
RESEARCH ARTICLE

Mesencephalic astrocyte-derived

neurotrophic factor is secreted from

interferon-γ–activated tumor cells through ER

calcium depletion

Michael PeledID
1,2*, Tali H. Bar-Lev1, Efrosiniia Talalai1,2, Haggar Zoë Aspitz1,2,

Inbal Daniel-MeshulamID
1, Jair Bar2,3, Iris Kamer3, Efrat Ofek4, Adam Mor5, Amir Onn1

1 Institute of Pulmonary Medicine, Sheba Medical Center, Tel Hashomer, Israel, 2 Sackler Faculty of

Medicine, Tel-Aviv University, Tel-Aviv, Israel, 3 Thoracic Oncology Unit, Institute of Oncology, Sheba

Medical Center, Tel Hashomer, Israel, 4 Pathology Department, Tel HaShomer Hospital, Tel Hashomer,

Israel, 5 Columbia Center for Translational Immunology, Columbia University Medical Center, New York, NY,

United States of America

* Michael.peled@sheba.health.gov.il

Abstract

The most successful immunotherapeutic agents are blocking antibodies to either pro-

grammed cell death-1 (PD-1), an inhibitory receptor expressed on T lymphocytes, or to its

ligand, programmed cell death-ligand 1 (PD-L1). Nevertheless, many patients do not

respond, and additional approaches, specifically blocking other inhibitory receptors on T

cells, are being explored. Importantly, the source of the ligands for these receptors are often

the tumor cells. Indeed, cancer cells express high levels of PD-L1 upon stimulation with

interferon-γ (IFN-γ), a major cytokine in the tumor microenvironment. The increase in PD-L1

expression serves as a negative feedback towards the immune system, and allows the

tumor to evade the attack of immune cells. A potential novel immunoregulator is mesence-

phalic astrocyte-derived neurotrophic factor (MANF), an endoplasmic reticulum (ER)-resi-

dent protein that is secreted from pancreatic beta cells upon cytokines activation, and can

induce an alternatively activated macrophage phenotype (M2), and thus may support tumor

growth. While MANF was shown to be secreted from pancreatic beta cells, its IFN-γ-induced

secretion from tumor cells has never been assessed. Here we found that IFN-γ induced

MANF secretion from diverse tumor cell-lines—melanoma cells, colon carcinoma cells and

hepatoma cells. Mechanistically, there was no increase in MANF RNA or intracellular pro-

tein levels upon IFN-γ stimulation. However, IFN-γ induced ER calcium depletion, which

was necessary for MANF secretion, as Dantrolene, an inhibitor of ER calcium release, pre-

vented its secretion. Thus, MANF is secreted from IFN-γ-stimulated tumor cells, and further

studies are required to assess its potential as a drug target for cancer immunotherapy.
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Introduction

The tumor microenvironment includes a variety of all major subsets of the cellular immune

system [1], including lymphocytes and myeloid cells, however immunoregulatory mechanisms

restrain their function and prevent tumor rejection [2, 3].

One of the major immunoregulatory mechanisms to control lymphocyte activity are co-

receptors that are engaged along with the antigen receptor. Co-receptors can be either positive

or negative regulators of immune cell functions. There are several known negative, or inhibi-

tory co-receptors, also known as checkpoints, and the more established ones are programmed

cell death-1 (PD-1) [4], CTLA-4 [5], Lag-3 [6], Tim-3 [7], and TIGIT [8]. These receptors,

upon interaction with their corresponding ligands, recruit phosphatases that dephosphorylate

signaling proteins which are necessary to drive T cell activation, consequently inhibiting T cell

function. Utilizing this important arm of immunoregulation, blocking antibodies against PD-

1 and CTLA-4 were developed, and now exhibit unprecedented efficacy in several cancer indi-

cations, by improving anti-tumor T cells response [2, 3].

Interestingly, these receptors were discovered through the basic research of immune cells,

mainly lymphocytes. However, the ligands of these immunomodulatory receptors are often

expressed by the tumor cells–for example, the expression of programmed death ligand-1

(PD-L1), the ligand of PD-1, is increased in tumor cells upon stimulation with interferon-γ
(IFN-γ), a cytokine secreted by pro-inflammatory cells in the tumor microenvironment [9].

The increase in PD-L1 inhibits the activation of immune cells, and thus serves as a negative

feedback that enables the tumor cells to evade the immune system. This feedback mechanism

is prevalent, since other cytokines, such as TNF-α, can also induce the expression of PD-L1

[10]. Similarly, the expression of the ligand for Tim-3, CEACAM-1, is increased in colon can-

cer cells and melanoma cells upon stimulation with IFN-γ [11, 12], and the expression of the

ligand for TIGIT, CD155, is induced in endothelial cells after treatment with IFN-γ [13].

