
Vol.:(0123456789)1 3

Molecular Biology Reports (2022) 49:4777–4793 
https://doi.org/10.1007/s11033-022-07329-w

ORIGINAL ARTICLE

Proteasome inhibitor immunotherapy for the epithelial 
to mesenchymal transition: assessing the A549 lung cancer 
cell microenvironment and the role of M1, M2a and M2c 
‘hydrocortisone‑polarised’ macrophages

Selin Engür‑Öztürk1  · Miriş Dikmen2 

Received: 15 November 2021 / Accepted: 2 March 2022 / Published online: 13 March 2022 
© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract
Background Lung cancer is a leading cause of cancer-related deaths, primarily as a result of metastases. In this metastasis, 
the epithelial-to-mesenchymal transition (EMT) is essential. Interaction with the cancer cell microenvironment is primarily 
dependent on M1- and M2-polarized macrophage.
Methods and results In this study, we revealed the EMT-associated activity of M1, M2a and M2c macrophages in A549 
lung cancer cells. We established a co-culture model of A549 lung cancer cells utilizing THP-1-derived M1/M2 polarised 
macrophages to explore the involvement of macrophages in the immune response, apoptosis, and EMT in lung cancer. 
Although multiple polarising agents are routinely used for M1 and M2 conversion, we assessed a new possible polarising 
agent, hydrocortisone.
Conclusions M1 increased A549 cell sensitivity to proteasome inhibitors and decreased A549 cell viability by inducing 
apoptosis. EMT was induced in the presence of M2c macrophages in A549 cells by the levels of vimentin, fibronectin, 
E-cadherin, NF-kB, CCL-17. We also revealed the antiproliferative effects of bortezomib and ixazomib on A549 cells in 
both 2D and 3D cultures. Our findings could help develop an immunotherapeutic strategy by shedding light on a previously 
undiscovered part of the EMT pathway. Furthermore, additional investigation may reveal that polarising tumour-associated 
macrophages to M1 and eliminating the M2a or particularly the M2c subtype are effective anti-cancer strategies.
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Introduction

Cancer is uncontrolled cell proliferation caused by genetic 
and epigenetic abnormalities. Cell death resistance, triggered 
angiogenesis, invasion, and metastasis are all hallmarks of 
cancer [1]. Lung cancer is the most frequently diagnosed 
type of cancer and the leading cause of cancer-related death 

globally [2]. Lung cancer deaths are mostly due to cancer 
progression during or after systemic therapy. Resistance to 
systemic treatments is therefore a major hurdle in treating 
non-small cell lung cancer. As a result, developing novel 
treatment approaches for patients with lung cancer may help 
to improve their prognosis [3].

The microenvironment defines non-cancer cells and 
tumor tissue structures, and an inflammatory microenviron-
ment is a major factor in lung cancer progression. Tumor-
Associated Macrophages (TAMs) are important members 
of the cancer microenvironment, and they have a variety of 
therapeutic effects on lung tumor progression [4]. Tumor-
associated macrophages make up 5–40% of the tumor mass 
in solid tumors [5]. Macrophages are studied in two func-
tionally distinct subgroups: pro-inflammatory (M1 mac-
rophage) and anti-inflammatory (M2 macrophage) [6–8]. 
M1 macrophages can be polarized to the M1 phenotype in 
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the presence of interferon-gamma (IFN-γ) and inflamma-
tory stimuli such as tumor necrosis factor-alpha (TNF-alpha) 
or lipopolysaccharide (LPS) [9, 10]. M2 macrophages are 
polarized to M2a, M2b, and M2c macrophages with dif-
ferent stimuli. M2a polarization occurs in the presence of 
Interleukin-4 (IL-4) and Interleukin-13 (IL-13). M2c mac-
rophages are polarized by the presence of glucocorticoids, 
Transforming Growth Factor Beta (TGF-β) or Interleukin-10 
(IL-10) [11]. In this study, we used hydrocortisone 'well-
known glucocorticoid' for the first time in M2c polarization, 
especially focusing more on M2c macrophages. M1 and M2 
tumor-associated macrophages are central in the relationship 
between chronic inflammation conditions in cancer [12, 13] 
and play a vital role in the growth of tumors, EMT, angio-
genesis, cancer metastases, and drug resistance [13].

EMT is a morphological transformation of cells from an 
epithelial-polarized phenotype to a mesenchymal fibroblas-
toid phenotype that plays a critical role in cancer metastasis 
[14]. In the development process, a balanced epithelial-
mesenchymal transition is essential, while abnormal EMT 
contributes to pathogenesis by disrupting epithelial homeo-
stasis for diseases such as cancer [15]. NF-kB (nuclear fac-
tor kappa B) is a key marker for cancer invasion and EMT 
[16, 17]. NF-kB is a transcription factor that regulates gene-
encoding molecules such as chemokines, apoptosis, surface 
receptors in the immune response, cytokines, cell adhesion 
molecules, and inflammation [18].

Proteasome inhibitors have a wide range of molecular 
effects, including inhibition of NF-kB, and the conventional 
wisdom is that they block the activation of NF-kB and the 
degradation of other proteins, resulting in cytotoxicity in 
sensitive cell types [19]. The first proteasome inhibitor, bort-
ezomib (Velcade), was approved by the US Food and Drug 
Administration (FDA), and ixazomib (Ninlaro) was recently 
approved [19–21]. Numerous studies have discovered evi-
dence for decreased nuclear factor (NF)-kB activation as a 
result of bortezomib mediated stabilization of the inhibi-
tor IkB [19, 22]. Proteasome inhibitors in combination with 
conventional anticancer agents and novel immunotherapy 
approaches are demonstrating great promise [19]. Several 
therapeutic approaches have been proposed in recent years, 
focusing on the NF-kB axis targeting tumour invasion. We 
utilised 2D and 3D cell culture approaches to evaluate the 
effects of bortezomib and ixazomib, recently developed ther-
apeutic strategies, on antiproliferative, apoptotic and EMT 
pathways in A549 lung cancer co-cultures that included 
THP-1-derived M1, M2a and M2c polarised macrophages. 
This is the first article of M2c macrophage polarization by 
hydrocortisone that we are aware of.

