NF-κB signals in LL-2-CM treated 
BMDMs and the relationship between calcium and 
canonical NF-κB signal in BMDMs using western blot. 
Our data revealed that canonical NF-κB signal was 
temporarily activated within 24 h, while non-canonical 
NF-κB signal was consistently activated. The decreased 
cytosolic calcium concentration was possibly respon-
sible for the mitigated NF-κB signal, because chelating 
cytosolic calcium via BAPTA-AM obviously suppressed 
NF-κB activation and the down-stream M1-like polari-
zation of macrophages induced by LPS. Additionally, 
similar M2-like polarization and cross-talk between 
cytosolic calcium and NF-κB signal were observed in 
CMT-64-CM treated BMDMs. Our work provided an 
overall view of the effects of lung cancer cell condi-
tioned medium on BMDMs and highlighted cytosolic 
calcium attenuation to be the potential cause of the 
diminished NF-κB signal and the promoted M2-like 
polarization in macrophages.

Methods
Extraction and culture of primary BMDMs
Wild type 6–8  weeks C57BL/6 mice were purchased 
from Beijing Vital River Laboratory Animal Technol-
ogy and fed in specific pathogen free condition with 
suitable light–dark cycle and adequate water and for-
age. Our study was reviewed and approved by the 
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Institutional Animal Care and Use Committee of 
Sichuan University (Chengdu, Sichuan, China). All the 
experiments were conducted in compliance with the 
protocols approved by the Institutional Animal Care 
and Use Committee of Sichuan University (Chengdu, 
Sichuan, China). Our study was conducted in accord-
ance with ARRIVE guidelines.

For each experiment, mice were anaesthetized 
using isoflurane and sacrificed. Three or four mice 
were euthanasia to isolate bilateral tibias and femurs 
in sterile condition. Bone marrow was flushed out by 
RPMI-1640 medium (C11875500BT, Gibco). The bone 
marrow was centrifuged and resuspended with red 
blood cell lysis buffer. Then the cell pallets were cen-
trifuged and resuspended with RPMI-1640 medium 
to remove red blood cell lysis buffer. Next, the cells 
were filtrated by 70 µm cell strainers (352,350, Fal-
con) and counted. Finally, the bone marrow cells were 
centrifuged and resuspended by RPMI-1640 medium 
supplied with 10 % FBS (10,091,148, Gibco), 1 % peni-
cillin/streptomycin (SV30010, HyClone), and 20  ng/
mL M-CSF (CB34, Novoprotein). For 6-well (3506, 
Corning)/12-well (3513, Corning)/96well plates 
(310,109,008, LabServ), 2× 10

6/1× 10
6/1× 10

5 cells 
were added per wells respectively. Two or three days 
later, the suspended cells were removed and the adher-
ent cells were used for the appropriate experiment.

Cell culture and conditioned medium collection of lung 
cancer cell lines
LL-2 and CMT-64 cell line were obtained from Ameri-
can Tissue Type Culture Collection (ATCC). LL-2 or 
CMT-64 cells were cultured in DMEM (C11995500BT, 
Gibco) supplied with 10 % FBS, 1 % penicillin/strep-
tomycin. For conditioned medium collection, when 
LL-2 or CMT-64 cell density reached about 80 % , the 
medium was replaced with new DMEM supplied with 
10 % FBS, 1 % penicillin/streptomycin. After 24 h, the 
conditioned medium was harvested and filtrated by 
0.22 µm filter (SLCPR33RB, Millipore) and stored at 
-20 ◦C.

CCK8 assay
BMDMs were seeded into 96-well plates. Two to three 
days later, RPMI-1640 medium was removed and 
medium containing 0 % , 25 % , 50 % , and 100 % volume 
of LL-2-CM was used to culture BMDMs for further 
48 h. The remaining volume of the medium was com-
pleted by RPMI-1640 medium that used for culturing 
BMDMs. Then the BMDMs were treated with CCK8 
(HY-K0301, MedChemExpress) referring to manu-
facture’s instructions. Finally, microplate reader at 
450 nm was used to read the plates.

BCA
Protein concentrations in mediums were measured by 
BCA Protein Assay Kit (23,225, Thermo Fisher) accord-
ing to manufacturer’s instructions. Briefly, 5 µl diluted 
medium were added into 100 µl mixture of reagent A and 
reagent B in a 96-well plate. At the same time, a sequence 
of dilution of standard bovine serum albumin solution 
were used to create a standard curve. The 96-well plate 
were incubated in 37 ◦C for 30 min before read by micro-
plate reader at 562 nm.

