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Docosahexaenoic acid (DHA) promotes immunogenic apoptosis 
in human multiple myeloma cells, induces autophagy and 
inhibits STAT3 in both tumor and dendritic cells 
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ABSTRACT
Docosahexaenoic acid (DHA), a ω-3 polyunsaturated fatty acid found in fish oil, is 

a multi-target agent and exerts anti-inflammatory and anticancer activities alone or in 
combination with chemotherapies. Combinatorial anticancer therapies, which induce 
immunogenic apoptosis, autophagy and STAT3 inhibition have been proposed for long-
term therapeutic success. Here, we found that DHA promoted immunogenic apoptosis 
in multiple myeloma (MM) cells, with no toxicity on PBMCs and DCs. Immunogenic 
apoptosis was shown by the emission of specific DAMPs (CRT, HSP90, HMGB1) by 
apoptotic MM cells and the activation of their pro-apoptotic autophagy. Moreover, 
immunogenic apoptosis was directly shown by the activation of DCs by DHA-induced 
apoptotic MM cells. Furthermore, we provided the first evidence that DHA activated 
autophagy in PBMCs and DCs, thus potentially acting as immune stimulator and 
enhancing processing and presentation of tumor antigens by DCs. Finally, we found 
that DHA inhibited STAT3 in MM cells. STAT3 pathway, essential for MM survival, 
contributed to cancer cell apoptosis by DHA. We also found that DHA inhibited STAT3 
in blood immune cells and counteracted STAT3 activation by tumor cell-released 
factors in PBMCs and DCs, suggesting the potential enhancement of the anti-tumor 
function of multiple immune cells and, in particular, that of DCs. 

INTRODUCTION

Docosahexaenoic acid (DHA; 22:6) is a long chain 
ω-3 polyunsaturated fatty acid (PUFA) primarily found in 
fish oil, that has been shown to have many health benefits 
in chronic diseases, such as inflammation-mediated 
diseases and cancer [1, 2]. Indeed, DHA can exert anti-
cancer activity towards several established solid and 
hematologic tumors [3-5]. In addition, DHA has been 
proposed as a non-toxic adjuvant to improve efficacy 
of conventional cancer therapies, since it can enhance 
the antitumor activity of chemotherapeutics, especially 
towards drug resistant cells, with no adverse effects 
[6-9]. The mechanisms underlying the anti-neoplastic 
effects of DHA are still unclear and need to be elucidated. 
Accumulating evidence indicates that DHA exhibits 
multiple mechanisms of action, including the in vitro and 

in vivo down-modulation of cancer cell proliferation and 
survival, invasiveness and metastasis, angiogenesis and 
inflammation [2, 5, 10-15]. It has been well documented 
that DHA represents a multi-target anticancer agent, since 
cell membrane enrichment with DHA induces changes 
in the distribution and function of several molecules, 
including key signaling mediators of cell survival and 
death [2, 5]. All these considerations greatly support 
investigations to further analyze and clarify the anti-
cancer effects of DHA, to assess its potential use in cancer 
therapy either alone [2-5] or in combinatorial strategies [6-
9] to improve the efficacy and tolerability of conventional 
anticancer treatments. 

Multiple Myeloma (MM) is a haematologic cancer 
of plasma cells infiltrating the bone marrow, where cancer 
cells, influenced by the microenvironment, become 
resistant to most drugs and apoptotic signals. MM cells are 
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characterized by the release of high levels of cytokines, 
which maintain cell autonomous proliferation/survival as 
well as suppress the immune response [16-18]. Indeed, 
the growth of MM, as of other tumors, is mainly due 
to the effect of tumor-released factors and relays on the 
constitutive activation of several pro-survival pathways 
including STAT3 [16, 19]. STAT3 constitutive activation 
in MM cells also confers them drug resistance [19-21]. 
In addition, STAT3, beyond its oncogenic role at the 
tumor cell level, has potent immunosuppressive effects 
in the tumor microenvironment, affecting the function 
of multiple lymphoid and myeloid cell types including 
dendritic cells (DCs) [22]. Indeed, in MM patients, tumor-
released suppressive factors (such as TGF-β, IL-10, IL-6 
and VEGF) can abrogate DC function, by activation of 
STAT3 [23-25].

DCs are at the center of the immune system owing 
to their ability to induce tumor-specific effector T cells, 
that can reduce the tumor mass and induce immunological 
memory to control tumor relapse, thus leading to long-
term survival [26]. Therefore, DCs represent an essential 
target in efforts to generate therapeutic immunity against 
cancer, especially during chemotherapy [26, 27]. The 
capability to stimulate protective anticancer immune 
responses by DCs depends on multiple conditions and 
multiple strategies have been proposed. One of the 
strategies is the so-called immunogenic chemotherapy, 
based on the capability of some chemotherapeutic agents 
to promote an immunogenic cancer cell apoptosis [27-29]. 
This means that a chemotherapeutic agent simultaneously 
induces cancer cell apoptosis and autophagy, where dying 
cancer cells emit a spatiotemporal-defined combination 
of specific damage-associated-molecular-patterns 
(DAMPs), that, loaded together with multiple tumor 
antigens in intact autophagosomes, are taken up by DCs, 
inducing their maturation, activation and antigen cross-
presentation, thus leading to the stimulation of an effective 
anti-tumor T cell response [27-29]. In addition, new 
studies have proposed that, together with immunogenic 
chemotherapeutics, autophagy enhancers should expand 
the pharmacological arsenal and augment the efficacy 
of cancer immunotherapy [30]. Indeed, autophagy 
enhancers affect cancer by attenuating tumor-promoting 
inflammation and stimulating antitumor immunity [30]. In 
particular, autophagy in DCs increases the processing and 
presentation of tumor antigens by both MHC class II and I 
molecules, thereby stimulating anti-tumor T cell response 
[30]. Finally, for all the reasons mentioned before, another 
promising therapeutic strategy for MM, and for other 
cancers as well, consists in STAT3 targeting [21, 31]. In 
fact, pharmacologic inhibitors of STAT3 pathway on the 
one hand affect cancer cell survival, suppressing tumor 
cell autonomous tumorigenesis [20, 21, 31] and on the 
other hand inhibit STAT3 inflammatory signaling in the 
hematopoietic system, eliciting multicomponent antitumor 
immune responses including those mediated by DCs [32-

34]. Indeed, STAT3 depletion in DCs improves cancer 
immunotherapy, by enhancing their ability to induce tumor 
antigen-specific T cells and promoting their resistance 
to cancer cell-derived inhibitory factors [35]. To notice, 
STAT3 inhibitors on tumor cells, used in combinatorial 
therapy with immunogenic chemotherapeutics such as 
anthracyclines, improve the outcome of immunogenic 
chemotherapy by stimulating the type-1 interferon 
production by cancer cells [36]. 

In this study, we investigated the promotion of cell 
death, the activation of autophagy and the inhibition of 
STAT3 by DHA in MM cells as well as in peripheral blood 
mononuclear cells (PBMCs) and DCs. In particular, we 
explored whether DHA promoted immunogenic apoptosis 
in MM cells, first analyzing its capability to trigger the 
emission of specific DAMPs by apoptotic cancer cells; 
then examining its capability to enhance autophagy 
in MM cells and the role of autophagy in cell viability. 
Lastly, we directly verified the immunogenicity of cell 
death induced by DHA by investigating whether MM 
cells undergoing DHA-mediated apoptosis were capable 
of activating DCs; we compared this effect to that obtained 
by using lipopolysaccharide (LPS), the classical DC 
activator. We also investigated the capability of DHA to 
activate autophagy in immune cells, such as PBMCs and 
DCs. Finally, we examined whether DHA was capable to 
inhibit STAT3 activation in MM cells, PBMCs and DCs. 
On this last point, we evaluated the capability of DHA 
to counteract STAT3 activation triggered by tumor cell-
released factors in both PBMCs and DCs.

