
Contents lists available at ScienceDirect

Cytokine

journal homepage: www.elsevier.com/locate/cytokine

Antigen conjugated nanoparticles reprogrammed the tumor-conditioned
macrophages toward pro-immunogenic type through regulation of NADPH
oxidase and p38MAPK

Sourav Chattopadhyaya,b, Somenath Roya,⁎

a Immunology and Microbiology Laboratory, Department of Human Physiology with Community Health, Vidyasagar University, Midnapore 721 102, West Bengal, India
bMolecular Genetics and Therapeutics Lab, Indian Institute of Technology, Kanpur, India

A R T I C L E I N F O

Keywords:
Tumor conditioned macrophage
NPs-antigen
NADPH Oxidase
p38 MAPK

A B S T R A C T

Tumor associated macrophages (TAMs) are pertinent to cancer cell growth in the tumor microenvironment.
Indeed, TAMs differentiate from monocytes (MΦ) due to specific growth factors present in the tumor micro-
environment. TAMs show mostly an M2-like phenotype is due to the absence of pro-inflammatory signals and
supply fuel to tumor growth. Several attempts have been taken to switch TAMs into a pro-immunogenic type. To
address context, we used a tumor microenvironment by in vitro coculturing human blood MΦ with cancer cell
conditioned media (TC-MΦ). We showed that the antigen cobalt oxide nanoparticles (Ag-NPs) can reprogram
TC-MΦ to pro-immunogenic type to build up an antitumor immune response. Our results demonstrate that NPs-
Ag induced a marked activation of NADPH oxidase in TC-MΦ, likely through stimulation of ROS linked to
activation of p38 MAPK. These activated p38 MAPK up-regulated the IFN-γ, TNF-α and initial IL-12 production,
in turn, the activation of IFN-γ prolonged IL-12 production.

1. Introduction

Macrophages are among the first immune cells to infiltrate already
preinvasive tumorous lesions and persist during the development into
invasive cancer [12]. Within the tumor context, macrophages (MΦ) are
increasingly recognized as pivotal regulators. Studies with the tumor
microenvironment reveal that local cytokine milieu, macrophages can
adopt a diverse, functional phenotype, which is often found to be op-
posite in nature, e.g., Inflammatory versus anti-inflammatory and tissue
remodeling versus tissue destruction [18,39,38]. Once migrated to the
tumor site monocytes differentiate into MΦ under the influence of
macrophage colony stimulating factor (MCSF). Further tumor cell de-
rived factors drive macrophage polarization in one of the TAM sub-
populations showing the M2 phenotype [14,36], provides the fuel for
cancer development and progression. Recent reports have established
that the acquisition of pro-tumoral M2 functions by TAM is driven by
various cytokines and signals expressed within the tumor micro-
environment [40]. Among these, IL-10, PGE2, TGF-β and CSF-1 were
reported to induce the M2 polarization of MΦ. Based on the M1 versus
the M2 paradigm of MΦ polarization [39], inhibition of M2- and acti-
vation of M1-inducing signals was proposed as a possible strategy to
restore the anti-tumor functions of TAM [3].

Nanotechnology is currently being used to engineer specific immune
responses for prophylactic and therapeutic effects. Nanoparticles (NPs)
are known to be able to interact with and affect the immune system.
Several different types of nanoparticles have been used either alone as
antigen (Ag) carriers to entrap antigens or together with other agents. A
number of studies have shown that different NPs can be used to mod-
ulate immune responses against encapsulated antigens owing to their
ability to proficiently target APCs (such as MΦ) and to facilitate ap-
propriate processing and presenting of antigens [24,5,6,1,16]. Vaccine
delivery vehicle composed of biodegradable polymers (PLGA) have
been extensively characterized in animal models and are widely used in
clinical applications as a matrix to encapsulate co-deliver and gradually
release of Ags. In vaccine development, PLGA (150–200 nm in size) has
been used to encapsulate hepatitis B surface antigen (HBsAg), and it
promotes the rapid uptake and the endosomal localization of vaccine
antigens in DCs, as well as the subsequent production of high titres of
antigen-specific antibodies [25,2,31,32]. The immunomodulatory effect
of NPs has also been reported previously by several scientists. The size,
solubility and modified group of the NPs affect the delivery of particles
to immune cells and the outcome of tumor treatments [25,2,32,31].

Previously, our in vitro and in vivo study showed that PMIDA con-
jugated cobalt oxide nanoparticles were successfully bound with whole
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cancer lysate antigen and stimulate anticancer immune response by
activating TNF-α [9,11]. We had been employ the whole tumor cell
lysate as antigen in cancer immunotherapy because the recognition of
the effective antigen(s) is not necessitated and treatment strategies are
practicable even for such malignancies in which only few more or less
specific tumor antigens have been characterized [35] and secondly, the
credible presence of multiple antigens trim down the risk of a tumor cell
escape. This study explain how the antigen conjugated nano sized co-
balt oxide NPs escort the pro-inflammatory response via activation of
ROS-NADPH oxidase depended p38 MAPK in the tumor (leukemia)
conditioned MΦ. This study will help to understand the signaling me-
chanism triggered by the antigen conjugated NPs and maybe help to
reveal the intricate relationship between the oxidative stress induced
signal-transduction mechanism and alteration of the cytokine repertoire
of tumor (leukemia) conditioned MΦ.