Materials and methods

Chemicals

Hydrocortisone, Eagle’s Minimum Essential Medium 
(EMEM), phorbol 12-myristate 13-acetate (PMA), phos-
phate-buffered saline (PBS), RPMI-1640 medium, bovine 
serum albumin (BSA), interleukin-4 (IL-4), dimethyl sulfox-
ide (DMSO), fetal bovine serum (FBS), lipopolysaccharide 
(LPS), interferon-γ (IFN-γ), hoechst 33258 dye and inter-
leukin-13 (IL-13) were purchased from Sigma Aldrich (St. 
Louis, MO, USA). Vimentin monoclonal antibody (vimentin 
[D21H3] XP® Rabbit mAb) and secondary anti-rabbit Alexa 
Fluor 594 (anti-rabbit IgG [H + L], F(ab’) 2 fragment [Alexa 
Fluor® 594 Conjugate]), e-cadherin monoclonal antibody 
(E-cadherin [4A2] mouse mAb) and secondary antibody 
anti-mouse Alexa Fluor 488 (ab150113, Abcam) were pur-
chased from Cell Signaling (Danvers, MA, USA).

Cell culture and treatments

Non-small cell lung cancer cells A549 (CCL-185, ATCC®, 
USA), human lung fibroblast cells CCD-19Lu (CCL-210, 
ATCC®, USA), and human monocyte cells THP-1 (TIB-
202, ATCC®, USA) were cultured in RPMI-1640 medium 
with 1% penicillin–streptomycin and 10% FBS (Sigma; St. 
Louis, MO, USA). Cultures were incubated at 37 °C in a 
humidified  CO2 (5%) incubator (Heracell™, Thermo Fisher 
Scientific™, Pittsburgh, PA, USA). Bortezomib (BioChem-
ica, Sauerlach, Germany) and ixazomib (Active Biochem, 
Germany) were dissolved in DMSO. The control group was 
incubated in a 0.1 percent DMSO-containing medium.

Polarisation of macrophages into M1, M2a, and M2c 
subtypes

THP-1 cells were treated with 100 ng/mL PMA in serum-
free medium (SFM) for 24 h to induce differentiation into 
a macrophage-like phenotype. To obtain the macrophage 
(M0) resting state, differentiated adherent cells were rested 
in the culture medium (without the addition of PMA) for 
another 48 h. It was discovered that macrophages polar-
ized into M1, M2a, or M2c after being exposed to 20 ng/
mL LPS + IFN-γ for 24 h, 25 ng/mL IL-4 + IL-13 for 72 h, 
and 1 µM hydrocortisone for 72 h. To remove carry-over 
cytokines, LPS, and hydrocortisone, polarised macrophages 
were thoroughly washed and incubated in fresh media for 
24 h. The expression of markers CD206, CD163, CD23, 
and CD80 (BioLegend, San Diego, CA, USA) were used to 
decide the macrophage subspecies using a BD Accuri C6 
flow cytometry. The mRNA expression levels of some genes 
(CXCL-1, CXCL-3, CCL-22, CCL-24, IL-1β, IL-8, IL-18, 
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TGF-β) were determined using a real-time polymerase chain 
reaction (RT-PCR) method to show the polarisation of M0, 
M1, M2a, and M2c subtypes. Finally, macrophages M0, 
M1, M2a and M2c were photographed with the Leica DM 
inverted light microscope to assess morphology.

WST‑1 cytotoxicity test

WST-1 assay (Roche) was used to determine cell viability. 
M0 macrophages were cultured at a density of 1 ×  104 cells 
per well into 96-well plates. Cells were treated with bort-
ezomib and ixazomib at different concentrations for 24 and 
48 h. After incubation, wells were filled with WST-1 cell 
proliferation reagent (10 µl/well) and absorbances (420 nm) 
were measured after 3 h. The absorbance of the samples was 
measured using a Cytation 3 Multi-mode reader (BioTek, 
Winooski, VT, USA). The absorbance was related to the 
number of living cells, and cell viability was represented as 
a percentage of controls [20, 23].

Proliferation assay by real‑time cell analysis system

The real-time cell analysis system (RTCA DP) system con-
tinuously monitors cell behavior by measuring the imped-
ance changes of attached cells and providing a cell index 
(CI) value. During the experiment days, the impedance 
of the wells for each group and concentration was meas-
ured every hour and defined as a CI value. We searched 
at cell proliferation as well as the  IC50 concentrations of 
bortezomib and ixazomib. The cells were then seeded at 
a density of 1 ×  104 per well in 16-well E-plates in 100 μl 
medium. After 24 h of incubation, the xCELLigence RTCA 
DP Instrument measured the impedance of each well every 
hour (ACEA Biosciences, USA). In the final step, the instru-
ment was stopped, and medium was removed from the wells 
containing bortezomib and ixazomib at several concentra-
tions. Assays were run in 8 wells, and the average values 
were calculated. Cell proliferation and  IC50 concentrations 
of bortezomib and ixazomib were monitored and evaluated 
for 48 h according to the CI values by RTCA DP Software 
1.2.1 [24, 25].