RESULTS

DHA induces apoptosis in MM cells with no 
cytotoxic effects on PBMCs 

To investigate the promotion of cell death by DHA 
in human MM cells, we first analyzed the induction of 
cytotoxicity by DHA in MM cells vs normal PBMCs. To 
this purpose, two MM cell lines, RPMI-8226 and OPM-2, 
as well as PBMCs from two healthy donors were cultured 
in the presence of increasing doses of DHA (50-200 μM) 
for different time periods (24, 48 and 72 hours) and the 
effect of DHA on cell viability was determined by the 
trypan-blue exclusion assay. As shown in Figure 1A, 
DHA treatment resulted in a dose- and time-dependent 
cytotoxicity in both MM cell lines, whereas it did not 
affect the viability of normal PBMCs. 

To characterize the cell death induced by DHA in 
MM cells, we examined the occurrence of apoptosis by 
immunofluorescence, using the phosphatidylserine (PS)-
binding annexin V (AV) and the vital dye propidium 
iodide (PI), in RPMI-8226 and OPM-2 cells cultured in 
the presence of increasing doses of DHA (50-200 μM) 
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for 24 and 48 hours. As shown in Figure 1B, apoptotic 
cell death occurred in both MM cell lines and took place 
in a dose- and time-dependent manner. To confirm tumor 
cell death by apoptosis, MM cells were treated with 100 
μM DHA for 24 hours in the presence or in the absence 
of z-VAD pan-caspase inhibitor. As shown in Figure 1C, 
z-VAD inhibited apoptosis mediated by DHA in both cell 
lines. These results showed that DHA induced apoptotic 
cell death in MM cells, whereas it did not affect the 
viability of normal PBMCs.

DHA promotes immunogenic apoptosis in MM 
cells

Apoptosis can be immunogenic or tolerogenic, 
depending on its ability to trigger the emission by 
apoptotic cancer cells of a spatiotemporally-defined 
combination of DAMPs, which are able to stimulate 
antitumor immune responses through antigen presenting 
cells (APCs) such as DCs [27, 28, 37, 38]. Distinctive 
features of immunogenic apoptosis include the cell surface 
exposure of calreticulin (CRT) [39] and/or HSP90 [40] in 

pre- or early-apoptotic stages, as well as the release of 
non-histone chromatin protein high mobility group box 1 
(HMGB1) by cancer cells in late-apoptosis or secondary 
necrosis [41]. Therefore, we investigated whether 
DHA-mediated apoptosis in MM cells had the ability to 
trigger the emission of the specific DAMPs in the proper 
spatiotemporally-defined combination. We found that 
both CRT and HSP90 were exposed on the cell surface 
of RPMI-8226 and OPM-2 cells treated with DHA for 3 
and 6 hours, respectively (Figure 2A). Moreover, HMGB1 
was released in the conditioned medium by both RPMI-
8226 (left panel) and OPM-2 (right panel) cells at late 
apoptotic stages (Figure 2B). All together, these results 
suggested that apoptosis mediated by DHA in MM cells 
was immunogenic. 

DHA activates autophagy in MM cells, PBMCs 
and DCs

Another required feature of immunogenic apoptosis 
includes the capability of chemotherapeutics to activate 
autophagy in cancer cells [29, 30]. Therefore, we explored 

Figure 1: DHA induces apoptosis in MM cells and does not affect PBMC viability. A. DHA decreases viability of MM cell 
lines in a dose- and time-dependent manner, whereas it does not affect the survival of PBMCs derived from healthy donors. RPMI-8226, 
OPM-2 and PBMCs were cultured with vehicle (Ctrl) or DHA (µM) and their viability evaluated by trypan blue exclusion assay; mean 
of the percentage of cell surviaval plus SD of three independent experiments is indicated; B. RPMI-8226 and OPM-2 were cultured 
with vehicle (Ctrl) or DHA (µM) and apoptosis was assessed by Annexin V-FITC (AV) and propidium iodide (PI) cell staining and flow 
cytofluorimetry; representative experiments out of three; C. RPMI-8226 and OPM-2 were cultured with vehicle (Ctrl) or 100 μM DHA 
for 24 hours in the absence or presence of z-VAD-FMK (50 μM) and analyzed for apoptosis by AV and PI cell staining; representative 
experiments out of three.



Genes & Cancer429www.impactjournals.com/Genes&Cancer

the activation of autophagy in MM cells by DHA and its 
role in cancer cell viability. To this purpose, the main 
autophagic markers such as LC3I/II and p62 [42] were 
evaluated by Western blot analysis. As shown in Figure 
3A-B, LC3II formation increased both in RPMI-8226 
and in OPM-2 cells cultured with DHA (100 μM) for 24 
hours and accumulated in the presence of Bafilomycin 
(Baf), an inhibitor of ATP vacuolase that, by blocking 
LC3II degradation, allows to evaluate LC3 formation 
and consequently the completeness of the autophagic 
flux [42]. Conversely, p62 decreased (Figure 3A-
B), further indicating that DHA was able to activate 
a complete autophagy in MM cells. Next, the role of 
autophagy activated by DHA in MM cell viability was 
investigated by the administration of the autophagic 
inhibitor 3-methyladenine (3-MA). As shown in Figure 
3C (left panel), the viability of RPMI-8226 cells was 

increased when 3-MA was applied. According to this 
observation, we also found that 3-MA partially decreased 
the percentage sub-G1 events, indicative of apoptotic 
nuclei, while increased the percentage of cells in the G1 
phase (Figure 3C, right panel). These results implied that 
autophagy by DHA played a pro-apoptotic role in MM 
cells and that contributed to apoptotic cell death mediated 
by DHA.

Then, we investigated the activation of autophagy 
by DHA in immune cells. As shown in Figure 4, increased 
LC3II formation and decreased p62 appeared in both 
PBMCs (panel A) and DCs (panel B) following their 
treatment with 100 μM DHA for 24 hours. Moreover, it is 
worth noting that, according to the results shown in Figure 
1A, DHA did not induce toxic effects in either PBMCs 
(panel A) or DCs (panel B) (Figure 4). These findings 
indicate that DHA is an enhancer of autophagy in immune 

Figure 2: DHA triggers the emission of immunogenic DAMPs by MM cells. A. RPMI-8226 and OPM-2 were cultured with 
vehicle (Ctrl) or 100 μM DHA for 3 and 6 hours, respectively; cell surface immunofluorescence staining using anti-CRT, anti-HSP90 or 
isotype control antibodies was analyzed by flow cytofluorimetry, while gating on the viable population and excluding dead cells stained 
with PI; numbers indicate the ratio of the mean fluorescence intensity (MFI) of DHA treated cells/MFI of control cells. B. RPMI-8226 and 
OPM-2 were cultured with vehicle (Ctrl) or 100 μM DHA for the indicated times; then, tumor cell conditioned media were collected and 
the presence of HMGB1 was analyzed by Western blot; β-actin was used as intracellular protein control and Ponceau staining as loading 
control. Representative experiments out of three.
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cells as well, potentially decreasing their inflammatory 
activity and enhancing their immune response against 
tumor antigens [30]. 

DHA-triggered immunogenic apoptosis in MM 
cells activates DCs

Since all the present results indicated that DHA-
mediated apoptosis in MM cells had the features of 
immunogenic apoptosis, we investigated whether 
cancer cells undergoing apoptosis by DHA were able to 
activate DCs. To this purpose, immature DCs (iDCs), 
generated from human peripheral blood derived CD14+ 
monocytes cultured with human recombinant granulocyte-
macrophage colony stimulating factor (GM-CSF) and 
interleukin-4 (IL-4) for 6 days, were co-cultured with 
DHA-induced apoptotic RPMI-8226 cells for 24 hours and 
the expression of DC activation markers was analyzed. As 
positive control of DC activation, iDCs were treated with 

LPS (100 ng/ml) for the same time (Figure 5A). As shown 
in Figure 5B, DHA up-regulated the expression of DC 
differentiation and activation markers CD83 and CD86, 
respectively, as evidenced by flow cytometric analysis. 

