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Abstract
Treatment of solid tumors is often hindered by an immunosuppressive tumor microenviron-

ment (TME) that prevents effector immune cells from eradicating tumor cells and promotes

tumor progression, angiogenesis, and metastasis. Therefore, targeting components of the TME

to restore the ability of immune cells to drive anti-tumoral responses has become an important

goal. One option is to induce an immunogenic cell death (ICD) of tumor cells that would trig-

ger an adaptive anti-tumoral immune response. Here we show that incubating mouse renal cell

carcinoma (RENCA) and colon carcinoma cell lines with an anti-extracellular matrix metallopro-

teinase inducer polyclonal antibody (161-pAb) together with complement factors can induce cell

death that inhibits caspase-8 activity and enhances the phosphorylation of receptor-interacting

protein kinase 3 (RIPK3) and mixed-lineage kinase-like domain (MLKL). This regulated necrotic

death releases high levels of dsRNA molecules to the conditioned medium (CM) relative to the

necrotic death of tumor cells induced byH2O2 or the apoptotic death induced by etoposide. RAW

264.7macrophages incubatedwith theCMderived from these dying cellsmarkedly enhanced the

secretion of IFN𝛽 , and enhanced their cytotoxicity. Furthermore, degradation of the dsRNA in the

CM abolished the ability of RAW 264.7 macrophages to secrete IFN𝛽 , IFN𝛾-induced protein 10

(IP-10), and TRAIL. When mice bearing RENCA tumors were immunized with the 161-pAb, their

lysates displayed elevated levels of phosphorylatedRIPK3andMLKL, aswell as increased concen-

trations of dsRNA, IFN𝛽 , IP-10, and TRAIL. This shows that an antigen-targeted therapy using an

antibody and complement factors that triggers ICD can shift the mode of macrophage activation

by triggering regulated necrotic death of tumor cells.
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1 INTRODUCTION

The tumor microenvironment (TME) is critical for tumor angiogenesis,

progression, invasion, and metastasis. The biochemical characteristics

of the TME (i.e., hypoxia, acidosis, increased extracellular matrix stiff-

ness) drive tumor cells to adapt their metabolism, enhance angiogene-

sis, and activate transcriptional programs that promote tumor growth

Abbreviations: CCK-8, Cell counting kit 8; CDC, complement-dependent cytotoxicity; CM, conditionedmedium; DAMP, Danger-associatedmolecular pattern; dsRNA, double-stranded RNA;

EMMPRIN, Extracellular matrix metalloproteinase inducer; ICD, immunogenic cell death; IP-10, IFN𝛾-induced protein 10 (also CXCL10); LDH, lactate dehydrogenase; MLKL,Mixed-lineage

kinase-like domain; RIG-I, Retinoic acid inducible gene I; RIPK, Receptor-interacting protein kinase; TME, tumormicroenvironment.
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and metastasis.1 They also influence different types of stroma cells,

particularly tumor-associated macrophages (TAMs), that interact with

the tumor cells to produce myriad enzymes, cytokines, chemokines,

and growth factors (e.g., matrix metalloproteinases-MMPs, VEGF,

HGF, CXC12/SDF-1, TGF𝛽 , IL-10) that collectively support tumory

growth and suppress effector immune cells that could attack tumor
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cells.2 This dynamic TME is also involved in the development of cancer

resistance to therapy, including chemotherapy, radiotherapy and

targeted therapy, resistance that arises from both the tumor cells (e.g.,

increased mutation rate, epigenetic changes, inhibition of apoptosis),

and stroma cells. Mechanisms that mediate such resistance in the

stroma cells are under investigation, and they may include inability

to recruit effector T cells to the tumor site, or to prime them.3 More-

over, hypoxia and acidity may be increased during chemotherapy or

radiotherapy,2 thus preventing efficient drug distribution.4 Therefore,

targeting the TME to normalize vasculature and enhance immune

response against the tumor has become an important goal.5

Immunogenic cell death (ICD) of tumor cells is induced by anti-

tumoral agents and results in the activation of an adaptive anti-

tumoral response against antigens of the dying cell.6 ICD can be trig-

gered by different cell death mechanisms, including autophagy, necro-

sis, or regulated necrosis, as opposed to caspase-dependent apopto-

sis that is considered nonimmunogenic. Specifically, necroptosis is a

form of regulated necrosis that can be triggered by ligation of several

death receptors (e.g., TNFR, FAS, TRAILR1/DR4).7 This ligation acti-

vates the receptor-interacting protein kinase 1 (RIPK1) and RIPK3,

and if ubiquitination of RIPK1 is low and caspase-8 activity is inhib-

ited, promotes the assembly of the necrosome that consists of acti-

vated RIPK1, RIPK3, and the mixed-lineage kinase domain-like pro-

tein (MLKL) to induce ICD by necroptosis. Radiotherapy and some

chemotherapies (e.g., anthracyclines, cyclophosphamide, doxorubicin,

but not etoposide8,9) successfully induce ICD as part of their mecha-

nism of action.

ICD initiates a cascade of events, starting from the release of spe-

cific danger-associated molecular patterns (DAMPs) that act as adju-

vants and recruit dendritic cells to the tumor site. Only few DAMPs

have been directly linked to ICD,6 and these include extracellular

ATP,10 secreted high mobility group box 1,11 membranal expression

of calreticulin,12 cancer-derived nucleic acids,13 including dsRNA,14

annexin-1,15 and type I IFNs.16 When released, these DAMPs bind to

their respective pattern recognition receptors on innate immune cells

andactivate them.Necroptosis, in particular, has been shown to trigger

innate and adaptive immunity,7,17,18 potentially leading to alleviation

of the immunosuppressive TME.

Extracellular matrix metalloproteinase inducer (EMMPRIN)/

CD147 is a multifunctional protein, which is overexpressed in many

types of tumor cells, can interact with many proteins to regulate

tumor cells metabolism, angiogenesis, proliferation, and metastasis,

and therefore represents a promising anti-cancer target.19,20 We

have recently targeted a specific epitope on EMMPRIN in tumor-

bearing mice with an antibody21 or with an octa-branched, multiple

antigenic peptide (MAP) that was synthesized with this epitope

sequence (designated 161-MAP).22 Both methods significantly

inhibited tumor growth and metastasis in several mouse models.

This was attributed to the marked reduction in angiogenesis and

proliferation of tumor cells. Most importantly, both active and passive

vaccinations alleviated the immune suppression that characterizes

the TME, as observed by the reduction in TGF𝛽 levels, and increased

infiltration ofmacrophages andCD8+ T cells, as well as their enhanced

cytotoxicity, demonstrating the activation of the adaptive immune

system. However, the mechanism that allowed such a shift in the TME

remained unclear.