2. Methodology

2.1. Cell line cultures and tumor-conditioned media preparation

Human leukemic cancer cell lines Jurkat (IL-12−/TNF-α+) and
KG1-A (IL-12−/TNF-α+) were cultured in RPMI 1640 (Sigma) supple-
mented with 10% FBS, 5% Co2. Once grown to 80–90% of confluence,
the media were discarded, and flasks were rinsed two times with saline
solution. Cells were then incubated with fresh RPMI for 24 h; the con-
ditioned media (CM) were collected and filtered at 0.22 µm, and the
supernatant was stored at −80 °C. All cell lines were routinely checked
for contamination.

2.2. Lysate antigen preparation

The homogeneous suspension of Jurkat and KG1-A cells were col-
lected in a centrifuge tube and centrifuged at 1500 rpm for 5min. The
supernatant was pour out and the cell pellets were re-suspended in ice
cold phosphate buffered saline (PBS) at concentrations ranging from
2×105 cells/ml and subjected to four cycles of freeze-thaw cycles
(alternating liquid nitrogen and 37 °C water bath treatment) followed
by sonication for 20 s (Ultrasonic Processor, Tekmar, Cincinnati, OH,
USA) on ice. Lysates were centrifuged at 12,000 rpm for 20min at 4 °C
to remove cellular debris. Supernatants were collected and stored at
−80 °C [30]. Protein content of lysate preparations was measured ac-
cording to Lowry et al. [26] using BSA as standard.

2.2.1. Synthesis, characterization of cobalt oxide nanoparticles and
conjugation with PMIDA

The cobalt oxide nanoparticles (CoO NPs) were synthesized ac-
cording to our previous lab report with slight modification in tem-
perature [11]. The prepared bulk primary structure of cobalt oxide was
subjected to thermal decomposition at 800 °C to form its nano structure
followed by characterization by transmission electron microscope, X-
ray diffraction study. The conjugation of phosphonomethyl-immino-di-
acetatic acid (PMIDA) on the surface of the CoO NPs was done as per
our standard lab method. Then cancer cell lysate antigen was con-
jugated with PMIDA-CoO NPs were technique as described in our pre-
vious paper [11].

2.3. Isolation of monocytes

Human monocytes were obtained from blood by density gradient
centrifugation, using Histopaque-1077 (Sigma-Aldrich) according to
our previous lab method. Remaining lymphocytes were removed from
the monocytes faction by plastic adherence and all the two factions
were cultured in RPMI 1640 supplemented with 10% FBS, 5% Co2 in a
Co2 incubator.

2.4. Preparation of tumor-conditioned (TC) macrophage (MΦ)

Macrophages (MΦ) were obtained by culturing 106/ml monocytes
for 12 days in RPMI 1640, 5% FBS supplemented. The MΦ were divided
into three groups, among them one group remain untreated and other
groups were cultured (106/ml MΦ) in RPMI 1640 5% FBS supple-
mented with either 30% of tumor cell line supernatants for 6 days to get
tumor-conditioned macrophage (TC-MΦ) or LPS (10 ng/ml) condi-
tioned macrophages (L-MΦ).

2.5. Macrophages pulsation with only NPs, only Ag, NP-Ag complex

All the three different groups, i.e. MΦ, TC-MΦ and L-MΦ were
cultured with only NPs, only Ag, NP-Ag complex was used at a dose of
25 µg/ml, which was reported to be immunogenic [9,11] for 24 h in
RPMI 1640 5% FBS. After incubation, the supernatants were collected
and stored at −80 °C for further assay. The cells were collected, and
suspended in fresh media.

2.6. Cytokines

Cytokine (IFN-γ, TNF-α, IL-12, IL-10) production in the super-
natants of pulsed MΦ, TC-MΦ and L-MΦ were measured by specific
ELISA kits (BD Biosciences) as per the manufacturers’ instruction. UN-
pulsed MΦ was used as negative control.

In another experimental system, MΦ, TC-MΦ and L-MΦ were
treated with ROS and p38 MAPK inhibitor for 1 h. Then all the cells
were pulsed with NPs-Ag complex for 24 h. After incubation, IFN-γ was
estimated by using ELISA with respect to only macrophages.

2.7. ROS generation

NP-Ag complex Pulsed MΦ, TC-MΦ and L-MΦ were stained with
2,7-dichlorofluorescin diacetate (DCFH2-DA) to detect the intracellular
ROS [9]. UN-pulsed MΦ was used as negative control.

2.8. Estimation of cobalt ion (Co++) by atomic absorption spectroscopy
(AAS)

The intracellular cobalt ion was estimated by AAS technique de-
scribed as our previous paper [10].

2.9. NADPH oxidase activity

All the groups of MΦ were mixed with pre warmed in Krebs ringer
buffer ((KRB) with 10mM glucose at 37 °C for 3min and PMA (0.1
µMol) pre-warmed at 37 °C for 5min) then the reaction was stopped by
putting in ice. Centrifugation was carried out at 400g for 5min and the
resultant pellet was resuspended in 0.34M sucrose. The cells were then
lysed with hypotonic lysis buffer. Centrifugation was carried out at
800g for 10min and the supernatant used to determine enzyme activity.
NADPH oxidase activity was determined spectrophotometrically by
measuring cytochrome c reduction at 550 nm (Shimadzu UV-VIS-1800).
The reaction mixture contained 10mM phosphate buffer (pH 7.2),
100mM NaCl, 1 mM MgCl2, 80 µM cytochrome c, 2 mM sodium azide
(NaN3) and 100 µl of supernatant (final volume 1.0 ml). At last a sui-
table amount of NADPH (10–20 µl) was added to initiate the reaction
[10].