DHA inhibits STAT3 activation in MM cells, 
PBMCs and DCs

The inhibition of the STAT3 pathway in both 
cancer and immune cells (particularly myeloid 
populations) constitutes an important target for cancer 
therapy, including MM therapy [19-22, 24, 25, 31-35]. 
Therefore, we investigated whether DHA was capable 
to inhibit STAT3 in MM cells as well as in PBMCs and 
DCs. To this purpose, both RPMI-8226 and OPM-2 
cells were treated with 100 μM DHA for 24 hours and 
phosphorylated STAT3 (p-STAT3) was evaluated by 
Western blot analysis. As shown in Figure 6A left panels, 
DHA strongly suppressed STAT3 tyrosine phosphorylation 
in both MM cell lines. Moreover, DHA-induced STAT3 

Figure 3: DHA enhances autophagy in MM cells, 
which contributes to DHA-induced cell death. RPMI-
8226 (A) and OPM-2 (B) were cultured with vehicle (Ctrl) or 
100 μM DHA for 24 hours in the presence or in the absence of 
Bafilomycin (Baf) and the expression of the autophagic markers 
such as LC3I/II and p62 was analyzed by Western blot; β-actin 
was included as control; numbers indicate band intensities (b.i.) 
= band volume/area x mean pixel intensity, normalized for 
β-actin and quantified using Quantity One 1-D analysis software; 
C. RPMI-8226 cells were cultured for 24 hours with vehicle 
(Ctrl) or 100 μM DHA in presence or absence of 3-MA (0.3 
mM) and their viability assessed by trypan blue exclusion assay 
(left panel) and cytofluorimetry cell cycle analysis of sub-G1 
events, representing apoptotic cells (right panel). Representative 
experiments out of three.

Figure 4: DHA enhances autophagy in PBMCs and 
DCs. PBMCs (A) and DCs (B) derived from healthy donors 
were cultured with vehicle (Ctrl) or 100 μM DHA for 24 hours 
and the expression of the autophagic markers LC3I/II and p62 
was analyzed by Western blot; β-actin was included as control; 
numbers indicate band intensities (b.i.) = band volume/area x 
mean pixel intensity, normalized for β-actin and quantified using 
Quantity One 1-D analysis software; the viability of PBMCs 
(A) and DCs (B) was assessed by trypan blue exclusion assay. 
Representative experiment out of three.



Genes & Cancer431www.impactjournals.com/Genes&Cancer

de-phosphorylation was reduced by the broad-acting 
phosphatase inhibitor sodium orthovanadate (OV) 
[43] (Figure 6A, left panels), suggesting that tyrosine 
phosphatases were involved in DHA-mediated STAT3 de-
phosphorylation. Then, we investigated the possible role 
of STAT3 in DHA-mediated cytotoxicity in MM cells. 
As shown in Figure 6A, right panels, we found that OV 
treatment reduced the cytotoxicity mediated by DHA both 
in RPMI-8226 and OPM-2 cells, suggesting that STAT3 
inhibition was involved in DHA-mediated cell death. 

Next, to investigate the inhibition of the STAT3 
pathway in immune cells, PBMCs and DCs derived 
from healthy donors were treated with 100 μM DHA for 
24 hours in the absence or presence of MM cell-derived 
conditioned medium and STAT3 phosphorylation was 
evaluated by Western blot analysis. As shown in Figure 
6B-C (left panels), DHA strongly suppressed both 
constitutive and tumor cell conditioned medium (TCCM)-
induced activation of STAT3 in both PBMCs and DCs, 
indicating that DHA can inhibit STAT3 signaling in 
immune cells and has the potential to counteract STAT3 
activation induced by MM cell-released factors. Finally, 
according to the results obtained in tumor cells, DHA-
induced STAT3 de-phosphorylation was reduced by 
OV (Figure 6B-C, left panels), suggesting a role for 
tyrosine phosphatases in DHA-mediated STAT3 de-
phosphorylation in immune cells. Moreover, according to 
previous results (Figures 1A and 4), DHA treatment did 
not affect the viability of PBMCs and DCs (Figure 6 B-C, 
right panels). 

DISCUSSION 

Despite progress made in recent years in cancer 
chemotherapy, this therapeutic strategy alone has not 
provided satisfactory clinical results in terms of the 
long-term survival of patients, mainly related to the 
development of drug resistance by cancer cells, toxicity 
towards normal cells and impaired immunity [27, 44]. 
Evidence exists that the host immune system plays a major 
role in long-term therapeutic success and combinatorial 
multi-targeted strategies, where chemotherapeutic agents 
are combined with immunotherapies, are needed to 
completely eradicate cancer diseases [27, 44].

DHA represents one of the most promising natural 
products in the therapy of various human inflammation-
mediated diseases and cancer, being able to target multiple 
key molecules in different compartments of tumor and 
normal cells [1-5, 14, 15]. Moreover, the well documented 
capability of DHA to induce selective cytotoxicity against 
several types of solid and hematologic cancer cells in 
vitro and in vivo without exerting toxic effects in the 
corresponding normal cell types [2, 5, 45-49] makes DHA 
a potentially ideal anticancer agent.

In this study, we found that DHA induced 
immunogenic apoptosis in MM cells, while, according 
to the literature [5, 45], did not induce cytotoxicity in 
normal PBMCs and DCs. The immunogenicity of cell 
death induced by DHA in MM cells was first indicated 
by the finding that MM apoptosis was associated with the 
correct spatiotemporally-defined cell surface exposure 
not only of CRT, as we showed in an earlier study on 
other tumor models [50], but also of HSP90, followed 

Figure 5: DHA-triggered immunogenic apoptosis in MM cells activates DCs. Immature DCs (iDCs), generated from PBMC-
derived CD14+ monocytes cultured with GM-CSF and IL-4 for 6 days, were co-cultured with vehicle- (Ctrl) or DHA-treated RPMI-8226 
cells for 24 hours and the expression of DC differentiation (CD83) and activation (CD86) markers was analyzed by immunofluorescence 
and flow cytometry (B). As positive control of DC activation, cells were treated with LPS (100 ng/ml) for the same time (A). Representative 
experiment out of three.
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by the extra-cellular release of HMGB1, all specific 
DAMPs representing distinctive features of immunogenic 
apoptosis [27, 28, 38]. Then, we showed that DHA 
activated autophagy in MM cells. This is important, 
since autophagy, although dispensable for chemotherapy-
induced cell death, is required for its immunogenicity, 
as it enhances the release of specific DAMPs (including 
ATP, HMGB1, uric acid), allowing cancer cells to 
attract DCs and T lymphocytes into the tumor bed [27, 
30]. Noteworthy, autophagy in cancer cells can also 
indirectly promote “cross-presentation” of tumor antigens 
by facilitating antigen release from dying cells, thereby 
increasing extracellular antigen availability [30]. It has 
been recently shown that cancers, in which autophagy 
was upregulated, exhibit higher density of CD8+ T cells 
and lower number of Foxp3+ T regulatory cells (Treg) 
in the tumor bed [30, 51]. Moreover, we found that 
DHA-activated autophagy in MM cells amplified their 
apoptotic cell death, since the inhibition of autophagy 
by 3-MA increased cancer cell viability. Our findings are 
consistent with earlier studies demonstrating that DHA 
can simultaneously promote apoptosis and autophagy 

in different solid tumors in vitro and in vivo [52, 53]. 
Although the mechanism underlying DHA-activated 
autophagy has not yet been fully elucidated, it has been 
proposed to be dependent on the inhibition of mTOR (a 
negative regulator of autophagy initiation) by DHA, via 
AMPK activation and PI3K/Akt inhibition [53]. Finally, 
we directly showed the immunogenicity of DHA-mediated 
apoptosis by the capability of apoptotic MM cells to 
activate DCs. 

Next, we provided the first evidence that DHA was 
capable to activate autophagy in PBMCs and DCs, while 
did not affect their viability. This is an important point, 
since, in tumor bearing mice or cancer patients, tumor-
infiltrating APCs are often functionally compromised 
and APC autophagy needs to be stimulated to facilitate 
processing and cross-presentation of tumor antigens by 
MHC molecules, ensuring the generation of effective 
antitumor T cells [30]. Currently, autophagy is considered 
as an immune stimulator, which tunes down inflammation 
and boosts adaptive immunity against tumor progression 
[30].