Scratch test
BMDM monolayer in 6-well plate was scratched with 
10  ml pipette. The cells were washed once to remove 
suspension cells before photographed. Equal volume of 
LL-2-CM or new DMEM medium was added into RPMI-
1640 medium that used for culturing BMDMs. After 
24 h, the scratches were photographed again at the same 
place to evaluate cell migration. The width of scratches 
were measured by Image J. The scratch closure rates were 
calculated by 100%× (width0h − width24h)/width0h.

Transwell test
BMDMs were seeded into transwell (3422, Corning) with 
8 µm pores. For each transwell, 5× 10

5 BMDMs were 
loaded into the up chamber and DMEM medium con-
taining 50 % LL-2-CM were loaded into the down cham-
ber. The transwells were stained and photographed after 
12 h. The cells in different visual fields were counted.

Flow cytometry
BMDMs were cultured in 12-well plates. Two to three 
days later, equal volume of LL-2-CM, CMT-64-CM, 
or new DMEM medium was added into RPMI-1640 
medium that used for culturing BMDMs for further 12 h, 
24 h, or 48 h. For LPS stimulation, 20 ng/ml LPS (L2880, 
Sigma-Aldrich) was added into RPMI-1640 medium with 
or without 10 µM BAPTA-AM (HY-100545, MedChem-
Express) to culture BMDMs for further 24 h. Cells were 
collected and stained by antibodies in 4 ◦C for 30  min. 
Anti-CD45 BV421 (103,133, Biolegend), anti-CD206 
APC (141,707, Biolegend), anti-CD206 PE (141,706, Bio-
legend), anti-MHC-II BV510 (107,635, Biolegend), and 
anti-MHC-II BV711 (107,643, Biolegend) were used. At 
the same time, LIVE/DEAD™ Fixable Near-IR Dead Cell 
Stain Kit (L34975, Thermo Fisher) was added to exclude 
non-specific staining. After staining, the cells were 
washed once by PBS and analyzed by ACEA NovoCyte 
(ACEA Biosciences). The gating strategies for our experi-
ments have been shown in supplementary Fig. 1.
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ELISA
Concentrations of IL-4 in medium were measured by 
ELISA kit (88–7044-22, Thermo Fisher) according to 
manufacturer’s instructions. Briefly, 96-well plates were 
coated by capture antibody overnight. After blocking, 
the wells were loaded with our medium or a sequence 
of dilution of standard IL-4 solution overnight. Then the 
wells were incubated by detection antibody followed by 
HRP. Finally TMB solution followed by Stop solution 
were used to detect the remaining HRP in each wells. 
The plates were read by microplate reader at 450 nm and 
562 nm. The concentrations of IL-4 in medium were cal-
culated referring to the standard curve.

Cytometric bead array
Concentrations of IL-1 β , IL-6, IL-10, and TNF-α in 
medium were measured by cytometric bead array 
(560,232, 558,301, 558,300, and 558,299, BD Biosciences) 
according to manufacturer’s instructions. Briefly, 
medium was incubated with capture beads and detection 
reagent successively. The APC, APC-Cy7, and PE infor-
mation of the beads were collected by ACEA NovoCyte 
(ACEA Biosciences). The concentration of each cytokine 
was calculated referring to the standard curve.

RNA‑seq
BMDMs were cultured in 6-well plates. Two days later, 
equal volume of LL-2-CM or new DMEM medium was 
added into RPMI-1640 medium that used for cultur-
ing BMDMs. After 24  h, BMDMs were harvested and 
lysed in TRIzol (Invitrogen). Novogene Bioinformatics 
Institute, Beijing, China, performed the extraction and 
sequencing of RNA. The raw reads were processed with 
adapter trimming and reads filtering by trim galore ver-
sion 0.5.0 to ensure data quality. FastQC version 0.11.5 
was used to generate quality reports. The reads were 
mapped to Mus_musculus.GRCm38.dna.toplevel.fa and 
annotated with Mus_musculus.GRCm38.98.gtf.

To identify differentially expressed genes (DEGs) 
between two groups, fold change (FC) was calculated. 
The cut-off number of log2FC was set to be 1. The DEGs 
were further annotated using Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
database.

