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Abstract 

Background Recapitulating the tumor microenvironment (TME) in vitro remains a major hurdle in cancer research. 
In recent years, there have been significant strides in this area, particularly with the emergence of 3D spheroids 
as a model system for drug screening and therapeutics development for solid tumors. However, incorporating 
macrophages into these spheroid cultures poses specific challenges due to the intricate interactions between mac-
rophages and cancer cells.

Methods To address this issue, in this study, we established a reproducible healthy multicellular 3D spheroid culture 
with macrophage infiltrates in order to mimic the TME and modulate the drug’s efficacy on cancer cells in the pres-
ence of macrophages. A 3D spheroid was established using the human cancer cell line CAL33 and THP1 cell derived 
M0 macrophages were used as a source of macrophages. Cellular parameters including tumour metabolism, health, 
and mitochondrial mass were analysed in order to establish ideal conditions. To modulate the interaction of cancer 
cells with macrophage the ROS, NO, and  H2O2 levels, in addition to M1 and M2 macrophage phenotypic markers, 
were analyzed. To understand the crosstalk between cancer cells and macrophages for ECM degradation, HSP70, 
HIF1α and cysteine proteases were examined in spheroids using western blotting and qPCR.

Results The spheroids with macrophage infiltrates exhibited key features of solid tumors, including cellular heteroge-
neity, metabolic changes, nutrient gradients, ROS emission, and the interplay between HIF1α and HSP70 for upregula-
tion of ECM degradading enzymes. Our results demonstrate that tumor cells exhibit a metabolic shift in the presence 
of macrophages. Additionally, we have observed a shift in the polarity of M0 macrophages towards tumor-associated 
macrophages (TAMs) in response to cancer cells in spheroids. Results also demonstrate the involvement of mac-
rophages in regulating HIF-1α, HSP70, and ECM degradation cysteine proteases enzymes.

Conclusions This study has significant implications for cancer therapy as it sheds light on the intricate interac-
tion between tumor cells and their surrounding macrophages. Additionally, our 3D spheroid model can aid in drug 
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screening and enhance the predictive accuracy of preclinical studies. The strength of our study lies in the comprehen-
sive characterization of the multicellular 3D spheroid model, which closely mimics the TME.

Keywords Tumor microenvironment, Extracellular matrix, Cysteine proteases, Hypoxia, Tumor associated 
macrophage polarization, Warburg effect, Inflammation, Doxorubicin

Background
In recent years, there have been significant strides in the 
area of cancer research, particularly with the emergence 
of 3D spheroids as a model system for drug screening 
and therapeutics development for solid tumour [1]. Sphe-
roids are three-dimensional (3D) cell culture models that 
mimic the architecture and microenvironment of solid 
tumours more closely than traditional two-dimensional 
(2D) monolayer cultures [1]. Tumour spheroids are gen-
erated by culturing cancer cells in a 3D environment, 
allowing them to self-assemble into multicellular aggre-
gates. This 3D structure enables the formation of cell–
cell interactions, leading to the development of complex 
tumour-like structures [2]. Glucose metabolism plays a 
crucial role in cancer development and progression of 
cancer. In the tumour microenvironment (TME), includ-
ing the immune cells such as macrophages, significantly 
influences metabolic reprogramming in cancer cells [3]. 
Glucose is primarily metabolised through glycolysis, 
leading to the production of pyruvate, which is then con-
verted to lactate rather than being fully oxidised in the 
mitochondria. Whereas cancer cells exhibit altered glu-
cose metabolism, known as the Warburg effect or aerobic 
glycolysis, characterised by increased glucose uptake and 
lactate production, even under oxygen-sufficient condi-
tions [3]. This metabolic phenotype allows cancer cells 
to meet their energy demands and support rapid prolif-
eration. Macrophages are key immune cells present in 
the tumour microenvironment and can be polarised into 
distinct phenotypes, including pro-inflammatory M1 and 
anti-inflammatory M2 macrophages [4]. Macrophages 
play a dual role in cancer, with M1 macrophages exhib-
iting anti-tumour properties, while M2 macrophages 
promote tumour growth and immune evasion [4]. The 
metabolic phenotype of macrophages also influences 
their functions and interactions with cancer cells [3]. 
Macrophages exhibit a metabolic plasticity that allows 
them to adapt to different microenvironments [5]. Rest-
ing macrophages, known as M0 macrophages, primarily 
rely on oxidative phosphorylation (OXPHOS) for energy 
production [3, 6]. Upon activation, M1 macrophages 
shift towards glycolysis to support their pro-inflamma-
tory functions, while M2 macrophages rely more on 
OXPHOS to support their immunosuppressive and tissue 
remodelling functions [6]. Cancer cell-derived factors, 

such as cytokines (e.g., interleukin-6, tumour necrosis 
factor alpha) and chemokines (e.g., CCL2, CCL5), can 
polarise macrophages towards the M2 phenotype, which 
promotes a shift towards OXPHOS and supports tumour 
growth [7]. which influences the glucose metabolism 
of macrophages in the TME. Additionally, cancer cells 
release lactate, which can be taken up by M2 TAMs and 
utilised as a fuel source through OXPHOS [8]. The meta-
bolic interplay between cancer cells and macrophages has 
significant implications in cancer progression. M2 TAMs, 
fuelled by lactate and oxidative metabolism, promote 
tumour growth, angiogenesis, and immunosuppres-
sion [8]. The metabolic reprogramming of macrophages 
towards M2 TAMs phenotype can also influence the 
tumour microenvironment by altering nutrient availabil-
ity and immune responses, facilitating tumour immune 
evasion and metastasis [3]. TAMs are known to exhibit 
diverse phenotypes, including pro-tumoral and immu-
nosuppressive characteristics, which can contribute 
to reduce efficacy of chemotherapeutic drugs which 
is referred to as TAM-Mediated chemo resistance [9]. 
Cells in TME secrete various growth factors, cytokines, 
and chemokines that promote tumour cell survival and 
proliferation. TAMs upregulate the expression of drug 
efflux pumps, such as P-glycoprotein, which actively 
transport chemotherapeutic agents out of cancer cells 
[10]. This efflux mechanism reduces intracellular drug 
concentrations and limiting their cytotoxic effects. Fur-
thermore, TAMs re-model the TME by secreting extra-
cellular matrix components and promoting angiogenesis 
which alters TMEs architecture, create physical barriers 
and hinder drug penetration into the tumour, reduc-
ing drug efficacy [11]. Incorporating macrophages into 
tumor spheroids to study the interaction between cancer 
cells and macrophages poses distinct challenges due to 
the intricate nature of their interactions. Optimising the 
macrophage-to-cancer cell ratio and culturing conditions 
is crucial to maintain spheroid integrity and functional-
ity [12]. In this article we have explored the potential 
strategy to co-culture macrophages in tumour spheroids 
to recapitulating key features of solid tumours, includ-
ing cellular heterogeneity, glucose metabolism, nutrient 
gradients, ROS emission, and interplay between hypoxia 
and HSP70 for ECM degradation enzyme upregulation to 
making a more physiologically relevant spheroid model 
for drug Screening.
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Material method
Materials
Dulbecco’s MEM (DMEM), Roswell Park Memorial 
Institute medium (RPMI 1640), fetal bovine serum 
(FBS), and antibiotic antimitotic were purchased 
from Gibco BRL (Gaithersburg, MD, USA). Phorbol-
12-myristate-13-acetate (PMA), DCFDA (Cat. No. 
D6883), and titanium(IV) oxysulfate solution (495,379) 
were purchased from Sigma Aldrich (USA). For west-
ern blotting, anti-human HSP70 (Cat. No. MA3-008), 
HIF1α (Cat. No. H1alpha67), cathapsin B (Cat. No. 
SC365558), cathapsin L (Cat. No. SC32320), and HRP-
Goat anti-Mouse IgG (Cat. No. 62–6820) antibod-
ies were used. For flow cytometry, anti-human CD44 
(Cat. No. 338819), CD24 (Cat. No. 329505), CD14 
(Cat. No. 130113–705), CD86 (Cat. No. 130–114-099), 
CD206 (Cat. No. 130–123-920), and CD163 (Cat. No. 
130–123-310) antibodies were used. CalcineAM (Cat. 
No. 13529), Mitospy (Cat. No. 50–207-9911), CFSE 
(Cat. No. 423801) were purchased from Biolegend (San 
Diego, USA) and DAPI Solution (Cat. No. 62247) and 
Cobalt(II) chloride (Cat. No. AC214130050) were pur-
chased from Thermo Fisher Scientific (Massachusetts, 
US). Nile red dye (Cat. No. 47353) and Griess Reagent 
(Cat. No. 35657) were purchased from SISCO Research 
Laboratories (Mumbai, India). Glucose Colorimetric 
Detection Kit (Cat. No. ab282922) and Lactate Colori-
metric Assay Kit (Cat. No. ab282923) were purchased 
from abcam (Cambridge, UK). Clarity Western ECL 
Substrate (Cat. No. 1705061) and 2. Nitrocellulose 
Membrane (Cat. No. 1620112) were purchased from 
Biorad (California, USA). Ultralow attachment plate 
Akura™ 96 was obtained from InSphero (Wagistrasse, 
Switzerland), and other plastic wares were purchased 
from Corning (New York, USA). All other chemicals 
used in this study were of Analytical AR/Excel AR 
grade and were purchased from Thermo Fisher Scien-
tific (Massachusetts, US), Merck Laboratories (Rah-
way, New Jersey, USA), SISCO Research Laboratories 
(Mumbai, India), and HiMedia Laboratories Private 
(Mumbai, India).