2.10. p38 MAPK activity

Detection of p38 MAPK in the cell lysate of pulsed MΦ, TC-MΦ and
L-MΦ were measured by specific ELISA kits (e Biosciences) and FACS
analysis as per the manufacturers’ protocol. Un-pulsed MΦ was used as
negative control [41,10]. The activation of p38 MAPK was also esti-
mated by western blotting also as per the standard methods [13] using
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monoclonal mouse antibodies followed by using ALP conjugated sec-
ondary antibody and it’s specific substrate NBT/BCIP to develop the
blot.

2.11. Co-culture of pulsed macrophage with cancer cells

Jurkat and KG-1A cells were plated in culture plates at a density of
4× 104 cells/well and incubated in RPMI medium with 5% FCS for
24 h at 37 °C. After 24 h, pulsed MΦ, TC-MΦ and L-MΦ were added to
each well at the ratio of 5:1 or 10:1 (macrophages: cancer cells), and
were then incubated for 1, 3 and 5 days at 37 °C. The cancer cell via-
bility was estimated by crystal violet assay (0.1% V/V crystal violet was
prepared in methanol). After co-culture, each well was washed with
sterile saline to remove the dead macrophages (floated), Jurkat and KG-
1A cells. The surviving Jurkat and KG-1A cells were stained with 0.1%
crystal violet/methanol at room temperature for 10min. The plates

were read on a microplate reader (model 550, Bio-Rad, Tokyo, Japan)
at a wavelength of 570 nm. Cytostasis was calculated as a percentage.
The absorbance of surviving Jurkat and KG-1A cells in the absence of
macrophages (control absorbance) was set at 100%, and the experi-
mental absorbance was divided by the control absorbance.

2.12. Co-culture of NPs-Ag complex pulsed macrophage with cancer cells in
the presences of ROS inhibitor, P38 MAPK inhibitor and TNF-α inhibitor

MΦ, TC-MΦ and L-MΦ were cultured 1 h in the presences or ab-
sences of NAC (ROS inhibitor) or Pyridinyl Imidazole (p38 MAPK in-
hibitor) [23] and POF (TNF-α inhibitor) were used at a final con-
centration of 5mM, 1mM, 2mM respectively. After 1 h, the MΦ, TC-
MΦ and L-MΦwere isolated and washed with sterile PBS for three times
and cultured with NPs-Ag complex at selected dose. Jurkat and KG-1A
cells were plated in culture plates at a density of 4× 104 cells/well and

Fig. 1. TEM analysis of the synthesized cobalt oxide nanoparticles at 20 nm and 5 nm scale (a). SADE analysis of the synthesized cobalt oxide nanoparticles (b). The
X-ray powder diffraction patterns of synthesized cobalt oxide nanoparticles (c). The EDX pattern of synthesized cobalt oxide nanoparticles (d).
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incubated in RPMI medium with 5% FCS for 24 h at 37 °C. Pulsed MΦ,
TC-MΦ and L-MΦ were added to each well at the ratio of 5:1 or 10:1
(macrophages: cancer cells), and were then incubated for 1, 3 and
5 days at 37 °C. The cancer cell viability was estimated by MTT assay.

2.13. CD4+ T cells proliferation assay

T cells were isolated by using nylon wool coloum from human blood
and co-culture with NPs-Ag pulsed MΦ, TC-MΦ and L-MΦ. After
treatment schedule, supernatant was isolated and used for cytokine
assay. Before to assessing macrophage-CD4+ T cell interactions, we
were characterized the CD163 (PE conjugate, Molecular Probes) posi-
tive macrophage populations by FACS. Then the isolated lymphocytes
were incubated for 30min at room temperature with fluorescein iso-
thiocyanate (FITC)-conjugated anti-human CD4+ monoclonal antibody.

After three washings, samples were resuspended in PBS and analyzed
with by flow cytometer (BD FACS). The results were given as the per-
centage of positively stained cells.

2.14. In vivo survival assay

Swiss mice (age, 6–8weeks, body weight 25–30 g) will purchase
from suppliers. Autoclaved dry pellet diet and water will give ad libitum.
Maintenance and treatment of animals will give according to the
guidelines established by the Institutional Animal Care and Ethics
Committee Vidyasagar University.

A 4% of the starch suspension was injected subcutaneously into
mice and allowed over night starving. The very next day the peritoneal
macrophages (MΦ) were isolated using ice chilled 50mM PBS (pH-7.0)
followed by three times washing with incomplete RPMI media. The
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Fig. 2. Alteration of the cytokine profile of normal macrophages (MΦ) (a), tumor conditioned macrophages (TC-MΦ) (b) and LPS stimulated TC-MΦs (c) in response
to NPs, Only Ag and NPs-Ag complex. LPS was used as a positive control. Values are expressed as mean ± SEM, * (asterisks) indicates the significant difference as
compared with control group. The p values are < 0.05.
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isolated MΦ were divided and treated similar that of Section 2.5 by
using mice specific DLA tumor supernatant instead of a human cell line.

Seven groups of Swiss mice (n=4 in each group) were immunized
with unplused MΦ (Gr. I), Ag-MΦ (Gr. II), Ag-NPs-MΦ (Gr. III), TC-MΦ
(Gr. IV), Ag-NPs-TC-MΦ (Gr. V), L-MΦ (Gr. VI) and Ag-NPs-L-MΦ (Gr.
VII) (2× 105 cells in each case) weekly for three times in total. Three
days following completion of the immunization, mice were inoculated
with DLA tumor cells obtained from 90 to 95% confluent cultures
(1× 107) intraperitonially [19]. The survival time in terms of percen-
tage of increased life span was measured by the following formula

= − ×Increase in life span (T C) 100

where the T=number of days the treated animals survived and
C=number of days the control animals survived. We considered
50 days as a cut off for survival time.