Finally, we showed that DHA targeted STAT3 

Figure 6: DHA inhibits STAT3 pathway in MM cells, PBMCs and DCs. A. RPMI-8226 and OPM-2 were cultured with 
vehicle (Ctrl) or 100 μM DHA for 24 hours in the presence or absence of sodium orthovanadate (OV) (150 μM) and STAT3 tyrosine 
phosphorylation (p-STAT3) was evaluated by Western blot (left panels); total STAT3 and β-actin were included as control; numbers indicate 
band intensities (b.i.) = band volume/area x mean pixel intensity, normalized for β-actin and quantified using Quantity One 1-D analysis 
software; viability of MM cells was assessed by trypan blue exclusion assay (right panels); *p< 0.000; PBMCs from healthy donors (B) 
and iDCs (C), generated from PBMC-derived CD14+ monocytes cultured with GM-CSF and IL-4 for 6 days, were cultured with vehicle 
(Ctrl) or 100 μM DHA for 24 hours in the presence or absence of tumor cell conditioned medium (TCCM) or OV (150 μM), and evaluated 
for STAT3 tyrosine phosphorylation by Western blot (left panels); total STAT3 and β-actin were included as control; numbers indicate 
band intensities (b.i.) = band volume/area x mean pixel intensity, normalized for β-actin and quantified using Quantity One 1-D analysis 
software; the viability of PBMCs and DCs was assessed by trypan blue exclusion assay (right panels). Representative experiments out of 
three.
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signaling by strongly inhibiting STAT3 phosphorylation 
in tumor cells as well as in PBMCs and DCs. STAT3 
inhibition in cancer cells appeared to be involved in 
the apoptotic process promoted by DHA, as STAT3 de-
phosphorylation was associated with cancer cell death and 
treatment with a phosphatase inhibitor inhibited the cancer 
cell death. Our findings are consistent with previous data, 
showing the capability of DHA to inhibit STAT3 in other 
tumor cell models [54, 55]. Moreover, new data have 
shown that STAT3 inhibitors, in combinatorial therapy 
with anthracycline-based immunogenic chemotherapy, 
potentiated the immunogenic chemotherapy [32]. 
Noteworthy, the capability of DHA alone both to promote 
immunogenic apoptosis and to inhibit STAT3 in MM 
cells, makes this agent potentially more advantageous 
than conventional immunogenic chemotherapeutics. 
In addition, we found that DHA inhibited STAT3 in 
peripheral blood immune cells and, more importantly, 
has the potential to counteract STAT3 activation by tumor 
cell-released factors in PBMCs and DCs, with no toxic 
effects. Although STAT3 inhibitory activity by DHA 
has been previously reported in hepatocytes [56] and 
adipocytes [57] as a mechanism contributing to the anti-
inflammatory effect of DHA, the capability by DHA to 
induce STAT3 inhibition in immune cells, including DCs, 
has not been described before. Our findings, showing 
STAT3 inhibition in immune cells by DHA, might result 
in an enhancement of the antitumor response of multiple 
peripheral blood immune cell populations, especially 
that of DCs [22-25]. To the best of our knowledge, no or 
little studies have investigated the effect of DHA-based 
clinical trials in cancer patients on the anti-tumor immune 
response. Eltweri et al. [15], reviewing ω3-PUFAs-
based trials in the pre- and/or post-operative setting in 
gastrointestinal cancers, reported in several studies the 
reduction of inflammatory markers and the improvement 
of the immune function, such as an increased resistance to 
infectious diseases.

In conclusion, our findings, indicating that DHA 
promotes immunogenic apoptosis in MM cells with no 
toxicity on PBMCs and DCs, activates autophagy and 
inhibits STAT3 in MM cells as well as in PBMCs and DCs, 
strongly encourage the potential use of this multi-target 
agent in cancer therapy either alone or in combinatorial 
strategies, to potentiate conventional immunogenic or 
non-immunogenic chemotherapies. 

MATERIALS AND METHODS

Tumor Cells

The human MM cell lines RPMI-8226 and OPM-2 
were provided by P. Trivedi (“ La Sapienza” University of 
Rome, Italy). Cell lines were maintained at 37°C and 5% 
CO2 in RPMI 1640 (Sigma Aldrich) supplemented with 

10% FCS (Hyclone), 100 mg/ml streptomycin and 100 IU/
ml penicillin (EuroClone). All cell lines were mycoplasma 
free (EZ-PCR Mycoplasma test kit; Biological Industries). 

Peripheral Blood Mononuclear Cells (PBMCs) 
and Immature DC (iDC) generation 

Human PBMCs from healthy donors were isolated 
by Lymphoprep gradient centrifugation (Nycomed). 
Monocytes were isolated by immunomagnetic cell 
separation using anti-CD14-conjugated microbeads 
(Miltenyi Biotec, 1300-50-201). To induce the 
differentiation of iDCs, monocytes were cultured for 6 
days with human recombinant granulocyte-macrophage 
colony stimulating factor (GM-CSF) (50 ng/mL) (Milteny 
Biotec, 130-093-865) and interleukin-4 (IL-4) (20 ng/mL) 
(Miltenyi Biotec, 130-095-373), as previously described 
[58].

iDC/tumor cell co-cultures

iDCs were co-cultured with DHA-treated tumor 
cells for 24 hours, at a 1:2 iDC/tumor cell ratio, as 
previously described [58]. 

Drug treatment 

Cells were cultured with DHA (Sigma-Aldrich, 
D2534-100MG), dissolved in ethanol solution or with 
ethanol solution alone (Ctrl) at the indicated doses, for 
the indicated times. In some experiments, z-VAD-FMK 
pan-caspase inihibitor (50 μM) (Calciochem; 219011) 
or sodium orthovanadate (OV) (150 μM) (Sigma 
Aldrich, 450243) were added to the cell culture 30 
minutes before DHA (100 μM) treatment for 24 hours; 
in others, 3-methyladenine (3-MA) (0.3 mM) (Santa Cruz 
Biotechnology Inc., sc-205596) was added 6 hours after 
DHA (100 μM) treatment for 24 hours. For the autophagic 
investigation, MM cells were cultured with DHA (100 
μM) for 24 hours and then treated with Bafilomycin 
A1 (Baf) (20 nM) (Santa Cruz Biotechnology Inc., sc-
201550), an inhibitor of vacuolar-H+-ATPase, for the last 
2 hours. For DC activation, iDCs were cultured with LPS 
(100 ng/mL) for 24 hours.

Cell viability and Apoptosis assay 

After each chemical treatment, cell viability was 
assessed by the trypan blue dye exclusion assay. Live 
cells were counted by light microscopy using a Neubauer 
hemocytometer. Apoptosis was assessed by annexin 
V-FITC and propidium iodide staining, as previously 
described [59]. DNA fragmentation was quantified by flow 
cytometry of hypodiploic (sub-G1) DNA after cell fixation 
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and PI staining, as previously described [60].

Immunofluorescence and flow cytometric analysis 

Immunofluorescence was performed using 
antibodies against CRT (FMC75; MBL International 
SR601D MBL), HSP90 (AC88; StressGen ADI-SPA-
830-D), CD14 (Miltenyi Biotec, 130-080-701), CD1a 
(BD Biosciences Pharmingen, 555807), CD86 (Milteny 
Biotec, 130-094-878), CD83 (Miltenyi Biotec, 130-094-
181) or appropriate isotype control antibodies. Samples 
were analyzed by a FACSCalibur (Becton Dickinson) or 
EPICS XL (Beckman Coulter) flow cytometer. DCs were 
gated according to their FSC and SSC properties. At least 
5 x 103 events were acquired for each sample. 

Western blot analysis 

Cell lysates were prepared by a solution containing 
50 mM TRIS-HCl pH 7.6, 150 mM NaCl, 0.5% TRITON 
X-100, 0.5% Sodium deoxycolate, 0.1% SDS and the 
protease inhibitor mixture ‘‘Complete’’ (Roche Diagnostic 
GmbH). Proteins were separated by SDS-PAGE, blotted 
onto nitrocellulose (Whatman-Protan BA85) and 
incubated with appropriated primary antibodies specific 
for: STAT3 (BD Transduction Laboratories; 610189), 
phosphoSTAT3 (pY705) (BD Transduction Laboratories; 
612356), LC3 (Novus Biologicals, NB100-2220SS), 
p62 (BD Transduction Laboratories, 610832), HMGB1 
(Abcam, 18256) or β-actin Ac-40 (Sigma-Aldrich, 
A4700). The reaction was revealed by horseradish 
peroxidase (HRP)-coupled secondary reagents (Bio-
Rad) and developed by enhanced chemiluminescence 
(Amersham ECL Western Blotting Detection Reagent). 
Band intensities (b.i.) = band volume/area x mean pixel 
intensity, normalized for β-actin, were quantified using 
Quantity One 1-D analysis software (Bio-Rad). 