Here we demonstrate that the antibody targeting EMMPRIN in the

presence of complement factors cause death of tumor cells by regu-

lated necrosis, leading to the release of the potent DAMPdsRNA and a

shift in macrophage polarization.

2 METHODS

2.1 Cells and experimental procedure

The tumorigenic mouse renal (RENCA, ATCC CRL-2947) and colon

(CT26, ATCC CRL-2638) carcinoma cell lines were cultured in RPMI-

1640medium, 10%FCS, 1% l-glutamine, and antibiotics. HEPES buffer

(100 mM, pH 7.4) was added to the RENCA medium, and 1% sodium

pyruvate was added to the CT26 medium. The macrophage-like RAW

264.7 cell line (ATCC TIB-71), was cultured in DMEM with 10% FCS,

1% L-glutamine, and antibiotics. Cells were split every 3–4 d at a ratio

of 1:4using trypsin-EDTA.All cell lineswere routinely checked formor-

phologic changes and presence of mycoplasma and were used at pas-

sages 3–15.

Cells were seeded in 24-well plates (2–4 × 105 cells/500 𝜇l) or 96-

well plates (0.5–5 × 104 cells/100 𝜇l) in serum-starvation medium to

avoid potential masking of signals. Tumor cells were incubated with-

out any inducer as controls, or were induced to die by necrosis using

H2O2 (100 𝜇M, 323381, Sigma-Aldrich Corp. St. Louis, MO, USA) or

by apoptosis using Etoposide (10 𝜇M, ab120227, Abcam, Cambridge,

United Kingdom). Alternatively, tumor cell death was induced by addi-

tion of 161-pAb (0.64 𝜇g/ml, produced in our lab by vaccinating rabbits

as described before21) together with 1:50 (v/v) complement proteins

(C201-0005, Rockland Antibodies & Assays Limerick, PA, USA). The

concentrations of the cell death inducers were first calibrated (Sup-

porting Information Fig. S2). In some experiments, conditioned media

derived from the cells induced to die with 161-pAb and complement

was digestedwith RNAse III (10U/ml for 30min at 37◦C, NewEngland

Biolabs, Ipswich, MA, USA).

2.2 Sandwich ELISA

The mouse TNF𝛼, IL-1𝛽 , IL-10, TGF𝛽 , IFN𝛽 , IFN𝛾-induced protein 10

(IP-10), and TRAIL concentrations were determined using DuoSet

ELISA kits (R&D Systems, Minneapolis, MN) according to the manu-

facturer’s instructions. Complement activation was determined using

the mouse ELISA kit for C3a (TECOmedical AG, Sissach, Switzerland),

and the Granzyme B uncoated ELISA kit (Thermo Fisher Scientific,

Waltham,MA, USA) was used to evaluate the amounts of the enzyme.

In-house dsRNA sandwich ELISA was carried out as described

before.23,24 Plates were coated with 0.4 𝜇g/well protein A (P7837,

Sigma) overnight at 4◦C. The plates were then incubated with block-

ing buffer (0.1 M NaH2PO4, 0.1 M Na2HPO4, pH 6.8, 0.025% merthi-

olate, 0.5% BSA, and 0.05% Tween 20) for 1 h at 37◦C and then with

1 µg/ml of the monoclonal anti-dsRNA J2 antibody (SCICONS, English
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Scientific Consulting, Szirak, Hungary) overnight at 4◦C. Wells were

washed three times (0.5% Tween 20 in PBS) and supernatant samples

were then added at a dilution of 1:100 in blocking buffer for 2 h. After

three washes, the monoclonal anti-dsRNA K2 antibody (SCICONS,

English Scientific Consulting) diluted 1:10 was added for additional

2 h. Both J2 and K2 monoclonal antibodies are known to recognize

dsRNA helixes greater than 40 bp, including the synthetic poly (I:C).24

After three washes the plates were incubated with biotinylated goat

anti-mouse IgM (115-066-075, Jackson Immuno-Research Labs,West

Grove, PA, USA) diluted 1:1000 in blocking buffer for 1 h at room tem-

perature, washed again three times, and incubated with streptavidin-

HRPdiluted1:200 inblockbuffer. Finally, TMBwasadded for5minand

absorbance was read at 450 nm with reference at 540 nm. Final con-

centrations were calculated according to a standard curve of known

concentrations of poly (I:C).

2.3 Western blot analysis

Equal amounts of the tumor cell lysates (15 µg/lane) were denatured

and loaded unto 12% SDS-polyacrylamide gel, and separated by elec-

trophoresis for 2 h at constant voltage of 150 V. Proteins were trans-

ferred onto nitrocellulose membranes (L-08003-010, Advansta, San

Jose, CA, USA), and the membranes were blocked with AdvanBlock-

Chemi (R-03726-E10, Advansta) overnight at 4◦C. Then membranes

were incubatedwith the primary antibodies (rabbit anti-humanMLKL,

rabbit anti-human phosphorylated-MLKL, rabbit anti-human RIPK3,

mouse anti-human phosphorylated-RIPK3, or the mouse anti-𝛽-actin,

all from Abcam) diluted 1:1000 in the blocking buffer for 1 h at

room temperature.Membraneswerewashed three times (1×TBSwith

0.05%Tween-20) and incubatedwithHRP-conjugated secondary anti-

body (goat anti-mouse IgGor donkey anti-rabbit IgG, Jackson Immuno-

Research Labs) diluted 1:5000 in blocking buffer. After three addi-

tional washes, membranes were incubated with Western Bright ECL-

HRP substrate (K-12045, Advansta), and protein bands were visual-

izedusing theOmegaLumG Imaging System (Aplegen, Pleasanton, CA,

USA). Membranes were then stripped and reprobed with anti-𝛽-actin

to demonstrate equal loading. Protein bandswere quantified using the

ImageJ software.25

2.4 Immunofluorescence

RENCA or CT26 cells (250,000 cells/well) were seeded on sterile

cover slips and subjected to the experimental procedure and then

fixed with cold methanol for 5 min. Cells were permeabilized with

0.25% Triton X-100 in PBS for 10 min and incubated in blocking solu-

tion (4% normal goat serum, 4% normal donkey serum, 0.1% Triton X-

100 in PBS) for 30 min at room temperature. Then cells were incu-

batedovernight at 4◦Cwith theprimary antibodies (mouseanti-human

phospho-RIPK3, ab205421, and rabbit anti-human phosphorylated-

MLKL, ab187091, both fromAbcam)diluted1:250 inblocking solution.