While IFN-γ induces the expression of several known immunoregulators like PD-L1, the

clinical response to blocking antibodies against these immunoregulators and their correspond-

ing receptors is limited to a fraction of cancer patients [14]. Thus, additional, unknown,

immunomodulatory proteins are potentially expressed in cancerous cells and their expression

is increased in response to an inflammatory stimulus in the tumor microenvironment, similar

to PD-L1.

One of the proteins that is induced upon cytokine stimulation and has an immunoregula-

tory role is Mesencephalic Astrocyte-derived Neurotrophic Factor (MANF) [15, 16]. MANF is

localized in the ER lumen, however it contains a signal peptide, and upon ER stress or ER cal-

cium depletion it is secreted [17]. The retention of MANF in the ER is mediated by the KDEL

receptor [18]. Functionally, MANF is neuroprotective for dopaminergic neurons [19] and it is

also an ER stress response protein [20–22] which can protect cells against ER stress-induced

cell death in vitro [23]. The mechanisms for MANF functions are unknown.

Importantly, it was recently shown that MANF can promote tissue repair in the retina of

mice and flies, and that this function was associated with M2 activation of macrophages in the

retina [15]. Because MANF is secreted upon cytokine stimulation and can switch macrophages

to M2 phenotype, which is pro-tumorigenic, MANF could potentially serve as an immunore-

gulator in the tumor microenvironment, and as a drug target. Since the cytokine-induced

secretion of MANF was only shown in pancreas cells [24] and has never been evaluated in

other cells, we aimed to assess here if cytokine-induced MANF secretion is a general phenome-

non that occurs in multiple cell-lines, and specifically to assess MANF secretion from tumor

cells-lines upon IFN-γ activation, as it may have an immunoregulatory role in the tumor

microenvironment.
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Materials and methods

Cells

HepG2 Hepatocellular carcinoma cells (ATCC1, HB-8065), SKMEL28 Human melanoma

cells (ATCC1, HTB-72), 293T Human embryonic kidney (ATCC1, CRL-3216) and MC-38

Murine colorectal adenocarcinoma cells (Kerafast, ENH204-FP) were maintained in DMEM

medium supplemented with 10% FBS and 1% penicillin/streptomycin.

General reagents

DMEM, Dulbecco’s phosphate-buffered saline, and FBS were purchased from Biological

Industries. Opti-MEM-I was purchased from Invitrogen.

Antibodies and recombinant proteins

Human IFN-γ and interleukin-1B (IL1B) were purchased from Peprotech. The following anti-

bodies were used for biochemical assays: anti-MANF (SAB3500384, Sigma-Aldrich) and anti-

β-Actin (AC-15) (sc-69879, Santa Cruz Biotechnology).

Chemicals

Thapsigargin (Ta) and Dantrolene were purchased from Sigma Aldrich.

Protein purification

Ten microliters of StrataClean resin (Agilent, Santa Clara, CA, USA) was added to 1 ml of

supernatant, mixed well and placed on a rotator in a 4˚C refrigerator for 1 h. Concentrated

supernatant protein was collected by pelleting the StrataClean resin, removing the supernatant

and heating the resin resuspended in 50 μl 1 × Laemmli buffer at 95˚C for 5 min, followed by

short spin and loading of the sample, without resin, for immunoblot analysis.

MANF ELISA

MANF concentration in the media was measured using Human MANF Enzyme-linked

immunosorbent assay (ELISA) as recommended in the kit’s protocol (ab215417, Abcam).

Western blot analysis

Cell lysis was performed in cold RIPA lysis buffer, containing complete Mini, EDTA-free pro-

tease inhibitors (Roche). The cells were placed on a rotator and lysis was carried at 4˚C for 30

minutes. The lysates were centrifuged for 20 minutes at 20,000 g and 4˚C and 30 μg of each

lysate were resuspended in reducing Laemmli buffer, boiled at 95˚C for 5 minutes and run on

SDS-PAGE. Following protein transfer for 30 minutes at 25V, the nitrocellulose membrane

was blocked with 5% milk in PBS containing 0.05% Tween-20 (PBST) and blotted overnight

with the relevant antibodies prepared in PBST containing 2% BSA. The membrane was devel-

oped with 0.1 ug/ml IRDye secondary fluorescent antibodies and acquired on Odyssey CLx

Imaging system.

