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Phagocytosis of necroptotic cells optimizes type 1 conventional
dendritic cells for induction of a cytotoxic T-cell response
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Whether a T-cell response to dead cells arises depends on whether they harbor recognizable antigens, but also how dead cell
debris impacts conventional dendritic cells (cDCs). In all tissues, cell debris is continuously phagocytosed by cDCs that can migrate
to lymph nodes (LNs) and initiate T-cell responses, depending on their maturation state. The cDC1 lineage excels at antigen cross-
presentation, which is required for induction of the CD8" cytotoxic T-lymphocyte (CTL) response. At steady state, cDC1s undergo
homeostatic maturation, which leads to T-cell non-responsiveness. This cDC1 state has recently been defined by ex vivo
transcriptomics as resulting from phagocytosis of apoptotic cell debris. Necroptotic (tumor) cell death has been described as more
immunogenic than apoptotic cell death, but its impact on cDC maturation has not been defined. In this study, we use an in vitro
model to compare side-by-side the impact of well-defined apoptotic versus necroptotic tumor cell debris on the CTL response
induced by cDCs, as well as on phenotype and function of both cDC1s and cDC2s. We confirm that cDC2s are less efficient than
cDC1s in dead cell phagocytosis and find that they minimally respond to it in terms of gene expression. Apoptotic cell debris is
more efficiently phagocytosed by cDC1s than necroptotic cell debris and induces a cDC1 cell state in vitro that has an evident
transcriptomic relationship to the homeostatic maturation state defined ex vivo, thus validating our approach. We identify
necroptosis as more potent than apoptosis in inducing a CTL response and attribute this to the ability of necroptotic cell debris to
induce a specific, transcriptomically defined maturation state in cDC1s, characterized by cytokine and phosphoinositide signaling,
cytoskeletal and metabolic activity and functional differentiation. We suggest that this cDC1 signature may be used to diagnose

immunogenicity of necroptosis ex vivo.
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INTRODUCTION

The idea to modulate regulated cell death (RCD) to direct
immunity in cancer or other diseases is attractive, but rational
intervention requires further understanding of how different cell
death modalities impact immune regulation [1]. In general terms,
cell death may be immunologically silent, proinflammatory, or
immunogenic, wherein immunogenicity is defined as the ability to
invoke a T-cell response [2]. The process of T-cell priming relies on
¢DCs that drive CD8" and CD4™ T-cell proliferation and effector
differentiation by presenting antigens and providing essential
costimulatory and cytokine signals [3-5]. At steady-state, as well as
during infection or other immunological challenges, <DCs
phagocytose cell debris in peripheral tissues and traffic to
draining lymph nodes (LNs) [6], guided by the CCR7 chemokine
receptor [4]. There, cDCs present peptides generated from
ingested proteins on major histocompatibility (MHC) molecules
to naive T cells. Among the two ¢DC lineages, cDC1s are best
equipped to phagocytose particulate cell debris, process it into
peptides (antigens) via the cross-presentation pathway and
present these in MHC-I to CD8* T cells [7]. The cDC2 lineage is
hallmarked by expression of SIRPa [8], the receptor for the “don’t
eat me” signal CD47 [9, 10]. Therefore, cDC2s are more specialized

in processing soluble molecules in the endolysosomal system and
presenting these in MHC-Il to CD4" T cells.

Cell death will lead to release of antigens that may be
recognizable by T cells, but whether a T-cell response ensues
depends on the ability of dead cells to invoke an immunogenic
cDC state [4, 11]. Under homeostatic conditions, apoptotic cell
death ensures the immunologically silent removal of damaged
and unwanted cells during remodeling and turnover of healthy
tissues. Apoptotic cells are phagocytosed by ¢DC1s that subse-
quently undergo homeostatic maturation, allowing them to
express CCR7 and migrate to LNs [6, 12, 13]. Under these
conditions, cDCs maintain tolerance to self-antigens by preventing
activation of sporadic self-reactive T cells, both directly and via
regulatory T-cell (Treg) activity [11, 14]. During infection or cancer,
other modes of RCD may come into play, specifically necroptosis
and pyroptosis. These are lytic forms of cell death that are
considered to be more inflammatory, due to the release of
intracellular content, as well as the production of pro-
inflammatory IL-1B and IL-18 in the case of pyroptosis [15].
Interestingly, these modes of cell death have been acquired later
in evolution and do not play a role in normal tissue homeostasis,
but rather in the defense against infection [15].

"Department of Immunology, Leiden University Medical Center, Leiden, The Netherlands. 2Oncode Institute, Leiden University Medical Center, Leiden, The Netherlands.

HMemail: j.g.borst@lumc.nl

Received: 8 August 2025 Revised: 18 January 2026 Accepted: 17 February 2026

Published online: 28 February 2026

Official journal of CDDpress

SPRINGER
CDDpress


http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-026-01689-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-026-01689-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-026-01689-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-026-01689-7&domain=pdf
http://orcid.org/0000-0001-8568-6248
http://orcid.org/0000-0001-8568-6248
http://orcid.org/0000-0001-8568-6248
http://orcid.org/0000-0001-8568-6248
http://orcid.org/0000-0001-8568-6248
http://orcid.org/0009-0008-3862-1239
http://orcid.org/0009-0008-3862-1239
http://orcid.org/0009-0008-3862-1239
http://orcid.org/0009-0008-3862-1239
http://orcid.org/0009-0008-3862-1239
http://orcid.org/0000-0002-3500-8649
http://orcid.org/0000-0002-3500-8649
http://orcid.org/0000-0002-3500-8649
http://orcid.org/0000-0002-3500-8649
http://orcid.org/0000-0002-3500-8649
http://orcid.org/0000-0003-2402-4245
http://orcid.org/0000-0003-2402-4245
http://orcid.org/0000-0003-2402-4245
http://orcid.org/0000-0003-2402-4245
http://orcid.org/0000-0003-2402-4245
http://orcid.org/0000-0003-1755-1709
http://orcid.org/0000-0003-1755-1709
http://orcid.org/0000-0003-1755-1709
http://orcid.org/0000-0003-1755-1709
http://orcid.org/0000-0003-1755-1709
http://orcid.org/0000-0002-8043-5009
http://orcid.org/0000-0002-8043-5009
http://orcid.org/0000-0002-8043-5009
http://orcid.org/0000-0002-8043-5009
http://orcid.org/0000-0002-8043-5009
https://doi.org/10.1038/s41418-026-01689-7
mailto:j.g.borst@lumc.nl
www.nature.com/cdd

M.D. Staal et al.

It is generally accepted in the field that stimulation of cDCs by
specific pathogen-associated molecular patterns (PAMPs) converts
them from a tolerogenic to an immunogenic state [12, 13]. <DCs
express a multitude of pattern recognition receptors (PRRs),
including Toll-like receptors (TLRs), that via well-defined intracel-
lular signaling pathways lead to ¢cDC maturation. The (potential)
immunogenicity of cell death under non-infectious conditions
such as cancer has been associated with the release of damage-
associated molecular patterns (DAMPs) [2]. DAMPs are emitted by
stressed and dying cells and can likewise bind to a variety of PRRs,
including TLRs, cGAS, ZBP-1, as well as RIG-I and NOD-like
receptors [16]. Several DAMPs were shown to contribute to
immunogenicity of cancer cells after induction of cancer cell death
by specific drugs and ionizing radiation [2, 17, 18]. Proteomic
analysis has shown that apoptosis or necroptosis of the same cell
type can be discerned based on release of specific intracellular
contents [19], but classically defined DAMPs are not key
discriminating factors [20]. DAMPs and other soluble factors
released by dying cells may act as “find me” and “eat me” signals,
promoting phagocytosis, or directly promote the immunogenic
state of antigen presenting cells [2]. Thus far, however, it is unclear
which signals define the immunogenic state of cDCs after
different forms of RCD.