2.15. In vivo tumor growth restriction assay

Nine groups of Swiss mice (n=4 in each group) were immunized
with unplused and different pulsed macrophages. Herein, Gr. I-
Negative Control, Gr. II- Tumor control, Gr. III- unplused MΦ+Cancer,
Gr. IV- Only Ag pulse MΦ+Cancer, Gr. V- NPs-Ag pulse MΦ+ Cancer,
Gr. VI- TC-MΦ + Cancer, Gr. VII- Ag-NPs pulsed TC-MΦ + Cancer, Gr.
VIII- L- MΦ+ Cancer and Gr. IX- Ag-NPs pulsed L-MΦ+ Cancer. Three
days following completion of the immunization, mice were inoculated
with Dalton’s lymphoma (acetic) cells (DLA) (1×107) in-
traperitoneally. The tumor size was measured, starting from day 0 to
day 9, day 17, and day 50 and after day 100. The amount of DLA cells
was analyzed by aspirates the peritoneal fluid (Ascetic fluid) followed
by spin at 1500 rpm for 5min. The volume of the DLA cells was used to
analysis the tumor volume in milliliters (ml) unit.

2.16. Protein estimation

Protein content was determined using bovine serum albumin as a
standard according to the method of Lowry et al. [26].

2.17. Statistical analysis

Each of the above assays was performed in triplicate. The data were
expressed as mean ± SEM, n= 6. Comparisons between the means of
control and treated group were made by two-way ANOVA test (using a
statistical package, Origin 6.1, Northampton, MA 01,060 USA) with
multiple comparison t-tests, p < 0.05 as a limit of significance.

3. Results

3.1. Synthesis and characterization of cobalt oxide nanoparticles

Transmission electron microscopy (TEM) was used to study the
morphology and topography of the samples. The results are shown in
Fig. 1. The TEM and high-resolution TEM (HRTEM) images (Fig. 2b)
show mono disperse nanoparticles with an average diameter
of 11.8 nm. The Co signal was detected by EDX of the nanoparticles
synthesized by calcinations method as shown in Fig. 1d. HRTEM revels
the lattice fringes with the inter-fringe distance 0.21 nm. The grain
boundaries oriented in different directions as seen from the figure
suggests the polycrystalline nature of the sample. In addition to real-
space fringe spacing analysis selected area electron diffraction (SAED)
from a large region containing NPs also suggests the lattice spacing of
the polycrystallinity of the sample. XRD patterns of cobalt oxide na-
noparticle are shown in Fig. 1c. X-ray powder diffraction patterns were
taken in reflection mode CuKα (λ = 1.5406 Å) radiation in the 2θ
range from 10θ to 90θ on a Panalytical High Resolution XRD). The
diffractogram of the CoO NPs (Fig. 1c) shows the presence of peaks at
around 2θ 18.75°, 31.04°, 36.86°,44.82°, 59.22°,65.37° corresponding

to (1 1 1), (2 2 0), (3 1 1), (4 0 0), (5 1 1) and (4 4 0) plane (JCPDS card
no. 80-1533). The dÅ value obtained from SAED gives a similar
matching rather than appropriate. Calculated dÅ from SAED −2.228 Å,
1.82 Å, 1.518 Å, 1.07 Å, 1.138 Å, obtained similar dÅ from JCPDS card
no. 80-1533-1.1337 Å (5 5 1), 1.5582 (5 1 1) Å, 1.8576 Å (3 1 1), 2.02 Å
(4 4 0). This change is possibly due to the biological impurities used as
in sito reducing and coating agent (Fig. 1).

3.2. Effects of tumor cell line conditioned-media on human monocytes

We conditioned monocytes with two different leukemic cell lines
supernatant (Jurkat and KG-1A) and noticed that monocytes differ-
entiation was induced in macrophages. Therefore, we decided to re-
strict our investigation to assess the anticancer activity of the condi-
tioned macrophage on Jurkat and KG-1A cell lines, using homogenous
cultures of Jurkat, KG-1A and the normal human macrophage as ne-
gative controls. The supernatant from Jurkat and KG-1A induced a
strong differentiation of monocytes that became larger, with ruffling
membrane typical of macrophages (Fig. S1).

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.cyto.2018.06.035.

3.3. Protein quantification

The successful conjugation of the Ag with the PMIDA-CoO NPs was
facilitated by EDC and NHS. EDC and NHS were reacted with the sur-
face carboxylate (eCOOH) group on the nanoparticle to yield an O-
acyl-isourea active intermediate. This intermediate is then attacked by
a primary amine (eNH2) group of the protein’s lysine side chain,
forming a stable covalent bond between the lysate antigen and the
particle. The lysate antigen1 (Ag-1) bound NPs were 64.75% (0.31mg/
ml) and antigen 2 (Ag-2) was 68.35% (0.33mg/ml) after 24 h (Fig. S2).
The antigen concentrations of the stock solutions were adjusted at
0.48mg/ml. After conjugation, the protein antigen concentrations were
estimated and we found that the protein antigen concentrations were
less depending on exposure of time (Fig. S3). Protein (CL antigens)
release was found to be time dependent. This finding was due to the
large concentration gradient between the CL–PMIDA–CoO complex and
the outer water phases. The biphasic release pattern is potentially
useful for delivery of antigens to macrophages, as it provides a con-
tinuous supply of antigens to the macrophages (Fig. S4).

