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In brief

Sprooten et al. use human-to-mouse
reverse translation to create DC vaccines.
Counterintuitively, these induce an
accumulation of CD8" T cell-suppressive
PD-L1* macrophages in lymph nodes and
tumors, such that vaccination and co-
blockade of PD-L1 (but not PD-1) is
mandatory for tumor suppression. This
pathway is also operational in DC
vaccinated cancer patients.
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SUMMARY

Current immunotherapies provide limited benefits against T cell-depleted tumors, calling for therapeutic
innovation. Using multi-omics integration of cancer patient data, we predict a type | interferon (IFN) respon-
seM'@H state of dendritic cell (DC) vaccines, with efficacious clinical impact. However, preclinical DC vaccines
recapitulating this state by combining immunogenic cancer cell death with induction of type | IFN responses
fail to regress mouse tumors lacking T cell infiltrates. Here, in lymph nodes (LNs), instead of activating CD4*/
CD8* T cells, DCs stimulate immunosuppressive programmed death-ligand 1-positive (PD-L1*) LN-associ-
ated macrophages (LAMs). Moreover, DC vaccines also stimulate PD-L1* tumor-associated macrophages
(TAMs). This creates two anatomically distinct niches of PD-L1* macrophages that suppress CD8* T cells.
Accordingly, a combination of PD-L1 blockade with DC vaccines achieves significant tumor regression by
depleting PD-L1* macrophages, suppressing myeloid inflammation, and de-inhibiting effector/stem-like
memory T cells. Importantly, clinical DC vaccines also potentiate T cell-suppressive PD-L1* TAMs in glioblas-
toma patients. We propose that a multimodal immunotherapy and vaccination regimen is mandatory to over-
come T cell-depleted tumors.

INTRODUCTION tigen-specific immunogenic responses.”®'° Such vaccines typi-

cally utilize patient-derived autologous DCs that are pulsed with

Cancer immunotherapy with immune-checkpoint blockade (ICB)
has improved the outlook for many patients.” However, not all
cancers respond to current immunotherapies.’ This is especially
applicable to T cell-depleted tumors because they are non-
immunogenic® ™ and hence contain less CD8" T cells but abun-
dant tumor-associated macrophages (TAMs) with anti-inflam-
matory (M2-like) activity.®™®

The immune control of poorly immunogenic tumors” can be
potentiated by dendritic cell (DC) vaccines designed to elicit an-
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cancer antigens and stimulated with maturation stimuli ex vivo
before they are reinjected into the patient.'"*'> DCs are endowed
with the unique capacity to cross-present antigens to CD4*/
CD8* T cells in lymph nodes (LNs)."®*

Unfortunately, these pro-immunogenic capacities of DC vac-
cines have not consistently translated into the clinic.'"'®
Recently, the lack of efficacy of ICBs against T cell-depleted tu-
mors has spurred the interest in multimodal immunotherapy reg-
imens integrating next-generation DC vaccines.*'*'*'% Hence,
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the overarching aim of this study was to use a human multi-
omics cancer data-driven framework to inform the design of a
next-generation DC vaccine with a highly immunogenic matura-
tion trajectory (DCvax-IT) through a reverse translational
approach. We wanted to tailor this DC vaccine against ICB
non-responsive, T cell-depleted tumors and then decipher the
exact immunological mechanisms regulating the anti-tumor ef-
fects of DCvax-IT. Finally, we aimed at confirming our preclinical
observations in clinical settings as proof of concept for the future
design of trials integrating DC vaccines.

RESULTS

Dysregulated danger signaling, defective type |
interferon production, and DC depletion distinguishes
the human T cell-depleted tumors

For a reverse translational approach, we first needed to extract
the most dysregulated immune-pathways from human T cell-
depleted tumors. Hence, we analyzed tumor immune land-
scapes in The Cancer Genome Atlas (TCGA)."” Previously, an
immunogenomics analysis had identified six pan-cancer im-
mune-landscape classes (C1-C6; Figure 1A).'® We reanalyzed
these classes across 3,546 patients spanning 13 cancer types,
for major immune cell fractions or ratios, and T cell receptor
(TCR) richness (Figure 1A).*'” C4/C5 tumors showed the most
striking depletion of CD4*/CD8" T cells, TCR richness, and
DCs (Figure 1A). Simultaneously, C4/C5 tumors exhibited high
ratios of macrophages to CD8" T cells and M2 (anti-inflamma-
tory) to M1 (pro-inflammatory) macrophages (Figure 1A).