Cytosolic calcium evaluation
For real-time cytosolic calcium measurement, BMDMs 
in 96-well plates were incubated in RPMI-1640 medium 
containing 2.5 µM Fluo-4-AM (F14217, Invitrogen) for 
30  min. Then the RPMI-1640 medium containing Fluo-
4-AM was replaced with RPMI-1640 medium with/with-
out 50 % volume of LL-2-CM. The plate was read using 
fluorescent microplate reader in 37 ◦C for 350 min with 

the excitation wavelength at 488  nm and the emission 
wavelength at 530 nm. The results were shown as Fluo-4 
�F/F0 indicating the relative changes referring to the ini-
tial fluorescence intensity.

For cytosolic calcium measurement by flow cytom-
etry, BMDMs in 12-well plates were incubated in RPMI-
1640 medium with/without 50 % volume of LL-2-CM or 
CMT-64-CM for 48 h. Then the BMDMs were stained by 
2.5 µM Fluo-4-AM for 30  min. After staining, the cells 
were harvested and washed once by PBS and analyzed by 
ACEA NovoCyte.

Western blot assay
BMDMs in 12-well plates were incubated in RPMI-
1640 medium with/without 50 % volume of LL-2-CM 
or CMT-64-CM for desired time. For cytosolic calcium 
chelating, BMDMs were previously incubated in 10 µM 
BAPTA-AM for 30 min, then the cells were stimulated by 
500 ng/ml LPS, 50 % volume of LL-2-CM, or 50 % volume 
of CMT-64-CM for 2 h. After incubation, the cells were 
lysed by RIPA buffer (P0013B, Beyotime). The cell lysates 
were separated in 7.5 % or 10 % gels and transferred to 
PVDF membrane (GVWP04700, Millipore). The mem-
branes were probed by desired antibodies. Antibodies 
used herein include rabbit anti-p-p65 (3033S, Cell Signal-
ing), rabbit anti-p65 (8242S, Cell Signaling), rabbit anti-
p-RelB (5025S, Cell Signaling), rabbit anti-RelB (4922S, 
Cell Signaling), rabbit anti-p-IKK (2697S, Cell Signaling), 
rabbit anti-IKK α (2682S, Cell Signaling), rabbit anti-IKK 
β (8943S, Cell Signaling), rabbit anti-p100/p52 (4882S, 
Cell Signaling), and mouse anti-β-actin (sc-47778, 
Santa Cruz). The gray scales were calculated by Image J. 
Gray scales of each proteins were standardized by respec-
tive β-actin. The standardized gray scales of each proteins 
in different time points or treatment groups were com-
pared with the initial time point or blank group.

Statistics
GraphPad Prism 8 was used to draw the statistical 
graphics. Student t-test was used to compare differ-
ences between two groups. One-way ANOVA followed 
by tukey or sidak test was used to compare differences 
among three or more groups. P < 0.05 was considered to 
be significant.

Results
LL‑2‑CM promoted cell proliferation and migration 
of BMDMs
It has been known that macrophages in tissues are main-
tained by both local proliferation and recruitment from 
blood monocyte [1]. In order to explore whether LL-2-CM 
was able to enhance proliferation of BMDMs, we used dif-
ferent concentrations of LL-2-CM to culture BMDMs for 
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48 h. Then CCK8 was applied to compare the amount of 
viable cells in each group. LL-2-CM significantly aug-
mented cell proliferation in dose-dependent manner 
(Fig. 1A). Interestingly, this effect reached maximum in 50 
% volume of LL-2-CM, which was even slightly higher than 
100 % LL-2-CM implying this ratio of LL-2-CM and fresh 
RPMI-1640 was optimal for BMDM proliferation. The total 
protein concentrations in DMEM, DMEM supplied with 
FBS, and LL-2-CM were measured. The majority of pro-
tein in culture medium was provided by FBS, which was 
not significantly consumed by LL-2 (Fig. 1B). Additionally, 
reducing FBS in culture medium mitigated cell survival of 
BMDMs determined by flow cytometry (Fig. 1C). Thus we 
chose fresh medium supplied with 10 % FBS and 50 % can-
cer cell conditioned medium in the following experiments.