Real time PCR

Total RNA was purified from cells using RNeasy Mini Kit (20–74104, Qiagen) and reverse

transcribed using High-Capacity cDNA Reverse Transcription Kit (4368814, Thermo Fisher

Scientific) with RNasin Plus RNase Inhibitor (N2615, Promega). The cDNA from each sample

was applied in 20 μl reaction mix using Power SYBR Green PCR Master Mix (AB-4367659,
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Thermo Fisher Scientific) with specific primers (Sigma-Aldrich). Primer sequences were as

follows: human MANF, 5’-GGG CGA CTG CGA AGT TTG TAT-3’, 5’- GTG CTC
AGG TCG ATC TGC TT-3’; human PD-L1, 5’- TAT GGT GGT GCC GAC TAC AA-
3’, 5’-TGG CTC CCA GAA TTA CCA AG-3’; human SERCA, 5’- CAT GAC AAC
CCA CTG AGA AGA GAA-3’, 5’- CGA AGG TCA GAT TGG TCT CATATTT-3’;

human GAPDH,5’-TGCACCACCAACTGCTTAGC-3’, 5’-GGCATGGACTGTGGTCAT
GAG-3’; Murine MANF, 5’- CCACCATATCCCTGTGGAAA-3’, 5’- CGTCCAGGATC
TTCTTAGC-3’; Murine PD-L1, 5’-GCA TTA TAT TCA CAG CCT GC-3’, 5’-CCC
TTC AAA AGC TGG TCC TT-3’; Murine GAPDH, 5’-TAT GTC GTG GAG TCT ACT
GGT-3’, 5’-GAG TTG TCA TAT TTC TCG T-3’.

Knocking down MANF

MANF was stably knocked down in SKMEL28 cells by RNA interference using Mission

shRNA plasmids (Sigma). Lentiviral particles were generated by transfecting HEK 293T cells

with pMD2G, psPAX2, and the shRNA plasmid using Lipofectamine 3000 (Thermo Fisher

Scientific). Cells were transduced using Polyberne 8μg/mL and selected with puromycin.

Intracellular calcium measurements

Intracellular calcium was measured as previously described [25]. Briefly, to measure the effect

of IFN-γ on calcium ER stores, SKMEL28 cells were seeded on black, clear bottomed Nunc™
MicroWell™ 96-Well Plates and grown to confluence for one day, followed by treatment with

IFN-γ 100ng/mL or PBS (Control) for 48hr. Prior to the measurements, cells were loaded for

30 min at 37˚C with 5μM Fluo-3-AM dissolved in Ca2+-containing Hanks’ Balanced Salt Solu-

tion (HBSS) without Phenol Red (pH 7.4) (Biological Industries). Then, Fluo-3-AM was

removed by rinsing with HBSS once followed by thermo-equilibration at room temperature

for 20 min. At the start of the experiment, the HBSS was replaced with a nominally Ca2+-free

Hanks’ Balanced Salt Solution (HBSS) Without Calcium and Magnesium no Phenol Red (Bio-

logical Industries) containing 1mM EGTA. Recordings were started with baseline measure-

ments of the fluorophore fluorescence excited at 488 nm and recorded at 535 nm. After 10

min, 1μM Ta or DMSO were added by changing media and continue recording for up to 20

min.

Statistics

Values are reported as mean ± SEM. Statistical analyses were performed using two-sided Stu-

dent’s t test and ANOVA analysis, with a threshold for significance (alpha) set to lower or

equal to 0.05. All statistical analyses were performed using GraphPad Prism (version 6.0).

Results

IFN-γ induces the secretion of mesencephalic astrocyte-derived

neurotrophic factor

To test if IFN-γ induced MANF secretion in tumor cells, the secreted and intracellular protein

and RNA expression of MANF were tested following 48 hr of IFN-γ (100 ng/ml) treatment in

SKMEL28 melanoma cells. Indeed, MANF was secreted to the media upon IFN-γ treatment,

as assessed by ELISA (Fig 1A) and western blot analysis of the media (Fig 1B), while no

increase at the intracellular protein and mRNA levels was observed (Fig 1B–1D). As a control

for the response to IFN-γ treatment, PD-L1 mRNA expression was tested and found to be sig-

nificantly increased in IFN-γ-treated cells, as expected (Fig 1C and 1D). Since two close bands
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appeared at the level of 20 KDa, we knocked down MANF to test which of the bands represents

MANF. Knocking down MANF significantly reduced the intensity of the lower band, in addi-

tion to MANF RNA expression (Fig 1E), implying that the lower band represents MANF.