3.4. NPs-Ag induced activation of pro-inflammatory cytokines in TC-MΦ

To better characterize the differentiated cells, we measured the NPs-
Ag stimulated release of cytokines by MΦ (Fig. 2a), TC-MΦ (Fig. 2b)
and L-MΦ (Fig. 2c) and noticed that NPs-Ag complex induced expres-
sion of IFN-γ and TNF-α high amounts. Similarly, LPS produced IFN-γ
and TNF-α very high quantity. Notably, MΦ, TC-MΦ and L-MΦ pro-
duced IL-12 after NPs-Ag or LPS stimulation (Fig. 3).

3.5. NPs-Ag induced ROS generation activated p38 MAPK in TC-MΦ

Previously we showed that NPs-Ag complex modulate the pro-in-
flammatory cytokine production by TC-MΦ was executed through ac-
tivation of ROS and p38MAPK. So, we were eager to check the acti-
vation status of the ROS (Fig. 3 and p38MAPKs (Fig. 4) in TC-MΦ
following NPs-Ag complex treatment at different hours. The results
showed that NPs-Ag complex induced intracellular ROS (Fig. 3a). Our
analysis showed that NPs-Ag complex treatment caused phosphoryla-
tion of p38MAPK, which peaked at 2 h (4.53%) and remained, elevated
up to 3 h (data not shown) in the TC-MΦ (Fig. 4). However, we did not
detect any modulation in phosphorylation of ERK1/2 or JNK following
NPs-Ag complex treatment. Then we studied the participation of ROS in
NPs-Ag complex mediated activation of p38MAPK. We observed that
pretreatment of NAC significantly inhibited NPs-Ag complex mediated
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phosphorylation of p38MAPK in TC-MΦ after 2 h (0.75%)
(Figs. 4 and 5a–5d).

3.6. Critical role of NADPH oxidase in ROS production

Studies from different scientific groups strongly suggest that in-
duction of ROS was initiated by the activity of NADPH oxidase [4,33].
A major source of ROS is produced in the mitochondria. Electron
leakage from the mitochondrial respiratory chain may react with mo-
lecular oxygen, resulting in the formation of superoxide, which can
subsequently be converted to other ROS. So, we designed our experi-
ments to investigate whether augmented production of superoxide in-
creased the intracellular ROS level and thus, supported the production
of pro-inflammatory cytokines by NPs-Ag pulsed TC-MΦ. We found that
before NPs-Ag pulsed NADPH oxidase activity in TC-MΦ were 0.52,
0.61, 0.55 nMol/Min/106 Cell on 1–5 h respectively, but the enzyme
activity was increased upto 2.32, 9.32, 6.73 nMol/Min/106 Cell

(Fig. 6a). It was observed that the enzyme activity was increased at 2 h.

3.7. ROS-induced activation of p38 MAPK critically regulated the cytokine
(IFN-γ) production by NPs-Ag complex pulsed TC-MΦ

Earlier studies showed that cell lysate conjugated PMIDA-CoO NPs
crucially involved in the uplift of IFN-γ, TNF-α, and IL-12 production by
MΦ, TC-MΦ and L-MΦ [8]. Herein, we ascertain the involvement of
NPs-Ag complex induced ROS generation in the alteration of IFN-γ
profile of tumor conditioned macrophages, we pretreated MΦ, TC-MΦ
and L-MΦ with a ROS and p38 MAPK inhibitor, and our based ELISA
studies (Fig. 6b) revealed that pretreatment with inhibitors assuaged
the effect of Ag-NP complex and LPS in terms of altered IFN-γ level of
MΦ, TC-MΦ and L-MΦ. This result aggravated us to further explore the
mechanistic details involved in NPs-Ag mediated modulation of the TC-
MΦ phenotype.

3.8. Anticancer activity of TC-MΦ

MΦ, TC-MΦ and L-MΦ were co-cultured with Jurkat and KG-1A
cells for 1, 3, and 5 days. Decrease in the viability of Jurkat and KG-1A
was observed when co-cultured with NPs-Ag pulsed MΦs from the en-
tire group. Figs. 7 and 8 showed the death rate of Jurkat and KG-1A
cells with time when co-cultured with pulsed macrophages at the ratio
of 5:1 or 10:1 with respect to the negative control. The results are given
in terms of percentage of relative viability, which is the percentage of
cells that remain viable when compared to a single culture of Jurkat
and KG-1A cells. As shown in Fig. 7 during the co-culture of NPs-Ag
pulsed TC-MΦ with Jurkat cells at the ratio of 5:1, the percentage of
Jurkat cell viability in day 1 was 84.73%, in day 3 was 73.85% and
61.7% on day 5. At the ratio of 10:1 the percentage of cell viability was
decreased on day 1, 3 and on day 5 were 74.73%, 63.85% and 52.7%
respectively (Fig. 8). The percentage of KG-1A cell viability at 5:1 ratio
on day 1 was 86.43%, on day 3 was 78.68% and 66.7% on day 5. At the
ratio of 10:1 the percentage of cell viability was decreased on day1, 3,
and on day 5 were 78.43%, 69.68%, 66.7% respectively. All the results
were significant at p < 0.05 level. Whereas un-pulsed TC-MΦ killed
91.03% Jurkat cells and 92.17% KG-1A cells on day 5 at 10:1 ratio. This
cancer cell death was facilitated by the increased cytokines (INF-γ, TNF-
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Fig. 3a. Change of a ROS profile of normal macrophages MΦ, tumor condi-
tioned macrophages TC-MΦ in response to NPs-Ag complex. LPS stimulated TC-
MΦs were used as a positive control. Values are expressed as mean ± SEM, *
(asterisks) indicates the significant difference as compared with control group.
The p values are < 0.05.
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Fig. 3b. Cobalt ion release was measured by atomic absorption spectroscopy,
where U1 denotes Co++ ion release from 25 µg/ml of NPs-Ag complex.