Migration is one of the indicators to evaluate the recruit-
ment ability of cells in vitro [17]. Scratch test and transwell 
test were applied to figure out whether LL-2-CM promoted 
cell migration of BMDMs. LL-2-CM significantly enhanced 
cell migration of BMDMs (Fig. 1D, E). Together, our data 
showed that LL-2-CM was able to facilitate cell prolifera-
tion and migration of BMDMs.
LL‑2‑CM inhibited M1‑like polarization and promoted 
M2‑like polarization of BMDMs
To further investigate the influence of LL-2-CM on the 
phenotypes of BMDMs, we used flow cytometry to test 
the cell polarization of BMDMs treated by LL-2-CM. The 
marker of M1-like polarization, MHC-II, was significantly 
down regulated by LL-2-CM (Fig.  2A), while the marker 
of M2-like polarization, CD206, was significantly up-regu-
lated (Fig. 2B). Interestingly, MHC-II was slightly elevated 
and CD206 was slightly mitigated in 24 h group (Fig. 2A, 
B) although the alterations were not significant. Our results 
demonstrated that LL-2-CM was able to induce anti-
inflammatory phenotype of BMDMs.

LL‑2‑CM promoted production of pro‑inflammatory 
cytokines from BMDMs
The secretion of cytokines was another indicator of mac-
rophage polarization. IL-1 β , IL-6, and TNF-α were 
regarded as pro-inflammatory cytokines, while IL-4 and 
IL-10 were anti-inflammatory cytokines [4, 18–21]. Our 
data showed that concentrations of IL-6 and TNF-α were 
significantly elevated after LL-2-CM stimulation, while 
IL-1 β , IL-4, and IL-10 were not altered (Fig.  3A-E). It 
seems paradoxical that markers on cell surface showed 

anti-inflammatory phenotypes (Fig. 2A, B), while secreted 
cytokines showed pro-inflammatory phenotypes (Fig. 3A-
E). This phenomenon inspired us to dive in the underlying 
mechanisms of transcriptome changes in BMDMs elicited 
by LL-2-CM.

RNA‑seq analysis revealed many altered GO terms 
and KEGG pathways by LL‑2‑CM
In order to comprehensively understand the effects of 
LL-2-CM on BMDMs, RNA-seq was carried out. The 
data were clustered (Fig. S2). In GO enrichment analy-
sis, many GO terms related with cell chemotaxis and 
migration were up regulated including cell chemotaxis 
(GO: 0,060,326), which was the mostly enriched biologi-
cal process (Fig.  4A, B). This result was in accordance 
with our scratch and transwell test (Fig. 1D, E). Moreo-
ver, many GO terms related with inflammatory response 
were down regulated including defense response to virus 
(GO: 0,051,607), which was the mostly enriched biologi-
cal process (Fig.  4A, B). This result coincided with our 
flow cytometry data (Fig. 2). In KEGG pathway enrich-
ment analysis, many pathways related with cytokines 
and migration were up regulated, while pathways 
related with inflammatory response were down regu-
lated (Fig. 4C). In addition, many pathways related with 
inflammation and cell adhesion were down regulated.

Interestingly, NF-κB signal pathway (KEGG: mmu04064) 
was enriched in both up regulated and down regulated list 
(Fig. 4C). At the same time, many GO terms related with 
calcium ion homeostasis were down regulated, such as 
calcium ion homeostasis (GO: 0,055,074), cellular calcium 
ion homeostasis (GO: 0,006,874), and regulation of cyto-
solic calcium ion concentration (GO: 0,051,480) (Fig. 4B). 
Knowing that canonical NF-κB promoted inflammatory 
response of macrophages [22] and that cytosolic calcium 
is a stimulator of NF-κB [16], we tried to dissect the influ-
ence of LL-2-CM on NF-κB signal in BMDMs and the role 
of cytosolic calcium in NF-κB signal in further experiment.

Other DEGs, altered GO terms, and altered KEGG 
pathways have been listed in Supplementary Material.

LL‑2‑CM decreased cytosolic calcium in BMDMs
In RNA-seq, we found three down regulated calcium 
channels or transporters in GO terms related with cel-
lular calcium ion homeostasis. Calcium channel, volt-
age-dependent, P/Q type, alpha 1A subunit (Cacna1a, 