Statistics 

Student’s t test was used for all analyses; p < 
0.05 was considered significant. All experiments were 
performed at least three times.
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DHA, docosahexaenoic acid; ω-3 PUFA, ω-3 
polyunsaturated fatty acid; MM, multiple myeloma; DCs, 
dendritic cells; PBMCs, peripheral blood mononuclear 
cells; DAMPs, damage associated molecular patterns; 
CRT, calreticulin; HMGB1, protein high mobility 
group box 1; GM-CSF granulocyte-macrophage-colony 
stimulating factor; IL-4, interleukin-4; LC3, microtubule-
associated protein 1 light chain 3; 3-MA, 3-methyladenine; 
OV, sodium orthovanadate; LPS, lipopolysaccharide; 
TCCM, tumor cell conditioned medium.

REFERENCES

1.	 Minihane AM, Vinoy S, Russell WR, Baka A, Roche HM, 
Tuohy KM, Teeling JL, Blaak EE, Fenech M, Vauzour D, 
McArdle HJ, Kremer BH, Sterkman L, et al. Low-grade 
inflammation, diet composition and health: current research 
evidence and its translation. British J Nutr. 2015; 114: 999–
1012.

2.	 Berquin IM, Edwards IJ, Chen YQ. Multi-targeted therapy 
of cancer by omega-3 fatty acids. Cancer Lett. 2008; 269: 
363-377. 

3.	 Laviano A, Rianda S, Molfino A, Rossi Fanelli F. Omega-3 
fatty acids in cancer. Curr Opin Clin Nutr Metab Care. 
2013; 16: 156-161.

4.	 Vaughan V.C, Hassing M.R, Lewandowski P.A. Marine 
polyunsaturated fatty acids and cancer therapy. Br. J. Cancer 
2013; 108, 486-92.

5.	 D’Eliseo D, Velotti F. Omega-3 Fatty Acids and Cancer 
Cell Cytotoxicity: Implications for Multi-Targeted Cancer 
Therapy. J Clin Med. 2016; 5 (2). pii: E15.

6.	 Biondo PD, Brindley DN, Sawyer MB, Field CJ. 
The potential for treatment with dietary long-chain 
polyunsaturated n-3 fatty acids during chemotherapy. J Nutr 
Biochem. 2008; 19: 787-96.

7.	 Merendino N, Costantini L, Manzi L, Molinari R, D’Eliseo 
D, Velotti F. Dietary ω -3 polyunsaturated fatty acid DHA: 
a potential adjuvant in the treatment of cancer. Biomed Res 
Int. 2013; 2013: 310186.

8.	 Siddiqui RA, Harvey KA, Xu Z, Bammerlin EM, Walker 
C, Altenburg JD. Docosahexaenoic acid: a natural powerful 
adjuvant that improves efficacy for anticancer treatment 
with no adverse effects. Biofactors. 2011; 37: 399-412.

9.	 de Aguiar Pastore Silva J, Emilia de Souza Fabre M, 
Waitzberg DL. Omega-3 supplements for patients in 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Vinoy S%5BAuthor%5D&cauthor=true&cauthor_uid=26228057
https://www.ncbi.nlm.nih.gov/pubmed/?term=Russell WR%5BAuthor%5D&cauthor=true&cauthor_uid=26228057
https://www.ncbi.nlm.nih.gov/pubmed/?term=Baka A%5BAuthor%5D&cauthor=true&cauthor_uid=26228057
https://www.ncbi.nlm.nih.gov/pubmed/?term=Roche HM%5BAuthor%5D&cauthor=true&cauthor_uid=26228057
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tuohy KM%5BAuthor%5D&cauthor=true&cauthor_uid=26228057
https://www.ncbi.nlm.nih.gov/pubmed/?term=Teeling JL%5BAuthor%5D&cauthor=true&cauthor_uid=26228057
https://www.ncbi.nlm.nih.gov/pubmed/?term=Blaak EE%5BAuthor%5D&cauthor=true&cauthor_uid=26228057
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vauzour D%5BAuthor%5D&cauthor=true&cauthor_uid=26228057
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kremer BH%5BAuthor%5D&cauthor=true&cauthor_uid=26228057
http://www.ncbi.nlm.nih.gov/pubmed/26821053
http://www.ncbi.nlm.nih.gov/pubmed/26821053
http://www.ncbi.nlm.nih.gov/pubmed/26821053
http://www.ncbi.nlm.nih.gov/pubmed/23762838
http://www.ncbi.nlm.nih.gov/pubmed/23762838


Genes & Cancer435www.impactjournals.com/Genes&Cancer

chemotherapy and/or radiotherapy: A systematic review. 
Clin Nutr. 2015; 34: 359-66.

10.	 Merendino N, Molinari R, Loppi B, Pessina G, D’Aquino 
M, Tomassi G, Velotti F. Induction of apoptosis in human 
pancreatic cancer cells by docosahexaenoic acid. Ann N Y 
Acad Sci. 2003; 1010: 361-4.

11.	 Merendino N, Loppi B, D’Aquino M, Molinari R, Pessina 
G, Romano C, Velotti F. Docosahexaenoic acid induces 
apoptosis in the human PaCa-44 pancreatic cancer cell 
line by active reduced glutathione extrusion and lipid 
peroxidation. Nutr Cancer. 2005; 52: 225-33.

12.	 D’Eliseo D, Manzi L, Merendino N, Velotti F. 
Docosahexaenoic acid inhibits invasion of human RT112 
urinary bladder and PT45 pancreatic carcinoma cells 
via down-modulation of granzyme B expression. J Nutr 
Biochem. 2012; 23:452-7.

13.	 D’Eliseo D, Di Rocco G, Loria R, Soddu S, Santoni A, 
Velotti F. Epitelial-to-mesenchimal transition and invasion 
are upmodulated by tumor-expressed granzyme B and 
inhibited by docosahexaenoic acid in human colorectal 
cancer cells. J Exp Clin Cancer Res. 2016; 35:24.

14.	 Calder PC. Marine omega-3 fatty acids and inflammatory 
processes: Effects, mechanisms and clinical relevance. 
Biochim Biophys Acta. 2015; 1851: 469-84.

15.	 Eltweri AM, Thomas AL, Metcalfe M, Calder PC, Dennison 
AR, Bowrey DJ. Potential applications of fish oils rich in 
omega-3 polyunsaturated fatty acids in the management 
of gastrointestinal cancer. Clin Nutr. 2016; pii: S0261-
5614(16)00009-1. doi: 10.1016/j.clnu.2016.01.007. 

16.	 Bommert K, Bargou RC, Stuhmer T. Signalling and survival 
pathways in multiple myeloma. Eur J Cancer. 2006; 42: 
1574–80.  

17.	 Rutella S, Locatelli F. Targeting multiple-myeloma-induced 
immune dysfunction to improve immunotherapy outcomes. 
Clin Dev Immunol. 2012; 2012: 196063. 

18.	 Guillerey C, Nakamura K, Vuckovic S, Hill GR, Smyth MJ. 
Immune responses in multiple myeloma: role of the natural 
immune surveillance and potential of immunotherapies. 
Cell Mol Life Sci. 2016; 73: 1569-89.

19.	 Catlett-Falcone R, Landowski TH, Oshiro MM, Turkson J, 
Levitzki A, Savino R, Ciliberto G, Moscinski L, Fernández-
Luna JL, Nuñez G, Dalton WS, Jove R. Constitutive 
activation of Stat3 signaling confers resistance to apoptosis 
in human U266 myeloma cells. Immunity. 1999; 10: 105-
15.

20.	 Bharti AC, Shishodia S, Reuben JM, Weber D, Alexanian R, 
Raj-Vadhan S, Estrov Z, Talpaz M, Aggarwal BB. Nuclear 
factor-kappaB and STAT3 are constitutively active in 
CD138+ cells derived from multiple myeloma patients, and 
suppression of these transcription factors leads to apoptosis. 
Blood. 2004; 103: 3175-84.