After three washes, cells were incubated with secondary antibodies

(PE-conjugated goat anti-mouse IgG, 115-116-146, Jackson Immuno-

Research Labs, and Alexa Fluor 488-conjugated donkey anti-rabbit

IgG, ab150061, Abcam) diluted 1:500 in 1× PBS for 2 h at room tem-

perature. Coverslipsweremounted on a slidewith Fluoromount-G and

images were acquired by upright fluorescent trinocular microscope

(Olympus BX-60, Tokyo, Japan) using theMS60 camera and theMShot

Image Analysis System V1 (MSHOT, Guangzhou Micro-shot Technol-

ogy Co., Guangzhou, China).

2.5 Caspase activity

The caspase-3 and caspase-8 activity assays (K106 and K113, Biovi-

sion, Milpitas, CA, USA) determine the enzymatic activity of each cas-

pase by measuring the colorimetric signal emitted by the cleavage of

a caspase-specific substrate (the peptide sequences DEVD and IEDT,

respectively) labeledwith the chromophore p-nitroanilide (pNA), using

a microplate reader (DTX880 Multimode Detector, Beckman Coulter,

Pasadena, CA, USA). A total of 5 × 105 tumor cells/well were seeded

in a 24-well plate and subjected to the experimental procedure. Cell

lysates were prepared according to kit protocol and the total protein

concentrations of each lysate were determined using Bradford Ultra

reagent (BFU05L, Expedeon, Cambridge, United Kingdom). A total of

50 µg protein and 100 µg protein per samplewere used for the caspase

3 and caspase 8 activity assays, respectively. Absorbance was mea-

sured at 405 nm.

2.6 Cell viability assay

Tumor cells were seeded (5× 104 cells) in 96-well plates and subjected

to the experimental conditions. After 24 h, 10 µl of the cell counting kit

8 (CCK-8, 96992, Sigma) reagent was added to 100 µl of serum-free

medium. After 1 h at 37◦C, the WST-8 (2-(2-methoxy-4-nitrophenyl)-

3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium

salt), tetrazolium salt was taken up and reduced in themitochondria of

viable cells to a soluble orange formazan dye, and the absorbance that

is directly proportional to the number of viable cells could bemeasured

at 450 nmwith 540 nm reference.

2.7 Lactate dehydrogenase (LDH) activity assay

LDH activity in cell supernatants was measured by the rate of reduc-

tion of NAD+ to NADH by LDH after addition of the LDH reaction mix

according to the kit protocol (ab102526, Abcam). LDHactivitywas cal-

culated according to the color produced at 450 nm at two time points,

according to the kit instructions.

2.8 ATP detection assay

The concentrations of extracellular ATP in the supernatants of cell

cultures were measured using the Luminescent ATP Detection Assay

Kit (ab113849, Abcam). Luciferase and its substrate luciferin were

added to supernatant samples in a black 96-well plate, where pres-

ence of ATP resulted in photon emissions, which were detected by

a microplate luminometer (DTX880 Multimode Detector, integration

time 1000 ms), and compared to a standard curve with known ATP
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concentrations. Endogenous ATPase activity was inhibited by the

kit buffer.

2.9 Cell cytotoxicity assay

Tumor cells were labelled with 2.5 µM Cell Tracker Orange CMTMR

Dye (C2927, Thermo Fisher Scientific) according to reagent protocol,

washed to remove excess dye, counted and seeded in a 96-well plate.

The fluorescent dye freely enters the cells, where it is esterified to

become impermeable. Tumor cells were incubated in media without

phenol red, to avoid its fluorescence, and were induced to die accord-

ing to the experimental procedure. The supernatants were transferred

to a black 96-well plate tomeasure the fluorescent signal spilled to the

medium. Percentage of dead cells was calculated using the equation:

Cytotoxicity (%) = (RFUsample − RFUspontaneous)
(RFUmaximum − RFUspontaneous)

× 100

Detection of DNA fragmentation by ELISA to detect the release

of histone-associated DNA fragments that are typical of apoptotic

death, the Cell Death ELISAplus kit (11774425001, Sigma) was used.

Tumor cell lysates were prepared according tomanufacturer’s instruc-

tions and total protein concentrations were determined using Brad-

ford Ultra Reagent (Expedeon). A mixture of two antibodies was

added to the cell lysates, where the biotinylated anti-histone antibody

that recognizes histone proteins was captured onto the streptavidin-

coated microplate, and the anti-DNA antibody that recognizes single

or double-stranded DNA sequences was linked to HRP. After wash-

ing, the HRP substrate was added and the incubated for 20 min.

Absorbance was measured at 405 nm with a reference of 490 nm

according to kit specifications.

2.10 TUNEL assay

The TUNEL assay was carried out according to the kit instructions

(In Situ BrdU-Red DNA Fragmentation-TUNEL Kit, ab66110, Abcam).

Briefly, 4 × 105 tumor cells were seeded on cover slips and subjected

to the kit protocol. Then cells were fixed with 4% paraformaldehyde

and permeabilized with 20 µg/ml proteinase K and DNA was labeled

with Br-dUTP, washed and stainedwith the fluorescent anti-BrdU-Red

that recognizes 3′-OH on nicked-ends of DNA, and with the fluores-

cent stain 7-AAD that binds to GC-rich regions of DNA in the cells.

Labelled cells were visualized using the fluorescent microscope and

images were captured at a magnification of ×250 from at least three

different fields. The percentage of double-positive cells was quanti-

fied using ImagePro 4.5 software (Media Cybernetics, Inc., Rockville,

MD, USA).

2.11 In vivomousemodel

Vaccination of tumor-bearing mice with the 161-pAb was carried out

as described before.21 Briefly, 2 × 106 RENCA cells were mixed in 200

µl ofmatrigel, andwere subcutaneously injected to the flank of BALB/c

mice (female, 8 wk old) to generate tumors. By day 12, when tumors

were already palpable, mice were i.p. injected with either an irrele-

vant antibody (rabbit IgG) or with the 161-pAb (50 µg per 25 g body

weight each) in three boost injections every 7 d. A total of 39 d after

the implantation of the tumor cells, mice were euthanized and parts of

the tumors were freshly frozen for later analysis byWestern blot anal-

ysis and sandwich ELISA.