It is therefore important to study the impact of dead/dying cells
on ¢DGCs. Transcriptional profiling has pointed out that ¢DC1s
matured under either homeostatic or PRR-induced immunogenic
conditions share a set of maturation genes and both upregulate
CCRY7 and costimulatory molecules CD80, CD86, and CD40 [12, 13].
Under homeostatic conditions, however, regulatory T cells (Tregs)
attenuate the costimulatory capacity of cDCs [21], while under
immunogenic conditions this activity is overruled. Discerning
features between tolerogenic and immunogenic cDCls are
expression of a cholesterol biosynthesis program versus a type |
IFN signature [12, 13], but how this difference impacts Treg activity
is not known. Thus, it is of great interest to further define the
effect of different RCD modalities on cDC maturation states, in
order to understand the immunogenic switch.

We here compared the impact of apoptotic versus necroptotic
tumor cells on murine cDC1s and cDC2s and the ability of cDCs to
induce a CTL response. Necroptosis, as triggered by e.g. death
receptors or PAMPs, impinges on pore formation in cellular
membranes by mixed lineage kinase domain-like pseudokinase
(MLKL), which lies downstream of receptor-interacting serine/
threonine-protein kinase (RIPK)3 [22], the central mediator of
necroptosis [23]. Previous studies in mice have shown that
necroptotic tumor cells were more immunogenic than apoptotic
tumor cells, as read out by induction of a CD8" T-cell response,
tumor elimination and generation of immunological memory
[24-28]. The T-cell response relied on cDCTs, but impact on cDC
phenotype and gene expression was not determined. Therefore,
we examined side-by-side how tumor cells dying via apoptosis or
necroptosis affect state and function of murine ¢DCs, using
cellular assays, flow cytometry and transcriptomics. Our findings
highlight the unique ability of necroptotic cells to induce a specific
maturation state in cDC1s rather than cDC2s, which is associated
with superiority in CTL priming.

RESULTS

Validation of ligand-free inducible models for apoptotic or
necroptotic tumor cell death

As a model system, we used the murine lung carcinoma cell line
TC-1 [29] that we genetically engineered to conditionally
overexpress either BH3-only protein BimS (TC-1-iBimS) to induce
apoptosis [30] (Fig. 1A), or a homo-oligomerizing form of RIPK3
(TC-1-iRIPK3) to induce necroptosis (Fig. 1B), by use of the
cumate gene switch (Fig. S1A) [31]. After overnight gene
induction with cumate, morphology-based analysis of dying
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TC-1-iBimS cells revealed clear characteristics of apoptosis, such
as membrane blebbing and apoptotic bodies (Fig. 1C). BimS
overexpression led to increased plasma membrane permeability
as measured by Cytotox Dye incorporation (Fig. 1D, Movie 1),
Caspase-3/7 activity as measured with fluorogenic substrate
(Fig. 1E) and phosphatidylserine exposure as measured by
Annexin V fluorescent dye (Fig. S1B), which were fully blocked
by pan-caspase inhibitor Q-VD-OPh (Fig. 1D, Movie 2, Fig. 1E,
Fig. S1B). Dying TC-1-iRIPK3 cells became swollen and remained
mostly as one entity without clear cellular structures (Fig. 10),
indicating necroptotic cell death. Furthermore, RIPK3 over-
expression resulted in loss of membrane integrity as shown by
Cytotox Dye incorporation (Fig. 1F, Movie 3) and phosphatidyl-
serine exposure, which were blocked by MLKL inhibitor
GW806742x (Fig. 1F, Fig. S1C, Movie 4). Confirming the
necroptotic nature of RIPK3-induced cell death, Caspase-3/7
activity was absent (Fig. 1G) and pan-caspase inhibition with Q-
VD-OPh did not affect dying TC-1-iRIPK3 cells (Fig. S1D). Cell
death of TC-1-iBimS cells was delayed by GW806742x, but not
inhibited (Fig. STE, Movie 5), excluding MLKL involvement. Taken
together, we generated and validated TC-1 tumor cell lines to
conditionally undergo apoptosis or necroptosis upon cumate-
induced expression of either BimS or oligomerizing RIPK3.

Uptake of necroptotic cells endows c¢DCs with optimal ability
to induce CD8" T-cell expansion

We next investigated the impact of apoptotic versus necroptotic
cell death on T-cell priming in an in vitro assay, using primary cDCs
and T cells from mice. Since cDCs occur in very low frequencies,
we s.c. implanted in mice B16 tumor cells expressing FLT3 ligand,
which stimulates ¢DC generation from progenitor cells [32]. The
cDCs were enriched by magnetic sorting from spleens based on
CD11c expression [33] and used with a purity of 85% or higher,
with an average cDC1 to cDC2 ratio of 1:1 (Fig. S2). With these
cDCs, we first set up and validated a priming platform with full-
length chicken ovalbumin (OVA) as model antigen. Choice of this
antigen enabled use of OT-l responder CD8" T cells that express a
transgenic TCR recognizing OVA,s7.264 peptide in the context of
MHC-I (H-2KP) (Fig. 2A). Purified primary cDCs were loaded for 6 h
ex vivo with soluble (s) full-length OVA, after which CellTrace
Violet (CTV)-labeled OT-I cells were added, and cells were co-
cultured for 1-4 days. The cDCs loaded with sOVA could stimulate
OT-l proliferation, as shown by CTV dilution (Fig. S3A). This
response depended on cDCs, as OT-I cells incubated with sOVA in
absence of ¢cDCs did not proliferate (Fig. S3B). We next introduced
a cDNA construct encoding full-length OVA in TC-1-iBimS and TC-
1-iRIPK3 cells (Fig. S3C), to enable read out of the OT-I T cell
response to dying tumor cells.

After this validation, ex vivo cDCs were loaded for 6 h with
either apoptotic or necroptotic tumor cells and co-cultured with
CTV-labeled OT-l cells (Fig. 2A). For this purpose, the medium
overlaying the dead/dying TC-1 cells was harvested by pipetting
and added as such, without centrifugation, in equal volumes to
the cDCs. Both BimS-OVA DCs and RIPK3-OVA DCs induced OT-
proliferation, as shown by CTV dilution over time (Fig. 2B). This
response was fully dependent on ¢DCs (Fig. S3B). More OT-I cells
entered the cell cycle and proliferation was more advanced
when induced by RIPK3-OVA DCs compared to BimS-OVA DCs
(Fig. 2B). This was likely not due to higher antigenic load, since
OVA protein levels were lower in TC-1-iRIPK3-OVA cells than in
TC-1-iBimS-OVA cells (Fig. S3C) and total protein amount in
medium from TC-1-iBimS-OVA cells was lower when compared
to TC-1-iRIPK3-OVA cells (Fig. S3D). At day 4 after stimulation
with RIPK3-OVA DCs, almost all OT-I cells had entered the cell
cycle and the largest proportion had already reached maximum
CTV dilution (Fig. 2B, C). In contrast, after stimulation with BimS-
OVA DCs, more than 20% of OT-I cells had not entered the cell
cycle, and only a small proportion had reached maximum CTV
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Fig. 1 Validation of inducible apoptosis or necroptosis in engineered TC-1 tumor cells. A, B Graphical illustrations of signaling pathways
involved upon cumate-induced overexpression of BimS leading to apoptosis A, or RIPK3 leading to necroptosis B. C Representative light
microscopy images of indicated TC-1 cells, untreated or treated with cumate for 24 h. Blue arrowheads: apoptotic bodies; black arrowheads
and magnified black inlay: membrane blebbing; yellow arrowheads: cell swelling; red arrowheads and magnified red inlay: dying cell
morphology. Scale bar represents 40 um. D-G Real-time Incucyte analysis of Cytotox Dye incorporation D, F and Caspase-3/7 activity E, G in
TC-1-iBimS and TC-1-iRIPK3 cells during indicated treatments. Means+SD of technical triplicates are shown, representative of two
independent experiments.
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Fig. 2 OVA-specific CD8" T-cell proliferation induced by cDCs after phagocytosis of apoptotic or necroptotic TC-1-OVA cells.
A Experimental design of the cDC-OT-I T cell co-culture platform. Created in BioRender. OVA-expressing TC-1 cells were treated overnight with
cumate and cell debris (medium) was added at a 1:1 ratio of plated TC-1 cells to cDCs. As control, cDCs were loaded with 250 ug/ml sOVA. OT-
T cells and loaded cDCs were co-cultured at a 25:1 ratio. B Representative flow cytometry histograms showing CellTrace Violet (CTV) dilution
in OT-l cells after 1, 2, 3, and 4 days of co-culture with indicated cDCs. Numbers in the histograms indicate CTV dilution peaks. C Frequency of
OT-l cells in each CTV dilution peak after 4 days of co-culture with indicated cDCs. Division index D and proliferation index E of the OT-I cell
population after 4 days of co-culture with indicated cDCs. Means + SD of two independent experiments are shown in C and means = SD of
three independent experiments in D and E. **P < 0.01; one-way ANOVA with Tukey’s multiple comparisons test.