21.	 Spitzner M, Ebner R, Wolff HA, Ghadimi BM, Wienands 
J, Grade M. STAT3: A Novel Molecular Mediator of 
Resistance to Chemoradiotherapy. Cancers (Basel). 2014; 

6: 1986-2011.
22.	 Yu H, Pardoll D, Jove R. STATs in cancer inflammation and 

immunity: a leading role for STAT3. Nat Rev Cancer. 2009; 
9: 798-809.

23.	 Brown RD, Pope B, Murray A, Esdale W, Sze DM, Gibson 
J, Ho PJ, Hart D, Joshua D. Dendritic cells from patients 
with myeloma are numerically normal but functionally 
defective as they fail to up-regulate CD80 (B7-1) expression 
after huCD40LT stimulation because of inhibition by 
transforming growth factor-β1 and interleukin-10. Blood. 
2001; 98: 2992-8.

24.	 Kitamura H, Kamon H, Sawa S, Park SJ, Katunuma N, 
Ishihara K, Murakami M, Hirano T. IL-6-STAT3 controls 
intracellular MHC class II alphabeta dimer level through 
cathepsin S activity in dendritic cells. Immunity. 2005; 23: 
491-502.

25.	 Yu H, Kortylewski M, Pardoll D. Crosstalk between 
cancer and immune cells: role of STAT3 in the tumour 
microenvironment. Nature Rev Immunol. 2007; 7: 41–51,

26.	 Hanke N, Alizadeh D, Katsanis E, Larmonier N. Dendritic 
cell tumor killing activity and its potential applications in 
cancer immunotherapy. Crit Rev Immunol. 2013; 33:1–21.

27.	 Kroemer G, Galluzzi L, Kepp O, Zitvogel L. Immunogenic 
cell death in cancer therapy. Annual review of immunology. 
2013; 31: 51–72.

28.	 Kepp O, Senovilla L, Vitale I, Vacchelli E, Adjemian S, 
Agostinis P, Apetoh L, Aranda F, Barnaba V, Bloy N, Bracci 
L, Breckpot K, Brough D, et al. Consensus guidelines for 
the detection of immunogenic cell death. Oncoimmunology. 
2014; 3: e955691. 

29.	 Michaud M, Martins I, Sukkurwala AQ, Adjemian S, Ma Y, 
Pellegatti P, Shen S, Kepp O, Scoazec M, Mignot G, Rello-
Varona S, Tailler M, Menger L, et al. Autophagy-dependent 
anticancer immune responses induced by chemotherapeutic 
agents in mice. Science. 2011; 334: 1573-7.

30.	 Zhong Z, Sanchez-Lopez E, Karin M. Autophagy, 
Inflammation, and Immunity: A Troika Governing Cancer 
and Its Treatment. Cell. 2016;166: 288-98.

31.	 Siveen KS, Sikka S, Surana R, Dai X, Zhang J, Kumar 
AP, Tan BK, Sethi G, Bishayee A. Targeting the STAT3 
signaling pathway in cancer: role of synthetic and natural 
inhibitors. Biochim Biophys Acta. 2014; 1845: 136-54. 

32.	 Kortylewski M, Kujawski M, Wang T, Wei S, Zhang S, 
Pilon-Thomas S, Niu G, Kay H, Mulé J, Kerr WG, Jove 
R, Pardoll D, Yu H. Inhibiting Stat3 signaling in the 
hematopoietic system elicits multicomponent antitumor 
immunity. Nat Med. 2005; 11:1314–21.

33.	 Nefedova Y, Gabrilovich DI. Targeting of Jak/STAT 
pathway in antigen presenting cells in cancer. Curr Cancer 
Drug Targets. 2007. 7: 71–7. 

34.	 Herrmann A, Kortylewski M, Kujawski M, Zhang C, 
Reckamp K, Armstrong B, Wang L, Kowolik C, Deng J, 
Figlin R, Yu H. Targeting Stat3 in the myeloid compartment 
drastically improves the in vivo antitumor functions of 

http://www.ncbi.nlm.nih.gov/pubmed/15033753
http://www.ncbi.nlm.nih.gov/pubmed/15033753
http://www.ncbi.nlm.nih.gov/pubmed/16201853
http://www.ncbi.nlm.nih.gov/pubmed/16201853
http://www.ncbi.nlm.nih.gov/pubmed/16201853
http://www.ncbi.nlm.nih.gov/pubmed/16201853
http://www.ncbi.nlm.nih.gov/pubmed/21684140
http://www.ncbi.nlm.nih.gov/pubmed/21684140
http://www.ncbi.nlm.nih.gov/pubmed/21684140
https://www.ncbi.nlm.nih.gov/pubmed/26830472
https://www.ncbi.nlm.nih.gov/pubmed/26830472
https://www.ncbi.nlm.nih.gov/pubmed/26830472
https://www.ncbi.nlm.nih.gov/pubmed/26830472
http://www.ncbi.nlm.nih.gov/pubmed/26833289
http://www.ncbi.nlm.nih.gov/pubmed/26833289
http://www.ncbi.nlm.nih.gov/pubmed/26833289
https://www.ncbi.nlm.nih.gov/pubmed/22567028
https://www.ncbi.nlm.nih.gov/pubmed/22567028
https://www.ncbi.nlm.nih.gov/pubmed/?term=Guillerey C%5BAuthor%5D&cauthor=true&cauthor_uid=26801219
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nakamura K%5BAuthor%5D&cauthor=true&cauthor_uid=26801219
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vuckovic S%5BAuthor%5D&cauthor=true&cauthor_uid=26801219
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hill GR%5BAuthor%5D&cauthor=true&cauthor_uid=26801219
https://www.ncbi.nlm.nih.gov/pubmed/?term=Smyth MJ%5BAuthor%5D&cauthor=true&cauthor_uid=26801219
https://www.ncbi.nlm.nih.gov/pubmed/?term=Immune+responses+in+multiple+myeloma%3A+role+of+the+natural+immune+surveillance+and+potential+of+immunotherapies
https://www.ncbi.nlm.nih.gov/pubmed/?term=Catlett-Falcone R%5BAuthor%5D&cauthor=true&cauthor_uid=10023775
https://www.ncbi.nlm.nih.gov/pubmed/?term=Landowski TH%5BAuthor%5D&cauthor=true&cauthor_uid=10023775
https://www.ncbi.nlm.nih.gov/pubmed/?term=Oshiro MM%5BAuthor%5D&cauthor=true&cauthor_uid=10023775
https://www.ncbi.nlm.nih.gov/pubmed/?term=Turkson J%5BAuthor%5D&cauthor=true&cauthor_uid=10023775
https://www.ncbi.nlm.nih.gov/pubmed/?term=Levitzki A%5BAuthor%5D&cauthor=true&cauthor_uid=10023775
https://www.ncbi.nlm.nih.gov/pubmed/?term=Savino R%5BAuthor%5D&cauthor=true&cauthor_uid=10023775
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ciliberto G%5BAuthor%5D&cauthor=true&cauthor_uid=10023775
https://www.ncbi.nlm.nih.gov/pubmed/?term=Moscinski L%5BAuthor%5D&cauthor=true&cauthor_uid=10023775
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fern%C3%A1ndez-Luna JL%5BAuthor%5D&cauthor=true&cauthor_uid=10023775
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fern%C3%A1ndez-Luna JL%5BAuthor%5D&cauthor=true&cauthor_uid=10023775
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nu%C3%B1ez G%5BAuthor%5D&cauthor=true&cauthor_uid=10023775
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dalton WS%5BAuthor%5D&cauthor=true&cauthor_uid=10023775
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jove R%5BAuthor%5D&cauthor=true&cauthor_uid=10023775
https://www.ncbi.nlm.nih.gov/pubmed/10023775
https://www.ncbi.nlm.nih.gov/pubmed/15070700
https://www.ncbi.nlm.nih.gov/pubmed/15070700
https://www.ncbi.nlm.nih.gov/pubmed/15070700
https://www.ncbi.nlm.nih.gov/pubmed/15070700
https://www.ncbi.nlm.nih.gov/pubmed/25268165
https://www.ncbi.nlm.nih.gov/pubmed/25268165
https://www.ncbi.nlm.nih.gov/pubmed/19851315
https://www.ncbi.nlm.nih.gov/pubmed/19851315
https://www.ncbi.nlm.nih.gov/pubmed/16286017
https://www.ncbi.nlm.nih.gov/pubmed/16286017
https://www.ncbi.nlm.nih.gov/pubmed/16286017
http://www.ncbi.nlm.nih.gov/pubmed/?term=Michaud M%5BAuthor%5D&cauthor=true&cauthor_uid=22174255
http://www.ncbi.nlm.nih.gov/pubmed/?term=Martins I%5BAuthor%5D&cauthor=true&cauthor_uid=22174255
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sukkurwala AQ%5BAuthor%5D&cauthor=true&cauthor_uid=22174255
http://www.ncbi.nlm.nih.gov/pubmed/?term=Adjemian S%5BAuthor%5D&cauthor=true&cauthor_uid=22174255
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ma Y%5BAuthor%5D&cauthor=true&cauthor_uid=22174255
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pellegatti P%5BAuthor%5D&cauthor=true&cauthor_uid=22174255
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kepp O%5BAuthor%5D&cauthor=true&cauthor_uid=22174255
http://www.ncbi.nlm.nih.gov/pubmed/?term=Scoazec M%5BAuthor%5D&cauthor=true&cauthor_uid=22174255
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mignot G%5BAuthor%5D&cauthor=true&cauthor_uid=22174255
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rello-Varona S%5BAuthor%5D&cauthor=true&cauthor_uid=22174255
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rello-Varona S%5BAuthor%5D&cauthor=true&cauthor_uid=22174255
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tailler M%5BAuthor%5D&cauthor=true&cauthor_uid=22174255
http://www.ncbi.nlm.nih.gov/pubmed/?term=Menger L%5BAuthor%5D&cauthor=true&cauthor_uid=22174255
http://www.ncbi.nlm.nih.gov/pubmed/?term=Autophagy+is+required+for+chemotherapy-induced+immunogenicity
http://www.ncbi.nlm.nih.gov/pubmed/27419869
http://www.ncbi.nlm.nih.gov/pubmed/27419869
http://www.ncbi.nlm.nih.gov/pubmed/27419869
https://www.ncbi.nlm.nih.gov/pubmed/24388873
https://www.ncbi.nlm.nih.gov/pubmed/24388873
https://www.ncbi.nlm.nih.gov/pubmed/24388873
https://www.ncbi.nlm.nih.gov/pubmed/?term=Niu G%5BAuthor%5D&cauthor=true&cauthor_uid=16288283
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kay H%5BAuthor%5D&cauthor=true&cauthor_uid=16288283
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mul%C3%A9 J%5BAuthor%5D&cauthor=true&cauthor_uid=16288283
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kerr WG%5BAuthor%5D&cauthor=true&cauthor_uid=16288283
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jove R%5BAuthor%5D&cauthor=true&cauthor_uid=16288283
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jove R%5BAuthor%5D&cauthor=true&cauthor_uid=16288283
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pardoll D%5BAuthor%5D&cauthor=true&cauthor_uid=16288283
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20L%5BAuthor%5D&cauthor=true&cauthor_uid=20841481
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kowolik C%5BAuthor%5D&cauthor=true&cauthor_uid=20841481
https://www.ncbi.nlm.nih.gov/pubmed/?term=Deng J%5BAuthor%5D&cauthor=true&cauthor_uid=20841481
https://www.ncbi.nlm.nih.gov/pubmed/?term=Figlin R%5BAuthor%5D&cauthor=true&cauthor_uid=20841481
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yu H%5BAuthor%5D&cauthor=true&cauthor_uid=20841481