Methods
Cell lines culture
CAL33 cancer cells were obtained from ATCC (Virginia, 
USA) and THP1 cells were obtained from the NCCS 
(Pune, India). The CAL33 cells were maintained in high 
glucose DMEM medium and THP1 cells were main-
tained in RPMI1640 medium. Both media supplemented 
with 10% FBS and 1% penicillin/streptomycin (Thermo 
Fisher Scientific Inc., MA, USA). The cells were incu-
bated at 37 °C in a humidified incubator with 5% CO2.

Macrophage polarization
To induce polarization of THP1 monocytes to mac-
rophages, phorbol-12-myristate-13-acetate (PMA) was 
used. THP1 monocytes were cultured in RPMI-1640 
medium supplemented with 10% FBS and 1% penicil-
lin/streptomycin. The cell clumps were dissociated, and 
single cell suspension thus obtained was centrifuged. 
The cells pallet was dissolved and cultured for 48 h in a 
complete RPMI1640 medium with PMA at a concentra-
tion of 150 ng/ml.

Spheroid culture
The CAL33 cancer cells were washed with 1X PBS and 
incubated with 0.05% trypsin followed by neutralization 
of trypsin with FBS containing media and centrifuge at 
1500 rpm for 5 min. The cell pallet was dissolved in FBS 
containing DMEM media and cell viability was deter-
mined using trypan blue dye. To establish a spheroid of 
CAL33 cells, only 7500 viable CAL33 cells were seeded 
in ultralow attachment plate and incubated at 37 °C in 
5% CO2 incubator. The macrophages in the TME can 
range upon 50% of whole tumor mass. To establish a 
heterogeneous spheroid of CAL33 with macrophages, 
a ratio of 3:1 (CAL33 cells and M0 macrophages) was 
taken. In brief 2500 viable M0 macrophages were mixed 
with 7500 of viable CAL33 cells and seeded in ultralow 
attachment plate followed by incubation at 37 °C in 5% 
CO2 incubator.

Glucose consumption
The glucose consumption assay was used to determine 
the rate of glucose uptake and utilisation by cells in 
spheroids with and without macrophages. After 24  h, 
spheroids were washed with 1XPBS twice to remove 
any residual glucose and culture media was replaced by 
100  µl of glucose-free media for 2  h to create glucose 
starvation. Following 2  h of incubation the volume of 
culture media was increased to 200 µl by adding 100 µl 
of 9  mg/ml (50  mM) glucose media and incubated at 
37  °C in a CO2 incubator. The spheroids and condi-
tioned media were harvested at different days to deter-
mine the glucose consumption at different days. For 
determining the glucose in conditioned media, Glu-
cose Colorimetric Detection Kit was used and glucose 
standard curve of 0–4.5  mg/ml mM was prepared by 
serially diluting 4.5  mg/ml glucose in glucose-free cell 
culture media. Glucose concentration in each condi-
tioned media was determined within 30 min of harvest 
and interpolated from a standard curve drawn using 
the absorbance values of the standard solutions and 
their respective concentrations in GraphPad prism.
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Lactic acid release assay
The same conditioned media harvested for glucose con-
sumption assay was used for lactic acid release assay. For 
determining the lactic acid in conditioned media, Lactate 
Colorimetric Assay Kit was used. Sodium lactate stand-
ard curve of 0–2 μg/ml or 18 mM was prepared by seri-
ally diluting 2 μg/ml sodium lactate in glucose and lactic 
acid-free media. Lactic acid concentration in each condi-
tioned media was determined within 30  min of harvest 
and interpolated from a standard curve drawn using seri-
ally Lactic acid standard solutions in GraphPad prism.

Cellular health
CalcineAM is a non-fluorescent dye that can penetrate 
cell membranes. Once inside live cells, it undergoes 
hydrolysis by intracellular esterases to produce green-flu-
orescent Calcein. The cultured spheroids with and with-
out macrophages were washed with 1XPBS and stained 
with 1  mM CalcineAM solution diluted in serum-free 
cell culture medium with 1 µg/ml DAPI and incubated in 
37 °C incubator for 30 min. The CalcineAM solution was 

removed from spheroids and spheroids were incubated in 
10% serum media for 30  min followed by imaging with 
confocal microscope. The spheroids were dissociated 
with 0.05% trypsin and stained with 1  mM CalcineAM 
solution diluted in serum-free cell culture medium and 
CalcineAM fluorescence intensity were determined at 
491  nm excitation and 516  nm emission using fluores-
cence microplate reader. The mean florescence intensity 
normalised with blank media plotted in GraphPad prism.

Mitochondrial mass assay
This Mitospy is cell permeable fluorescent probe that 
selectively stains mitochondria of live cells and used for 
quantification of mitochondrial content of live cells. To 
determine the mitochondrial mass of cells, the spheroids 
were dissociated and stained with 1  mM Mitospy solu-
tion in serum-free cell culture medium and incubated 
in 37  °C incubator for 30  min. Following the incuba-
tion, the cells were washed with 10% serum media and 
Mitospy green fluorescence intensity was determined at 
491  nm excitation and 516  nm emission using fluores-
cence microplate reader. The mean florescence intensity 
normalised with blank media plotted in GraphPad prism.

Cell viability
DAPI (4’, 6-diamidino-2-phenylindole) is a fluorescent 
DNA-binding dye that only permeates dead cells. It 

exhibits stronger fluorescence when bound to DNA in 
dead cells with intact nuclear membranes. To determine 
the cell viability of cells, the spheroids were dissociated 
and stained with 1 µg/ml DAPI solution in PBS and incu-
bated in 37 °C incubator for 5 min. Following the incuba-
tion, the cells were washed with 10% serum media and 
DAPI-blue fluorescence intensity was determined at 
359  nm excitation and 457  nm emission using fluores-
cence microplate reader. The mean florescence intensity 
normalised with blank media plotted in GraphPad prism.

Cytotoxicity assay
The cell proliferation in this study was measured using 
the MTS assay using CellTiter 96 Aqueous One Solu-
tion Cell Proliferation kit. The spheroids on  5th day were 
treated with doxorubicin for 24 h followed by dissocia-
tion of spheroid with 0.05% trypsin. Total  104 cells were 
seeded in each well of a 96-well plate and incubated in 
a CO2 incubator and MTS solution in each well was 
added as per kit instruction manual. Percent cell viability 
in each well was calculated using the following equation:

GraphPad prism software was utilized to plot the per-
cent cell viability versus drug concentration curve and to 
calculate inhibitory concentration 50  (IC50).

DCFDA ROS
The DCFDA (2’,7’-dichlorodihydrofluorescein diacetate) 
is a non-fluorescent compound that can freely penetrates 
the cell membrane. Once inside the cells, it is deacety-
lated by cellular esterases and oxidised by ROS to form 
the highly fluorescent compound DCF (2′,7′-dichloroflu-
orescein). To determine the ROS level in cells, the sphe-
roids were dissociated and stained with 1  mM DCFDA 
solution in PBS and incubated in 37  °C incubator for 
20 min. Following the incubation, the cells were washed 
twice with 1XPBS and DCFDA fluorescence intensity 
was determined at 491 nm excitation and 516 nm emis-
sion using fluorescence microplate reader. The mean flo-
rescence intensity normalised with blank media plotted 
in GraphPad prism.

Grease test
The Griess test was used for the estimation of nitric oxide 
(NO) levels in conditioned media samples. The condi-
tioned media collected from the spheroids were trans-
ferred to a clean microplate and incubated with equal 
volume of Griess Reagent on shaker at room tempera-
ture for 10 min to allow the Griess reaction to occur. To 

Percent cell viabilty =
Treated well OD − Blank control OD

Untreated control OD − Blank control OD
× 100
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determine the NO level, the absorbance at 540  nm was 
recorded. To interpolate concentrations of NO, serial 
dilution of nitrite was prepared in serum free media and 
processed along with the conditioned media samples. A 
standard curve was drawn using the absorbance values 
of the standard solutions and their respective concentra-
tions in GraphPad prism.