Mice were purchased from Harlan Laboratories (Jerusalem, Israel),

and cared for in accordance with the procedures approved by the

Supervision of Animal Experiments Committee at the Technion (Haifa,

Israel; IL-1231013) and outlined in the NIH guideline for the care and

use of laboratory animals.

2.12 RNAseq data analysis

Our previous RNAseq data were deposited before (NCBI’s Gene

Expression Omnibus, GEO Series accession number GSE854400). For

selected genes, previously grouped into the innate immunity and IFN

response metagroups,22 the normalized counts were calculated using

DESeq2 and log base 2 transformed. For each gene the gene’s mean

(taken over all samples) was subtracted. The heat map was launched

using scale = “none.” This part of the study was conducted by the

Genomic Center of the Biomedical Core Facility, at the Faculty of

Medicine, Technion.

Quantitative real-time PCR (qPCR): The total RNA was extracted

from mouse tumor tissues using the total RNA purification kit (Nor-

gen Biotek, Horold, Ontario, Canada), and 2 µg from each sample were

transcribed to cDNA using the qScript cDNA synthesis kit (Quantabio,

Beverly, MA, USA). Expression of CD38, iNOS, CD206, and arginase-

I mRNAs and their reference gene PBGD was determined using the

PerfeCTa SYBR green Fastmix (Quantabio) with the StepOne system

(Applied Biosystems, Foster City, CA, USA) in triplicates according to

themanufacturer’s instructions. The comparativeCTmethodwasused

for relativequantificationwithoneof theRb-IgG immunizedmice serv-

ing as the calibrator for all samples. Primers used are listed in Support-

ing Information Table S1.

2.13 Immunohistochemistry

Antigen retrieval for C3d and CD8 were carried out by microwave

heating in citrate buffer (pH 6.0). The 4-µm-thick paraffin sections

were stained with either the goat polyclonal anti-C3d antibody (R&D

Systems) in a 1:40 dilution or the rabbit polyclonal anti-CD8 antibody

(Bios, Woburn, MA, USA) diluted 1:400. Sections were washed, and

the antibodies were detected with the ZytoChem Plus HRP-Polymer

anti-rabbit (Zytomed, Berlin, Germany) or with donkey anti-goat IgG

diluted 1:500 (Jackson Immuno-Research Labs) for 1 h, then the DAB

substrate was added (Zytomed) and finally the sections were counter-

stained with hematoxylin (Sigma). All sections were viewed under the

bright field trinocular microscope (Olympus BX-60) and images were

acquiredwith theMS60 camera and theMShot ImageAnalysis System

V1 (MSHOT, Guangzhou Micro-shot Technology Co.). The amount of

C3dbound to the tumor cellswas assessed using the ImagePro plus 4.5

software (MediaCybernetics, Inc.) and calculated using theH-score (as

described in Simanovich et al.26)
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2.14 Statistical analysis

All experiments were independently repeated at least four times

and results are represented as mean ± SEM. Statistical significance

between three groups ormorewas determined using one-wayANOVA

with Bonferroni’s post-hocmultiple comparison test, and between two

groups using the Student’s unpaired t-test. Statistical significance was

achieved at P-values less than 0.05 (𝛼 < 0.05).

3 RESULTS

3.1 Mice vaccinatedwith 161-MAP show increase

in genes related to antiviral response

We used the previously reported RNAseq data derived from tumor-

bearing mice vaccinated with 161-MAP and compared to control mice

vaccinated with the scrambled peptide (Scr-MAP),22 to further ana-

lyze the influence of the vaccination process on the expression of

selected genes. Previously, these genes were grouped in two meta-

groups belonging to IFN response and innate immunity. Upon further

analysis of the RNAseq data, we observed a significant increase by

more than 1.8-fold in 38 genes that are associated with an antiviral

response and/or are induced by IFN (IFN-stimulated genes-ISG). These

included (i) several sensors of nucleic acids, particularly of dsRNA

(ddx58/RIG-1, dhx58, fihi1/mda5, tlr3, tmem173/sting, zbp1/DAI, nod1,

nod2); (ii) activators of RNAse L and inhibitors of replication and pro-

tein synthesis (oas2, oas3, EIF2AK2/pkr, Mx1 and Mx2); (iii) E3 ligases

and deubiquitinases that are involved in the inhibition of the NF-𝜅B

pathway, induction of necroptosis, and in the regulation of the IFN

pathway (Cyld, Rnf125, Trim25, Ups18, Isg15, Trim30a); (iv) the caspase

inhibitor Xiap; and (v) transcription factors linked to the IFN pathway

(Irf7, Stat2) (Supporting Information Fig. S1). Despite the variability

between the 161-MAP vaccinated tumors, these geneswere consider-

ably elevated relative to the control tumors vaccinatedwith the scram-

bled peptide. Thus, we concluded that an anti-tumoral response that

resembles an antiviral response with an ISG signature is initiated by

the 161-MAP vaccination process, a response involving recognition of

nucleic acids, particularly dsRNA, and triggering an IFN response. This

conclusion was the conceptual basis for the current study.

3.2 161-pAb together with complement factors kill

tumor cells

To explore whether the anti-EMMPRIN polyclonal antibody (161-pAb)

kills tumor cells efficiently, we first calibrated the in vitro system. We

used the mouse CT26 colon carcinoma and RENCA renal carcinoma

cells, and incubated them with increasing amounts of the antibody in

the presence of complement factors (Supporting Information Fig. S2A),

and then with increasing dilutions of the complement reagent (Sup-

porting Information Fig. S2B). Both cell types demonstrated reduced

viability at a concentration of 0.64 µg/ml of the antibody, and a dilu-

tionof 1:50of the complement factorswas sufficient to drive cell death

with the antibody (P < 0.01), and thus we have used these concentra-

tions in all following experiments. As expected, the antibody alone or

the complement factors alonedidnot inducedeath, andonly their com-

bination resulted in decreased cell viability. To compare the efficiency

of tumor cell death induced by the antibody and complement to other

death-inducing reagents, we calibrated the concentrations of H2O2

and etoposide, and identified 100 and 10 µM, respectively, as con-

centrations that induced death at a similar rate to the death induced

by the antibody and complement factors (Supporting Information

Fig. S2C, S2D).

As determination of cell death by viability assays can be biased by

cell cycle arrest or variations of themetabolic activity ofmitochondria,

we determined the actual death of tumor cells by an assay that relies

on them releasing a fluorescently labeled dye (Cell tracker Orange).