Genes & Cancer436www.impactjournals.com/Genes&Cancer

adoptively transferred T cells. Cancer Res. 2010; 70: 7455–
64.

35.	 Iwata-Kajihara T, Sumimoto H, Kawamura N, Ueda R, 
Takahashi T, Mizuguchi H, Miyagishi M, Takeda K, 
Kawakami Y. Enhanced cancer immunotherapy using 
STAT3-depleted dendritic cells with high Th1-inducing 
ability and resistance to cancer cell-derived inhibitory 
factors. J Immunol. 2011; 187: 27-36.

36.	 Yang H, Yamazaki T, Pietrocola F, Zhou H, Zitvogel L, Ma 
Y, Kroemer G. STAT3 Inhibition Enhances the Therapeutic 
Efficacy of Immunogenic Chemotherapy by Stimulating 
Type 1 Interferon Production by Cancer Cells. Cancer Res. 
2015;75: 3812-22

37.	 Green DR, Ferguson T, Zitvogel L, Kroemer G. 
Immunogenic and tolerogenic cell death. Nat Rev Immunol. 
2009; 9: 353-63.

38.	 Garg AD, Galluzzi L, Apetoh L, Baert T, Birge RB, Bravo-
San Pedro JM, Breckpot K, Brough D, Chaurio R, Cirone 
M, Coosemans A, Coulie PG, De Ruysscher D, et al. 
Molecular and Translational Classifications of DAMPs in 
Immunogenic Cell Death. Front Immunol. 2015; 6: 588.

39.	 Obeid M, Tesniere A, Ghiringhelli F, , Fimia GM, Apetoh 
L, Perfettini JL, Castedo M, Mignot G, Panaretakis T, 
Casares N, Métivier D, Larochette N, van Endert P, et al. 
Calreticulin exposure dictates the immunogenicity of cancer 
cell death. Nat Med. 2007; 13: 54–61.

40.	 Spisek R, Charalambous A, Mazumder A, Vesole DH, 
Jagannath S, Dhodapkar MV. Bortezomib enhances 
dendritic cell (DC)-mediated induction of immunity to 
human myeloma via exposure of cell surface heat shock 
protein 90 on dying tumor cells: therapeutic implications. 
Blood. 2007; 109: 4839-45

41.	 Bell CW, Jiang W, Reich CF 3rd, Pisetsky DS. The 
extracellular release of HMGB1 during apoptotic cell death. 
Am J Physiol Cell Physiol. 2006; 291: C1318-25.

42.	 Klionsky DJ, Abdelmohsen K, Abe A, Abedin MJ, 
Abeliovich H, Acevedo Arozena A, , Adachi H, Adams CM, 
Adams PD, Adeli K, Adhihetty PJ, Adler SG, Agam G, et 
al. Guidelines for the use and interpretation of assays for 
monitoring autophagy (3rd edition). Autophagy. 2016; 12: 
1-222.

43.	 Carballo M, Conde M, El Bekay R, Martin-Nieto J, 
Camacho MJ, Monteseirin J, Conde J, Bedoya FJ, Sobrino 
F. Oxidative stress triggers STAT3 tyrosine phosphorylation 
and nuclear translocation in human lymphocytes. J Biol 
Chem. 1999; 274: 17580-6. 

44.	 Lake RA, Robinson WS. Immunotherapy and chemotherapy 
- a practical partnership. Nat Rev Cancer. 2005; 5: 397-405

45.	 Das UN, Begin ME, Ells G, Huang YS, Horrobin DF. 
Polyunsaturated fatty acids augment free radical generation 
in tumor cells in vitro. Biochem Biophys Res Commun. 
1987; 145: 15-24.

46.	 Tsai WS, Nagawa H, Kaizaki S, Tsuruo T, Muto T. 
Inhibitory effects of n-3 polyunsaturated fatty acids on 

sigmoid colon cancer transformants. J Gastroenterol. 1998; 
33: 206-12.

47.	 Siddiqui RA, Harvey K, Stillwell W. Anticancer properties 
of oxidation products of docosahexaenoic acid. Chem Phys 
Lipids. 2008; 153: 47-56. 

48.	 Gleissman H, Segerström L, Hamberg M, Ponthan F, 
Lindskog M, Johnsen JI, Kogner P. Omega-3 fatty acid 
supplementation delays the progression of neuroblastoma 
in vivo. Int J Cancer. 2011; 128: 1703-11. 

49.	 Abdi J, Garssen J, Faber J, Redegeld FA. Omega-3 fatty 
acids, EPA and DHA induce apoptosis and enhance drug 
sensitivity in multiple myeloma cells but not in normal 
peripheral mononuclear cells. J Nutr Biochem. 2014; 25: 
1254-62.

50.	 Molinari R, D’Eliseo D, Manzi L, Zolla L, Velotti 
F, Merendino N. The n3-polyunsaturated fatty acid 
docosahexaenoic acid induces immunogenic cell death 
in human cancer cell lines via pre-apoptotic calreticulin 
exposure. Cancer Immunol Immunother. 2011; 60: 1503-7.