NPs-Ag Only Ag NAC Only NPs

0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30
32
34
36
38

*

*

*

*

*

****

*

*

**

*

*

*

*

*

p3
8 

(P
g 

/ m
l)

 Untreated Macrophages
 Macrophages 1h  Macrophages 2h
 TC-Macrophages 1h  TC-Macrophages 2h
 L-Macrophages 1h  L-Macrophages 2h

Fig. 4. Activation of p38 MAPK of normal macrophages MΦ, tumor conditioned
macrophages TC-MΦ in response to NPs, Only Ag, and NPs-Ag complex after 1 h
and 2 h intervals. LPS stimulated TC-MΦs were used as a positive control.
Values are expressed as mean ± SEM, * (asterisks) indicates the significant
difference as compared with control group. The p values are < 0.05.

S. Chattopadhyay, S. Roy Cytokine 113 (2019) 162–176

167



α, and IL-12) (Fig. 3) especially TNF-α, and IL-12. An increase of INF-γ
stimulated the production of IL-12 and TNF-α. As the application of
TNF-α inhibitor was decrease the cell death. Our previous study pos-
tulated that the antigen conjugated nanoparticles induced TNF-α from
macrophages and these TNF-α initiates’ cancer cell death [9]. From our
result (Fig. 3) and our previous study, we may state that the TNF-α
induces the death receptor mediated cancer cell death.

3.9. Activation of ROS and p38 MAPK critically regulated the anti-
tumorogenic activity NPs-Ag complex pulsed TC-MΦ

Therefore, we asked whether NPs-Ag mediated ROS generation
could trigger different MAPKs, essentially modulated the behavior of
anti-immunogenic macrophage (M2) toward the pro-immunogenic

macrophage (M1). Herein, we used pharmacological inhibitors of p38
MAPK and tried to interpret the role of p38 MAPK on NPs-Ag pulsed TC-
MΦ. We observed that of with ROS inhibitor (NAC), TNF-α inhibitor
(POF) and p38MAPK inhibitor (PY-MZ) pretreatment TC-MΦ induced
cancer cell proliferation even after NPs-Ag pulsation (Fig. 9). Same
kinds of results were noted on TNF-α inhibitor pretreated TC-MΦ fol-
lowed by NPs-Ag pulsation. Thus, p38MAPK activation is involved in
NPs-Ag complex-mediated up-regulation of IFN-γ and IL-12 production
as well as down-regulation of IL-10 by TAMs was happening (Fig. 9).

3.10. Activation of p38MAPK through NPs-Ag complex mediated increment
of IL-12 from TC-MΦ

In the course of our investigation, we checked the production of IL-

Fig. 5a. Expression of p-p38 MAPK of normal macrophages (MΦ), antigen pulsed macrophages (MΦ), tumor conditioned macrophages (TC-MΦ) and LPS pulsed TC-
MΦ in response to NPs-Ag complex, after 1 h was determined by FACS analysis. LPS was used as positive control.
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12 by NPs-Ag complex treated TC-MΦ. ELISA data indicated that NPs-
Ag complex treatment augmented the IL-12 level in TC-MΦ (Fig. 9). We
had shown that NPs-Ag pulse TC-MΦ release higher amount of IFN-γ
(Fig. 3) which dictates the simultaneous production of different cyto-
kines, e.g., IL-12 (Fig. 10). The presence of IFN-γ strongly enhanced IL-
12 production by human DCs and macrophages [34,21,15]. Other than
IFN-γ, activation of p38MAPK strongly enhanced IL-12 production
[34,21,15]. Hence, it may suggest that NPs-Ag complex mediated

activation of p38MAPK induces the generation of IFN-γ, which in turn,
maintains NPs-Ag complex mediated prolonged IL-12 production and
down-regulation of IL-10 production by TC-MΦ.

3.11. NPs-Ag pulse TC-MΦ enhanced CD4+ lymphocyte population

The expression of CD163 on TC-MΦ confirmed that tumor super-
natant induces M2 phenotype to macrophages up to 9.25% (Fig. 11).
NPs-Ag pulsed TC-MΦs were up regulated the CD4+ population. Lym-
phocyte proliferation was increased in the presences of nanoparticles in
culture media. After incubation with NPs-Ag pulsed TC-MΦ for 48 h the
percentage of CD4+ cells were increased significantly in NPs pulsed
group up to 24% (Fig. 12).
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Fig. 5b. Expression of p-p38 MAPK of normal macrophages (MΦ), tumor con-
ditioned macrophages (TC-MΦ), antigen pulsed macrophages (MΦ) and LPS
pulsed TC-MΦ in response to NPs-Ag complex, after 1 h was determined by
Western blotting analysis. LPS was used as positive control.
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3.12. In vivo survival and tumor growth restriction assay

Administration of NPs-Ag pulsed TC-MΦ (Gr. V) protect from
tumor-formation in mice. From the first day of tumor induction we
found that the untreated tumor control mice were survived for only
17 days, which was found 46 days in NPs-Ag pulsed-MΦ immunized
mice (Gr. -III) and 35 days in NPs-Ag pulsed TC-MΦ immunized mice
(Gr. -V) (Fig. 13). Monitoring of tumor growth in all groups of mice
clearly demonstrated that tumor growth was restricted in mice im-
munized with NPs-Ag pulsed TC-MΦ (Fig. 13) in comparison to mice of
only Ag pulse MΦ treated groups. Finally, we investigated the efficacy
of Ag-NPs pulse macrophages on tumor infected mice. The results
showed that the nanocomplex had significantly decreased the volume
(14).