dilution (Fig. 2B, C). The division index of OT-I cells, calculated as
the average number of divisions of each cell in the original
population, was significantly higher after stimulation by RIPK3-
OVA DCs than by BimS-OVA DCs (Fig. 2D). Likewise, the
proliferation index was higher, calculated as the average
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number of divisions undergone by cells that had entered cell
cycle (Fig. 2E). These results show that cDCs that have
phagocytosed necroptotic cells are more proficient in inducing
clonal expansion of antigen-specific CD8" T-cells than ¢DCs that
have phagocytosed apoptotic tumor cells.

Cell Death & Differentiation



Uptake of necroptotic cells endows c¢DCs with optimal ability
to induce CTL differentiation

We next determined the effects of apoptotic and necroptotic
tumor cell death on effector differentiation of OT-I cells. Upon
confrontation with OVA-loaded <DCs, OT-I T-cells acquired an
activated effector phenotype, as identified by upregulation of
CD44 and (partial) loss of CD62L expression (Fig. 3A). In the 3-day
time frame, a proportion of OT-I cells stimulated by BimS-OVA DCs
remained naive, whereas stimulation by RIPK3-OVA DCs resulted
in a significantly larger proportion of CD44" cells (Fig. 3A, B). Naive
CD8" T cells do not express programmed cell death protein 1
(PD-1), but it is rapidly upregulated upon TCR signaling [34].
Accordingly, stimulation by BimS-OVA DCs and RIPK3-OVA DCs
increased the percentage of divided (CTV)PD-1* OT-l cells as
compared to stimulation with unloaded ¢DCs (Fig. 3C). Moreover,
the frequency of CTV'PD-1* OT-l cells was significantly higher after
stimulation by RIPK3-OVA DCs than BimS-OVA DCs (Fig. 30), in
agreement with a proportion of OT-l cells remaining naive after
stimulation with BimS-OVA DCs. The frequency of CTV" OT-I cells
expressing the transcription factor T-bet was higher after
stimulation by RIPK3-OVA DCs than BimS-OVA DCs (Fig. 3D). This
suggested better CTL effector differentiation of OT-I T cells after
stimulation with RIPK3-OVA DCs, since T-bet is one of the key
drivers of this process [35].

Indeed, the frequency of CTV" OT-l cells expressing the key
cytotoxic effector molecule granzyme B (GZMB) was much higher
upon stimulation by RIPK3-OVA DCs compared to BimS-OVA DCs
(Fig. 4A). To test killing capacity of OT-I cells, we first co-cultured
CTV-labeled OT-I cells with cDCs as described in Fig. 2A and sorted
CTV-diluted OT-I cells at day 3. These OT-l cells were tested for
their capacity to kill either TC-1 WT or TC-1-OVA cells in an
Incucyte assay, using Caspase-3/7 activity as read-out (Fig. 4B). TC-
1-OVA cells, but not TC-1 WT cells showed Caspase-3/7 activity,
indicating antigen-specific killing by OT-I cells (Fig. 4C). In line with
higher GZMB levels (Fig. 4A), OT-l cells had a greater killing
capacity after stimulation by RIPK3-OVA DCs than by BimS-OVA
DCs (Fig. 4C, D). The collective data show that cDCs are better able
to prime a CTL response after uptake of necroptotic tumor cells as
compared to apoptotic tumor cells.

Apoptotic cells debris is most efficiently phagocytosed by
both cDC1s and cDC2s

To delineate why cDCs were more proficient in inducing a CTL
response after uptake of necroptotic cell debris, we first examined
how efficiently cDCs phagocytosed apoptotic versus necroptotic
tumor cell debris. The c¢DCs were isolated as before and co-
cultured with dead TC-1-iBimS and TC-1-iRIPK3 cells that had been
labeled with CellTracker Green (CTG) CMFDA prior to cell death
induction. This setup allowed us to track phagocytosis by flow
cytometry as CTG fluorescence in both ¢cDC1 and ¢DC2 subsets
that were detected by specific cell surface markers (Fig. 5A). Total
cDCs with a purity of 85% or higher were gated based on high
MHC-II and CD11c expression and in this gate, cDCls were
discerned by XCR1 and CD8a co-expression and cDC2s by SIRPa
and CD11b co-expression (Fig. S2). The frequency of CTG* c¢DC1s
(Fig. 5B) and ¢DC2s (Fig. 5C) increased over time after confronta-
tion with either apoptotic or necroptotic cell debris, indicating
phagocytic activity, which was lower for cDC2s than cDCls, as
expected [11]. Importantly, apoptotic debris was more efficiently
phagocytosed than necroptotic debris by both ¢cDC1s (Fig. 5B) and
¢DC2s (Fig. 5C). This difference could not be explained by a larger
amount of debris being released after apoptosis, since uptake of
apoptotic debris was still higher when cDCs were incubated with 2
to 4 times more necroptotic cells than apoptotic cells (Fig. S4A, B).
We conclude therefore that both cDC1s and cDC2s phagocytose
apoptotic tumor cell debris more efficiently than necroptotic
tumor cell debris, with cDC1s being most proficient at
phagocytosis.
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Maturation profiles of cDC1 and ¢DC2 differ after
phagocytosis regardless of cell death mode

To monitor maturation of ¢cDC subsets, we analyzed expression of
relevant cell surface markers by flow cytometry after 6 h of co-
culture with CTG-labeled apoptotic or necroptotic tumor cells.
Regardless of the mode of cell death, cDC1s that engulfed tumor
cell debris according to CTG fluorescence showed similar
increased expression of CD80 (Fig. 6A) and CD86 (Fig. 6B), the
ligands of T-cell co-stimulatory receptor CD28 [34, 36]. cDC1s also
had similar increased expression of CD40 (Fig. S5A), MHC-II
(Fig. S5B) and PD-L1 (Fig. S5C), which all play an important role in
cDC activation [37-39]. PD-L1 can bind to PD-1 that gives T cells
an inhibitory signal, but it can also form a heterodimer with CD80
that selectively engages T-cell costimulatory receptor CD28 and
relays signals important for ¢DC migration [39, 40]. cDC2s
responded less strongly than ¢DC1s but acquired similar profiles
after phagocytosing either apoptotic or necroptotic debris,
upregulating CD80 (Fig. 6C), CD86 (Fig. 6D), CD40 (Fig. S5D), and
MHC-II (Fig. S5E), but not PD-L1 (Fig. S5F). cDC1s (Fig. 6E), but not
cDC2s (Fig. 6F) upregulated the chemokine receptor CCR7 after
uptake of either type of tumor cell debris, which is critical for
migration to dLNs [6]. These data show that concerning the
markers measured, cDC1s and cDC2s show cell type-specific
responses to uptake of dead cell debris, regardless of the mode of
cell death.