The cells were first labeled and then incubated for 24 h in the pres-

ence of the different cell death inducers (H2O2, etoposide and the

antibodywith complement factors), and the percentage cytotoxicity as

measured by the release of the fluorescent dye to medium was calcu-

lated (Fig. 1A).We show that all death inducers, including the antibody

and complement factors, significantly killed the tumor cells relative to

the untreated cells and at similar rates. To make sure that the com-

plement was activated in the presence of the antibody, we measured

the concentrations of C3a, the product of the C3 proteolytic cleavage.

Naturally, C3a was absence in the in vitro system in the absence of

complement, and high levels were foundwhen complement was added

without the antibody, probably because the complement preparation

was derived from mice serum (Fig. 1B). However, when both comple-

ment and antibody were preset, the levels of C3a were increased by

1.5-fold (P< 0.001) indicating complement activation.

3.3 The 161-pAb and complement factors kill tumor

cells by regulated necrosis

To determine the type of death that is induced by the 161-pAb anti-

body and complement, we next measured known markers of necrosis

and apoptosis (Fig. 1B). H2O2 can kill cells by necrosis,27 and thus we

measured the activity of the enzymeLDH,which is often used to deter-

mine membrane permeability and cell rupture typical of necrosis.28,29

Both cell types released LDH to the medium upon incubation with the

antibodyandcomplement (over4.5-fold,P<0.05, relative tountreated

cells), as well as with H2O2, that served as positive control. In con-

trast, release of LDH to the medium was only marginal in the cells

incubated with etoposide (known to induce apoptosis30) or in the

untreated cells.

One of the hallmarks of apoptotic death is the fragmentation of

nuclear chromatin and production of 3′-OH ends in the broken DNA

strands.29 This was used to determine whether the different reagents

induced apoptotic death in the tumor cells, using both ELISA (Fig. 1B)

and the TUNEL assay (Fig. 1C). Both cell types exhibited similarly

elevated DNA fragmentation levels in cells treated with etoposide

(known to induce apoptosis30,31) and with 161-pAb and complement

factors (3–4-fold, P < 0.001, relative to untreated cells), whereas

untreated cells or cells treated with H2O2 revealed low levels of DNA
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F IGURE 1 Characteristics of the tumor cell death induced by 161-pAb and complement factors. RENCA and CT26 cells were incubated in
serum starvation medium for 24 h with H2O2 (100 µM), etoposide (10 µM) or the 161-pAb (0.64 µg/ml) and complement (diluted 1:50). (A) Tumor
cells (2 × 104 cells) were labelled with Cell Tracker Orange prior to their incubation with the death inducers, and fluorescence in the supernatants
indicated cell cytotoxicity calculated as described in Section 2 (“Methods”) (n = 5 for CT26 cells, n = 7 for RENCA cells). (B) Tumor cells (2 × 105)
were incubatedwith complement (diluted 1:50) and161-pAb (0.64µg/ml) and complement activationwas assessed by the accumulation ofC3a. (C)
Cells (4 × 105 cells/well) were incubated with the death inducers, and LDH activity, a measure of necrosis, was measured in the conditionedmedia
(n = 4–5). Fragmentation of DNA, and caspase-3 activity, both indicators of apoptosis, were measured in tumor cell lysates (n = 5-6). (D) Tumor
cells were stained for DNA breaks (TUNEL assay, anti-BrdU in DNA breaks stained red, 7-aminoactinomycin D staining the DNA in cells in green).
Percentage of double-positive staining are indicated (magnification ×250)
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fragmentation. When we evaluated the activity of caspase-3, another

marker of apoptotic death,32 using its ability to cleave its specific

substrate, we found that cells incubated with etoposide exhibited

increased caspase-3 activity relative to the untreated cells (by 1.5–1.6-

fold, P < 0.01), whereas cells subjected to H2O2 did not demonstrate

a change in caspase-3 activity (Fig. 1B). Surprisingly, cells that were

induced to die by 161-pAb and complement factors showed reduced

caspase-3 activity relative tountreated cells (by1.5–1.8-fold,P<0.05).

Caspase-8 activity is a known checkpoint that dictates the choice

of a specific death pathway. Increased activity of caspase-8 leads to

death by apoptosis, whereas inhibited activity of caspase-8may lead to

the assembly of the necrosome complex.7 We therefore, evaluated the

activity of caspase-8, and found that similar to caspase-3, etoposide

enhanced this activity (by 1.3-fold, P < 0.05) relative to the untreated

cells or cells subjected to H2O2, and the 161-pAb and complement

factors reduced it (by 1.4–1.5-fold, P < 0.05), pointing to necropto-

sis (Fig. 2A). Thus, 161-pAb and complement killed cells in a caspase-

independent manner, ruling out apoptosis, despite the elevated DNA

fragmentation.

Furthermore, incubating both tumor cells with necrostatin-1, an

inhibitor of RIPK1 that is a key component of the necrosome, inhib-

ited the 161-pAb-induced cell death (Fig. 2A). To ascertain that the

necrosome components were indeed activated by 161-pAb, we eval-

uated the phosphorylation and expression of both RIPK3 and MLKL.

We show that whereas the phosphorylation of RIPK3 was relatively

minor in the untreated, H2O2- and etoposide-treated cells, and it was

markedly increased by the 161-pAb and complement (by over 30-fold,

P < 0.01). In comparison, both phosphorylation and expression of the

MLKLproteinwere inducedby this treatment relative to the untreated

cells or other death-inducing treatments, resulting only in and moder-

ate increased in the ratio between the phosphorylated and total pro-

tein (2.5-fold, P < 0.05) (Fig. 2B). Finally, we observed the phosphory-

lated forms of RIPK3 andMLKL at the plasmamembrane of the tumor

cells that were subjected to the antibody and complement, consistent

with the known migration of the activated necrosome to the plasma

membrane (Fig. 2C).

3.4 Double-stranded RNA (dsRNA) released by the

tumor cells activate an antiviral program in

macrophages

During regulated necrosis, cells release DAMPs that might influence

the TME. We assessed the release of three such DAMPs to the condi-

tioned medium (CM). We demonstrate that killing of the tumor cells

by the 161-pAb and complement factors did not change the release

of ATP or IFN𝛽 in comparison to untreated cells or cells induced to

die by H2O2 or etoposide. In contrast, the release of dsRNA was

markedly enhanced in the CM of tumor cells incubated with 161-pAb

and complement factors relative to all other treatments (by about 3-

fold P< 0.01, Fig. 3).

We next asked whether the release of DAMPs could change the

activation mode of macrophages. First, we incubated the RAW 264.7

macrophage-like cells with the CM derived from tumor cells that were

incubated with the different death-inducers. After 24 h of incubation,

we evaluated the secretion and accumulation of different cytokines.