51.	 Ladoire S, Enot D, Senovilla L, Ghiringhelli F, Poirier-
Colame V, Chaba K, Semeraro M, Chaix M, Penault-
Llorca F, Arnould L, Poillot ML, Arveux P, Delaloge S, et 
al. The presence of LC3B puncta and HMGB1 expression 
in malignant cells correlate with the immune infiltrate in 
breast cancer. Autophagy. 2016;12: 864-75.

52.	 Zajdel A, Wilczok A, Tarkowski M. Toxic effects of n-3 
polyunsaturated fatty acids in human lung A549 cells. 
Toxicol In Vitro. 2015; 30: 486-91. 

53.	 Kim N, Jeong S, Jing K, Shin S, Kim S, Heo JY, Kweon 
GR, Park SK, Wu T, Park JI, Lim K. Docosahexaenoic Acid 
Induces Cell Death in Human Non-Small Cell Lung Cancer 
Cells by Repressing mTOR via AMPK Activation and 
PI3K/Akt Inhibition. Biomed Res Int. 2015; 2015: 239764.

54.	 Rescigno T, Capasso A, Tecce MF. Effect of 
Docosahexaenoic Acid on Cell Cycle Pathways in Breast 
Cell Lines With Different Transformation Degree. J Cell 
Physiol. 2016; 231: 1226-36.

55.	 Xiong A, Yu W, Liu Y, Sanders BG, Kline K. Elimination 
of ALDH+ breast tumor initiating cells by docosahexanoic 
acid and/or gamma tocotrienol through SHP-1 inhibition of 
Stat3 signaling. Mol Carcinog. 2016; 55: 420-30.

56.	 Wang TM, Hsieh SC, Chen JW, Chiang AN 
Docosahexaenoic acid and eicosapentaenoic acid reduce 
C-reactive protein expression and STAT3 activation in IL-6-
treated HepG2 cells. Mol Cell Biochem. 2013; 377: 97-106.

57.	 D’Archivio M, Scazzocchio B, Giammarioli S, Fiani 
ML, Varì R, Santangelo C, Veneziani A, Iacovelli A, 
Giovannini C, Gessani S, Masella R. ω3-PUFAs exert anti-
inflammatory activity in visceral adipocytes from colorectal 
cancer patients. PLoS One. 2013; 8 :e77432.

58.	 Gilardini Montani MS, D’Eliseo D, Cirone M, Di Renzo 
L, Faggioni A, Santoni A, Velotti F. Capsaicin-mediated 
apoptosis of human bladder cancer cells activates dendritic 
cells via CD91. Nutrition. 2015; 31: 578-81.

http://www.ncbi.nlm.nih.gov/pubmed/21632716
http://www.ncbi.nlm.nih.gov/pubmed/21632716
http://www.ncbi.nlm.nih.gov/pubmed/21632716
http://www.ncbi.nlm.nih.gov/pubmed/21632716
https://www.ncbi.nlm.nih.gov/pubmed/26208907
https://www.ncbi.nlm.nih.gov/pubmed/26208907
https://www.ncbi.nlm.nih.gov/pubmed/26208907
https://www.ncbi.nlm.nih.gov/pubmed/26208907
http://www.ncbi.nlm.nih.gov/pubmed/19365408
http://www.ncbi.nlm.nih.gov/pubmed/26635802
http://www.ncbi.nlm.nih.gov/pubmed/26635802
http://www.ncbi.nlm.nih.gov/pubmed?term=Spisek R%5BAuthor%5D&cauthor=true&cauthor_uid=17299090
http://www.ncbi.nlm.nih.gov/pubmed?term=Mazumder A%5BAuthor%5D&cauthor=true&cauthor_uid=17299090
http://www.ncbi.nlm.nih.gov/pubmed?term=Vesole DH%5BAuthor%5D&cauthor=true&cauthor_uid=17299090
http://www.ncbi.nlm.nih.gov/pubmed?term=Jagannath S%5BAuthor%5D&cauthor=true&cauthor_uid=17299090
http://www.ncbi.nlm.nih.gov/pubmed?term=Spisek R%2C Blood 109%2C 4839-45%2C 2007
http://www.ncbi.nlm.nih.gov/pubmed?term=Bell CW%5BAuthor%5D&cauthor=true&cauthor_uid=16855214
http://www.ncbi.nlm.nih.gov/pubmed?term=Jiang W%5BAuthor%5D&cauthor=true&cauthor_uid=16855214
http://www.ncbi.nlm.nih.gov/pubmed?term=Reich CF 3rd%5BAuthor%5D&cauthor=true&cauthor_uid=16855214
http://www.ncbi.nlm.nih.gov/pubmed?term=Pisetsky DS%5BAuthor%5D&cauthor=true&cauthor_uid=16855214
http://www.ncbi.nlm.nih.gov/pubmed/16855214
http://www.ncbi.nlm.nih.gov/pubmed/26799652
http://www.ncbi.nlm.nih.gov/pubmed/26799652
https://www.ncbi.nlm.nih.gov/pubmed/?term=Conde J%5BAuthor%5D&cauthor=true&cauthor_uid=10364193
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bedoya FJ%5BAuthor%5D&cauthor=true&cauthor_uid=10364193
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sobrino F%5BAuthor%5D&cauthor=true&cauthor_uid=10364193
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sobrino F%5BAuthor%5D&cauthor=true&cauthor_uid=10364193
http://www.ncbi.nlm.nih.gov/pubmed/25277647
http://www.ncbi.nlm.nih.gov/pubmed/25277647
http://www.ncbi.nlm.nih.gov/pubmed/25277647
http://www.ncbi.nlm.nih.gov/pubmed/25277647
http://www.ncbi.nlm.nih.gov/pubmed/21779875
http://www.ncbi.nlm.nih.gov/pubmed/21779875
http://www.ncbi.nlm.nih.gov/pubmed/21779875
http://www.ncbi.nlm.nih.gov/pubmed/21779875
https://www.ncbi.nlm.nih.gov/pubmed/26979828
https://www.ncbi.nlm.nih.gov/pubmed/26979828
https://www.ncbi.nlm.nih.gov/pubmed/26979828
http://www.ncbi.nlm.nih.gov/pubmed/26381084
http://www.ncbi.nlm.nih.gov/pubmed/26381084
https://www.ncbi.nlm.nih.gov/pubmed/26339598
https://www.ncbi.nlm.nih.gov/pubmed/26339598
https://www.ncbi.nlm.nih.gov/pubmed/26339598
https://www.ncbi.nlm.nih.gov/pubmed/26339598
http://www.ncbi.nlm.nih.gov/pubmed/26480024
http://www.ncbi.nlm.nih.gov/pubmed/26480024
http://www.ncbi.nlm.nih.gov/pubmed/26480024
http://www.ncbi.nlm.nih.gov/pubmed/25648304
http://www.ncbi.nlm.nih.gov/pubmed/25648304
http://www.ncbi.nlm.nih.gov/pubmed/25648304
http://www.ncbi.nlm.nih.gov/pubmed/25648304
http://www.ncbi.nlm.nih.gov/pubmed/23361365
http://www.ncbi.nlm.nih.gov/pubmed/23361365
http://www.ncbi.nlm.nih.gov/pubmed/23361365
https://www.ncbi.nlm.nih.gov/pubmed/24116229
https://www.ncbi.nlm.nih.gov/pubmed/24116229
https://www.ncbi.nlm.nih.gov/pubmed/24116229
http://www.ncbi.nlm.nih.gov/pubmed/25220876
http://www.ncbi.nlm.nih.gov/pubmed/25220876
http://www.ncbi.nlm.nih.gov/pubmed/25220876


Genes & Cancer437www.impactjournals.com/Genes&Cancer

59.	 D’Eliseo D, Manzi L, Velotti F. Capsaicin as an inducer 
of damage-associated molecular patterns (DAMPs) of 
immunonic cell death (ICD) in human bladder cancer cells. 
Cell Stress Chaperones. 2013; 18: 801-8.

60.	 Raciti M, Lotti LV, Valia S, Pulcinelli FM, Di Renzo L. 
JNK2 is activated during ER stress and promotes cell 
survival. Cell Death Dis. 2012; 3: e429.