Co‑culture procedures

THP-1 polarised M1, M2a or M2c were co-cultured with 
A549 lung cancer cells in indirect contact via transwell 
inserts (Corning, NY, USA) to investigate the impact of 
M1, M2a, and M2c on cancer cell sensitivity to proteasome 
inhibitors. The A549 cells were co-cultured with M1, M2a, 
and M2c macrophages in six-well plate cell culture inserts 
with a 0.4 µm porous membrane separating the upper and 
lower chambers, allowing for the exchange of soluble factors 
but not cell transmigration. To ensure consistency between 

experiments, THP-1 cells were plated in the upper cham-
ber at a 5:1 ratio to the number of A549 cells plated in the 
lower chamber. The THP-1 cells were seeded into the tran-
swell apparatus’s upper chamber, stimulated to differenti-
ate into M0 macrophages by adding 100 ng/mL PMA for 
24 h washed with PBS, and incubated for another 48 h to 
eliminate the effect of PMA. The attached cells, which corre-
sponded to M0 macrophages, were polarised into M1, M2a, 
or M2c macrophages by adding 20 ng/mL LPS + IFN-γ for 
24 h, 25 ng/mL IL-4 + IL-13 for 72 h, and 1 µM hydrocor-
tisone for 72 h. A549 cells were seeded in the lower cham-
ber 24 h before macrophage polarisation ended. The upper 
chambers containing the M1, M2a, or M2c macrophages 
were then placed directly on top of the A549 cells in the six-
well plates. The two cell populations were incubated for 48 h 
with bortezomib and ixazomib  IC50 concentrations added 
directly into the wells.

Real‑time monitoring of A549 cell proliferation 
under co‑culture conditions with M1, M2a or M2c 
polarised macrophages using the E‑plate insert

The E-Plate insert allows for real-time analysis of specific 
cell–cell interactions while keeping the cells separated in 
compartments. A 0.4 µm pore size membrane separates 
two different cell populations, allowing control of physi-
cal contact and interaction duration. Briefly, A549 cells 
were seeded in E-plate at a density of 1 ×  104/well with cul-
ture medium and incubated in the RTCA cradle for 24 h. 
Until the end of the experiment, hourly impedance signals 
were recorded. After 24 h of incubation, the E-plates were 
taken to the RTCA unit where 160 µL of culture medium 
was replaced with 80 µL of SFM for the control (For the 
bortezomib and ixazomib groups,  IC50 concentrations are 
determined in SFM). The inserts were gently lowered into 
the E-16 plate (the insert consists of 80 µL SFM with M1, 
M2a, or M2c polarised macrophages). The control group 
consisted of a well with no cells seeded in the same insert(s). 
The impedance recording was then resumed on the device 
for the duration of 48 h. Four wells were used for each treat-
ment group.

Apoptosis detection using Annexin V‑FITC 
and propidium iodide staining

A549 cells (2 ×  105/well) were placed in 6-well plates before 
being co-cultured with macrophages in SFM at a cell den-
sity of 1:5. A549 cells and M1, M2a or M2c co-culture 
groups were incubated with bortezomib and ixazomib  IC50 
concentrations for 48 h. A549 cell analysis was conducted 
according to the Annexin V-FITC Apoptosis Detection Kit 
procedure, used to detect apoptosis as described previously 
[20]. Finally, the samples were diluted with 250 µL of the 
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binding buffer, processed for data acquisition, and analysed 
on a BD Accuri™ C6 Flow Cytometry; at least 1 ×  104 cells 
were analysed per sample.

Detection of caspase‑3 activity

Caspase-3 is an essential protease that initiates apoptosis 
[20, 26]. Alterations of the caspase-3 level of cells were 
determined using the PE Active Caspase-3 Apoptosis Kit 
procedure, used to detect caspase-3 levels as described pre-
viously [20]. A549 cells and M1, M2a or M2c co-culture 
groups were incubated with bortezomib and ixazomib  IC50 
concentrations for 48 h. After incubation, the samples were 
analyzed using BD Accuri™ C6 Flow Cytometry. At least 
1 ×  104 cells were analysed per sample.

Determination of loss of mitochondrial membrane 
potential by JC‑1 dye using flow cytometry

A549 cells and M1, M2a or M2c co-culture groups were 
incubated with bortezomib and ixazomib  IC50 concentra-
tions for 48 h. We used the Flow Cytometry JC-1 dye Kit 
to evaluate at the decrease of mitochondrial membrane 
potential in response to ixazomib and bortezomib in cells, 
as described before [20, 26]. After incubation, the samples 
were analyzed using BD Accuri™ C6 Flow Cytometry. At 
least 1 ×  104 cells were analysed per sample.

Cytokine detection

A549 cells (2 ×  105) were seeded in 6-well plates 24 h before 
the end of polarisation. A549 cells and M1, M2a or M2c 
co-culture groups were incubated with bortezomib and ixa-
zomib  IC50 concentrations for 48 h. At the end of the incuba-
tion, supernatants were collected from the co-culture. The 
BD human inflammatory kit procedure was used to measure 
TNF-α and IL-10 cytokine levels (BD™ Cytometric Bead 
Array [CBA] Human Inflammatory Cytokines Kit, Cata-
logue Number: 551811). A FCAP array was used in a BD 
Accuri C6 flow cytometer for CBA analysis.

Quantitative RT‑PCR

Total RNA was extracted from M1, M2a, or M2c mac-
rophages to determine the expression of M1 and M2 mac-
rophage markers, from A549 lung cancer cells to assess 
single-cell control, and from co-cultured A549 cells and 
macrophages to determine the change in genes in the EMT 
pathway. RNA was extracted using a MagNA Pure Compact 
RNA Isolation Kit for the MagNA Pure Compact Instrument 
LC 2.0 system (Roche Diagnostics, Mannheim, Germany). 
Reverse transcription was performed using a High-Fidel-
ity cDNA Synthesis Kit (Roche, Germany). A NanoDrop 

spectrophotometer was used to verify the RNA samples' 
purity. For cDNA synthesis, 500 ng of RNA were taken from 
each RNA population. Real-time PCR was performed using 
the SYBR Green Master Mix (Roche Applied Science, Ger-
many) on a LightCycler® 480 instrument (Roche Applied 
Science, Germany). The internal control was glyceraldehyde 
3-phosphate dehydrogenase (GAPDH). Table 1 shows the 
primer sequences that were used. The results were normal-
ized to GAPDH expression levels and presented as averages 
of three experiments.