Hydrogen peroxide  (H2O2) release
The  TiOSO4 or titanium sulphate assay, was used for the 
estimation of hydrogen peroxide  (H2O2) concentration 
in the conditioned media samples. The reaction between 
 H2O2 and titanium sulphate leads to form a yellow-col-
oured complex which represents the concentration of 
 H2O2 in the sample. The conditioned media collected 
from the spheroids were transferred to a clean micro-
plate and incubated with equal volume of titanium sul-
phate solution on shaker at room temperature for 10 min 
to allow the colour development. Following the colour 
development, the reaction was terminated to stabilise the 
yellow complex by adding equal volume of 2% sulphuric 
acid solution to each cuvette or test tube to stop the reac-
tion. To determine the  H2O2 release, the absorbance at 
410  nm was recorded. To interpolate concentrations of 
 H2O2 serial dilution (0–0.1 M) of  H2O2 was prepared in 
serum free media and processed along with the unknown 
samples. A standard curve was drawn using the absorb-
ance values of the standard solutions and their respective 
concentrations in GraphPad prism.

CFSE cell staining
Carboxyfluorescein Succinimidyl Ester (CFSE) is a cell-
permeable fluorescent dye that covalently binds to intra-
cellular proteins, resulting in the labelling of all cellular 
cytoplasmic components. To label cancer cells for con-
focal microscopy, CAL33 cells were stained with 1  µM 
CFSE solution in serum-free cell culture medium and 
incubated in 37  °C incubator for 15  min. Following the 
incubation, the cells were washed twice with 5% serum 
media and processed for spheroid culture.

Nile red staining
To locate monocytes/macrophages in spheroids, mono-
cytes were labelled with Nile red for confocal microscopy. 
Nile red is a fluorescent dye that binds to the intracellular 
lipid droplets and lipid bilayer of live cells. The M0 mac-
rophages were stained with 1 µg/ml Nile red solution in 
serum-free cell culture medium and incubated in 37  °C 
incubator for 15 min. Following the incubation, the cells 
were washed twice with 5% serum media and processed 
for spheroid culture.

Immunocytochemistry microscopy
The cells were cultured on sterile round coverslips and 
then fixed in 4% formalin for 10 min. To reduce non-spe-
cific binding of antibodies, the cells were incubated in a 
1% BSA solution for 20 min. The coverslips with the cells 
were then incubated overnight at 4ºC with primary anti-
body. The next day, cells were washed and permeabilized 
with 0.1% Triton X-100 for 5 min, and the cell nuclei were 
stained with DAPI (1 µg/ml) for 5 min at room tempera-
ture. Each step was followed by three washes of 5  min 
each with 1XPBS. Finally, the coverslips were mounted 
in a glycerol-based mounting media with DABCO as a 
quenching agent for visualisation under a microscope 
(ECLIPSE 80I, Nikon Instruments Inc., NY, USA). The 
image analysis was done using ImageJ software.

Flow cytometry
The spheroids were washed with 1XPBS twice and dis-
sociated with 0.05% trypsin for 5  min. The trypsin was 
neutralised by addition of serum supplement media and 
centrifuged for 5  min at 1500  rpm. The cells pallet was 
washed with 1XPBS to remove debris and excess media. 
The cells pallet thus obtained was used for staining in 
100  μl PBS with 1% BSA. To identify cancer cells and 
macrophage cell populations, fluorescently labelled anti-
bodies were added to the cell suspension and incubated 
for 1  h at room temperature in dark. Afterward, cells 
were washed with 1XPBS to remove unbound antibod-
ies followed by cells resuspension in PBS buffer for flow 
cytometry analysis. Flow cytometry was performed on 
BD LSR Fortessa and the analysis was done using FlowJo 
software.

Western blotting
The pellet of 10–20 spheroids were collected, washed and 
suspended in NP40 lysis buffer (50 mM Tris–HCl pH 7.6, 
150  mM NaCl, 5  mM EDTA, 1% NP-40, 0.1% sodium 
dodecyl sulphate) containing 1X protease inhibitor 
cocktails and kept on ice for 30 min. After that, the cells 
underwent a freeze–thaw cycle (freeze at -70 °C and thaw 
at 37  °C). The resulting cell lysate was collected by cen-
trifugation at 13,000 rpm for 15 min at 4 °C. The super-
natant was collected, and the total protein was estimated 
using the BCA method. A total of 30-50 μg of protein was 
mixed with 5 × SDS loading buffer and denatured by boil-
ing at 100  °C for 5  min. Subsequently, SDS-PAGE was 
performed using a stacking gel (4%) and separation gel 
(10%). The proteins separated by SDS-PAGE were trans-
ferred to a nitrocellulose membrane. For western blot-
ting, the membranes were incubated with the primary 
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antibody of HSP70 (1:1000), HIF1α (1:500), Cathepsin 
B (1:500) and Cathepsin L (1:500) overnight at 4 °C, fol-
lowed by 2 h of incubation with an HRP-conjugated sec-
ondary antibody (1:10,000) at room temperature. Each 
step was followed by three washes of 10  min each with 
TBS-t (0.1%). Blots were incubated in ECL for three 
minutes, and then they were exposed to a maximum 
of two minutes in the BioRad Gel Doc system to detect 
chemiluminescence.

Quantitative real‑time PCR
RNAiso Plus (Takara Bio USA) was used to isolate total 
RNA from cells. cDNA was synthesized from one micro-
gram of RNA using the iScript™ cDNA Synthesis Kit. For 
real-time quantitative PCR the primers were purchased 
from IDT (Coralville, US). The reactions for Homo sapi-
ens HIF1α (Forward 5′—GGT ACT TTA CGC ACC CTG 
CT—3′ and Reverse 5′—GCT AGG GCA GGA AAG AGC 
AA—3′), HSP70  (Forward 5′ -AGG ACA TCA GCC AGA 
ACA AG- 3′ and Reverse 5′ -CTG GTG ATG GAC GTA 
GAA G- 3′), Cathepsin B (Forward 5′ -TGT AAT GGT 
GGC TAT CCT GCT- 3′ and Reverse 5′ -AGG CTC ACA 
GAT CTT GCT ACA- 3′), and Cathepsin L (Forward 
5′ -GAC TGA GGA ATC CTA TCC A- 3′ and Reverse 5′ 
-AAG GAC TCA TGA CCT GCA TCAA- 3′) were per-
formed on the Agilent AriaMx Real-time PCR System 
(California, US) as per recommended protocol using the 
Brilliant II SYBR® Green qPCR Master Mix (Agilent). 
GAPDH (Forward 5′—ATG GGG AAG GTG AAG GTC 
GG—3′ and Reverse 5′—ATG ACC TTG CCC ACA GCC 
TT—3′) was used as an internal reference and each sam-
ple were set up in triplicate.

Results
PMA mediated polarization of THP1 monocytes to M0 
macrophages and spheroid establishment
The differentiation of THP1 monocytes into M0 mac-
rophages was determined by morphological characterisa-
tion, immunocytochemistry (ICC) and flow cytometry. 
Representative images of THP1 cells and adherent M0 
macrophages are presented in Fig.  1 A, B. Undifferenti-
ated THP-1 human monocytes displayed small clusters 
with round spherical morphology (Fig. 1 A). Post 48 h of 
PMA treatment, the monocytes got adhered and exhib-
ited amoeboid morphology with cytoplasmic extensions 
(Fig.  1B). ICC used to determine macrophage surface 
markers demonstrated that the adhered macrophages 
were positive for monocyte lineage marker CD 14, while 
being negative for the M1 (CD 86) and M2 (CD 206) 
macrophage surface markers (Fig.  1 C). The expression 
of CD14 indicating their monocyte origin. Further the 
flow cytometry analysis revealed M0 polarity of adhered 
macrophages, as indicated by their high expression of cell 

surface marker CD14 and lack of M1 macrophage marker 
CD86, as well as M2 macrophage markers CD163 and 
CD206 expression (Fig. 1 F). The tumour spheroid culture 
with macrophage was established using 3:1 (7500:2500) 
ratio of CAL33 cells and M0 macrophages as mentioned 
in the methodology section. The spheroid with and with-
out macrophages were stained with CalcineAM and 
DAPI on day 2 to day 12 followed by confocal micros-
copy imaging. The confocal microscopy image analysis 
revealed irregular round morphology of spheroids with-
out macrophages, while those with macrophages demon-
strated a round spherical morphology as shown in Fig. 1 
(D-E). The Z-scan confocal microscopy of CalcineAM 
stained spheroids confirms the CalcineAM penetration 
throughout the spheroid as shown in Fig. 1G and Supple-
mentary Fig. 1. Furthermore, CalcineAM staining results 
revealed that as spheroids without macrophages grow in 
size, the cellular esterase activity decreases significantly 
and the number of dead cells increases. On the other 
hand, the spheroids with macrophages did not depict any 
significant decrease in esterase activity and the number 
of dead cells were also significantly lower in comparison 
to the spheroids without macrophages.