Uptake of necroptotic tumor cells induces a unique gene
expression profile in cDC1s

To deepen our understanding of the responses of ¢cDCls and
cDC2s to apoptotic versus necroptotic tumor cell debris, we
performed transcriptome analysis. The ¢DCs were prepared and
exposed to tumor cell debris as described in Fig. 5A (without CTG
staining), or to medium from wild-type (WT) TC-1 cells as a control.
After 6 h, cDC1 and cDC2 populations were flow cytometrically
sorted and subjected to bulk RNA sequencing. Comparative
analysis of all samples revealed distinct gene expression profiles of
cDC1s versus cDC2s, confirming their lineage identity (Fig. S6A,
Supplementary Table 1), as hallmarked e.g. by Clec9a, Xcr1, Wdfy4
and ltgae for ¢cDC1s and Sirpa and Clec10a expression for cDC2s
[7, 33, 41] (Fig. S6B). Among cDC1 samples, 2512 differentially
expressed genes (DEGs) were found (Fig. 7A) and among
cDC2 samples 511 DEGs (Fig. S7A). Certain genes were specifically
upregulated in cDC2s co-cultured with either medium from living
TC-1 WT cells (WT; module 1; 209 genes), necroptotic (RIPK3;
module 2; 119 genes) or apoptotic tumor cell debris (BimS;
module 4; 123 genes) (Fig. S7A, Supplementary Table 2). Gene
Ontology (GO) analysis of module 1 genes revealed biological
processes related to an IFN response (Fig. S7B). Both GO and
Ingenuity Pathway Analysis (IPA) did not identify evident
biological processes associated with gene modules 2 and 3
upregulated in RIPK3 samples (Fig. S7C) or gene modules 3 and 4
upregulated in BimS samples (Fig. S7D). These data underline that
cDC1s rather than ¢DC2s are the main responders to dead
cell debris.

The gene expression profiles of cDCls co-cultured with
apoptotic (BimS) or necroptotic (RIPK3) cell debris were different
from each other and from cDC1s co-cultured with medium of WT
TC-1 cells (Fig. 7A, Supplementary Table 3). The WT condition was
characterized by upregulation of module 1 (1354 genes), the BimS
condition by modules 2 and 4 (231 and 117 genes) and the RIPK3
condition by modules 5 and 7 (271 and 212 genes) and. Modules 3
and 6 (166 and 159 genes) were shared between BimS and RIPK3
conditions. As for cDC2s, GO analysis of module 1 genes revealed
biological processes that were mainly related to cell division and
response to IFN (Fig. S8A). Shared modules 3 and 6 contained
genes involved in metabolism, endocytosis and cell death
regulation (Fig. S8B). IPA of module 2 and 4 genes revealed a
unique c¢DC1 state after uptake of apoptotic cell debris (Fig. 7B).
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Fig. 3 OVA-specific CD8" T-cell effector differentiation induced by cDCs after phagocytosis of apoptotic or necroptotic TC-1-OVA cells.
The ¢DC-OT-I co-culture platform was used as described in Fig. 2A and the phenotype of OT-I cells was read out at the indicated days by flow
cytometry. A, B Representative contour plots depicting expression of CD62L and CD44 on OT-l cells A and bar graph showing frequency of
CD44™" OT-l cells B at the indicated days after co-culture. C Representative flow cytometry scatterplot plot identifying the divided (CTV?) PD-17
OT-l population (left panel) and bar graph showing frequency of CTV'PD-1" OT-l cells (right panel) at the indicated days after co-culture.
D Representative flow cytometry scatterplot plot indicating the CTV T-bet™ OT-I population (left panel) and a bar graph showing frequency of
CTVT-bet* OT-l cells (right panel) at the indicated days after co-culture. Means + SD of 4 independent experiments in B and means + SD of 3
independent experiments in C and D are shown. ns, not significant; **P <0.01; ***P <0.001; ****P < 0.0001; two-way ANOVA with Tukey's
multiple comparisons test.
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Fig.4 Cytotoxic function of OVA-specific CD8" T-cells, as induced by cDCs after phagocytosis of apoptotic or necroptotic TC-1-OVA cells.
The ¢DC-OT-l co-culture platform was used as described in Fig. 2A and phenotype and cytotoxic function of OT-l cells were read out.
A Representative flow cytometry scatterplot indicating the CTV-GZMB™ OT-l population (left panel) and a bar graph showing the frequency of
CTV' GZMB™ OT-l cells (right panel) at the indicated days after co-culture. B Experimental design of the killing assay. Created in BioRender. CTV-
labeled OT-I cells and cDCs loaded with cell debris or unloaded were co-cultured at a 25:1 ratio and sorted OT-I cells as effectors (E) were
incubated with TC-1 target (T) cells at a 4:1 ratio. C, D Representative brightfield images from Incucyte showing Caspase-3/7 activity by green
fluorescence in TC-1 WT or TC-1-OVA target cells C and quantification of Caspase-3/7 activity in TC-1-OVA cells during the killing assay D. Scale
bars in C represents 400 um. Means + SD of 4 independent experiments in A and means + SD of 2 independent experiments in D are shown.
Significance in D is indicated for BimS-OVA DCs vs. RIPK3-OVA DCs. *P < 0.05; **P < 0.01; ****P < 0.0001; two-way ANOVA with Tukey’s multiple
comparisons test for A and two-way ANOVA for repeated measures with Tukey’s multiple comparisons test for D.

We found upregulation of genes involved in cholesterol biosynth-
esis (e.g., Hmgcs1, Npcl, Ldlr, Sqle, Lss), which ties in with the
recent finding that cholesterol biosynthesis characterizes homeo-
static cDC1 maturation following uptake of apoptotic cells in vivo
[12, 13, 42]. We also found upregulation of genes involved in
chemorepulsion (e.g., Sema4d, Nrp1, Nrp2, Plxnal, PlxnbT), which

Cell Death & Differentiation

may promote disruption of T cell-cDC communication. Genes
linked to cell death (e.g., Bax, Caspl, Nirp1) as well as genes that
are involved in TGF- signaling (e.g., Itgb8, Col6a6, Col17a1, Col5al,
Tgfbi, Smad3, Smurf1) were also upregulated. Gene Set Enrichment
Analysis (GSEA) identified in these cDCls the gene expression
signature of homeostatically matured cDC1s that had taken up
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>
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10°

4h

DC1s and cDC2s. A Experimental design of the phagocytosis assay

tracking CellTracker Green (CTG)" dead tumor cells by flow cytometry. Created in BioRender. TC-1 cells were treated overnight with cumate

and cell debris (medium) was added at a 1:1 ratio of plated TC-1 cells to
and bar graphs (right panels) showing the frequency of CTG™ ¢DC1s B a
points. Means = SD of 3 to 4 independent experiments are shown. ns,
multiple comparisons test.

apoptotic cell debris in vivo [12] (Fig. 7D, E). This finding indicates
that results from our in vitro system can be extrapolated to the
in vivo setting.