(See figure on next page.)
Fig. 1 LL-2-CM promoted cell proliferation and migration of BMDMs. BMDMs were cultured in different concentrations of LL-2-CM. Viable cells were 
detected by CCK8 A. Protein concentrations in different culture medium B and viability of BMDMs in different concentration of FBS C was tested to 
verify the optimal LL-2-CM treatment method. P values were calculated by one-way ANOVA and Tukey test. Monolayer of BMDMs were scratched 
and cultured in 50 % LL-2-CM. Pictures were taken at the same field of vision before and after 24 h. The scratch closure rates were calculated D. 
BMDMs were loaded in the up chamber of transwells and 50 % LL-2-CM was loaded in the down chamber of transwells for 12 h. The cells crossing 
through the transwell membrane were stained and counted E. P values were calculated by Student’s t-test
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Fig. 1 (See legend on previous page.)
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GeneID: 12,286) and calcium channel, voltage-depend-
ent, N type, alpha 1B subunit (Cacna1b, GeneID: 12,287) 
are calcium channels through which extracellular calcium 
enters cytoplasm. However, ATPase,  Ca2+ transporting, 
plasma membrane 3 (Atp2b3, GeneID: 320,707) is an 
ATPase that excretes cytosolic calcium against very large 
concentration gradients. In order to explore whether 
cytosolic calcium was elevated or reduced by LL-2-CM, 

we used cytosolic calcium probe, Fluo-4-AM. Within the 
first 6 h, cytosolic calcium in LL-2-CM treated BMDMs 
was slightly lower than control group (Fig. 5A). The cyto-
solic calcium in LL-2-CM treated BMDMs was signifi-
cantly reduced after 48 h (Fig. 5B). Our data showed that 
although both entrances and exits of cytosolic calcium 
in BMDMs were down regulated by LL-2-CM, cytosolic 
calcium was diminished in general.

Fig. 2 LL-2-CM inhibited M1-like polarization and promoted M2-like polarization of BMDMs. BMDMs cultured with or without LL-2-CM were stained 
by anti-MHC-II A and anti-CD206 B. P values were calculated by one-way ANOVA and Tukey test
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CMT‑64‑CM affected BMDM polarization and cytosolic 
calcium in similar pattern
We validated the effects of lung cancer cells conditioned 
medium on BMDMs by CMT-64. BMDMs cultured in 
CMT-64-CM showed elevated CD206, attenuated MHC-
II, and diminished cytosolic calcium after 48 h (Fig. 6A-
C). This data illustrated that the influences of lung cancer 
cells conditioned medium on BMDMs are repeatable in 
different cell lines.

NF‑κB signals were regulated by LL‑2‑CM through cytosolic 
calcium
It’s an interesting result that NF-κB signal pathway 
was enriched in both up regulated and down regu-
lated list. Toll-like receptor signaling pathway (KEGG: 
mmu04620) was also down regulated accompany-
ing with NF-κB signal pathway, indicating canonical 
NF-κB signal was inhibited, because TLRs has been 
shown to elicit canonical NF-κB signal [14, 22]. On 

the contrary, the up regulated TNF signaling pathway 
(KEGG: mmu04668) is known to activate both non-
canonical and canonical NF-κB signal [23]. Western 
blot assay was applied to investigate the activation of 
NF-κB signal pathway. We found that canonical NF-κB 
signal, indicated by p-p65, was stimulated in the ini-
tial 12  h, however it was obviously dampened after 
24  h (Fig.  7A, B). In contrast, non-canonical NF-κB 
signal, indicated by p-RelB, was consistently activated 
(Fig.  7A, D). Although the expression of p-RelB in 
24  h was also slightly lower than that in 2  h, 4  h, and 
8  h, it did not decrease dramatically. Additionally, the 
activation pattern of p-IKK, the up-stream protein of 
p-p65 and p-RelB, resembled that of p-p65 (Fig. 7A, F). 
Another molecular involving in non-canonical NF-κB 
signal, p52, was also consistently elevated by LL-2-CM 
(Fig. 7A, I).

We also investigated the effect of CMT-64-CM on 
NF-κB signal pathway in BMDMs. More rapid activation 

Fig. 3 LL-2-CM promoted secretion of IL-6 and TNF-α . Cytometric bead array was applied to measure the concentrations of IL-1 β A, IL-6 B, TNF-α C, 
and IL-10 E and ELISA was applied to measure the concentrations of IL-4 D in LL-2-CM, BMDM culture medium, and 50 % LL-2-CM incubated with 
BMDMs. P values were calculated by one-way ANOVA and Tukey test



Page 9 of 18Zhang et al. BMC Cancer         (2022) 22:1327  

Fig. 4 RNA-seq analysis revealed many altered GO terms and KEGG pathways by LL-2-CM. BMDMs cultured with or without LL-2-CM were collected 
for RNA-seq analysis. The DEGs were annotated by GO and KEGG database. Up regulated and down regulated GO terms including biological 
process, cellular component, and molecular function A. Up regulated and down regulated GO terms including biological process B. Up regulated 
and down regulated KEGG pathways C 
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and regression of both canonical (p-p65) and non-
canonical (p-RelB and p52) NF-κB signal markers were 
observed (Fig.  7J, K, M, and R) comparing with that of 
LL-2-CM. But the phenomenon that promotion of p-p65 
was earlier than p-RelB was in accordance with the 
results from LL-2-CM treated BMDMs.