Macrophage mediated nutritional partition of glucose 
in 3D spheroids improving overall survival of cancer cells
In the tumour microenvironment (TME), cancer cells 
are known to consume more glucose and metabo-
lise it through anaerobic glycolysis, even in the pres-
ence of sufficient oxygen [13]. However, glucose is also 
an important metabolite for non-tumorigenic cells 
like immune cells in the tumour microenvironment 
[3, 14]. Despite regular change of cell culture media 
every 48  h, increase in cell death in spheroid without 
macrophage was observed. The increase in cell death 
in spheroids can be due to the lack of nutrients and 
increased hypoxia [15]. Further to determine the glu-
cose consumption and lactic acid release by the sphe-
roids, the presence of glucose and lactic acid release 
was determined in the spheroid conditioned media 
from day 0 to day 9. The spheroids were grown in mix-
ture (1:1) of DMEM and RPMI160 culture media sup-
plemented with glucose at concentration of 5  mg/ml 
with no lactic acid. The spheroid conditioned media 
collected at day 1 from spheroid without macrophages 
demonstrated presence of 3.2  mg/ml of glucose and 
877 µg of lactic acid (Fig. 2 A). Following day 1 to day 
9 significant reduction in glucose concentration with 
increase in lactic acid release was observed in sphe-
roid without macrophages (Fig.  2 A, B). Whereas in 
spheroid with macrophage, similar trend of reduc-
tion in glucose concentration with increase in lactic 
acid was observed from day 1 to day 9. Despite having 
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same number of cancer cells in both spheroids, the 
amount of glucose consumed, and lactic acid released 
by spheroid with macrophage was significantly lower 
as compared to cancer cell spheroids (Fig.  2 B). This 
analysis of the spheroid conditioned media col-
lected from spheroids with and without macrophages 
at different time intervals demonstrated that sphe-
roids without macrophages consumed more glucose 
compared to those with macrophages. Similarly, the 
increased glucose consumption leads to the excessive 
production of lactic acid by anaerobic glycolysis as 
per Warburg hypothesis [13]. The production of lac-
tic acid via anaerobic glycolysis results in an acidic 

tumor microenvironment, which may increase cell 
death [8]. One possible reason for increased cell death 
in spheroids without macrophages could be the rapid 
proliferation rate of cancer cells in the acidic micro-
environment at the core of the spheroid, coupled with 
the lack of nutrient and gas exchange due to the com-
pactness of the spheroid.

Infiltrated macrophages in spheroid‑improving cancer cell 
esterase activity and enhancing mitochondrial mass
Cancer cells have rapid proliferation rate and require a 
high amount of energy, leading to increased consump-
tion of glucose and other nutrients [16, 17]. The glucose 

Fig. 1 A Undifferentiated THP-1 monocytes before treatment with PMA, B THP-1 cells at 48 h incubation with 150 ng/ml of PMA to differentiate 
monocytes to M0 macrophages, C M0 macrophage at 48 h fixed and immunolabelled with M1 macrophage marker CD163 (Green), M2 
macrophage marker CD207 (yellow), Macrophage marker CD14 (Red), and nuclei stained with DAPI (blue), D CalcineAM (Green) and DAPI (Blue) 
stained CAL33 spheroids without macrophages on different days (at 10X magnification), E CalcineAM (Green) and DAPI (Blue) stained CAL33 
spheroids with macrophages on different days (at 10X magnification), F Flow cytometry analysis for M0 macrophage cell surface marker CD14 
with M1 macrophage markers (CD14, CD86) and M2 macrophage markers (CD14, CD206 and CD163) on day 2, G. Z- scan confocal microscopy (at 
10X magnification) of Spheroids for CalcineAM penetration
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consumption and lactic acid release assay revealed less 
glucose consumption in spheroids with macrophages. 
Further to investigate the impact of macrophage presence 
on cancer cell in the spheroids, the cellular health was 
analysed from day 1 to day 11. The cellular health of cells 
in spheroids was analysed with CalcineAM dye to assess 
cellular esterase activity. Due to the difference in the cell 
number in spheroids from day 1 to day 11, the spheroids 
were dissociated and 5000 live cells in each condition 
were stained with CalcineAM green dye as mentioned 
in the methodology section. The spheroids without mac-
rophages demonstrated a significant decrease in esterase 
activity from day 5 to day 11 of culture, indicating a deg-
radation in cellular health as the spheroid size increased 
(Fig. 3 A, B). However, spheroids with macrophages did 
not demonstrate any significant change in esterase activ-
ity after 11 days of culture, suggesting that the introduc-
tion of macrophages in spheroids helps in maintaining 
the health of cancer cells (Fig. 3 A, B). In cancer, as the 
tumour size increases, hypoxia (lack of oxygen) also 
increases in the core of the tumour. Cancer cells adapt to 
hypoxia by remaining healthy but becoming less meta-
bolically active. Mitochondria within the cells serve as 
the energy source for generating ATP. The mitochondrial 
mass of cells in spheroids was analysed with MitoSpy 
green dye from day 3 to day 11 to determine metabolic 
activity as mentioned in the methodology section. The 
analysis of mitochondrial mass demonstrated that as 
spheroids without macrophage grow from day 2 to day 
11, the mitochondrial mass reduce drastically, making 
the cancer cells less metabolically active (Fig.  3 C, D). 
In contrast, spheroids with macrophages did not exhibit 
any significant decrease in mitochondrial mass in the 
first 7  days of culture, but a decrease in mitochondrial 
mass was observed post 8  days of culture (Fig.  3 C, D). 
However, compared to spheroids without macrophages, 

spheroids with macrophages displayed a significantly 
higher amount of mitochondrial mass until day 11, indi-
cating that the introduction of macrophages keep the 
cancer cells metabolically active. Additionally, cell viabil-
ity in the spheroids was also assessed using DAPI as men-
tioned in the methodology section. The viability assay 
revealed that as the spheroids without macrophages 
increased in size from day 1 to day 11, cell death also 
increased, with the observed highest cell death on day 
11 (Fig.  3 E). In contrast, spheroids with macrophages 
showed a slight increase in cell death in the first 5 days 
of culture, but no significant change in cell viability was 
observed between day 5 and day 11 of culture. This sug-
gests that macrophage infiltration not only improves 
cancer cell health and metabolic activity but also con-
tributes to the survival and progression of cancer cells in 
the tumour microenvironment by limiting cell death. The 
flow cytometry performed on day 7 as demonstrated in 
Fig. 3 F, G further support these findings.

Infiltrated macrophages in spheroid‑reducing 
inflammation
In spheroid without macrophage, gradual increase in 
cell death was observed. In contrast, the spheroids with 
macrophages demonstrated a slight increase in cell death 
in the first 5  days of culture followed by no significant 
change in cell viability between day 5 and day 11 of cul-
ture. In the tumour microenvironment (TME), inflam-
mation plays a crucial role in cancer cell survival and 
immune cell recruitment [18]. When cancer cells die, 
reactive oxygen species (ROS) are released, leading to 
oxidative stress [19]. This stress can result in cell death 
or senescence in neighbouring cancer cells. To investi-
gate the role of ROS in inducing cell death, the level of 
ROS was assessed using DCFDA. The results revealed 
that as the spheroid size increased, the level of ROS 

Fig. 2 A Graph representing left over glucose in conditioned media collected from spheroids with and without macrophages on day 0 to day 9, 
B Graph representing lactic acid secretion by spheroids with and without macrophages in conditioned media collected from day 0 to day 9. The 
measurements were performed for all the conditions in triplicates (n = 3, with conditioned media collected from 3 spheroids in each condition). 
Statistical significance was analyzed using two-way ANOVA with Sidak’s multiple comparisons test and the p-value obtained are indicated (ns 
p =  > 0.9999, ** p = 0.0011, *** p = 0.0001, **** p =  < 0.0001)
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significantly increased from day 3 to day 11 in spheroids 
without macrophages (Fig. 4 A). However, in spheroids 
with macrophages, the trend was reversed; there was an 
initial increase in ROS levels in the first 5 days of culture, 
followed by a decrease until day 11 (Fig.  4 A). DCFDA 
measures the total production of ROS within the cell, 
while  H2O2 is known to contribute to cell death through 
processes such as apoptosis, autophagy, necrosis, and 

ferroptosis. Analysis of the  H2O2 levels in the condi-
tioned media collected from spheroids without mac-
rophages demonstrated a significant increase from day 
3 to day 11 of culture (Fig.  4 B). In contrast, in sphe-
roids with macrophages, an initial increase in  H2O2 was 
observed in the first 5 days of culture, but no significant 
change in  H2O2 release was observed until day 11 (Fig. 4 
B). Apart from ROS and  H2O2, Reactive Nitrogen Species 