We show that macrophages incubated with CM from tumor cells

treated with 161-pAb and complement factors moderately elevated

their IL-1𝛽 and TNF𝛼 levels relative to macrophages incubated with

CM from untreated cells (by 1.7- and 1.5-fold, respectively, P < 0.05,

Fig. 4Aa–d). In contrast, TGF𝛽 levels were not significantly changed

(Fig. 4Af, Ah). Surprisingly, levels of IL-10, which is considered an anti-

inflammatory cytokine, were markedly induced by the incubation with

CM from cells that were induced to die with the 161-pAb and com-

plement (by about 4-fold, P < 0.001, Fig. 4Ae, Ag). Although TNF𝛼

and IL-1𝛽 levels increased only moderately, IFN𝛽 levels weremarkedly

increased after incubation with CM derived from the tumor cells that

were killed with the 161-pAb antibody and complement relative to

all other treatments (by 3-fold for RENCA, P < 0.05 and by 4-fold for

CT26 cell, P< 0.01, Fig. 4Ai, 4Ak). Moreover, RAW264.7macrophages

that were incubated together with fresh tumor cells and CM from the

161-pAb and complement-induced dying tumor cells demonstrated

increased cytotoxic abilities relative to the other treatments (by

7-fold for RENCA cells, P < 0.001 and by about 4-fold for CT26 cells,

P < 0.001, Fig. 4Aj, Al). However, in the absence of macrophages, this

CM was sufficient to kill only 10–15% of the fresh tumor cells com-

pared to cells incubated with CM from untreated cells. Cumulatively,

these results demonstrate that the dying cells can affect macrophages

found in their vicinity in a paracrinemanner.

We next asked whether the specific release of the dsRNA from

tumor cells induced to die with the 161-pAb and complement fac-

tors (Fig. 3) has a role in the activation of the macrophages. To this

end, we incubated RAW 264.7 macrophages with CM derived from

untreated tumor cells, cells induced to die with 161-pAb and com-

plement factors, or with the same CM that was first incubated with

RNAse III that specifically digests dsRNA prior to its addition to the

macrophages.Weobserved that secretionof IFN𝛽was increasedwhen

RAW 264.7 macrophages were incubated with the CM relative to

the CM from untreated cells (by 3-fold for CT26, P < 0.05 and by 4-

fold for RENCA cells, P < 0.01, Fig. 4Bm, Bp) as we have seen before

(Fig. 4Ai, Ak). Moreover, the secretion of the cytokines IP-10/CXCL10

and TRAIL/TNFSF10 that are induced by the IFN response were also

enhanced (by 3-fold for IP-10, P < 0.01, Fig. 4Bn, Bq and by 6-fold for

TRAIL, P < 0.05, Fig. 4Bo, Br). However, when the CM was digested

with RNAse III prior to its incubation with the macrophages, the ele-

vation in the three cytokines was abolished (Fig. 4Bm–r).

3.5 Mice vaccinatedwith 161-pAb demonstrate

features of regulated necrotic cell death

To confirm that the mechanism described in the in vitro system occurs

in vivo as well, we looked at a mouse RENCA tumor model that was

treated with the 161-pAb anti-EMMPRIN antibody. We have previ-

ously described that the antibody changed the TME by increasing

the local concentrations of IL-1𝛽 , TNF𝛼, and nitrites while inhibit-

ing TGF𝛽 concentrations. Furthermore, macrophages infiltration into

the tumor and their cytotoxic abilities were increased.21 Because
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F IGURE 2 The 161-pAb and complement factors kill tumor cells by regulated necrosis. RENCA and CT26 cells were incubated in serum star-
vationmedium for 24 hwithH2O2 (100 µM), etoposide (10 µM) or the 161-pAb (0.64 µg/ml) and complement (diluted 1:50). Some of the cells were
pretreatedwith the receptor-interacting protein kinase 1 (RIPK1) inhibitor necroststain-1 (50 µM) for 1 h, as indicated. (A) Caspase-8 activity was
measured in cell lysates (n = 7) and the ability of necroststain-1 to inhibit cell death measured by cell counting kit 8 (CCK-8; n = 8) suggested that
161-pAb and complement kill tumor cells by regulated necrosis (necroptosis-like). (B) Representative images of mixed-lineage kinase-like domain
(MLKL) and RIPK3 phosphorylation and the ratio to the total expression of these proteins (n = 4 for each cell type) was enhanced only in the cells
treated with 161-pAb and complement. (C) Representative images of untreated tumor cells or cells treated with 161-pAb and complement were
stained with anti-phosphorylated-MLKL (green staining) and anti-phosphorylated-RIPK3 (red staining). Themerged images show accumulation of
both proteins at the plasmamembrane only in treated cells (magnification ×800)
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F IGURE 3 Cells treated with 161-pAb
and complement release dsRNA. Selected
danger-associated molecular patterns (DAMPs)
released from CT26 and RENCA cells (4 × 105

cells) that were incubated in serum starvation
medium for 24 hwithH2O2 (100 µM), etoposide
(10 µM), or the 161-pAb (0.64 µg/ml) and com-
plement (diluted 1:50) were measured in the
supernatants. (A) ATP (n = 7-8), (B) IFN𝛽 (n = 6),
and (C) dsRNA (n= 6)

CT26 and RENCA cells do not express iNOS,26,33 it is most likely

that the nitrites originated fromM1-activatedmacrophageswithin the

tumors. We now demonstrate that the markers of regulated necro-

sis are elevated in the tumor lysates extracted from tumor-bearing

mice that were treated with 161-pAb relative to mice treated with

a control antibody (rabbit-IgG). First, complement activation occurs

in vivo in the presence of the 161-pAb antibody, as can be evalu-

ated from the increased binding of the C3 cleaved product C3d to the

tumor cells and necrotic tissue (Fig. 5A). The phosphorylated forms

of RIPK3 and MLKL were increased in the 161-pAb treated tumors

relative to control tumors (by 3- and 2-fold, respectively, P < 0.05,

Fig. 5B,C). Likewise, the concentrations of dsRNA in lysates obtained

from 161-pAb-treated mice were increased relative to the controls

(by 1.7, P < 0.0364, Fig. 5D). The levels of IFN𝛽 , IP-10, and TRAIL

were also enhanced in the treated tumor lysates relative to the con-

trols (by 77-, 22-, and 63-fold, respectively, P < 0.05, Fig. 5E–G). More-

over, macrophage activation within the tumors shifted from M2 acti-

vation toM1 activation, as demonstrated by the reduced gene expres-

sion of theM2-activationmarkers CD206 and Arg-I, and the increased

gene expression of the M1-markers CD38 and iNOS (Fig. 5H–K). This

change is not limited to macrophages only, as CD8+ T cells demon-

strate increased infiltration into the tumors, and can secrete more

granzyme B, indicating their efficiency in the anti-tumor response

(Fig. 5L–N).