In order to dissect the relationship between down-reg-
ulated NF-κB signal and diminution of cytosolic calcium, 
we tested whether chelating cytosolic calcium could sup-
press LL-2-CM and CMT-64-CM-elicited NF-κB signal. 
Our result showed that BAPTA-AM, a specific and quick 
cytosolic calcium chelator [24, 25], suppressed both 
canonical and non-canonical NF-κB signal elicited by 
LL-2-CM and CMT-64-CM early at 2 h (Fig. 8A-I). Inter-
estingly, canonical NF-κB indicated by p-p65 seemed to 
be more susceptible to BAPTA-AM treatment than non-
canonical NF-κB indicated by p-RelB (Fig. 8B, D). These 
results demonstrated that deprivation of LL-2-CM and 
CMT-64-CM-induced NF-κB signal could be achieved 
early through acute sequestration of cytosolic calcium, 
which built the positive link between NF-κB signal and 
cytosolic calcium.

LPS‑mediated canonical NF‑κB signal was depended 
on cytosolic calcium
Both cytosolic calcium and canonical NF-κB were 
decreased after 24  h, which inspired us to further eval-
uate the relationship between cytosolic calcium and 
canonical NF-κB signal. LPS, a ligand of TLR4, is known 
to elicit canonical NF-κB signal and M1-like polarization 
of macrophages [14, 22]. We applied LPS to specifically 
provoke canonical NF-κB signal in BMDMs. Our result 
revealed that LPS treatment remarkably evoked expres-
sion of p-p65 in BMDMs, while chelating cytosolic cal-
cium with BAPTA-AM significantly abrogated canonical 
NF-κB signal (Fig. 8J-L). This finding further verified that 
cytosolic calcium was indispensable for canonical NF-κB 
signal in macrophages.

Cytosolic calcium was involved in M1‑like polarization 
of BMDMs evoked by LPS
Since chelating cytosolic calcium significantly inhibited 
canonical NF-κB signal elicited by LPS, we attempted 
to explore whether LPS could elevate cytosolic calcium 

Fig. 5 LL-2-CM decreased cytosolic calcium in BMDMs. BMDMs cultured with or without LL-2-CM were stained by cytosolic calcium probe 
Fluo-4-AM. The short-term alteration of cytosolic calcium within 6 h was detected by fluorescent plate reader A. The long-term alteration of 
cytosolic calcium after 48 h was detected by FCM B. P values were calculated by Student’s t-test
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in BMDMs and whether BAPTA-AM could inhibit 
M1-like polarization of BMDMs evoked by LPS. Flow 
cytometry data showed that MHC-II was significantly 
up regulated (Fig.  9A) and CD206 was significantly 
down regulated (Fig.  9B) by LPS treatment indicating 
M1-like polarization of macrophages. At the same time, 
LPS elevated cytosolic calcium (Fig. 9C), indicating that 
cytosolic calcium participated in M1-like polarization 
of BMDMs. BAPTA-AM obviously attenuated expres-
sion of MHC-II in LPS-treated BMDMs (Fig. 9A), which 
further substantiated the role of cytosolic calcium in 

M1-like polarization of LPS-treated BMDMs. Interest-
ingly, BAPTA-AM also decreased expression of CD206 
in LPS-treated BMDMs (Fig. 9B). A possible explanation 
for the decreased CD206 expression is that BAPTA-AM 
also inhibited non-canonical NF-κB signal (Fig. 8D). The 
slightly decreased Fluo-4 fluorescence in BAPTA-AM 
(Fig. 9C) treatment group could be explained by competi-
tive chelation of calcium by both BAPTA-AM and Fluo-
4. Together, our results illustrated that cytosolic calcium 
was the key factor for M1-like polarization of BMDMs.