To assess if MANF secretion upon IFN-γ activation is a general phenomenon, MANF secre-

tion following treatment with 100 ng/mL IFN-γ for 48 hr was tested in additional cell lines,

including the murine colon adenocarcinoma MC-38 and human hepatoma cell line HepG2.

Indeed, similar to SKMEL28, IFN-γ induced MANF secretion (Fig 2A and 2C), while no

change was observed at the RNA level (Fig 2B and 2D).

MANF secretion occurs in response to IFN-γ but not to IL1B treatment

Previous studies demonstrated that a combination of IFN-γ and IL1B treatment induced

MANF secretion in pancreatic beta cells [26]. To test if IL1B also contributes to MANF secre-

tion, SKMEL28 cells were treated with IFN-γ and IL1B as indicated (Fig 3A). As expected,

IFN-γ-induced MANF secretion at both 50 ng/mL and 100 ng/mL, however IL1B did not

induced MANF secretion. In accordance with the previous results, both cytokines did not

induce an increase in MANF mRNA levels, while there was a clear increase in PD-L1 mRNA

levels, serving as a positive control (Fig 3B). Given the lack of an effect for IL1B on MANF

secretion, and to verify IL1B-signaling in SKMEL28 cells, we tested IL-8 secretion in the media

upon IL1B treatment, since IL-8 is a known downstream effector of IL1B [27]. As expected, a

significant increase in IL-8 secretion was observed in the IL1B-treated cells, while a minimal

increase was observed in the IFN-γ-treated cells (Fig 3C).

Fig 1. IFN-γ induces MANF secretion. (A) IFN-γ–treated SKMEL28 cells analyzed for MANF secretion using ELISA

and immunoblot analysis (B). (C-D) MANF expression at the mRNA level. PD-L1 served as positive control. (E)

MANF knockdown in SKMEL28 cells assessed by immunoblot (left) and RT-PCR (right). Data are representative of at

least three independent experiments. Expression in (C) and (D) is relative to baseline. N = 3, data is represented as

mean ± SEM. �� p-value<0.01, ��� p-value<0.001.

https://doi.org/10.1371/journal.pone.0250178.g001
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IFN-γ induces MANF secretion through ER Ca2+ depletion

MANF is secreted following ER calcium depletion [17], and it was previously shown that the

combination of IFN-γ and IL1B induces ER calcium depletion [24, 28]. Thus, it is plausible

that MANF secretion is induced by IFN-γ through ER Ca2+ depletion. To test if ER calcium

depletion is necessary for IFN-γ-induced MANF secretion, SKMEL28 cells were treated with

Fig 2. IFN-γ induces MANF secretion in additional cell-lines. MC38 (A and B) and HepG2 (C and D) cell-lines

were treated with 100 ng/ml IFN-γ for 48 hours, followed by immunoblot analysis of the cells lysates and media (upper

panels) or RT-PCR analysis of MANF and PD-L1 (lower panels). RNA expression is relative to baseline. N = 3, data is

represented as mean ± SEM. ��� p-value<0.001.

https://doi.org/10.1371/journal.pone.0250178.g002

Fig 3. IL1B did not induce MANF secretion in SKMEL28. SKMEL28 cells were treated with 50 ng/ml (+) or 100 ng/

ml (++) IFN-γ and 5 ng/ml (+) or 20 ng/ml (++) IL1B for 48 hours, followed by immunoblot analysis of the cells and

media (a), RT-PCR analysis of MANF and PD-L1 (b), and IL-8 ELISA analysis of the media (c). RNA expression is

relative to baseline. N = 3, data is represented as mean ± SEM. ��� p-value<0.001.

https://doi.org/10.1371/journal.pone.0250178.g003
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Dantrolene (30μM), a Ryanodine receptor (RyR) antagonist, which prevents ER calcium

depletion. Indeed, Dantrolene inhibited IFN-γ-induced MANF secretion (Fig 4A). To further

establish the importance of ER Ca2+ depletion in mediating IFN-γ-induced MANF secretion,

cytoplasmic Ca2+ was assessed using the fluorescent calcium indicator Fluo-3-AM, following

treatment with Thapsigargin (Tg), a selective inhibitor of the sarcoplasmic endoplasmic reticu-

lum Ca2+ ATPase (SERCA). Because SERCA inhibition results in calcium movement from

the ER to the cytoplasm, a rise in fluorescence is observed upon Tg treatment; however, if ER

calcium stores are depleted, no increase in fluorescence would be observed. As expected, pre-

treatment of Fluo-3-AM-loaded SKMEL28 cells with IFN-γ diminished the increase in fluores-

cence induced by Tg treatment (Fig 4B). Taken together, IFN-γ induces ER Ca2+ depletion

which results in MANF secretion. Interestingly, Carduzo et al showed that cytokines can

reduce mRNA and protein expression of SERCA2b, potentially mimicking the effect of Tg

[16], however we did not detect any change in SERCA2b expression upon IFN-γ treatment

(Fig 4C).