Fig. 3 A Graph representing CalcineAM mean florescence intensity in single cell suspension of CAL33 spheroids with and without macrophages 
from day 1 to day 11, B CalcineAM flow cytometry analysis layover histogram of spheroids single cell suspension at day 7 with 3 different 
population of cells representing cellular health status, C Graph representing Mitospy-green mean florescence intensity for Mitochondrial mass 
analysis in single cell suspension of spheroids on day 3 to day 11, D Mitospy-green flow cytometry analysis layover histogram of spheroids single 
cell suspension at day 7 with 3 different population of cells representing different mitochondrial mass and metabolic activity, E Graph representing 
DAPI mean florescence intensity for dead cell analysis in single cell suspension of spheroids with and without macrophages from day 1 to day 
11, F, G Flow cytometry analysis for live cell and dead cell in spheroids single cell suspension at day 7. The measurements were performed for all 
the conditions in triplicates (n = 3, with 4 spheroids single cell suspension in each condition). Statistical significance was analyzed using two-way 
ANOVA with Sidak’s multiple comparisons test and the p-value obtained are indicated (ns p = 0.1619, * p = 0.0223, ** p = 0.0014, *** p = 0.0003, *** 
p = 0.0005)
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(RNS), especially Nitric Oxide (NO), play a significant 
role in inducing cancer cell death through apoptosis or 
necrosis. Quantification of NO in the conditioned media 
collected on different days indicated a decrease in NO 
release in the initial 3 days from spheroids without mac-
rophages, followed by an increase until day 11 (Fig. 4 C). 
However, in spheroids with macrophages, no significant 
change in NO release was observed in the first 5  days, 
followed by a significant decrease in NO from day 5 to 
day 11 (Fig. 4 C).

Cancer cell polarizing M0 macrophages to the distinct M1 
and M2 macrophages phenotype
In early stage of cancer, the number of pro-inflammatory 
M1 macrophages is higher than anti-inflammatory M2 
macrophages [20]. Being pro-inflammatory cells, the 
M1 macrophages contributes to the cancer cell death by 
direct cytotoxicity or activation of other immune cells 
such as T-cells in the tumor microenvironment [21]. The 
reduction in inflammation in the cancer microenviron-
ment can be due to the presence of anti-inflammatory 
immune cells or the transformation of resting M0 or 
inflammatory M1 macrophages into anti-inflammatory 
M2 macrophages [5]. The reactive oxygen species (ROS), 
hydrogen peroxide and NO release analysis revealed 

reduction in the release of these inflammatory molecules 
following 5 days in spheroid with macrophages. This pro-
moted us to investigate the phenotype of macrophages 
phenotypes (for M1 and M2) as well as the cancer cells 
(for cancer stem cells) within the spheroids. Flow cytom-
etry analysis for cancer cells and macrophage cell surface 
markers were performed on 7-day-old spheroids. To dif-
ferentiate the cancer cells from macrophages, the can-
cer cell specific CD44 marker was used whereas CD14 
marker was used to identify the macrophage. The results 
demonstrated that all the cells in the spheroids without 
macrophages were positive for CD 44 (Fig. 5A). Among 
these CD44 positive cells, no cell exhibited phenotype 
similar to cancer stem cells (CSCs) with  CD44highCD24low 
markers, whereas 99.9% cells displayed  CD44highCD24high 
phenotype or a non-CSCs like phenotype (Fig.  5A). In 
spheroids with macrophages, two distinct populations 
were observed—one positive for CD44 and other negative 
for CD 44 (Fig. 5 B). The observed percentage of CD 44 
positive cells was approximately 78% and the percent-
age of CD 44 negative cells was 22% (Fig. 5B, D). Among 
the 78% CD44 positive cells, the ratio of CSC-like cells 
with  CD44highCD24low markers was 4.5% and remaining 
95.1% cells demonstrated  CD44highCD24high phenotype 
or a non-CSCs like phenotype (Fig.  5B, D). Within the 

Fig. 4 A Graph representing DCFHDA-green mediated reactive oxygen species (ROS) mean florescence intensity in single cell suspension of CAL33 
spheroids with and without macrophages from day 1 to day 11, B Graph representing titanium(IV) sulfate (TiSO4) mediated hydrogen peroxide 
(H2O2) release in conditioned media collected from CAL33 spheroids with and without macrophages from day 1 to day 11, C Graph representing 
Griess/nitrite test results for nitric oxide (NO) release in conditioned media collected from CAL33 spheroids with and without macrophages 
from day 1 to day 11. The measurements were performed for all the conditions in triplicates (n = 3, with 3 spheroids single cell suspension in each 
condition). Statistical significance was analyzed using two-way ANOVA with Sidak’s multiple comparisons test and the p-values obtained are 
indicated (ns p = 0.6271, **** p =  < 0.0001, ** p = 0.0028, **** p =  < 0.0001)
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CD44 negative cells, total 10,000 events were recorded 
and the analysis of CD 44 negative cells for CD14marker 
revealed that 98% of these cells were positive for CD14, 

a macrophage and monocyte marker (Fig. 5C, E). Within 
this CD14 positive population, approximately 62.5% cells 
were positive for M2 macrophage marker CD 206 while 

Fig. 5 A Flow cytometry analysis for cancer cell markers CD44 and CD24 in CAL33 spheroids without macrophages in single cell suspension on day 
7, B Flow cytometry analysis for cancer cell markers CD44 and CD24 in CAL33 spheroids with macrophages in single cell suspension on day 7, C 
Flow cytometry analysis of CD44 negative cells for M1 macrophage markers (CD14, CD86) and M2 macrophage markers (CD14, CD206 and CD163) 
in CAL33 spheroids with macrophages in single cell suspension on day 7, D Graphical representation of Flow cytometry data for CD44 and CD24 
in CAL33 spheroids with and without macrophages, E Graphical representation of Flow cytometry data for macrophages cell surface markers 
for M1 and M2 TAMs in CAL33 spheroids with macrophages, F A multicellular spheroid of CAl33 with macrophages representing different zones 
of TME, G Flow cytometry analysis for M0 macrophage cell surface marker CD14 with M1 macrophage marker (CD14, CD86) and M2 macrophage 
markers (CD14, CD206 and CD163) on day 7, H Confocal microscopy images of M0 macrophage on day 7 immuno-labelled with M1 macrophage 
marker CD163 (Green), M2 macrophage marker CD207 (yellow), Macrophage marker CD14 (Red), and nuclei stained with DAPI (blue), I Confocal 
microscopy image of day 7 CAL33 spheroid without macrophages stained with CFSE-green, J Confocal microscopy image of day 7 CAL33 spheroids 
with macrophages stained with CFSE-green (cancer cells) and Nile red (macrophage)
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35.6% were negative for CD 206 (Fig. 5C, E). Among the 
62.5% of CD14 and CD206 dual positive cells, approxi-
mately 98% cells were also expressing CD163, a phe-
notypic marker of M2 TAM macrophages as shown in 
Fig. 5C, E. In the remaining 35.6% of CD14 positive and 
CD206 negative cells, 99% cells were positive for CD86, 
a phenotypic marker of M1 macrophages (Fig. 5C, E). In 
contrast, the analysis of Thp1-derived M0 macrophages 
did not demonstrate expression of CD  206, CD163 at 
 7th days of culture, but 7% of cells demonstrated CD86 
positive phenotype at  7th days of culture (Fig.  5G, H). 
Further to localize macrophages within the spheroids, 
CAL33 cells were stained with CFSE-green dye and mac-
rophages were stained with Nile red dye and seeded in 
ultralow attachment plate followed by culture for 7 days. 
Live cell confocal microscopy imaging of spheroids with 
and without macrophages on day 7 revealed the presence 
of macrophages at various locations within the spheroid 
(Fig. 5 I), while the CFSE-green dye stained CAL33 cells 
spheroid without macrophages (Fig.  5  J) demonstrated 
round morphology with no macrophages. The ICC and 
flow cytometry results together confirm the co-existence 
of both M1 and M2 macrophages in the spheroid and 
tumour cell mediated polarisation of M0 macrophages 
towards M1 and M2 phenotypes for cancer progression. 
Figure 5F depicts a representative image of CAL33 sphe-
roid with macrophage infiltration, illustrating distinct 
zones of proliferation, quiescent and hypoxic core within 
the cancer spheroid.