IPA of module 5 and 7 genes related to uptake of necroptotic
cell debris identified multiple secreted factors, as well as
membrane, cytoplasmic and nuclear molecules involved in
cytokine signaling (e.g., II11, Il2ra, 1I12rb, Il4r, 119), phosphoinositide
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cDCs. B, C Representative flow cytometry contour plots (left panels)
nd cDC2s C present in the phagocytosis assay at the indicated time
not significant; *P < 0.05; **P < 0.01; two-way ANOVA with Tukey's

signaling (e.g. Pten, Plcd3, Pi4k2a, Inpp1), cytoskeletal organization
and cell adhesion (e.g., Tppp, Pppiri4a, Pppri4b, Rhof, Clasp2,
Pdlim7, Itga5, Itga9) and metabolism (Fig. 7C). The latter included
many nutrient transporters (SLCs), among which the glucose
transporter Slc2a3 and key glycolytic enzyme Hk2. This gene
expression pattern indicates an active cell state, with emphasis on
cytoskeletal activity and functional differentiation [43]. The latter
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Fig. 6 Cell surface phenotype of cDC1s and cDC2s after phagocytosis of apoptotic or necroptotic TC-1 tumor cells. The phagocytosis assay
was carried out as described in Fig. 5A and cells in the culture were analyzed by flow cytometry. A-D Representative contour plots (left panels)
and graphs showing the median fluorescence intensity (MFI) (right panels) of CD80 A and CD86 B in the CTG-negative and CTG positive
populations in cDC1s A, B and cDC2s C, D. E, F Representative histograms (left panels) and graphs showing the MFI (right panels) of CCR7 in
the CTG and CTG" ¢DC1 E and cDC2 populations F. Each individual value within a graph belongs to an independent experiment. ns, not
significant; *P < 0.05; **P < 0.01; one-tailed paired Student’s t-test.

was underlined by upregulation of Notchl, Notch4, several Wnt capacity [30]. The signature from cDC1s that had undergone
pathway components (Ctnnd2, Dvl, Wwtrl) [44, 45], as well as immunogenic maturation after exposure to poly(l:C) in vivo [13]
diverse transcription factors/epigenetic regulators (e.g., Bcl6B, was not significantly enriched in ¢cDC1s exposed to necroptotic
Atf3). Upregulation of Bcl2 suggests improved cDC1 survival tumor cell debris in vitro, as indicated (Fig. 7F). Since poly(l:C) is a
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Fig. 7 Gene expression profile of cDC1s after phagocytosis of apoptotic or necroptotic TC-1 tumor cells. The phagocytosis assay was
carried out as described in Fig. 5A, after which ¢cDC1s and ¢cDC2s were flow cytometrically sorted, based on the gating strategy in Fig. S2, and
each population was subjected to bulk transcriptome analysis. A Hierarchical clustering in heatmap of differentially expressed genes (DEGs) of
sorted cDC1s incubated for 6 h with either medium from live TC-1 WT cells (WT), or necroptotic TC-1 tumor cell debris (RIPK3), or apoptotic
TC-1 tumor cell debris (BimS). The gene list to generate the heatmap was based on a P value < 0.05 and a Log,FC > 0.25. Module 1: 1354 genes;
module 2: 231 genes; module 3: 166 genes; module 4: 117 genes; module 5: 271 genes; module 6: 159 genes; module 7: 212 genes. B, C
Ingenuity Pathway Analysis (IPA) of genes upregulated in BimS-specific modules 2 and 4 B, or in RIPK3-specific modules 5 and 7 C. Red color
gradient indicates relative expression level. See Materials and Methods for details. D, F GSEA of published gene signatures of homeostatically
matured [12] D, E or immunogenically matured [13] F splenic ¢cDC1 in our transcriptomic data from cDC1s that encountered apoptotic or
necroptotic tumor cell debris. Normalized Enrichment Score (NES) and g value of each analysis are shown. g value < 0.05 was considered
statistically significant.
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PAMP that mimics infection, this result highlights the unique
effect of necroptotic cell debris on ¢DCls.

Importantly, differential expression of certain molecules in
¢DC1s that engulfed apoptotic versus necroptotic tumor cells as
indicated by transcriptomics was also detected at the cell surface
protein level by flow cytometry. cDC1s that engulfed apoptotic
cells showed increased ITGB8 and SLAMF5 (CD84) protein levels,
whereas SLAMF6 and NRP-1 levels did not differ between
conditions (Fig. S9A). cDC1s that engulfed necroptotic tumor cells
showed increased CRTAM (or CD355), IL-2RB (or CD122), and
ITGAS5 (or CD49e) protein levels, whereas CCR5 levels were similar
between the two conditions (Fig. S9B). Of note, mRNA and protein
expression generally do not correspond fully due to post-
transcriptional and post-translational regulation and differential
kinetics [46-48]. In conclusion, necroptotic tumor cells instruct a
newly defined, active signaling and metabolic state within cDC1s
that is likely responsible for the optimal capacity to induce CTL
priming in vitro and may be extrapolated to in vivo settings, as
shown for the cDC1 signature obtained after uptake of
apoptotic cells.

DISCUSSION

We used cDCs generated from progenitors in vivo to determine
the impact of apoptotic and necroptotic tumor cell death on cDC1
and cDC2 states and function. In our in vitro system, the dying TC-
1 cells displayed the RCD-specific morphological features and died
according to either apoptosis our necroptosis during the 20 h time
frame of monitoring. The cDCls and cDC2s used displayed
characteristic gene expression patterns and functionality as
described for ex vivo mouse and human equivalents [33]. In
contrast, culturing bone marrow (BM) cells with GM-CSF generates
primarily monocyte-derived DCs, which are different from cDCs
[49-51]. We found that cDC1s more efficiently phagocytosed dead
cell debris than cDC2s, regardless of the mode of cell death. This
agrees with the facts that on cDC2s, SIRPa ligation by CD47
inhibits cytoskeletal rearrangements required for phagocytic
function [9, 52], and that the cDC1 lineage is specialized in
phagocytosing dead cell debris, as well as in antigen cross-
presentation [7]. We found that c¢DCls, but also cDC2s,
phagocytosed apoptotic cells more efficiently than necroptotic
cells, which might be explained by the nature of the cell debris.
During apoptosis, cells dissociate into apoptotic bodies carrying
various “eat-me” signals, including phosphatidylserine. Necropto-
tic cells also expose phosphatidylserine [53], but swell osmotically,
then burst and largely remain as one entity, likely making
phagocytosis more challenging. In accordance with their better
phagocytic capacity, cDC1s showed more profound changes than
c¢DC2s upon exposure to dead/dying cells in cell surface
expression of CCR7, CD80, CD86 and CD40 and the overall
transcriptome. Both c¢DC1s and cDC2s responded differently in
terms of overall gene expression to medium of live tumor cells
compared to dead tumor cells.

In accordance with literature data showing similar profiles of
homeostatically and immunogenically matured ¢DC1s [6, 12, 13],
CCR7, CD80, CD86 and CD40 cell surface levels on ¢cDC1s did not
differ significantly after exposure to apoptotic versus necroptotic
tumor cell debris. However, transcriptome analysis clearly
identified the differential response of ¢cDC1s to apoptotic versus
necroptotic cell debris. The uptake of apoptotic tumor cells in vitro
induced a gene expression profile in cDCls that shared key
features with that of ¢DC1s that had homeostatically matured
in vivo [12], arguing against a potential role of secondary necrosis
on the ¢DC1 state. This finding indicates that our in vitro system
can reveal physiologically relevant processes and mechanisms. A
number of molecules upregulated in ¢DC1s at the mRNA level
after phagocytosis of necroptotic versus apoptotic cells were
confirmed at the cell surface protein level by flow cytometry,
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further validating our approach. Since transcriptome data on cDCs
that have been exposed to necroptotically dying cells in vivo are
not available, we could not validate in the same manner as for
apoptotic cells the transcriptomic signature found in c¢DC1s
responding to necroptotic cells. For these studies, induction of a
defined RCD modality in vivo is preferred, as it excludes the risk
that time consuming and physical handling of the dying cells prior
to injection influences the outcome of the experiment. Our TC-1
tumor model had been engineered to induce apoptosis versus
necroptosis in vitro as well as in vivo, but our attempts to induce
gene expression by cumate injection in vivo were unfortunately
not successful. This was likely due to the pharmacokinetics and
pharmacodynamics of the inducer cumate, which are currently
undefined. Recently, methodologies to induced the desired RCD in
tumor cells have been published [27, 54], which will permit further
examination of the impact of RCD modalities on ¢cDC gene and
protein expression and their capacity to induce T-cell responses.

c¢DC1s that had taken up apoptotic TC-1 cell debris in vitro
showed a gene expression profile related to cholesterol metabo-
lism, which is shared with homeostatically matured cDCs in vivo
[12]. Upon uptake of apoptotic cells, cDC1s handle the overload of
membrane lipid ingestion by strict regulation of lipid uptake and
biosynthesis, specifically regarding cholesterol, as coordinated by
the SREBP2 transcription factor [6, 12, 55]. We furthermore found
indications for increased cellular repulsion and immunosuppres-
sive activity of cDCls that fit with tolerogenic properties of
homeostatically matured ¢cDC1s and will be of interest for follow-
up functional studies. We newly define a gene expression profile
of cDC1s responding to necroptotic tumor cells. This profile did
not encompass the gene expression signature of immunogenic
cDC1s responding to PAMPs, as defined by Ardouin et al. [13]. The
functional processes activated in ¢DC1s after necroptotic cell
ingestion according to their transcriptome agree with a more
immunogenic state. This can be deduced from indications for
functional differentiation, as well as increased glycolysis and
cytoskeletal dynamics, tying in with evidence from BMDCs that
glycolysis and migration are coupled processes [56, 57]. It will be
of great interest to determine whether the gene expression
signature we define here can be found back in ex vivo ¢cDC1s and
reliably reports phagocytosis of necroptotic tumor cells.