4. Discussion

The cancer microenvironment includes innate and adaptive immune
cells along with cancer cells. The building of an inflammatory micro-
environment endows energy for cancer development and progression
[28,43]. Along with the pro-tumorogenic effects, inflammation also
influences the host immune response against tumor and can be used in
cancer immunotherapy [29].

This study ascertains the paradigm whereby the induction of in-
tracellular ROS by NPs-Ag complex re-induces the cancer micro-
environment that markedly reduced cancer cell growth. Herein we
disclose that NPs-Ag complex efficiently reprogrammed anti im-
munogenic TC-MΦ to pro-immunogenic type. Our study shows that
NPs-Ag complex mediated ROS generation is the crucial mediator for
the activation of p38 MAPK, which in turn modulate the functional
phenotype of TC-MΦ towards an effector pro-immunogenic cell. The
NPs-Ag complex mediated ROS generation occurs as a result of the
presence of Co++ ions (Fig. 4). Our previous studies showed that an
increasing amount of Co++ was augmented excess amount of ROS in
PBMCs [10].

Macrophages have appeared as vital therapeutic targets in many
diseases. The plastic nature of the macrophage allows re-polarizing
anti-immunogenic to pro-immunogenic via production of IFN-γ and IL-
12 [37,29]. Studies showed that p38 MAPK is very much essential for
macrophage activation of the pro-immunogenic cytokines [27,17].
Existing literature suggests that among the MAPKs, activation of
p38MAPK directly regulates IL-12 production by transcriptional inter-
ference [27]. This study confirmed that NPs-Ag complex led to a shift
the TC-MΦ population anti-immunogenic (M2) to pro-immunogenic
(M1) with up-regulation of IFN-γ, IL-12 and TNF-α. Beside this, trim
down of IL-10 expression has been shown in NPs-Ag primed TC-MΦ
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(b), and KG-1A cells at 5:1 (c), ratio of macrophage: cancer cells respectively. All the measurements were performed in triplicate. Values are expressed as
mean ± SEM, * (asterisks) indicates the significant difference as compared with control group. The p values are < 0.05.
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(Fig. 3), results in a re-polarization of M2 like into M1 like macrophages
with induction of co-stimulatory molecules. The NPs-Ag complex in-
duced deduction of IL-10 may up-regulates expression of other pro-in-
flammatory cytokines and has been shown in this study. Down reg-
ulation of IL-10 may up-regulated the IFN-γ, MHC-II and co-stimulatory
molecules on macrophages followed by activation of Th1 immune re-
sponse against cancer. The respiratory burst of professional phagocytes
activates the NADPH oxidase system, which catalyzes the donation of
one electron from NADPH to molecular oxygen, converting it into su-
peroxide anion. The NADPH oxidase system was upregulated by IFN-γ
and TNF-α that can influence the NADPH oxidase system an autocrine
mechanism [22]. Scientific reports suggested that ROS generated from
the NADPH oxidase complex contribute to monocyte/macrophage
survival induced by M-CSF via regulation of Akt and p38 MAPK [42].
Our findings suggested that NPs-Ag in TC-MΦ activated NADPH oxidase
complex and contribute ROS, which induced activation of p38 MAPK
(Figs. 5a and 5b). It is well documented that the generation of ROS
leads to the activation of various MAPKs regulating the production of
various pro- and anti-inflammatory cytokines in different cell types
[7,20,41]. The higher amounts of TNF-α release by NPs-Ag primed
phagocytes do not ultimately account for these observations. The most

probable explanation is that the NADPH oxidase system in mononuclear
phagocytes (Fig. 6a) is activated during its activation by Ag-NPs. These
stimuli include not only cytokines but also NADPH oxidase products.
The inhibition of ROS production during macrophage differentiation
significantly inhibited p38 MAPK activation, implicating a role for ROS
as well as MAP kinase in macrophage differentiation. Zang et al. stated
that ROS usually associated with the activation and functions of M1
rather than M2 macrophages. In this view, our findings are important
for several reasons. First, NPs-Ag mediated ROS production in TC-MΦ
reprogrammed them into pro-immunogenic from anti-immunogenic.
Second, activation of NADPH Oxidase induces ROS production, which
induced activation of p38 MAPK linked to escalate the pro-in-
flammatory cytokines. Nanomaterials have been shown to modulate
expression of cytokines, which are soluble biological protein messen-
gers that regulate the immune system. Stimulated macrophages se-
creted several cytotoxic factors such as ROS and NO. The hyperactivity
of NADPH oxidase elevated ROS, which stimulate the production of
TNF-α followed by phosphorylation of p38 MAPK in all set of macro-
phages. TNF-α, a major mediator of inflammation had played a crucial
role in this phenomena.

The NPs-Ag primed TC-MФ secrete IFN-γ that directly influenced
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naive CD4+ cell differentiation toward a Th1 phenotype and enhanced
the proliferation of CD4+ T cells two times greater (Fig. 12) which was
another key parameter that helps in generation of anticancer immune
response. These activated helper T cells were capable of influencing a
variety of immune cells for secreting IFN-γ TNF-α, IL-12 cytokines
found in our results.