Importantly, in an integrated multi-cancer dataset of 704 pa-
tients (spanning five cancer types) treated with ICBs,'® overall
survival of patients with C4/C5 tumors was significantly shorter
compared to those bearing immunogenic C2/C3/C6 tumors
(Figure 1B). This highlighted the suitability of TCGA C4/C5 tu-
mors as transcriptomic representatives of ICB-resistant non-
immunogenic tumors, which we will refer to as T cell-depleted
tumors.

Next, we investigated transcriptomic anticorrelations between
pairs of ligand-receptor, cell-receptor, or cell-ligand in TCGA C4/
C5 tumors.'®'® Such inverse correlations, representing immune
dysregulation, were visually illustrated by node-to-node con-
necting arrows in a network (Figure S1A)."®"° TCGA C4/C5 tu-
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mors exhibited an inverse correlation between various pairs rele-
vant for danger signaling®® (e.g., the TLR4 and type | interferon
[IFN] pathways) (Figure S1A). Next, we pursued copy number
variation (CNV) analyses for loci-centric amplification or deletion
events of genes short-listed in the aforementioned network in
pan-cancer TCGA data.”’ This revealed that type | IFN-related
genes (IFNA1/2,IFNB1) were under the highest pan-cancer dele-
tion pressures (Figure 1C). Altogether, these data indicated that
human T cell-depleted tumors harbor various immune disparities
and dysregulated danger signaling.

Type | IFN response distinguishes the most
immunogenic and clinically efficacious maturation state
of human DC vaccines

Previous clinical trials usually applied DC vaccines stimulated
with IFNs (IFNe/B/y, inducing IFN-stimulated genetic [ISG]
response) and/or TLR4-agonists (such as bacterial liposacchar-
ide [LPS]), although with limited success.”” We analyzed the
DC vaccine transcriptomes from a clinical trial in which TLR4/
IFN-stimulated DC vaccines were used against ICB-resistant
(T cell-depleted) tumors. In this trial, 18 prostate cancer patients
were treated with six to eight cycles of autologous monocyte-
derived DC (moDC) vaccines pulsed with TCRYy alternate reading
frame protein (TARP) antigen and stimulated with LPS + IFNy
(Figure 1D).® The bulk transcriptome of each DC vaccine could
be correlated with patient responses (i.e., prostate-specific anti-
gen [PSA] doubling time, as time-to-tumor progression [TTP])
and IFNy production by TARP antigen-pulsed peripheral blood
mononuclear cells (PBMCs). We performed a pseudo-time tra-
jectory analysis® on transcriptomes of 93 DC vaccines (Fig-
ure 1D), revealing that these DC vaccines followed three rather
distinct trajectories (T1, T2, or T3) (Figures 1E and 1F). These tra-
jectories distinguished different patients (Figure 1E) but were in-
dependent from DC batches/cycles (Figure 1F). Next, we per-
formed a REACTOME pathway enrichment per trajectory and
found T1 enriched for type | IFN response and immunogenic/
pro-inflammatory signaling (IRF3, IFI44L, MAVS, CCR7, GBP4/
5, MX2, RELB, OASL, HLA-DRA, CD40, TNFSF4) (Figures S1B
and S1C), T2 enriched for macrophage-like pathways (phagocy-
tosis, scavenger receptor pathway, M2 macrophages; CD68,
CXCL1, CXCL12, CCL26, CEACAM3, CCL2, CCRT1) (Figures
S1B and S1D), and T3 enriched for hyper-maturation and

Figure 1. T cell-depleted tumors and maturation trajectories of human DC vaccines

(A) CIBERSORT deconvolution across TCGA cancer types. Population abundances were row normalized (C1, n=1,313; C2,n=1,210, C3, n = 688; C4, n = 222,
C5,n=2;C6,n=111).

(B) Overall survival of cancer patients’ transcriptome profiled before ICBs treatment (anti-PD-1/CTLA4/PD-L1 ICBs, or combinations thereof) sub-grouped in
T cell-depleted C4/C5 tumors (n = 667) and immunogenic C2/C3/C6 tumors (n = 474). Statistics: log rank test.

(C) GISTIC 2.0 analysis with indicated 12 genes. Statistical significance: false discovery rate (FDR) < 0.05 (random permutations to background score distribution,
BH adjusted). Bladder cancer, n = 136; breast cancer, n = 880; colorectal adenocarcinomas, n = 585; glioblastoma multiforme, n = 580; head and neck cancer, n =
310; kidney cancer, n = 497; acute myeloid leukemia, n = 200; lung adenocarcinoma, n = 357; lung squamous cell carcinoma, n = 344; ovarian cancer, n = 563;
endometrial cancer, n = 496.