Immunofluorescence staining of vimentin 
and E‑cadherin

Vimentin and E-cadherin levels in the A549 control and 
M2a and M2c co-culture groups were analysed by flow 
cytometry (Accuri C6, BD). The M2c macrophage co-
culture groups found to be more significant, vimentin and 
E-cadherin levels were investigated by immunofluorescence 
staining in the Cytation 3 Cell Imaging Multimode Reader. 
An Immunofluorescence Application Solutions Kit (Cell 
Signaling) was used for the fixation, permeabilisation and 
immunostaining of antibodies to determine the levels of 
E-cadherin and vimentin in the cells. The vimentin anti-
bodies (vimentin [D21H3] XP® rabbit mAb, Cell Signal-
ing) were diluted 1:100 and E-cadherin monoclonal antibod-
ies (E-cadherin [4A2] mouse mAb, Cell Signaling) were 
diluted 1:50. Overnight at 4 °C, the cells were incubated 
with 100 µl of antibody. After incubation, secondary anti-
body Anti-rabbit Alexa Fluor 594 (anti-rabbit IgG [H + L], 
F(ab’)2 Fragment, Cell Signaling) at a 1:500 dilution. Sec-
ondary antibodies (anti-mouse Alexa Fluor 488, ab150113, 
Abcam) were added to the wells and incubated for 1 h at 
room temperature. Hoechst 33,258 (10 µg/mL) was used to 
stain the cell nuclei 10 min before imaging with Cytation 3 
Cell Imaging Multi-Mode Reader [27].

3D culture studies

Culturing cells with AlgiMatrix

Cells (2 ×  104/well) were incorporated into alginate scaffold 
in 100 µL of media to determine the optimal time for sphe-
roids formation. After 20 min, a further 100 µL of media 
was added, and the cells were grown in an incubator at 37 °C 
with 5%  CO2 for another 20 min. Every 48 h, the media was 
changed. To assess growth, tumor spheroids were observed 
in alginate scaffold wells 3, 5, and 7 days after cell seeding. 
Images were taken using an inverted microscope (Leica DM 
300), and the size of spheroids was determined by the Leica 
LAS Analysis program. Also, cell spheroids were imaged by 
Hoechst fluorescent dye.
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Comparison of 2D and 3D cytotoxicity data of bortezomib 
and ixazomib

Based on the preliminary experiments, the more abundant 
spheroid formation was observed in the 7-day culture. As 
a result, 7 days was chosen as the starting point for treat-
ment. The treatment included the use of bortezomib and 
ixazomib at various concentrations (0.1–400 µM). After 48 h 
incubation, for WST-1 viability determination, sponges were 
dissolved using an AlgiMatrix Dissolving Buffer, which pro-
vides a quick and straightforward way to recover cells from 
the AlgiMatrix bioscaffold. After 3 h, wells were filled with 
the cell proliferation reagent WST-1, and absorbances were 
measured. 2D culture studies were also conducted in parallel 
with this experiment.  IC50 values were then calculated for 
both 2D and 3D cultures using MS Excel.

Statistical analysis

The results were analyzed using one-way ANOVA and Tuk-
ey's post hoc test in Graphpad Prism 6.0. The means of three 
independent experiments are expressed as mean standard 
deviation ( ±). The significance of the results in comparison 
to the control group is represented by P values (P > 0.05 n.s, 
P < 0.05*, P < 0.01**, P < 0.001***, and P < 0.0001****).

Results

Monocytic THP‑1 cells differentiation into M0 
macrophages

THP-1 cells grew in suspension as single cells or partially 
in clusters and had a wide and round morphology (Fig. 1a). 
THP-1 cells were differentiated into macrophages after 24 h 
of stimulation with 100 ng/mL PMA. During differentiation, 

Table 1  Real-Time nucleotide primer sequence

Transcripts Primer forward Primer reverse

Genes Short name Forward Primer- Reverse Primer

Interleukin-1 Beta IL-1β Forward: 5’-AAG ATG CTG GTT CCC TGC C-3’
Reverse: 5’-GCG TGC AGT TCA GTG ATC GTAC-3’

Interleukin -8 IL-8 Forward: 5’-CCG GAA GGA ACC ATC TCA CT-3’
Reverse: 5’-ACT TCT CCA CAA CCC TCT GC-3’

Interleukin -18 IL-18 Forward: 5’- GAT AGC CAG CCT AGA GGT ATGG -3’
Reverse: 5’- CCT TGA TGT TAT CAG GAG GAT TCA  -3’

Chemokine Ligand-1 CXCL-1 Forward: 5’- AGC TTG CCT CAA TCC TGC ATCC -3’
Reverse: 5’- TCC TTC AGG AAC AGC CAC CAGT -3’

Chemokine Ligand-3 CXCL-3 Forward: 5’- TTC ACC TCA AGA ACA TCC AAA GTG -3’
Reverse: 5’- TTC TTC CCA TTC TTG AGT GTGGC -3’

Transforming Growth Factor Beta TGF-Beta Forward: 5’- TAC CTG AAC CCG TGT TGC TCTC-3’
Reverse: 5’- GTT GCT GAG GTA TCG CCA GGAA-3’

Chemokine Ligand-22 CCL-22 Forward: 5’- TCC TGG GTT CAA GCG ATT CTCC -3’
Reverse: 5’- GTC AGG AGT TCA AGA CCA GCCT -3’

Chemokine Ligand-24 CCL-24 Forward: 5’- TGA GAA CCG AGT GGT CAG CTAC -3’
Reverse: 5’- TTC TGC TTG GCG TCC AGG TTCT -3’

Glyceraldehyde-3 phosphate dehydrogenase GAPDH Forward: 5’- GTC AAG GCT GAG AAC GGG AA -3’
Reverse: 5’- AAA TGA GCC CCA GCC TTC TC -3’

Vimentin VIM Forward: 5’- GGA CCA GCT AAC CAA CGA CA -3’
Reverse: 5’- AAG GTC AAG ACG TGC CAG AG -3’