Functional annotation of expressed genes suggested an
immunogenic state of the cDC1s, while cDC2s did not gain
evident functionalities after phagocytosis of necroptotic cells
according to their gene expression profile. Our collective data
therefore strongly suggest that the more robust CTL response to
cDC-based presentation of necroptotic cell debris as compared to
apoptotic cell debris, was due to the gain in immunogenic
properties of the cDC1s. The CD11c” cell population that we used
for our OT-I T cell response assays contained cDC1s and cDC2s in
equal ratio and a small fraction of other immune cells, primarily B
cells and some T cells, NK cells and pDCs (Fig. S10A). We
confirmed that the ¢DC1s in this population were responsible for
induction of the OT-I T cell response by purifying cDC1s on basis
of XCR1 expression (Fig. S10B) and stimulating the OT-I cells side-
by-side with the purified cDC1s or total CD11c* cells loaded with
apoptotic or necroptotic cell debris (Fig. S11). The assay system we
use for immunogenicity of cDC populations after phagocytosing
dead/dying cells can be extrapolated to the human setting by
purifying ¢cDCs ex vivo from blood and using T cells transduced
with a specific TCR that can recognize defined tumor antigen in
the context of a matched HLA molecule [58, 59].

Our data align with earlier studies demonstrating that
necroptotic tumor cells are superior to apoptotic tumor cells in
inducing a tumor-clearing CTL response in vivo [24-26], which
relied on antigen presentation by cDCls [25, 26]. NF-kB-
dependent cytokine production in necroptotically dying tumor
cells contributed to immunogenicity in this work, while another
study found reliance on type | IFN production [28]. In general,
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transient IFN-I production is associated with immunogenicity in
infection [13]. Also, cGAS-STING pathway activation leading to IFN-
| production by tumor cells is an important immunogenic factor,
as exemplified in the response to radiotherapy [60]. IFN-I is
produced in response to a variety of DAMPs, in particular cytosolic
DNA and RNA [2] and optimizes ¢cDC1-mediated cross-presenta-
tion and T-cell priming by diverse mechanisms [4, 61]. However, in
our setting, we did not find an IFN-response signature in the
cDC1s that had phagocytosed necroptotic cells, suggesting that
there are also other decisive elements dictating <DC1
immunogenicity.

Additional cDC1 gene expression studies delineating the impact
of phagocytosing necroptotic cells in vivo in different tumor
settings should help to clarify the decisive signals that lead to the
immunogenic cDC1 state, the exact nature of this state and the
mechanisms by which it overrules Treg activity to permit T-cell
priming. It is attractive to purposely promote necroptotic cell
death in cancer, but a limitation therein is the selective expression
of RIPK3 and MLKL that constitute the necroptotic machinery
[1, 20]. Importantly, tumor micro-environments including their
immune cell constellations, differ not only between, but also
within pathologically defined tumor types [62, 63] and are
dictated by specific (oncogenic) signaling pathways in the cancer
cells [64]. In particular, the propensity of a tumor to elicit a Treg
response is decisive for spontaneous and therapy-induced T-cell
priming. The lung cancer cell line TC-1 is a model for lymphocyte-
depleted carcinomas in human. The CTL response to this tumor, as
primed spontaneously and by radiotherapy in vivo, is severely
constrained by simultaneous Treg priming [65]. Conventional
radio- and chemotherapy likely kill tumor cells in vivo via a
mixture of cell death modalities [15, 17], due to differential dosing,
cellular heterogeneity and potential overload of phagocytes. It will
be of interest to learn more about cDC1 states in tumors and
tumor-draining LNs before and after conventional cancer thera-
pies and correlate these with patient response. Such insights may
help predict (potential) systemic immune responses and guide
rational combination with (PD-1 targeting) immunotherapy.

MATERIALS AND METHODS

Cell lines

TC-1 tumor cells are C57BL/6-derived lung epithelial cells that express
HPV16 antigens E6 and E7 and H-ras [29], and were from Leiden University
Medical Center and tested negative for mycoplasma. TC-1 cells were
cultured in Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco) supple-
mented with 8% (v/v) heat-inactivated fetal bovine serum (FBS, Capricorn
Scientific GmbH), 50 U/mL penicillin-streptomycin (Gibco), 1x MEM non-
essential amino acids (Gibco) and 1T mM sodium pyruvate (Gibco). B16
mouse melanoma cells that were transduced in-house to express FLT3L
and human embryonic kidney (HEK) 293T cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) supplemented with
8% (v/v) heat-inactivated FBS and 50 U/mL penicillin-streptomycin. Cell
lines were cultured at 37 °C and 5% CO.,.

Plasmid generation

PCDH-EF10-CymR-T2A-Puro SparQ and pCDH-CuO-MCS SparQ vectors
were obtained from System Biosciences. pCDH-CuO-MCS was linearized
with EcoRI-HF and BamHI-HF (New England Biolabs, NEB). BimS and RIPK3
coding sequences (Mus musculus) were obtained from GenBank (NCBI,
NIH). The RIPK3 coding sequence was fused to a linker (amino acid
sequence GSEGSEGSGS) followed by the 2L6HC3_13 homo-oligomer
domain sequence [25] (kindly provided by Dr. A. Oberst, University of
Washington, Seattle WA). A 5 25-base pair flanking region
(GTCCAAGTTTGGTCTAGAGCTAGCG) and a 3’ 15- base pair flanking region
(CGCGGCCGCGTCGAC) were added with homology to linearized pCDH-
CuO-MCS. The complete DNA sequences were ordered as a gBlock gene
fragment from Integrated DNA Technologies (IDT). The gBlocks were
assembled into linearized pCDH-CuO-MCS, hereafter referred to as pCDH-
CuO-BimS and pCDH-CuO-RIPK3 using NEBuilder HiFi DNA Assembly (NEB).
Additionally, a DNA fragment containing the EF1a promoter, an internal
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ribosomal entry site (IRES) and the zsGreen coding sequence (referred to as
EF1a-IRES-zsGreen) were inserted into pCDH-CuO-BimS and pCDH-CuO-
RIPK3. The plasmids were linearized with Notl-HF (NEB), dephosphorylated
using Antarctic Phosphatase (NEB) and purified by agarose gel extraction
(ISOLATE Il PCR and Gel Kit, Bioline). EF10-IRES-zsGreen was obtained by
PCR from pHIV-zsGreen (Addgene) with either sense primer 5-ATGGA-
GAAGGCATTGAGCGCCGCTCTAGCGTGAGGC-3'  (for ~ pCDH-CuO-BimS-
zsGreen) or sense primer 5-AACGCCAAAAGTGACTAACGCCGCTCTAGCGT-
GAGGC-3' (for pCDH-CuO-RIPK3-zsGreen) and anti-sense primer 5'-
CAGAGGTTGATTGTCGACGCCCGATCCTTAGGGCAAGG-3', creating 20-base
pair flanking regions homologous to Notl-linearized pCDH-CuO-BimS or
pCDH-CuO-RIPK3. The PCR products were phosphorylated using T4
polynucleotide kinase (NEB) and assembled into pCDH-CuO-BimS or
pCDH-CuO-RIPK3 with NEBuilder HiFi DNA Assembly, generating pCDH-
CuO-BimS-zsGreen and pCDH-CuO-RIPK3-zsGreen. Full-length OVA coding
sequence was obtained by PCR from an in-house plasmid and cloned into
pCDH-EF1a using NEBuilder HiFi DNA Assembly. All plasmids were
sequence-verified by Sanger sequencing and are available upon request.