Macrophage infiltrated spheroids enhancing ECM 
degrading proteases and HSP70 for stabilization of HIF1α
As the above results suggests that the over growth of cells 
in tumor leads to increase in size and decreased nutri-
tion supply which alters cancer cell health with lower 
mitochondrial mass along with the increased inflamma-
tion, and cell death in spheroid without macrophages. 
The opposite results were observed in spheroid with 
macrophages. Under hypoxic conditions and to over-
come the inflammation, the cancer cells increase the 
release molecules that induce the shift in polarity of M0 
or inflammatory M1 macrophages to anti-inflammatory 
M2 macrophages which reduces inflammation in tumor 
microenvironment [5]. In addition, the cancer cells also 
increase the expression of molecular chaperons such as 
HSP70 [22]. The interaction between HIF-1α and HSP70 
stabilises HIF-1α, preventing its degradation and allow-
ing it to accumulate [22]. This accumulation leads to 
the activation of genes involved in angiogenesis, metas-
tasis, and inhibition of the apoptosis [23]. In addition, 
increase in CSCs like cells with  CD44highCD24low mark-
ers promote metastasis and cancer cells themselves in 

TME secrete cysteine proteases that degrade the extra-
cellular matrix, in addition to the proteolytic enzymes 
secreted by M2 TAMs which further accelerate ECM 
degradation, tumour cell invasion and migration. In 
light of above-mentioned results and flow cytometry 
findings, we decided to assess the expression levels of 
HIF-1α, HSP70, and cysteine proteases cathepsin B and 
L in spheroids. The results of western blot and its den-
sitometry normalised with beta actin conducted on 
day  3, 5, 7, and 9 revealed a significant high expression 
of HIF-1α in spheroids with macrophages, reaching its 
peak at day 9 (Fig.  6A, B). In spheroids without mac-
rophages, HIF-1α expression also increased from day 5 
to day 9, but the level was significantly lower compared 
to spheroids with macrophages (Fig. 6A, B). Additionally, 
no significant change in HSP70 expression was observed 
in spheroids with macrophages until day 5 (Fig. 6A, C). 
However, at day 7 and 9, an increase in HSP70 expression 
was observed (Fig. 6A, C). In contrast, spheroids without 
macrophages demonstrated an initial increase in HSP70 
expression post 5 days of culture, followed by a decrease 
possibly due to more cell death.

For the cysteine proteases cathepsin B and L, western 
blot densitometry results normalized with beta-actin 
demonstrated an increase in the expression of cathepsin B 
from day 3 to 7, followed by a decrease at 9-day culture in 
spheroids without macrophages (Fig. 6A, D). Conversely, 
spheroids with macrophages also exhibited an increase in 
cathepsin B expression, but the change was notably insig-
nificant from day 3 to 7, whereas the cathepsin B expres-
sion was significantly higher at day 9 culture compared to 
spheroids without macrophages (Fig. 6A, D). As for cath-
epsin L expression, no significant change was observed in 
spheroids without macrophages until day 9 (Fig. 6A, E). 
In contrast, spheroids with macrophages demonstrated 
a significant increase in cathepsin L expression from day 
3 to day 9. The changes in expression of HIF-1α, HSP70, 
and cysteine proteases cathepsin B and L in spheroids 
with macrophages could be attributed to the presence 
of macrophages. The lysate for western blotting was pre-
pared from 10 spheroids with 25,00 macrophages in each 
spheroid or with 25,000 macrophages in the whole lysate. 
Cobalt chloride  (CoCl2) was used for inducing hypoxia in 
cell culture experiments [24]. To determine the expres-
sion of HIF-1α, HSP70, and cysteine proteases cathepsin 
B and L in macrophages, 25,000 M0 macrophages were 
seeded in a 12-well plate and treated with 0 µM, 50 µM, 
100  µM, and 150  µM cobalt chloride  (CoCl2) to induce 
spheroid-like hypoxic conditions [25]. The cell lysate was 
prepared as mentioned in the methodology section, fol-
lowed by western blotting. As shown in Fig. 6F, the mac-
rophages did not demonstrate any significant change in 
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the expression of HIF-1α, HSP70, and cathepsin B and L 
post-treatment with  CoCl2, whereas noticeable expres-
sion of β-actin can be seen.

Further to confirm the western blot results, RNA was 
isolated from spheroids and qPCR for HIF-1α, HSP70, 
cathepsin B and cathepsin L was performed as men-
tioned in the methodology section. Consistent with the 
results of the western blots, the qPCR analysis demon-
strated significant increase in the expression of HIF-1α 

from day 3 to day 9 in both CAL33 spheroids with and 
without macrophages, with the highest HIF-1α expres-
sion on day 9 as shown in Fig. 6G. Similarly, the gradual 
increase in HSP70 expression was observed in both sphe-
roids. In spheroids without macrophages, an increase 
in HSP70 expression was observed until day 7, with the 
peak of expression at day 7, followed by a decrease in 
expression on day 9. In contrast, spheroids with mac-
rophages demonstrated a peak in HSP70 expression on 

Fig. 6 A Western blot analysis for HIF-1 α, HSP70, Cathepsin B and Cathepsin L with β-actin in protein lysate collected from CAl33 spheroids 
with and without macrophages on day 3, 5, 7 and 9, B‑E Densitometry analysis for HIF-1 α, HSP70, Cathepsin B and Cathepsin L in western blots 
normalized with β-actin as a positive control (n = 2), F Western blot analysis for HIF-1 α, HSP70, Cathepsin B and Cathepsin L with β-actin in protein 
lysate collected from 25,000 M0 macrophages treated with CoCl2 at 0 μM, 50 μM, 100 μM, and 150 μM for 48 h to induce hypoxia to mimic 
condition like spheroid with macrophage. G‑J Real time PCR analysis for HIF-1 α, HSP70, Cathepsin B and Cathepsin L in mRNA isolated from CAl33 
spheroids with and without macrophages on day 3, 5, 7 and 9. The western blots were performed for all the conditions in duplicate (n = 2, with 10 
spheroids in each condition). Statistical significance was analyzed using two-way ANOVA with Sidak’s multiple comparisons test and the p-value 
obtained are indicated (ns p = 0.5, * p ≤ 0.01, ** p ≤ 0.001, *** p ≤ 0.0001, **** p ≤ 0.00001
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day 9, as shown in Fig.  6H. Additionally, the expression 
analysis of cathepsin B in spheroids without macrophages 
demonstrated increased expression from day 3 to day 9, 
as presented in Fig. 6I. In comparison to spheroids with-
out macrophages, no significant change in cathepsin B 
expression was observed until day 5 in spheroids with 
macrophages. In contrast, a significant increase in cath-
epsin B expression from day 7 to day 9 was observed in 
spheroids with macrophages (Fig.  6I). Surprisingly, low 
expression of cathepsin L was observed at day 3 in both 
spheroids with and without macrophages. Contradic-
tory to day 3, significantly higher expression of cathepsin 
L was observed in spheroids with macrophages at day 5, 
followed by a further increase until day 9. In spheroids 
without macrophages, no significant change in cathepsin 
L was observed on day 5, followed by an increase from 
day 7 to day 9, but at a comparably lower level than the 
spheroids with macrophages (Fig. 6J).

Infiltration of macrophages in spheroids decrease 
the cytotoxicity of chemotherapeutic drugs
The results of the MTS assay on CAL33 spheroids with 
and without macrophages after 24  h are depicted in 
Fig.  7. It was found that doxorubicin induced complete 
cell death (100%) in spheroids without macrophages at a 
dose of 40–50 µM/ml, with an observed IC50 concentra-
tion of 0.8213  µM/ml. In spheroids with macrophages, 
100% cell death was observed at a dose of 50 µM/ml, with 
an observed IC50 concentration of 1.590 µM/ml.

Discussion
Recapitulating the tumor microenvironment (TME) for 
in  vitro studies continues to present significant chal-
lenges in cancer research. Over the past two decades, 
notable advancements have been made, including the 
emergence of 3D spheroids as a model that can be uti-
lized for drug screening and therapeutics development 
targeting solid tumours [3]. The primary objective of 
this study was to establish 3D cancer spheroids contain-
ing infiltrated macrophages, which could replicate key 
characteristics of solid tumours. These features include 
cellular heterogeneity, metabolism, nutrient gradients, 
ROS emission, and the interplay between hypoxia and 
HSP70 for upregulation of ECM degradation enzymes. 
The findings from the spheroids with macrophage infil-
tration reveal a round morphology and enhanced ester-
ase activity, along with a reduced number of dead cells 
compared to spheroids without macrophage infiltration. 
The results obtained suggest that monocyte-derived 
M0 macrophages can be employed to create spheroids 
that resemble the TME. Tumour cells can switch to 
other nutrient sources in addition to glucose [4]. Some 
tumour cells are facultative anaerobes and can use oxy-
gen as the primary energy source, while others may rely 
on fermentation of glycogen, lipids, or amino acids [13, 
16, 17]. Furthermore, the analysis of the conditioned 
media collected from spheroids with and without mac-
rophages demonstrated that spheroids without mac-
rophages drastically consumed more glucose compared 
to those with macrophages, leading to an acidic tumour 
microenvironment due to the production of lactic acid. 
This underscores the importance of the macrophage-
tumour interaction in regulating the partitioning of glu-
cose and maintaining an optimal TME. Macrophages 
have been shown to be important in improving the 
health and metabolic activity of cancer cells in various 
ways [3–5, 26]. The results also demonstrated the sig-
nificant role of macrophage infiltration in regulating 
the health of cancer cells within spheroids by enhanc-
ing esterase activity, metabolic activity, and an increase 
in mitochondrial mass. These findings highlight the 
crucial contribution of macrophages in influencing the 
cellular dynamics and functionality within the spheroid 
model, shedding light on the potential for therapeutic 
screening to target tumorigenic cells. Furthermore, the 
infiltration of macrophages were observed to mitigate 
cell death within the spheroids, leading to enhanced cell 
viability. These findings reinforce the notion that mac-
rophage infiltration plays a pivotal role in the progres-
sion of cancer cells within the TME [26]. Macrophages, 
as immune cells, exert significant influence on the 
tumor microenvironment by secreting various anti-
inflammatory cytokines and chemokines that effectively 