Fibronectin FN1 Forward: 5’- CCC TGA TTG GAA CCC AGT CC -3’
Reverse: 5’- CTG TCA CAC GAG CCC TTC TT -3’

E-Cadherin CDH1 Forward: 5’- AGC TCT GCT GCC TCG TCT AT -3’
Reverse: 5’- GGC CTC TCT TGG TTA GGA GG -3’

Nuclear Factor Kappa B NF-kB Forward: 5’- CGC CGC TTA GGA GGG AGA  -3’
Reverse: 5’- GGT ATG GGC CAT CTG CTG TT -3’

Vascular Endothelial Growth Factor VEGF-A Forward: 5’- GCA AGA CAA GAA AAA TGT GACAA-3’
Reverse: 5’- TGG TTT CTG TAT CGA TCG TTCT-3’

Chemokine ligand -17 CCL-17 Forward: 5’- TGT TCG GAC CCC AAC AAC AA -3’
Reverse: 5’- TAG TCC CGG GAG ACA GTC AG -3’
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Fig. 1  M1, M2a and M2c macrophage polarization (a) Light micro-
scope image of THP-1, THP-1 origin macrophage (M0), M1, M2a 
and M2c polarized macrophage cells (10X). b Validation of M1, 
M2a/c polarization by the flow cytometry. CD80, CD23 and CD163 
are specific surface markers of M1, M2a and M2c macrophages, 
respectively, and the marker CD206 is common to both M2 subtypes. 

Experiments were performed in triplicate. c Expressions of some M1/
M2 markers in differentiated macrophage subtypes, determined by 
RT-PCR. The gene expression of differentiated macrophage subtypes 
was normalized to that of untreated M0 macrophages. p < 0.05*, 
p < 0.01**, p < 0.0001****, (mean ± SD, n = 3)
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the cells attached to the flask bottom changed shape from 
round to almost spindle-shaped, and pseudopods appeared in 
some cells. Due to the fact that all macrophage populations 
express CD68, different PMA concentrations and incuba-
tion times were used to determine differentiation. Based on 
our flow cytometry results, we chose a 24-h incubation with 
100 ng/mL PMA, followed by a 48-h rest period (CD-14 
[5.5%] and the CD-68 [58.2%] levels were determined, data 
not shown).

THP‑1 polarisation into pro‑inflammatory M1 
macrophages

According to numerous studies, macrophages polarize to the 
M1 phenotype in the presence of IFN-γ and in combination 
with inflammatory stimuli such as LPS [9, 28]. Based on 
these data, we tested various concentrations of LPS (20 ng/
mL or 1 µg/mL), combined with 20 ng/ml of IFN-γ, and 
incubated THP-1 macrophages for 24 h. Macrophage M1 
polarisation was assessed by measuring the mRNA expres-
sion of M1 markers, pro-inflammatory cytokines IL-1β, 

Fig. 1  (continued)
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IL-8, IL-18, CXCL1 and CXCL3, using RT-qPCR and 
CD80 membrane receptors level by flow cytometry. Based 
on our CD80 results, we chose 20 ng/mL IFN-γ and 20 ng/
mL LPS for M1 polarization during the 24-h incubation 
period. An increased pro-inflammatory marker (IL-1β, IL-8, 
IL-18, CXCL1 and CXCL3) expression profile was obtained 
by incubation with IFN-γ combined with 20 ng/mL LPS in 
comparison to M0 macrophage (Fig. 1b). Additionally, we 
examined the mRNA expression of some M2 markers (TGF-
Beta, CCL22, and CCL24) in M1 macrophages and found 
that these genes were not significantly expressed. Finally, 
incubating THP-1 macrophages (M0) for 24 h with IFN-γ 
20 ng/mL and LPS 20 ng/mL causes them to polarize into 
M1 macrophages.

THP‑1 polarisation into anti‑inflammatory M2a 
and M2c macrophages

We incubated M0 macrophages with IL-4 and IL-13 at a 
concentration of 25 ng/mL or hydrocortisone at 1 and 10 µM 
for 24 or 72 h. The M2a and M2c macrophages were char-
acterised by CD206 (M2 marker), CD23 (M2a marker) and 
CD206, CD163 (M2c marker) membrane receptor levels 
by flow cytometry, respectively (Fig. 1b). Incubation of 
THP-1 macrophages (M0) with IL-4 and IL-13 (25 ng/mL) 
and hydrocortisone (1 µM) for 72 h induces their polari-
sation into M2a and M2c macrophages, respectively. Fur-
thermore, mRNA expression levels of some M2 markers 
(TGF-β, CCL-22 and CCL-24) were increased in M2a and 
M2c macrophages compared to M0 macrophage (Fig. 1c).

Antiproliferative effects of bortezomib 
and ixazomib determined by RTCA DP

RTCA DP detects the cell number indirectly by measur-
ing electrical impedance and generates real-time data by 
collecting measurements at predetermined intervals over a 
period of days [23]. In our study, the RTCA DP system was 
used for the real-time and time-dependent analysis of  IC50 
concentrations of A549 and CCD-19Lu cells. The WST-1 
method was used to select the appropriate concentrations of 
bortezomib and ixazomib for evaluation in the xCELLigence 
system (data not shown). Figure 2 shows that bortezomib 
and ixazomib decreased the viability of A549 and CCD-
19Lu cells in a dose-dependent manner. Also, to compare 
the cytotoxic effects of the bortezomib and ixazomib on 
A549 lung cancer and CCD-19Lu healthy lung fibroblast 
cells, their  IC50 values were calculated after 48 h exposure. 
The  IC50 value determined for bortezomib and ixazomib in 
A549 lung cancer cells was found to be lower than the  IC50 
value determined for CCD-19Lu cells.  IC50 concentrations 
of bortezomib and ixazomib (45 nM and 2 µM, respectively) 
were determined and applied to macrophages during the 

co-culture process, and macrophage viability was deter-
mined by the WST-1 method. Bortezomib and ixazomib had 
no significant cytotoxic effect on M0 macrophages at 24 and 
48 h incubation (Fig. 2c).