4 DISCUSSION

The main findings in our study are that the 161-pAb and complement

factors cooperate to induce regulatednecrosis in tumor cells leading to

the selective release of dsRNAasDAMP, and to the subsequent activa-

tion of macrophages in a manner resembling an antiviral activation. To

thebest of our knowledge, this is the first time that anantigen-targeted

therapyusing anantibodyand complement factors is shown to shift the

mode of macrophage activation by triggering regulated necrotic death

of the tumor cells.

First, our renewed analysis of our previously published RNAseq

results22 indicated that the 161-MAP vaccination triggered a broad-

scope anti-tumoral response that resembles an antiviral responsewith

a distinct ISG signature. This directed us to look for a mechanism that

could explain how the IFN response was initiated and how it changed

the TME. In two studies, we have previously demonstrated that vacci-

nationwith either an anti-EMMPRINantibody (161-pAb) or amodified

EMMPRINpeptide (161-MAP) resulted in a similar change of the TME.

Because we have shown that 161-MAP vaccination triggered the

production of anti-EMMPRIN polyclonal antibodies,22 we concluded

that the commondenominator between these two approacheswas the

presence of anti-EMMPRIN antibodies. Therefore, we asked whether

these antibodies were sufficient to trigger an IFN response that would

change the TME.
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F IGURE 4 The dsRNA released by the tumor cells activates an antiviral program in macrophages. (A a–i, k) RENCA and CT26 cells were
incubated with the death inducers as before, and the conditioned media were collected, and added to RAW 264.7 macrophages (5 × 105 cells) at
a 1:1 ratio. After incubation of 24 h, supernatants were collected and cytokine concentration reflecting on macrophage activation were measured
by ELISA (n = 5). (Ai, Aj) Fresh tumor cells (2 × 104 cells) were labeled with Cell Tracker, and then incubated with RAW 264.7 cells (104 cells) and
the conditioned media from the tumor cells previously induced to die by the different cell inducers were added at a 1:1 ratio (n = 6). Florescence
released from the cells indicated cell death that was calculated as described in the Section 2 (“Methods”). (B) Conditioned media from CT26 and
RENCA cells (4 × 104 cells) that were untreated or incubated with the 161-pAb and complement factors as before, were added to RAW 264.7
macrophages (2 × 104 cells). Alternatively, the conditionedmediumwas first digested with RNAse III (10 U/ml for 30min at 37◦C) and then added
to themacrophages at a 1:1 ratio. Concentrations of IFN𝛽 , IP-10 and TRAIL were determined by ELISA (n= 5)

Using an in vitro system, we first showed that the combina-

tion of 161-pAb and complement was sufficient to trigger regulated

necrotic death. We found that in cells induced to die by 161-pAb

and complement, LDH activity and DNA fragmentation increased,

whereas caspase-3 activity was inhibited. Increased LDH activity is

strongly associated with increased cell permeability and rupture.28

DNA fragmentation as a marker of DNA damage is found in differ-

ent cell death pathways, including necroptosis.34,35 Therefore, the
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F IGURE 5 The161-pAb treatment inRENCAtumor-bearingmice induced regulatednecrosis. RENCAtumor cells (2×106 cells)were injected
to the flank of BALB/c mice, and at day 12, when tumors became palpable, mice were i.p. injected with the 161-pAb (50 µg) every 7 d for a total of
3boost injections. Thenegative control group received injectionsof an irrelevant antibody (rabbit-IgG).Micewereeuthanizedonday39, and tumor
lysateswere extracted. Representative images of (A) C3dbound to tumor cells and its quantitation (n=4), bar size is 50µm. (B) phosphorylated and
totalmixed-lineage kinase-like domain (MLKL) and (C) phosphorylated and total receptor-interacting protein kinase 3 (RIPK3) and the quantitation
of their ratio (n = 4). The concentrations of (D) dsRNA, (E) IFN𝛽 , (F) IP-10, and (G) TRAIL were determined by ELISA (n = 5). The gene expression
levels of the macrophages M2-activation markers (H) CD206 and (I) Arg-I, and the macrophages M1-activation markers (J) CD38 and (K) iNOS
were assessed by qPCR (n = 6). (L) Representative images of CD8+ T cell infiltration, (M) their quantification (n = 5), and (N) concentrations of
granzyme B (n= 6)
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finding that 161-pAb and complement increased both LDH activity

and DNA fragmentation, but inactivated caspase-3, suggested a regu-

lated, caspase-independent necrotic pathway.We therefore examined

the typical molecules involved in necroptosis. Tumor cells that were

incubated with 161-pAb and complement inhibited their caspase-8

activity, whereas cells incubatedwith the apoptosis-inducer etoposide

increased it. Caspase-8 activity is an important checkpoint, and its inhi-

bition is necessary for the triggering of necroptosis.36 We could also

show that both RIPK3 and MLKL were highly phosphorylated, sug-

gesting that 161-pAb and complement activated them, and that MLKL

expression was elevated after 24 h of treatment. This was in contrast

to our controls of untreated cells, and cells induced to undergo necro-

sis byH2O2 or apoptosis by etoposide. Finally, we could show that pre-

incubationwith the RIPK1 inhibitor necrostatin-1 abolished the ability

of the 161-pAb and complement to induce death. Cumulatively, these

results suggest that the antibody and complement triggered a form of

regulated necrosis, which is very similar to death-receptors-induced

necroptosis.

These results are in agreement with a previous study that demon-

strated the ability of the complement to activate RIPK1, RIPK3, and

MLKL, and to induce a necroptosis-like cell death via complement-

dependent cytotoxicity (CDC).37 However, it is still unclear which sig-

naling pathways activate these proteins. Likewise, the relative contri-

bution of the complement factors and the antibody to this triggering

are not yet described. It is likely that the antibody and the comple-

ment induce different pathways that collaborate to trigger the inacti-

vation of caspase-8 and the activation of the necrosome. However, this

merits further investigation. The inactivation of caspase-8 that allows

the assembly of the necrosome is characteristic of necroptosis.36,38,39

However, necroptosis usually requires triggering by the binding and

activation of a death receptor, such as the receptors for TNF𝛼, Fas,

or TRAIL.39 Our results show that both the complement and the anti-

EMMPRIN antibody are required to induce regulated necrosis, with-

out the activation of a specific death receptor. Because EMMPRIN is

a receptor by itself, which binds to multiple proteins including itself

via homophilic interactions,40,41 we suggest that the binding of the

antibody to the EMMPRIN receptor may activate a signaling pathway

that later collaborateswith the signaling triggered by the complement.