Discussion

In the present study we found that MANF is secreted from several tumor cell-lines upon IFN-

γ treatment, both human and murine, and that this secretion is mediated through ER calcium

depletion.

IFN-γ can alter the expression of proteins by several mechanisms. The most known and

well-studied mechanism for IFN-γ signaling is through the Janus kinase (JAK)-signal trans-

ducer and activator of transcription (STAT) signal transduction pathway, which activates tran-

scription of IFN-γ-inducible genes [29]. Many IFN-γ functions are mediated by direct

activation of immune effector genes through this pathway, including genes encoding antiviral

Fig 4. MANF release in response to IFN-γ treatment is mediated by ER Ca2+ depletion. (A) SKMEL28 cells were

treated with 100 ng/ml IFN-γ and/or 30μM Dantrolene as indicated for 48 hours, followed by immunoblot analysis of

the cells and media. Data are representative of three independent experiments. (B) SKMEL28 cells were treated for 48

hours with IFN-γ or control as indicated prior to loading with Fluo-3-AM. Thereafter, the medium was switched to

1mM EGTA in HBS and supplemented after 10 min with 1 μM Tg (indicated by the arrow) for the Thapsigargin and

IFN-γ+Thapsigargin treated cells (red or blue dotted lines, respectively), to release any Calcium remaining in the ER,

while DMSO was added to the control and IFN-γ (only) treated cells (black and green dotted lines, respectively).

Increase in cytosolic calcium was monitored by fluorescence tracing. One representative experiment of four is shown.

(C) Skmel28 cells were treated with 100 ng/ml IFN-γ for 48 hours, followed by RT-PCR analysis of SERCA2b and

PD-L1 (lower panels). RNA expression is relative to baseline. N = 3, data is represented as mean ± SEM. ��� p-

value<0.001.

https://doi.org/10.1371/journal.pone.0250178.g004
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proteins, microbicidal molecules, phagocytic receptors, chemokines, cytokines, antigen-pre-

senting molecules (MHC) and immunoregulators like PD-L1 [30].

While it was previously published that a cytokine cocktail consisting of IL-1β and IFN-γ
can induce MANF secretion through increase in mRNA expression [26], pointing towards the

possibility that the JAK-STAT signaling cascade is involved in MANF secretion, we could not

detect any increase in MANF mRNA levels, despite a three-fold increase in secretion. This dis-

crepancy may be related to the different cell-lines that were tested, as we did not tested the

effect of IFN-γ on pancreatic beta cells. Moreover, we found no impact of IL-1β on MANF

secretion (Fig 3). Importantly, Hakonen et al. tested only combinations of cytokines, as they

were looking to test the effect of the common milieu of cytokines in the microenvironment of

the pancreas in diabetes, while in the present study we were looking to test the effect of IFN-γ
alone, which is an established inducer of immunomodulators in tumor cells [9]. Since the

effect of IL1 β was not tested independently from IFN-γ in pancreas cells [26], IL1 β may have

no effect in pancreas cells as well.

Since we could not detect any significant changes in intracellular mRNA or protein levels,

we looked for a different mechanism to explain the increase in MANF secretion. Because

MANF is secreted upon ER calcium depletion [17] and IFN-γ induces ER calcium depletion

[24], we tested if ER calcium depletion is necessary for MANF secretion when induced by

IFN-γ, and indeed we found that inhibition of calcium depletion with dantrolene resulted in

reduced MANF secretion. There are several potential mechanisms for IFN-γ-induced ER cal-

cium depletion. Carduzo et al showed that cytokines can reduce mRNA and protein expres-

sion of SERCA2b, a gene which is required for ER calcium homeostasis [24], however we did

not detect any change in SERCA2b expression. A second potential explanation is that IFN-γ
induces reactive oxygen species [31], which may result in the activation of IP3 receptors and

stimulation of ER calcium release [32].

To conclude, we found that MANF is secreted from tumor cells upon IFN-γ treatment,

however further studies are needed to elucidate the complete signaling cascade involved in

IFN-γ-induced MANF secretion and to establish its immunoregulatory role in cancer.
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