Lentivirus production and concentration

Third-generation lentiviruses were produced in HEK293T cells by
polyethylenimine (PEl)-mediated transfection of packaging plasmids
pCMV-VSVG, pMDLg-RRE, and pRSV-REV together with a transfer vector
(pCDH-EF10-CymR-T2A-Puro, pCDH-CuO-BimS-zsGreen, pCDH-CuO-RIPK3-
zsGreen or pCDH-EF1a-OVA). The next day, medium was refreshed and at
48h after transfection, lentivirus-containing medium was harvested.
Cellular debris was removed by centrifugation (10 min, 700g) and
0.45 pm filtration (Millex Low Protein Binding Durapore, Millipore) and
virus was concentrated by sucrose-gradient centrifugation for 4h at
10.000 g on a 10% (v/v) sucrose in 100 mM NaCl, 0.5 mM EDTA, 50 mM Tris-
HCl pH 7.4 (1:4v.v) [66]. Virus pellets were resuspended in ice-cold
phosphate-buffered saline (PBS), aliquoted and stored at -80 °C. Lentivirus
titers were determined by gPCR Lentivirus Titer Kit (Applied Biological
Materials, abm).

Generation of TC-1-iBimS and TC-1-iRIPK3 clones

TC-1 cells were reverse transduced with lentivirus encoding EF1a-CymR-
T2A-Puro with a multiplicity of infection (MOI) of 0.1 in presence of 8 pg/mL
polybrene. Medium was refreshed one day after transduction and cells were
cultured for at least three days, after which transduced cells (referred to as
TC-1-CymR) were selected with 4 ug/mL puromycin. Puromycin-resistant
TC-1-CymR cells were reverse transduced with lentivirus encoding CuO-
BimS-zsGreen or CuO-RIPK3-zsGreen with an MOI of 0.01 in the presence of
8 pg/mL polybrene. Medium was refreshed one day post-transduction and
cells were cultured for at least one week, after which transduced cells
(referred to as TC-1-iBimS and TC-1-iRIPK3) were flow cytometrically sorted
based on zsGreen expression. Sorted TC-1-iBimS and TC-1-iRIPK3 cells were
cultured for at least one week, after which they were sorted at 1 cell per
well into 96 well plates with a Beckman Coulter CytoFLEX SRT Benchtop Cell
Sorter to obtain clonal cell lines. Validated TC-1-iBimS and TC-1-iRIPK3
clones were reverse transduced with lentivirus encoding EF1a-OVA to
obtain OVA-expressing cell lines TC-1-iBimS-OVA and TC-1-iRIPK3-OVA. OVA
expression was validated by Western blot (Fig. S3C).

Western blot

Cells were lysed for 20 min in ice-cold 1% NP-40 lysis buffer containing
cOmplete Protease Inhibitor Cocktail (Roche), 150 mM NaCl and 50 mM
Tris-HCl, pH 8.0 and lysate was centrifuged for 10 min at 13.000g to
remove nuclei. Protein concentration was determined with the Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific). Equal mass of protein per
sample, taken up in NUPAGE LDS Sample buffer (Thermo Fisher Scientific)
with dithiothreitol (87.5 mM) was denatured for 5 min at 95 °C and loaded
onto a 4-12% NuPAGE Bis-Tris Protein Gel (Thermo Fisher Scientific),
followed by protein separation in 1x NuPAGE MES SDS Running Buffer
(Thermo Fisher Scientific). Proteins were transferred onto a 0.2 um
Nitrocellulose membrane (Bio-Rad) using the Trans-Blot Turbo Transfer
System (Bio-Rad). The membrane was blocked with 10% (v/v) blocking
buffer (Roche Western Blocking Reagent in Tris-buffered saline with
Tween® 20 (TBS-T)) for 1h at room temperature, incubated overnight at
4°C with 16 pg/mL polyclonal rabbit anti-OVA antibody (Ab) (LSBio) and
mouse anti-GAPDH Ab diluted in Western BLoT Immuno Booster 1 Solution
(Takara), washed three times with TBS-T and incubated with goat anti-
mouse IRDye® 680LT (1:5000, LI-COR Biosciences) and goat anti-rabbit
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IRDye® 800CW (1:5000, LI-COR Biosciences) for 1 h at room temperature in
Western BLoT Immuno Booster 2 Solution (Takara). The membrane was
washed three times and protein signal was directly visualized using the
Odyssey CLx infrared imager (LI-COR Biosciences). Fluorescence intensity
was measured using ImageJ software.

Protein quantification assay

TC-1 WT, TC-1-iBimS-OVA, or TC-1-iRIPK3-OVA cells were cultured in serum-
free Opti-MEM (Gibco) in the absence or presence of 800 pg/mL cumate
(System Biosciences). After 24 h, the total medium was collected and
directly subjected to the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific), according to the manufacturer’s instructions, to determine the
total protein concentration in each medium. Each biological replicate was
performed in technical triplicates.

Incucyte assays

TC-1-iBimS and TC-1-iRIPK3 cells were cultured with or without 800 pg/mL
cumate (System Biosciences) in combination with either 0.5% (v/v)
dimethyl sulfoxide (DMSO, vehicle control), or 50 uM pan-caspase inhibitor
Q-VD-OPh (MedChemExpress), or 2uM MLKL inhibitor GW806742x
(MedChemExpress). Cell death and caspase activity were monitored by
Incucyte® Cytotox Red Dye and Incucyte® Caspase-3/7 Red Dye. Dyes were
purchased from Sartorius and diluted according to the manufacturer’s
instructions. Data was acquired with an Incucyte S3 Live-Cell Imaging and
Analysis System (Sartorius) and analyzed with Incucyte software.

Mice

Eight-week-old female C57BL/6JRj were purchased from Janvier Labora-
tories (Le Genest-Saint-Isle, France) and female OT-I (C57BL/6-Tg(TcraTcrb)
1100Mjb) mice on a CD45.1 background were bred in-house. Mice were
housed in individually ventilated cages under specific pathogen-free
conditions. Mice were euthanized by CO, asphyxiation.

Isolation of cDCs and OT-I T cells

For isolation of ¢cDCs, C57BL/6JRj mice were anesthetized with isoflurane
and injected s.c. in the flank with 1 x 10° B16-FLT3L cells in 100 uL Hank's
Balanced Salt Solution (HBSS, Gibco). After 10 to 14 days when tumors
were visible and palpable, mice were sacrificed and spleens were isolated.
Spleens were cut into small pieces with a scalpel and incubated with
100 pg/mL Liberase TL Research Grade (Roche) and 10 pug/mL DNasel
(Roche) in serum-free DMEM for 30 min in a shaking 37 °C water bath.
Spleens were washed in IMDM-FBS, dispersed through a 70 um nylon cell
strainer (Falcon) and the remaining cell suspension was centrifuged for
5min at 500g. Splenocytes were resuspended in 1x RBC Lysis Buffer
(ChemCruz, Santa Cruz Biotechnology) and incubated for 1 min at room
temperature to remove red blood cells. IMDM-FBS was added, splenocytes
were centrifuged for 5min at 400g and the pellet was resuspended in
IMDM-FBS. CD11c* cells were isolated from splenocytes by positive
selection using CD11c MicroBeads UltraPure (Miltenyi Biotec), according to
the manufacturer’s instructions. A CD11c* cell purity of 85% or higher was
used for experiments. This cell population contained cDC1s and cDC2s as
defined by discerning markers [33] (Fig. S2) in an about 1:1 ratio. For the
experiment shown in Fig. S11, XCR1* cells were isolated to 95% purity or
higher with the anti-XCR1 MicroBead Kit (Miltenyi Biotec) (Fig. S10). OT-I
cells were isolated from spleens of female OT-1*CD45.1 mice. Splenocytes
were isolated and resuspended in IMDM-FBS, after which OT-I cells were
isolated by negative selection using the CD8a™ T Cell Isolation Kit (Miltenyi
Biotec) according to the manufacturer’s instructions. OT-l cells were
labeled with 5pM CellTrace Violet (CTV) Cell Proliferation Kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions. For each
experiment, spleens from at least two mice were pooled to account for
possible inter-mouse variability.