M1 macrophages reduced A549 cell viability 
and proliferation while increasing drug sensitivity 
to bortezomib and ixazomib.

Numerous studies demonstrate that interactions with tumor-
associated macrophages can influence cancer cell prolifera-
tion and chemosensitivity [28]. There is no other study using 
macrophage polarization co-culture and a real-time cell 
analysis system in the literature. The E-plate insert allows 
for real-time cell–cell interactions while keeping cells apart. 
Proliferation results were determined more precisely because 
A549 cells were located in the same culture medium as the 
E-plate insert used in co-cultures with M1, M2a or M2c 
polarised macrophages and their proliferation was meas-
ured in real-time (Fig. 3). A549 and M1 macrophage co-
culture groups significantly decreased A549 cell viability 
and proliferation relative to the A549 control (Fig. 3a). 
Also, the results showed that the antiproliferative effects of 
bortezomib and ixazomib were higher in the A549 and M1 
macrophage co-culture groups (Fig. 3b). We used annexin 
V/PI method, caspase-3 levels, and JC-1 assays to determine 
whether the reduced cell number of A549 cells exposed to 
M1 was due to apoptosis. M1 co-culturing for 48 h induced 
apoptosis in A549 cells, according to annexin V/PI staining. 
When A549 cells were incubated with M1 macrophages in 
the lack of drugs, there was an increase in apoptosis. Nota-
bly, bortezomib and ixazomib induced apoptosis most fre-
quently in the M1 macrophage co-culture group. When A549 
cells were incubated with M1 macrophages, the level of cas-
pase-3 was higher than when the cells were incubated alone. 
In comparison to the control group incubated with borte-
zomib and ixazomib without macrophages, M1 macrophages 
significantly increased caspase-3 activity. M1 macrophages 
also increased caspase-3 activity in A549 cells treated with 
bortezomib and ixazomib. The observed loss of mitochon-
drial depolarisation also supports these findings. When 
A549 cells were incubated with M2a or M2c macrophages, 
the apoptosis of cancer cells did not change compared to the 
control group. Furthermore, JC-1 depolarisation was much 
less common in cells incubated with M2, particularly M2a. 
However, M2a and M2c macrophages increased the A549 
cell apoptosis induced by bortezomib and ixazomib for all 
three apoptosis-related experiment results (Fig. 3c). Overall, 
these findings indicate that macrophages M1, M2a, and M2c 
modulated the apoptotic response to the proteasome inhibi-
tors bortezomib and ixazomib in A549 cells.
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Fig. 2  Anti-proliferative effects 
of bortezomib and ixazomib on 
cells a A549 cell proliferation 
curves at 48 h of bortezomib 
 (IC50: 45 nM) and ixazomib 
 (IC50: 2 µM) concentrations, 
and A549 cell proliferation 
curves at 48 h of ixazomib con-
centrations,  IC50: 2 µM. b CCD-
19 Lu cell proliferation curves 
at 48 h of bortezomib  (IC50: 
160 nM) and ixazomib  (IC50: 
10 µM) concentrations (Arrow: 
application of concentration 
point, mean ± SD, n = 6). c Con-
centrations of bortezomib and 
ixazomib in M0 macrophage 
cells and statistical assessment 
of the 24 and 48 h percent 
viability values calculated using 
the WST-1 method. p < 0.01**, 
p < 0.0001****, (mean ± SD, 
n = 8)
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M2c macrophages induced the EMT of lung A549 
cancer cells

To determine whether the EMT pathway was activated, 
TNF-α and IL-10 cytokine levels were determined from 
A549 cell supernatants and M1, M2a and M2c polarised 

Fig. 3  Antiproliferative and apoptotic effects of macrophages on 
A549 cells a Proliferation curves and slope graph of co-culture mod-
els created with A549 and M1, M2a and M2c polarized macrophage 
cells using an E-plate insert, determined in a real-time cell analysis 
system (Arrow: merge of A549 and macrophages, mean ± SD, n = 6, 
p < 0.05*, p < 0.0001****). b Proliferation curves and slope graph of 
bortezomib and ixazomib  IC50 concentrations at 48 h in the A549 and 
M1, M2a or M2c polarized macrophage co-culture model (Arrow: 
merge of A549 and macrophages and application of concentration 
point, mean ± SD, n = 6, p < 0.01**, p < 0.001***, p < 0.0001****). 
c Apoptosis of A549 cells and co-culture macrophage with bort-
ezomib and ixazomib  IC50 concentrations at 48  h or without drugs. 