Fig. 6 The M2-like polarization and decreased cytosolic calcium was validated in CMT-64-CM treated BMDMs. BMDMs cultured with or without 
CMT-64-CM were stained by anti-MHC-II A, anti-CD206 B, and Fluo-4-AM C. P values were calculated by Student’s t-test
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Fig. 7 NF-κB signals were regulated by LL-2-CM and CMT-64-CM. BMDMs cultured in LL-2-CM and CMT-64-CM were harvested at different time 
points for western blot analysis. Dynamic alterations of canonical NF-κB (p-p65 and p65), non-canonical NF-κB (p-RelB, RelB, and p100/p52), 
and overall NF-κB (p-IKK, IKK α , and IKK β ) in LL-2-CM treated BMDMs A‑I and CMT-64-CM treated BMDMs J‑R were shown. Full-length blots are 
presented in Supplementary Fig. 3 and Supplementary Fig. 4
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Discussion
Many researches have proven that existence and repro-
gramming of stromal cells, especially macrophages, in 
TME are crucial for tumor progression [1, 12, 13]. Bet-
ter understanding of what signal pathways regulate the 
reprogramming of macrophages and how these signal 
pathways are evoked would be beneficial for developing 
novel therapeutic methods against tumor progression.

In this work, we found that LL-2-CM promoted pro-
liferation, migration, and M2-like polarization of mac-
rophages. Treatment of LL-2-CM increased viable 
macrophages detected by CCK8, implying the potential 
existence of cytokines responsible for macrophage pro-
liferation in LL-2-CM. Scratch and transwell test found 
that BMDMs incubated in LL-2-CM showed augmented 
migration ability. These results substantiated that LL-2 
cells are probably able to secrete some factors to boost 
recruitment and local proliferation of macrophages in 
TME. The macrophages in TME were further polar-
ized to M2-like macrophages by LL-2-CM stimulation, 
which would facilitate immune evasion of tumor cells. 
RNA-seq revealed that LL-2-CM treatment promoted 
many pathways involved in chemotaxis and migra-
tion and inhibited many pathways involved in inflam-
mation, which explained the phenotypes we observed 
above. We then focused on NF-κB signal, which was up 
regulated and down regulated simultaneously in KEGG 
enrichment analysis. Western blot showed that canoni-
cal NF-κB signal remarkably decreased at 24  h after 
LL-2-CM administration, while non-canonical NF-κB 
signal was constantly activated by LL-2-CM. Interest-
ingly, canonical NF-κB signal and cytosolic calcium were 
simultaneously reduced by LL-2-CM treatment. Simi-
lar dynamic changes of NF-κB signal and macrophage 
polarization were also observed in CMT-64-CM treated 
BMDMs. Considering that TLR4 activated canonical 
NF-κB signal and promoted expression of M1-like mark-
ers in macrophages [22] and that calcium was able to 
activate canonical NF-κB signal in lymphocyte [16], we 
tried to figure out whether the cytosolic calcium reduc-
tion was the cause of dampened canonical NF-κB signal 
in BMDMs. As expected, LPS, the specific TLR4 stimula-
tor, elevated cytosolic calcium, initiated canonical NF-κB 
signal, and induced M1-like polarization in BMDMs, 
which was substantially suppressed by chelating cytosolic 
calcium via BAPTA-AM. Additionally, sequestration of 
cytosolic calcium through BAPTA-AM also caused early 

deprivation of canonical and non-canonical NF-κB signal 
induced by LL-2-CM and CMT-64-CM. In a word, we 
found a positive relationship between cytosolic calcium, 
canonical NF-κB signal, and M1-like phenotype of mac-
rophages. The related mechanisms have been summa-
rized in Fig. 10.

RNA-seq found that genes of three calcium chan-
nel/transporter, Cacna1a, Cacna1b, and Atp2b3, 
were decreased in LL-2-CM treated BMDMs. Pro-
teins coded by Cacna1a and Cacna1b are channels for 
calcium entering cytoplasm, while protein coded by 
Atp2b3 is the transporter for excreting cytosolic cal-
cium. With the help of calcium probe, we found that 
LL-2-CM decreased cytosolic calcium in BMDMs. We 
speculated that Cacna1a and Cacna1b might be ini-
tially down-regulated genes, and that down-regulation 
of Atp2b3 might be the secondary effect caused by 
decreased cytosolic calcium. In the future, dissecting 
the crosstalk of different calcium channel/transporter 
on both protein level and transcriptome level would be 
a compelling work.