However, thiswarrants a separate study and is beyond the scopeof this

paper. If proven correct, it may suggest that because not every anti-

body directed against any tumor-associated antigen will necessarily

trigger such a regulated necrotic death, target selection in any poten-

tial therapy should take into account the ability of the target to trigger

regulated necrosis.

We have previously demonstrated that vaccination resulted in

increased infiltration of macrophages and CD8+ T cells into the tumor

and enhanced their cytotoxicity.21,22 Here we show that 161-pAb and

complement are sufficient to induce regulated necrotic death that

resembles necroptosis. Because necroptosis has been associated with

induction of ICD,42 and based on our previous results, we propose that

the 161-pAb with complement can induce ICD in vivo. However, CDC

that relies on the presence of both complement factors and the binding

of an antibody and drives necrotic death, has not been associated with

ICD43 until now.

Investigating how 161-pAb-induced cell death initiates ICD, we

have shown that the death induced by 161-pAb and complement

released high level of dsRNA to the CM, whereas the release of other

DAMPs, such as ATP or IFN𝛽 , did not change between the different

treatments. This suggests that the type of cell death determines the

nature, quantity, and immunogenicity of theDAMPs released.7 Nucleic

acids have been recognized as importantDAMPs that activate immune

cells, induce the IFN response,44 and contribute to ICD.6 Because the

analysis of theRNAseq results indicated that themajordsRNAsensors,

tlr3, Ddx58/RIG-I, and Ifih1/MDA5, were up-regulated, we predicted

that dsRNA is involved. However, DNA sensors, such as Zbp1/DAI and

Tmem173/STING were also elevated, suggesting that we have not yet

identified all the relevant released DAMPs, or that the IFN response

that followed the release of the dsRNA elevated these genes as part

of the anti-tumoral program.We have verified that dsRNAwas indeed

specifically released by the regulated necrotic death, as necrosis or

apoptosis did not release dsRNA above the basal level. However, the

mechanism for the release of the dsRNA and its biochemical charac-

terization were not investigated here, and it may originate from latent

viral genomes, noncoding RNA, or tertiary structures of mRNA.

We next examined the effects of the 161-pAb-induced death on

the shift of the immune suppressive TME into an immune permis-

sive one. We chose to look at macrophages because of their preva-

lence in the TME, their ability to regulate the activity of other immune

cells, and their central role in determining the immunosuppressive

nature of the TME.45 In the TME,macrophages aremostly activated as

M2 macrophages that promote tumor progression, angiogenesis, and

metastasis, and therefore, strategies to skewmacrophages to theirM1

mode of activation are of high importance.46 We show that the reg-

ulated necrotic death shifted macrophage activity toward the antivi-

ral M1mode of activation. Although the secretion of proinflammatory

cytokines (IL-1𝛽 , TNF𝛼) was onlymoderately increased, we observed a

marked elevation in secreted IFN𝛽 .We note that the level of TFG𝛽 , the

main anti-inflammatory cytokine in the TME, was unchanged, and the

markedelevationof anti-inflammatory IL-10couldbe interpretedasan

enhancedanti-tumoral response, due to its ability to stimulate cytotox-

icity of CD8+ T cells.47 The cytotoxic capabilities of the macrophages

were enhanced after exposure to the CM obtained from cells treated

with 161-pAb and complement, further indicating a shift toward M1

activation. These macrophages secreted not only IFN𝛽 itself, but also

other ISGs, such as IP-10/CXCL10 and TRAIL/TNFSF10, confirming

our conclusion from the RNAseq results. Furthermore, the ability of

macrophages to secrete IFN𝛽 , IP-10, andTRAILwasabolishedonce the

CM was digested with RNAse III, suggesting that the dsRNA was nec-

essary to induce the IFN response in themacrophages.

Lastly,we showed that the regulatednecrotic death alsooccurred in

vivo,whenwevaccinated tumor-bearingmicewith the161-pAb, as the

phosphorylation of RIPK3 andMLKL, the levels of dsRNA, and the lev-

els of IFN𝛽 , IP-10, and TRAIL were all increased in the immunizedmice

relative to their controls. Furthermore, we demonstrated in vivo that
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macrophage repolarization from M2- to an M1-activation mode does

occur, and that CD8+ T cells enhance their infiltration into the tumor.

Because tumor tissues were harvested at the end of the experiment

after three boost injections of the antibody, and we did not observe

in vivo the initial stages of macrophage polarization, we cannot cate-

gorically claim that macrophages are responsible for driving the grad-

ual change in the TME. However, the central role of macrophages has

been demonstrated by the in vitro system. Moreover, the importance

of macrophages in determining the immunosuppressive TME and pro-

moting tumor progression, as well as the anti-tumoral responses that

their depletion evokes,48–50 support our conclusion that macrophage

repolarization drives the process of shifting the TME to allow an anti-

tumoral response.

We conclude that 161-pAb together with complement factors is

sufficient to initiate tumor cell death by regulated necrosis. This type

of death is responsible for the secretion of dsRNA molecules, which

are then taken up by the neighboringmacrophages. The dsRNA is suffi-

cient to skewmacrophage activation toward theM1 activation, allow-

ing the secretion of higher amounts of IFN𝛽 , IP-10 and TRAIL. Over

time and with repeated boost injections, this response may amplify

itself, as more IFN𝛽 and TRAIL are secreted and may continue to trig-

ger necroptosis in tumor cells,18 andmore leukocytes, especially effec-

tor CD8+ T cells, are recruited to the site by IP-10.51 This model is

similar to therapy using oncolytic viruses, that cause tumor cells to

die by ICD, release nucleic acids, and induce an IFN response that

gradually changes the TME.52 It is also possible that regulatory cells

in the TME (e.g., TAMs, T regulatory cells) that express the TRAIL

receptors53,54 are gradually depleted, thus allowing a better anti-

tumoral response. Thus, treatment with the anti-EMMPRIN antibody

can gradually change the TME and might even prove beneficial in pre-

venting tumor resistance to therapy. This model awaits further investi-

gation.
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