Cell apoptosis was determined by flow cytometry with annexin V/
PI-staining. Data were confirmed in three independent experiments 
(mean ± standard deviation, p > 0.05, p < 0.0001 ****). Caspase-3 
activity A549 cells and co-culture macrophage with bortezomib 
and ixazomib  IC50 concentrations at 48  h or without drugs deter-
mined by flow cytometry. Data were confirmed in three independent 
experiments and the error bars show the standard deviation (p > 0.05, 
p < 0.05*, p < 0.001***, p < 0.0001****). Mitochondrial mem-
brane depolarization of A549 cells was determined at 48  h by flow 
cytometry with JC-1 staining. Data were confirmed in three inde-
pendent experiments and the error bars show the standard deviation 
(p < 0.0001****)
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macrophage co-culture groups using flow cytometry. IL-10 
cytokines increased in co-culture groups formed by both 
M2a and M2c polarised macrophages and A549 cells, and 
there was a significant increase in the M2c macrophage 
co-culture group (p < 0.01**) (Fig. 4a). mRNA expres-
sion levels of EMT-related factors (vimentin, fibronectin, 
E-cadherin, NF-kB, VEGF, and CCL-17) in A549 cells 
were evaluated in a co-culture model of M1, M2a and M2c 
polarised macrophages. The most important mesenchymal 
factors, vimentin, and fibronectin increased, and E-cadherin 
decreased in both A549 M2a and M2c macrophage co-
culture groups. Also, no significant changes in vimentin, 
fibronectin, E-cadherin, NF-kB, VEGF, and CCL-17 mRNA 
expression were found in the M1 macrophage groups. 
mRNA expression levels of CCL-17 did not change signifi-
cantly in the M1 polarised macrophage co-culture group, but 
they decreased in the M2a macrophage group compared to 
the A549 control group (p < 0.05*). A significant increase 
(p < 0.0001****) in the M2c macrophage co-culture group 
was distinct as it indicated that EMT increased the most in 
the M2c polarised macrophage co-culture group (Fig. 4b). 
Based on these findings, it was determined that EMT was 
induced in M2c macrophage A549 co-culture groups. This 
result is supported by the increased vimentin and decreased 
E-cadherin levels determined by flow cytometry (Fig. 4c). 
Proteasome inhibitors have also been found to reduce EMT 
by decreasing vimentin, NFkB, VEGF, and CCL-17 expres-
sion levels. Especially for ixazomib, the reduction of EMT 
was statistically more significant than bortezomib. In addi-
tion, vimentin, and E-cadherin in M2c co-culture groups, as 
imaged by immunofluorescence staining images (Fig. 4d), 
show an increase in vimentin (red) and a decrease in E-cad-
herin (green) monoclonal antibody levels in the A549 and 
M2c co-culture group compared to the A549 control group. 
Finally, it was determined that bortezomib and, more so, 
ixazomib decreased M2c-induced EMT in A549 lung cancer 
cells.

Optimisation of 3D A549 Lung Cancer Spheroids

3D culture environment was created using the AlgiMatrix® 
3D Culture System. Based on the type of cells incorporated, 
the spongy features of the AlgiMatrix® system provide the 
needed place for cells to grow as models of in vitro solid 
tumors include lung cancer [29]. Figure 5 shows spheroid 
areas and morphological images of randomly selected 
A549 cells on days 3, 5, and 7. The graph generated by the 
average spheroid area (µm2) was obtained from A549 cell 
images taken on different days (Fig. 5b). The spheroid area 
increased statistically on day 7 (p < 0.0001****).

Comparative analysis of  IC50 values of bortezomib 
and ixazomib in 2D and 3D systems

3D cultures are known for accurately replicating the physi-
ologic microenvironment and having a high level of har-
mony with in vivo conditions. In our study, we aimed to 
determine  IC50 concentrations for proteasome inhibitors to 
shed light on in vivo models by taking advantage of 3D 
culture. The  IC50 values for bortezomib and ixazomib were 
significantly higher in AlgiMatrix systems than in 2D culture 
models. After 48 h of A549 incubation with bortezomib and 
ixazomib, the  IC50 value in 3D culture was approximately 15 
times higher for bortezomib and 9 times higher for ixazomib 
than in 2D culture (Table 2).

Discussion

Lung cancers are initiated and metastasize not only due to 
their genetic and molecular characteristics but also due to 
their interaction with the immune system and the tumor 
microenvironment [30]. In solid tumours, TAMs comprise 
5–40 percent of the total tumor mass in most cases. Further-
more, there is usually a link between the number of TAMs 
and the specific condition, depending on the type of tumor 
[5]. In response to a stimulus in their environment, mac-
rophages can be differentiated into M1 or M2 macrophages. 
Recent research suggests that macrophage polarization may 
be used as a therapeutic strategy in the treatment of can-
cer and angiogenesis [13, 28]. Previous studies have mostly 
focused on M1 macrophages, and no subtype distinction has 
been observed in M2 macrophages.

There are limited data available on M2c macrophages. In 
this study, we found that macrophages with M1, M2a, and 
especially M2c polarization had different effects on lung 
cancer cell apoptosis, the EMT pathway, and gene expres-
sion profiles. In several studies, M2a polarisation has been 
reported to occur in the presence of IL-13 and IL-4 [31–33]. 
Concentrations of IL-14 and IL-13 used in these studies 
were in the range of 20–25 ng/mL, and incubation times 
were 24, 48 and 72 h [34, 35]. In the limited amount of 
previously published data, especially on M2c polarised mac-
rophages, IL-10 (20 ng /mL) has been used during the differ-
entiation of THP-1 cells into M2c macrophages [28, 36]. No 
previous study has utilised hydrocortisone to polarise M2c 
cells. Notably, we used hydrocortisone for the first time in 
M2c polarisation by focusing more on M2 macrophages. M2 
macrophages are polarised to M2c macrophages by differ-
ent stimuli. Although M2c macrophages are reported to be 
polarised with IL-10, TGF- and glucocorticoids [8, 37], no 
studies to date have reported polarisation using the glucocor-
ticoid hydrocortisone. We optimised hydrocortisone polari-
sation of M2c for the first time in this study, identifying 
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Fig. 4  M2c macrophages induced EMT a TNF-α and IL-10 cytokine 
levels (percentage) evaluated by flow cytometry in A549 cells and 
M1, M2a and M2c polarized macrophage co-culture groups (n = 3, 
mean ± SD, p < 0.01**, p < 0.0001****). b Expressions of some 
EMT markers in A549 cells co-cultured with M1, M2a and M2c 
polarized macrophage with or without drugs, determined by RT-PCR. 
p < 0.05*, p < 0.01**, p < 0.0001****, (mean ± SD, n = 3). c Vimen-
tin and E-cadherin levels of A549 cells were determined by flow 
cytometry. In addition, the results of percent change and the statis-

tical evaluation of vimentin and E-cadherin levels are shown in the 
graphic. Data were confirmed in three independent experiments and 
the error bars show the standard deviation (p < 0.05*, p < 0.01**, 
p < 0.0001****). d Morphological image of vimentin (red, Alexa 
Fluor 594) and E-cadherin (green, Alexa Fluor 488) in A549 cells 
undergoing immunofluorescence staining. Cell nuclei stained blue 
(with Hoechst 33,258). The data expressed as the mean values ± SD 
(p ≤ 0.001). Images were taken by Cytation 3 Cell Imaging Multi-
Mode Reader with 10 × objective
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many surface markers (CD206 and CD163) and cytokines 
and observing chemokine gene expression (IL-1 β, IL-8, 
IL-18, CXCL-1, CXCL-3, CCL-22, CCL-24, TGF-β).