Interaction of NPs-Ag primed TC-MΦ with cancer cell result in a
reduction of cancer cell growth. Our study showed that NPs-Ag primed
TC-MΦ successfully restricts the in vitro (Figs. 7 and 8) and in vivo
(Fig. 14) tumor growth. The relationship between NPs-Ag primed TC-
MΦ with cancer cell may be describe by induction of TNF-α as this
cytotoxic factor induces apoptosis/necrosis in cancer cells reported by
several scientists. In vivo administration of NPs-Ag pulsed macrophage
protects from of tumor-formation in mice. From the first day of tumor
induction we found that the untreated tumor control mice were sur-
vived for only 17 days, which was found 16 days in TC-MΦ immunized
mice. Immunization of mice with NPs-Ag pulsed TC-MΦ exhibited
better result than the only TC-MΦ in relative to the restriction of the

expansion of DL tumor. Our findings indicate that careful titration of
Ag-NP-based therapeutic interventions may be successful in elevating a
group of cytokines important for eliciting a Th1-mediated immune re-
sponse with effective anticancer actions. The magnitude of TNF-α in-
duction, as well as other pro-inflammatory cytokines, and their local,
regional delivery to tumor sites or other desired areas, will undoubtedly
be important parameters when considering PMIDA-CoO NPs for bio-
medical purposes to achieve the desired therapeutic response without
eliciting potential systemic damaging effects from these cytokines.
Moreover, our study shows that the synthesized NPs-Ag complex has
the capability to polarize M2 type macrophage to M1 type macrophage
and this response is shown to be ROS-p38 MAPK-cytokine dependent.

5. Conclusion

The NPs-Ag complex generated ROS-mediated activation of NADPH
Oxidase and p38 MAPKs, as well as the alteration of cytokines status,
plays an important role in reprogramming of suppressive TC-MΦ
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Fig. 9. MΦ, TC-MΦ, L-MΦ, was pretreated with NAC, POF and PY-MZ for 1 h. After incubation, MΦ, TC-MΦ and L-MΦ were incubated with NPs, inhibitors alone and
inhibitors with NPs for 24 h. After incubation the pulsed MΦ, TC-MΦ and L-MΦ were co-culture with Jurkat cells (a, c), and KG-1A cells at 10:1 (b, d), ratio and
cytotoxicity was estimated by using MTT. All the measurements were performed in triplicate. Values are expressed as mean ± SEM, * (asterisks) indicates the
significant difference as compared with control group. The p values are < 0.05.
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toward the pro-immunogenic type. This TC-MΦ can be reprogrammed
to promote tumor deterioration through NPs-Ag complex. The NPs-Ag
pulsed TC-MΦ efficiently increased IFN-γ and IL-12 which successfully
reversed the polarization of anti-immunogenic TC-MΦ to pro-im-
munogenic TC-MΦ. Generation of ROS in TC-MΦ, showed that they can
modulate the NADPH Oxidase and p38MAPK activity and cytokine
profile in TC-MΦ. Our study also suggests that although activation of
p38MAPK is responsible for IL-12 production by NPs-Ag complex is
most vital for reprogramming of suppressive toward the pro-in-
flammatory type.
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Fig. 10. The IFN-γ, TNF-α, and IL-12 secreted from MΦ (a), TC-MΦ, L-MΦ were estimated by ELISA in the presences or absences of inhibitors pretreated followed by
NPs-Ag pulsation at 10:1, ratio. All the measurements were performed in triplicate. Values are expressed as mean ± SEM, * (asterisks) indicates the significant
difference as compared with control group. The p values are < 0.05.
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Fig. 11. The expressions of CD163 from MΦs were estimated by FACS in the presences or absences of NAC or PY-MZ pretreated followed by NPs-Ag pulsation at 10:1,
ratio. TC-MΦs were used as CD163 positive control.
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Fig. 13. Survivability and tumor growth restriction of macrophage (Mφ) im-
munized mice. Mice were immunized with unplused MΦ (Gr. I), Ag-MΦ (Gr. II),
Ag-NPs-MΦ (Gr. III), TC-MΦ (Gr. IV), Ag-NPs-TC-MΦ (Gr. V), L-MΦ (Gr. VI) and
Ag-NPs-L-MΦ (Gr. VII) weekly for three times in total. Three days following
completion of the immunization, mice were inoculated with Dalton’s lym-
phoma (aceytic) cells (DLA) (1× 107) intraperitoneally. The survival time in
terms of percentage of increased life span was measured by using the formula;
Increase in life span = (T− C)× 100 (a) and tumor size was measured,
starting from day 9 and after every 3 days until day 20. The p values are <
0.05.
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Fig. 14. Tumor growth restriction of macrophage (Mφ) immunized mice. Nine
groups of Swiss mice (n=4 in each group) were immunized with unplused and
different pulsed macrophages. Here, Gr. I- Negative Control, Gr. II- Tumor
control, Gr. III- unplused MΦ + Cancer, Gr. IV- Only Ag pulse MΦ + Cancer,
Gr. V- NPs-Ag pulse MΦ + Cancer, Gr. VI- TC-MΦ + Cancer, Gr. VII- Ag-NPs
pulsed TC-MΦ + Cancer, Gr. VIII- L- MΦ + Cancer and Gr. IX- Ag-NPs pulsed
L-MΦ + Cancer. Three days following completion of the immunization, mice
were inoculated with Dalton’s lymphoma (aceytic) cells (DLA) (1× 107) in-
traperitoneally. The tumor size was measured, starting from day 0 to day 9, day
17, and day 50 and after day 100. The values are expressed as mean ± SEM. *
indicates the significant difference as compared to control group at p < 0.05 as
the level of significances.
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