Fig. 7 MTS assay result; The effects of Doxorubicin on 5 days old 
CAL33 spheroids with and without macrophages exposed to 10 ηM 
to 100 μM/ml serial dilution of Doxorubicin for 24 h The results 
of the study revealed a gradual decline in the percentage of cell 
viability as the dose of Doxorubicin increased. To ensure accurate 
measurements, the absorbance values were adjusted by subtracting 
the absorbance of DMSO
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dampen inflammation and facilitate the resolution of 
the inflammatory response [7, 18, 27]. The inflammation 
results highlight the crucial role of macrophages in 3D 
spheroids, as they regulate the production of reactive 
oxygen species (ROS), hydrogen peroxide (H2O2), and 
reactive nitrogen species (RNS). These molecules act 
as signalling molecules that control cancer cell death, 
senescence, and overall cellular health [19, 28, 29]. 
Macrophages function as protective agents by coun-
teracting the harmful effects of ROS and promoting 
spheroid integrity. Furthermore, based on the analysis 
of DCFDA-ROS, NO, and H2O2, the results indicates 
that the M0 macrophage within the spheroid polarizes 
into the M1 macrophage within two to three days of 
incubation, as suggested by an increase in the analysis 
of DCFDA-ROS, NO, and H2O2. The polarization of 
the M1/M0 macrophage towards the M2 macrophage 
manifests itself by the  decrease in DCFDA-ROS, NO, 
and H2O2 from day 5 onwards, and the flow cytometry 
analysis performed on day 7 for macrophage polarity 
further supports and validates the presence of M1 and 
M2 macrophage in the spheroid at day 7. These findings 
have implications for the development of innovative 
therapies that can target the inflammatory environment 
and cells within the TME. Tumour-induced polariza-
tion of macrophages to TAMs (Tumor-Associated Mac-
rophages) is typically observed in advanced or late-stage 
cancers within the tumor microenvironment [4, 20]. 
This phenomenon is characterized by the activation of 
specific signalling pathways, such as the hypoxia-induci-
ble factor 1-alpha (HIF-1α) pathway and hypoxia induce 
exosomes secretion which promote M2-like mac-
rophage polarization which plays a crucial role in pro-
moting tumour progression and metastasis [23, 30, 31]. 
In this study we observed, the presence of macrophages 
in the TME lead to alterations in the expression of 
HIF-1α, heat shock protein 70 (HSP70), and cysteine 
proteases cathepsin B and L which is often to correlate 
with poor prognosis in pathological tumour. Notably, 
the expression of HIF-1α was significantly increased in 
spheroids with macrophages, indicating a potential role 
for macrophages in regulating hypoxia within the TME. 
HSP70 and cathepsin B also showed moderate increases 
in expression compared to spheroids without mac-
rophages, suggesting their involvement in cellular stress 
response and extracellular matrix degradation [31–33]. 
Additionally, cathepsin L expression was significantly 
elevated only in spheroids with macrophages. This 
finding highlights the potential role of macrophages in 
promoting extracellular matrix remodelling and degra-
dation, which can facilitate tumor invasion and metas-
tasis [22, 32–34]. Furthermore, the study evaluated the 

cytotoxic effects of the chemotherapeutic drug doxoru-
bicin on CAL33 spheroids in the presence and absence 
of macrophages. The results showed that the presence 
of macrophages conferred a protective effect against 
the cytotoxic effects of doxorubicin, as spheroids with 
macrophages exhibited approximately double the IC50 
value compared to spheroids without macrophages. 
This suggests that macrophages may suppress the effi-
cacy of chemotherapy in cancer treatments [9, 35].

Conclusion
Overall, the findings of this study highlight the poten-
tially beneficial role of macrophage infiltration in sphe-
roids for recapitulating the tumor microenvironment. 
They shed light on the intricate interactions between 
macrophages and cancer cells, suggesting their involve-
ment in modulating key processes within the TME, 
such as hypoxia regulation, extracellular matrix degra-
dation, and chemotherapeutic resistance. These find-
ings support the potential of including macrophages in 
the tumor spheroids/microenvironment to improve the 
effectiveness of chemotherapy and develop novel thera-
peutic strategies targeting the TME.

Abbreviations
TAM  Tumor-associated macrophages
HNSCC  Head and neck squamous cell carcinoma
TME  Tumor microenvironment
ROS  Reactive oxygen species
ECM  Extracellular matrix
HSP  Heat shock protein
HIF  Hypoxia-inducible factor
OXPHOS  Oxidative phosphorylation
MEM  Minimum Essential Medium
DMEM  Dulbecco’s Modified Eagle Medium
RPMI  Roswell Park Memorial Institute
FBS  Fetal bovine serum
PMA  Phorbol-12-myristate-13-acetate
DCFDA  2’,7’-Dichlorofluorescein diacetate
HRP  Horseradish peroxidase
CD  Cluster of Differentiation
CFSE  Carboxyfluoresceinsuccinimidyl ester
DAPI  4’,6-Diamidino-2-phenylindole
SISCO  SISCO Research Laboratories
AR  Analytical Reagent
ATCC   American Type Culture Collection
NCCS  National Centre for Cell Science
PBS  Phosphate-buffered saline
BSA  Bovine serum albumin
DABCO  1,4-Diazabicyclo[2.2.2]octane
EDTA  Ethylenediaminetetraacetic acid
BCA  Bicinchoninic acid
SDS  Sodium dodecyl sulfate
PAGE  Polyacrylamide gel electrophoresis
TBS  Tris-buffered saline
ICC  Immunocytochemistry
ATP  Adenosine triphosphate
CSC  Cancer stem cells
MTS  3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium



Page 16 of 17Singh and Gautam  BMC Cancer         (2023) 23:1201 

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12885- 023- 11674-9.

Additional file 1: Figure S1. A. Z- scan confocal microscopy (at 10X mag-
nification) of Spheroids for CalcineAM penetration analysis. Figure S2. A, 
B. Western blot analysis of HSP70. Figure S3. A-B. Western blot analysis of 
Cathepsin B. Figure S4. A-B. Western blot analysis of Cathepsin L. Figure 
S5. A-B. Western blot analysis of  β-actin. Figure S6. A-B. Western blot 
analysis of HIF-1α. Figure S7. A, B. Western blot analysis of HIF-1α  and 
HSP70. Figure S8. A, B. Western blot analysis of Cathepsin B and Cathepsin 
L. Figure S8. A-B. Western blot analysis of β-actin.

Acknowledgements
Authors would like to thank Department of Biochemistry, All India Institute of 
Medical Sciences [AIIMS], New Delhi, India, for providing research facility.

Authors’ contributions
The experimental plan was designed by Khushwant Singh and Dr. Pramod 
Kumar Gautam. Dr. Pramod Kumar Gautam also served as the supervisor. 
Wet lab experiments were planned and conducted by Khushwant Singh. The 
manuscript writing and data analysis was done by Khushwant Singh and cor-
rections were done by Dr. Pramod Kumar Gautam. Both authors have read and 
approved the final version of the manuscript.

Funding
Council of Scientific & Industrial Research (CSIR), New Delhi, India.
Department of Science & Technology (Project D562) New Delhi, India.

Availability of data and materials
All data generated or analysed during this study are included in this published 
article [and its supplementary information files].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Biochemistry, All India Institute of Medical Sciences, New 
Delhi 110029, India. 

Received: 4 August 2023   Accepted: 24 November 2023

References
 1. Pinto B, Henriques AC, Silva PMA, Bousbaa H. Three-dimensional sphe-

roids as in vitro preclinical models for cancer research. Pharmaceutics. 
2020;12:1186.