Numerous studies demonstrate that interactions with 
tumor-associated macrophages can influence cancer cell pro-
liferation and chemosensitivity [28]. There is no other study 
using macrophage polarization co-culture and a RT-CA 

system in the literature on A549 cells. M1 macrophages have 
been shown in studies to inhibit tumor growth and increase 
the sensitivity of chemotherapy agents [28, 35]. We found 
that M1 polarised macrophages alone decreased A549 cell 
viability using the real-time cell analysis system. In addi-
tion, M1 macrophages alone affected and increased the 
bortezomib and ixazomib-induced apoptosis. Proteasome 

Fig. 4  (continued)



4790 Molecular Biology Reports (2022) 49:4777–4793

1 3

inhibitors have previously been reported to cause apoptosis 
in cancer cells [20, 21, 38, 39]. Although the apoptotic effect 
of ixazomib on lung cancer cells has not been previously 
investigated, its apoptotic effects have been observed on 
many other solid tumour cell lines (colon, prostate, hepato-
cellular carcinoma cells) [21, 40, 41].

EMT is a process in which cells morphologically tran-
sition from the epithelial phenotype to the mesenchymal 
fibroblastoid phenotype and plays an important role in the 

Fig. 5  3D culture studies a Morphological imaging of spheroids 
in A549 lung cancer cells. Also, spheroid formations of A549 cells 
were imaged as fluorescence in Cytation 3 Cell Imaging Multi-
Mode Reader with Hoechst 33,258 on day 7 (10X). b Spheroid sizes 
obtained from cell images of A549 cells taken on different days 

(n = 25, mean ± standard deviation, p < 0.0001 ****) Random photos 
were taken for the analysis of the areas of the spheroids. A total of 
25 photographs were selected among these photographs for each day, 
including 5 photographs with at least 5 spheroids

Table 2  IC50 values of bortezomib and ixazomib in A549 cells at 
48 h in 2D and 3D cell culture

IC50 concentration (µM) 2D 3D

Bortezomib 6.32 µM 98.6 µM
Ixazomib 41,27 µM 353.01 µM
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cancer metastasis process [14]. TNF-α, released by M1 
macrophages, is an important cytokine that modulates 
inflammatory responses in the microenvironment of many 
tumours [42]. Although studies have reported many factors, 
such as EGF, TGF-β, TNF-α, generally found in the tumour 
microenvironment, induce EMT [43], more recent studies 
have also reported that TNF-α inhibits EMT by suppress-
ing TGF-β levels [44]. Furthermore, the TLR4/IL-10 axis 
has been implicated in the EMT signaling pathway, and 
inhibition of effectively suppresses EMT induction [45]. In 
our results, decreased TNF-α and increased IL-10 levels in 
A549 cells and M2a and M2c polarised macrophage co-
culture are responsible for increased EMT in A549 cells. 
Also, EMT was induced in A549 cancer cells in co-culture 
groups formed with M2a and M2c macrophages, depending 
on the expression levels of vimentin, E-cadherin, fibronectin, 
NF-kB, VEGF and CCl-17 mRNA. An increase in TGF-β 
mRNA expression is a particularly relevant result because 
studies have shown that TGF-β is an important factor for 
EMT and can be an EMT-inducing agent [44, 46]. Accord-
ing to our results, TGF-β may play a role in the induction 
of EMT in A549 cells with co-culture of M2a and M2c 
macrophages.

Factors such as CCL-17 derived from tumour-associated 
macrophages are important contributors to immunosuppres-
sion. Studies have shown that this causes and intensifies 
various stages of cancer progression [47]. The high levels 
of CCL-17 mRNA expression levels found only in the M2c 
macrophage and A549 co-culture group are informative.

NF-kB is a key transcriptional factor responsible for regu-
lating the inflammatory signal and is important in cellular 
proliferation and differentiation. It's a key marker for cancer 
invasion and EMT, and it's involved in both the induction 
and support of EMT. As a result, it has been proposed that 
NF-kB activity decreases the expression of genes associ-
ated with EMT [16, 17, 48]. We observed, bortezomib and 
ixazomib ‘well-known NF-KB inhibitors’ decreased M2c-
induced EMT.

E-cadherin is recognised as the main marker of epithe-
lial morphology [49], and E-cadherin expression usually 
decreases during EMT, while the levels of mesenchymal 
specific marker vimentin increase [50]. We determined 
vimentin and E-cadherin mRNA expression and monoclo-
nal antibody levels correlated to the increase in EMT in the 
A549 and M2c macrophage co-cultures were more signifi-
cant than M2a macrophage groups.

Conclusion

M2c macrophages promote EMT in lung cancer cells, 
according to our findings. M1 macrophages, on the other 
hand, reduce the proliferation and viability of A549 cancer 

cells and induce apoptosis in those cells. The observed inhi-
bition of M2c-induced EMT in A549 cells exposed to bort-
ezomib and ixazomib has provided insight into an unknown 
aspect of proteasome inhibition of the EMT pathway, which 
is the current therapeutic approach. This is the first study 
to show that hydrocortisone polarizes M2c macrophages, 
to our knowledge. Our findings suggest that in lung cancer 
patients taking glucocorticoid-related drugs, the M1/M2 
macrophage amount in the tumor microenvironment should 
be investigated. Finally, polarising tumour-associated mac-
rophages to M1 and eliminating M2a or particularly M2c 
macrophages, after additional investigation, might represent 
effective future anti-cancer therapy strategies.
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