Phagocytosis

TC-1-iBimS and TC-1-iRIPK3 cells were stained with 1 uM CellTracker Green
(CTG) CMFDA dye (Thermo Fisher Scientific) in serum-free IMDM for 30 min
at 37°C and 5% CO,, washed twice in culture medium and cultured.
CFMDA is cell permeable chloromethyl derivative of fluorescein diacetate
that crosslinks covalently with any available intracellular thiol side chains.
One day later, cell death was induced by culture with 800 ug/mL cumate
(System Biosciences) for at least 24 h. Next, the medium overlaying the TC-
1 cells with all its contents was collected, thereby harvesting the dead or
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dying cells, cell debris and soluble material. Generally, cell death induction
was very efficient and very few live and adherent TC-1 cells remained in
the culture dish. The medium from the TC-1 cells was not centrifuged, but
added directly to CD11c* cells at a ratio of 1:1 (i.e. 50.000 CD11c* cells
incubated with medium from 50.000 TC-1 cells). To improve CD11c* cell
survival, 2ng/mL recombinant mouse GM-CSF (carrier-free, BioLegend)
was added to the culture. After co-culture, CD11c* cells were incubated
with CD16/CD32 Fc Block (1:50, clone 2.4G2, BD Biosciences #553141) for
10 min on ice, followed by cell surface staining for flow cytometry.

Co-culture of cDCs and OT-I cells

TC-1-iBimS-OVA and TC-1-iRIPK3-OVA cells were cultured in presence of
800 pg/mL water-soluble cumate (System Biosciences) for 24 h to induce
apoptosis or necroptosis, after which the medium from the dead/dying
cells was collected as outlined in the preceding section “Phagocytosis”. Per
experimental condition, 2 x 10° CD11c* cells were loaded with medium
from 2 x 10° apoptotic TC-1-iBimS-OVA or necroptotic TC-1-iRIPK3-OVA
cells for 6h at 37°C and 5% CO,, in the presence of 2ng/mL mouse
recombinant GM-CSF [67] (carrier-free, BioLegend). After loading, CD11c¢*
cells were washed with IMDM-FBS by centrifugation (5 min, 500 g) and 5
x10* CTV-labeled OT-I cells were added to 2 x10% CD11c* cells (OT-l-cDC
ratio 25:1). OT-I cells were cultured for the indicated number of days in the
presence of 2 ng/mL recombinant mouse IL-7 (carrier-free, BioLegend) and
stained for flow cytometry. For the experiment outlined in Fig. S11, XCR1*
cells were used, next to CD11c* cells.

Flow cytometry

All cell surface Ab stainings were performed in ice-cold PBS supplemented
with 2% FBS for 30 min on ice in the dark, except for CCR5 and CCR7 which
were stained for 30 min at 37 °C. Zombie UV Fixable Viability Kit (1:500,
BioLegend #423107) was added to all cell surface Ab staining mixes to
exclude dead cells. Next, cells were washed with ice-cold PBS containing
2% FBS by centrifugation (5 min, 500 g), fixed and permeabilized with
eBioscience Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Intracellular Ab
staining of OT-I cells was done for 45 min on ice in the dark. Finally, cells
were washed with 1x Permeabilization Buffer, centrifuged for 5min at
500 g and collected in ice-cold PBS containing 2% FBS. All antibodies used
are provided in Supplementary Table 4. Cells were analyzed on a Cytek
5-laser Aurora spectral flow cytometer. Data was analyzed with FlowJo V10
(BD Biosciences) and OMIQ software (Dotmatics).

Bulk RNA sequencing

TC-1 WT, TC-1-iBimS, and TC-1-iRIPK3 cells were incubated with 800 ug/mL
cumate (System Biosciences) for 24 h, after which cell medium was
collected. CD11¢* cells were cultured for 6 h with this medium at a 1:1 ratio
as outlined above. Next, cDC1s and cDC2s were sorted based on the gating
strategy in Fig. S2, using a BD FACSAria™ Il Cell Sorter. Cells were
centrifuged for 5min at 500¢g and the cell pellet was resuspended in
350 uL RLT buffer (Qiagen), snap-frozen in liquid nitrogen and stored at
-80 °C until sequencing procedure.

Libraries were prepared using the xGen™ RNA Library Prep (Integrated
DNA Technologies) with an “on-bead” poly-A enrichment using the
NEBNext® Poly(A) mRNA Magnetic Isolation Module (NEB). Sequencing was
performed on an lllumina platform (NovaSeq 6000 Sequencing System) to
generate 2 X 54 bp paired-end reads, targeting a depth of 20 million
paired-end reads per sample. Seqpurge trimmed reads were aligned to the
Mus musculus GRCm39 reference genome (annotation source: Ensembl
v112) using STAR (v2.7.10a); key parameters: ‘--runRNGseed 12031
--quantMode GeneCounts --outSAMattributes NH HI NM MD AS --sjdbO-
verhang 53 --alignSJDBoverhangMin 1 -sjdbGTFfile ${gtf}, achieving an
average mapping rate of 93%. Gene/transcript quantification was
performed using gensum (version: 0.2.1).

RNAseq data were transformed as log,(count + 1), and only mRNAs with
nonzero counts in at least half of the samples were retained for
downstream analyses. Differential gene expression analysis was performed
with R package limma (v3.58.1) based on the raw count matrix. A linear
model was fit via ImFit(expr_mat, design), contrasts were specified with
contrasts.fit, and statistics were computed using eBayes(trend=TRUE,
robust=TRUE); P values were adjusted by the Benjamini-Hochberg
method and genes with |log, FC|> 05 and a P value<0.05 were
considered significant. Heatmaps were generated with the R package
pheatmap (v1.0.12) using Euclidean distance and complete linkage
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clustering on both rows (genes) and columns (samples) with row-wise Z-
score normalization (scale = “row”). Volcano plot was generated in ggplot2
(v3.4.1) with log, FC on the x-axis and -logi(p value) on the y-axis.
Upregulated and downregulated genes were colored differently. Enrich-
ment analysis of differentially expressed genes was performed using the R
package clusterProfiler (v4.6.0). Gene Ontology biological processes were
identified using the STRING database (https:/string-db.org/) with a
similarity filter cutoff of >=0.4. Ingenuity Pathway Analysis (IPA) software
(Qiagen) provided biological processes with overlapping annotations and
genes, from which we curated gene lists that were uploaded to IPA My
Pathway. Genes were ordered based on subcellular localization and we
annotated each group of genes based on the biological process they were
linked to according to IPA.

Statistical analysis

Data visualization and statistical analyses were done using GraphPad Prism
v10.2.3 (Dotmatics). Data were tested for normal distribution and equal
variance before performing statistical analyses. Comparisons between two
groups were assessed by a Student’s t-test, and comparisons with more
than two groups were assessed by either a one-way ANOVA (for one
independent variable) or two-way ANOVA (for two independent variables)
with Tukey’s multiple comparisons test. Data are presented as mean + SD
from biological replicates, as indicated in the figure legends. Sample size
was based on availability, and for experiments with primary immune cells,
spleens from at least two mice were pooled to account for variability
between mice. A P value <0.05 was considered statistically significant;
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

DATA AVAILABILITY
Bulk RNAseq data are available on NCBI GEO under accession number GSE314783.
Materials and raw data will be provided upon reasonable request.
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