 2. Habanjar O, Diab-Assaf M, Caldefie-Chezet F, Delort L. 3D cell culture 
systems: tumor application, advantages, and disadvantages. Int J Mol Sci. 
2021;22:12200.

 3. Crezee T, Rabold K, de Jong L, Jaeger M, Netea-Maier RT. Metabolic 
programming of tumor associated macrophages in the context of cancer 
treatment. Ann Transl Med. 2020;8:1028.

 4. Hao N-B, Lü M-H, Fan Y-H, Cao Y-L, Zhang Z-R, Yang S-M. Macrophages 
in tumor microenvironments and the progression of tumors. Clin Dev 
Immunol. 2012;2012: 948098.

 5. Ricketts TD, Prieto-Dominguez N, Gowda PS, Ubil E. Mechanisms of mac-
rophage plasticity in the tumor environment: manipulating activation 
state to improve outcomes. Front Immunol. 2021;12: 642285.

 6. Wang S, Liu G, Li Y, Pan Y. Metabolic reprogramming induces macrophage 
polarization in the tumor microenvironment. Front Immunol. 2022;13: 
840029.

 7. Liu J, Geng X, Hou J, Wu G. New insights into M1/M2 macrophages: key 
modulators in cancer progression. Cancer Cell Int. 2021;21:389.

 8. Wang Z-H, Peng W-B, Zhang P, Yang X-P, Zhou Q. Lactate in the tumour 
microenvironment: from immune modulation to therapy. EBioMedicine. 
2021;73: 103627.

 9. Yang Q, Guo N, Zhou Y, Chen J, Wei Q, Han M. The role of tumor-associ-
ated macrophages (TAMs) in tumor progression and relevant advance in 
targeted therapy. Acta Pharm Sin B. 2020;10:2156–70.

 10. Wang X, Zhang H, Chen X. Drug resistance and combating drug resist-
ance in cancer. Cancer Drug Resist. 2019;2:141–60.

 11. Brassart-Pasco S, Brézillon S, Brassart B, Ramont L, Oudart J-B, Monboisse 
JC. Tumor microenvironment: extracellular matrix alterations influence 
tumor progression. Front Oncol. 2020;10:397.

 12. Madsen NH, Nielsen BS, Nhat SL, Skov S, Gad M, Larsen J. Monocyte 
infiltration and differentiation in 3D multicellular spheroid cancer models. 
Pathogens. 2021;10:969.

 13. Vaupel P, Multhoff G. Revisiting the Warburg effect: historical dogma 
versus current understanding. J Physiol. 2021;599:1745–57.

 14. Elia I, Haigis MC. Metabolites and the tumour microenvironment: from 
cellular mechanisms to systemic metabolism. Nat Metab. 2021;3:21–32.

 15. Däster S, Amatruda N, Calabrese D, Ivanek R, Turrini E, Droeser RA, et al. 
Induction of hypoxia and necrosis in multicellular tumor spheroids is 
associated with resistance to chemotherapy treatment. Oncotarget. 
2017;8:1725–36.

 16. Romero-Garcia S, Lopez-Gonzalez JS. B´ez-Viveros JL, Aguilar-Cazares D, 
Prado-Garcia H. Tumor cell metabolism Cancer Biol Ther. 2011;12:939–48.

 17. Elia I, Haigis MC. Metabolites and the tumor microenvironment: from 
cellular mechanisms to systemic metabolism. Nat Metab. 2021;3:21–32.

 18. Singh K, Gautam PK. Emulating the role of neutrophils in head and neck 
cancer microenvironment: prognostic role and therapeutic strategies. J 
Cancer Immunol. 2023; 5 (Issue 2):61–73.

 19. Khan AQ, Rashid K, AlAmodi AA, Agha MV, Akhtar S, Hakeem I, et al. Reac-
tive oxygen species (ROS) in cancer pathogenesis and therapy: an update 
on the role of ROS in anticancer action of benzophenanthridine alkaloids. 
Biomed Pharmacother. 2021;143.

 20. Boutilier AJ, Elsawa SF. Macrophage polarization states in the tumor 
microenvironment. Int J Mol Sci. 2021;22:6995.

 21. Aminin D, Wang Y-M. Macrophages as a “weapon” in anticancer cellular 
immunotherapy. Kaohsiung J Med Sci. 2021;37:749–58.

 22. Luo W, Zhong J, Chang R, Hu H, Pandey A, Semenza GL. Hsp70 and CHIP 
selectively mediate ubiquitination and degradation of hypoxia-inducible 
factor (HIF)-1alpha but Not HIF-2alpha. J Biol Chem. 2010;285:3651–63.

 23. Chen S, Sang N. Hypoxia-inducible factor-1: A critical player in the survival 
strategy of stressed cells. J Cell Biochem. 2016;117:267–78.

 24. Muñoz-Sánchez J, Chánez-Cárdenas ME. The use of cobalt chloride as a 
chemical hypoxia model. J Appl Toxicol. 2019;39:556–70.

 25. Wu D, Yotnda P. Induction and Testing of Hypoxia in Cell Culture. J Vis Exp. 
2011;:2899.

 26. Cendrowicz E, Sas Z, Bremer E, Rygiel TP. The role of macrophages in 
cancer development and therapy. Cancers (Basel). 2021;13:1946.

 27. Zhao H, Wu L, Yan G, Chen Y, Zhou M, Wu Y, et al. Inflammation and tumor 
progression: signaling pathways and targeted intervention. Sig Transduct 
Target Ther. 2021;6:1–46.

 28. Zhou D, Shao L, Spitz DR. Reactive oxygen species in normal and tumor 
stem cells. Adv Cancer Res. 2014;122:1–67.

 29. Reczek CR, Chandel NS. The two faces of reactive oxygen species in 
cancer. Annu Rev Cancer Biol. 2017;1:79–98.

 30. Bai R, Li Y, Jian L, Yang Y, Zhao L, Wei M. The hypoxia-driven crosstalk 
between tumor and tumor-associated macrophages: mechanisms and 
clinical treatment strategies. Mol Cancer. 2022;21(1):177.

 31. Park JE, Dutta B, Tse SW, Gupta N, Tan CF, Low JK, et al. Hypoxia-induced 
tumor exosomes promote M2-like macrophage polarization of infiltrat-
ing myeloid cells and microRNA-mediated metabolic shift. Oncogene. 
2019;38:5158–73.

https://doi.org/10.1186/s12885-023-11674-9
https://doi.org/10.1186/s12885-023-11674-9


Page 17 of 17Singh and Gautam  BMC Cancer         (2023) 23:1201  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 32. Kim JY, Lee EJ, Ahn Y, Park S, Bae YJ, Kim TG, et al. Cathepsin L, a target of 
hypoxia-inducible factor-1-α, is involved in melanosome degradation in 
melanocytes. Int J Mol Sci. 2021;22:8596.

 33. Cuvier C, Jang A, Hill RP. Exposure to hypoxia, glucose starvation and 
acidosis: effect on invasive capacity of murine tumor cells and correlation 
with cathepsin (L + B) secretion. Clin Exp Metastasis. 1997;15:19–25.

 34. Henze A-T, Mazzone M. The impact of hypoxia on tumor-associated 
macrophages. J Clin Invest. 2016;126:3672–9.

 35. Li M, He L, Zhu J, Zhang P, Liang S. Targeting tumor-associated mac-
rophages for cancer treatment. Cell Biosci. 2022;12(1):85.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Macrophage infiltration in 3D cancer spheroids to recapitulate the TME and unveil interactions within cancer cells and macrophages to modulate chemotherapeutic drug efficacy
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Material method
	Materials

	Methods
	Cell lines culture
	Macrophage polarization
	Spheroid culture
	Glucose consumption
	Lactic acid release assay
	Cellular health
	Mitochondrial mass assay
	Cell viability
	Cytotoxicity assay
	DCFDA ROS
	Grease test
	Hydrogen peroxide (H2O2) release
	CFSE cell staining
	Nile red staining
	Immunocytochemistry microscopy
	Flow cytometry
	Western blotting
	Quantitative real-time PCR

	Results
	PMA mediated polarization of THP1 monocytes to M0 macrophages and spheroid establishment
	Macrophage mediated nutritional partition of glucose in 3D spheroids improving overall survival of cancer cells
	Infiltrated macrophages in spheroid-improving cancer cell esterase activity and enhancing mitochondrial mass
	Infiltrated macrophages in spheroid-reducing inflammation
	Cancer cell polarizing M0 macrophages to the distinct M1 and M2 macrophages phenotype
	Macrophage infiltrated spheroids enhancing ECM degrading proteases and HSP70 for stabilization of HIF1α
	Infiltration of macrophages in spheroids decrease the cytotoxicity of chemotherapeutic drugs

	Discussion
	Conclusion
	Anchor 39
	Acknowledgements
	References