Our data indicated that reduced cytosolic calcium 
was probably the cause of suppressed canonical and 
non-canonical NF-κB signal. However it remains fuzzy 
why the non-canonical NF-κB signal was diminished 
slower than canonical NF-κB signal in LL-2-CM and 
CMT-64-CM treated BMDMs. It seems that p-p65 
was more susceptible to BAPTA-AM than p-RelB, but 
the underlying mechanisms need further investiga-
tion. The canonical NF-κB signal has been proven to 
support M1-like polarization of macrophages [6, 22], 
while the role of non-canonical NF-κB in tumor asso-
ciated macrophages is not well illustrated. It seems 
that non-canonical NF-κB inhibited inflammatory 
response in dendritic cells [26] and facilitated drug 
resistance in TAMs [27]. On the contrary, another 
research demonstrated that non-canonical NF-κB 
participated in M1-like polarization of macrophages 
induced by baicalin [28]. Whether non-canonical 
NF-κB was involved in other mechanisms for immune 
evasion is still unknown. Future researches answer-
ing these questions may help with establishing a bet-
ter understanding of the crosstalk between tumor 
cells and macrophages. Another interesting finding is 
the different dynamic changes of canonical and non-
canonical NF-κB signal. Previous results declare that 
macrophages may express M1-like phenotypes at early 

Fig. 8 Cytosolic calcium participated in conditioned medium-mediated NF-κB signal and LPS-mediated canonical NF-κB signal. BMDMs treated by 
LL-2-CM and CMT-64-CM with or without BAPTA-AM for 2 h were collected for western blot. Canonical NF-κB (p-p65 and p65), non-canonical NF-κB 
(p-RelB, RelB, and p100/p52), and overall NF-κB (p-IKK, IKK α , and IKK β ) were shown and calculated A‑I. LPS elicited canonical NF-κB in BMDMs, 
which was suppressed by BAPTA-AM J‑L. Full-length blots are presented in Supplementary Fig. 5 and Supplementary Fig. 6. P values were calculated 
by one-way ANOVA and Tukey test

(See figure on next page.)
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Fig. 8 (See legend on previous page.)
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stage and they would be repolarized toward M2-like 
phenotypes [11]. This is in accordance with our find-
ings including production of pro-inflammatory IL-6 
and TNF-α , slightly elevated MHC-II in 24  h, and 
slightly decreased CD206 in 24  h by LL-2-CM treat-
ment. Although the pro-inflammatory phenotypes 
may facilitate anti-tumor immunity [18, 22], immuno-
suppressive myeloid-derived suppressor cells are also 
recruited in TME by these cytokines, which caused 

suppressed anti-tumor immunity and drug resistance 
[29–31]. Thus the cross-talk between cancer cells 
and macrophages is much more complicated beyond 
merely suppression anti-tumor immunity.

Our work provided an overview of the effects of LL-
2-CM on BMDMs through both bioinformatics and 
experiment. The RNA-seq data revealed many altered 
pathways after LL-2-CM treatment, among which some 
pathways might be the potential targets for therapy. For 

Fig. 9 Cytosolic calcium was involved in M1-like polarization of BMDMs evoked by LPS. Untreated BMDMs and BMDMs treated with LPS or LPS plus 
BAPTA-AM were stained by Fluo-4-AM, anti-MHC-II, and anti-CD206 and analyzed by FCM. Alteration of MHC-II expression A. Alteration of CD206 
expression B. Alteration of cytosolic calcium (C). P values were calculated by one-way ANOVA and Tukey test
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example, elevating cytosolic calcium through inhibiting 
ATP2B3 or activating the voltage-dependent calcium 
channels in macrophages might start M1-like polariza-
tion and enhance anti-tumor immunity. Whether it is 
feasible to manipulate NF-κB signal and phenotypes of 
TAMs through activators and inhibitors of calcium chan-
nels is a tempting question.

Conclusion
In conclusion, our study elucidated that LL-2-CM facili-
tated proliferation, migration, and M2-like polarization 
of BMDMs. During this process, reduced cytosolic cal-
cium was the possible cause of the suppression of pro-
inflammatory canonical NF-κB signal. This mechanism 
was further validated in CMT-64-CM treated BMDMs. 
Development of future interventions could focus on ele-
vating cytosolic calcium in macrophages.
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