(D-J) Single-cell trajectory reconstruction exploration and mapping (STREAM) DC vaccine trajectory of 93 DC vaccines from 18 prostate adenocarcinoma
patients vaccinated with five to eight vaccines. (D) Overview of STREAM DC vaccine trajectory. (E and F) Pseudo-time inferred from DC vaccines’ transcriptome
based on variable genes. Principal graph initiated with epg_alpha = 0.01, epg_mu = 0.2, epg_lambda = 0.03, and epg_n_nodes = 5. Dots depict individual DC
vaccines and dot color represents (E) patient number or (F) DC vaccine batch/cycle (chi-squared test of independence of variables). (G and H) Signature scores
overlaid on the graph as streamplots. Type | IFN/ISG-response signature (G) or mature regulatory DC signature (H) were used as color intensity. (I and J) Patient
outcomes were overlaid on the graph as streamplots. PSA doubling time at week 48 (l) and intensity of IFN-y production of peripheral blood mononuclear cell after
antigen restimulation (J) were used as color intensity. Here, “n” represents different patients (biological replicates). See also Figure S1.
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immune-checkpoint signaling (CLEC10A, TLR5, TGFA, SI-
GLEC6/9/12, CD36, IL12R, IL13RA1, ENTPD1, IL1R1, CMTMS6,
TNFRSF10B, REL, S1PR1) (Figures S1B and S1E).

T1 might correspond to a specific ISG-response™ DC vaccine
subset, T2 a macrophage-like phenotype,’* and T3 a matura-
tion-associated regulatory (mreg)-DC program.'*?° To validate
this interpretation, we applied published ISG-response signature
(Table S1) and an mregDC-signature (Table S1) to these trajec-
tories.”>*® Indeed, the ISG-response signature was preponder-
ant in T1 (Figure 1G), while the mregDC-signature was most
abundant in T3 (Figure 1H).

Next, we aligned these trajectories with tumoral (TTP or PSA
doubling time) (Figure 11) and antigen-specific (PBMC) patient
responses (Figure 1J). We found that the T1 trajectory correlated
with strong antigen-specific responses and longer TTP, con-
trasting with T2 and T3 trajectories, which associated to weak
antigen-specific responses and a shorter TTP (Figures 1l and
1J). These data suggested that a potential DCvax-IT approach
should favor a type | IFN/ISG-response™'®H state over macro-
phage-like or mregDC-like states.

Murine TC1 tumors phenocopy immune disparities of
human T cell-depleted tumors

To formulate a preclinical DCvax-IT, it appeared necessary to
delineate a syngeneic murine tumor model mimicking the major
immune-disparities of human T cell-depleted tumors. Therefore,
we conducted an analysis of tumor transcriptomes from 11
commonly used (subcutaneous) murine tumor models in im-
muno-oncology®’ (Figure 2A). This involved genetic signatures
(Table S1) for pro-lymphocytic IFNy/effector signaling, macro-
phages, type | IFN/ISG response, or DCs.?”*® This revealed
that the triple-oncogene-driven c-H-Ras*HPV16-E6"HPV16-
E7*TC1 tumors®® recapitulated most features of human T cell-
depleted tumors (negligible IFNvy/effector signaling, type | IFN/
ISG response, and DCs vs. enrichment of the macrophage
signature) (Figure 2A).

Next, we pursued tumor immunophenotyping to validate the
choice of TC1 tumors and selected the immunogenic MC38 tu-
mors®’ for comparison (Figure 2A). Compared to MC38 tumors,
TC1 tumors had significantly lower CD8*CD3* T cell infiltrates
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(Figure 2B), lower CD8"* T cell-to-TAMs (CD11b*F4/80") ratio
(Figure S2A), and a higher CD8"* T cell death (Figure S2B). This
was further supported by TC1 tumors being non-responsive
to PD-1/cytotoxic T lymphocyte-associated protein (CTLA)-4
blockade, or a combination thereof (Figure 2C). Finally, in line
with defective type | IFN/TLR danger signaling in human C4/C5
tumors, TC1 cancer cells failed to secrete IFNa/p upon stimula-
tion with agonists of TLR4 (LPS), TLR7 (imiquimod), RIG-I (5’ ppp-
dsRNA), STING/cGAS (2'3'cGAMP), and immunogenic (doxoru-
bicin) or non-immunogenic (cisplatin) chemotherapy (Figures
S2C and S2D). This underscored the suitability of TC1 tumors
as preclinical representatives of human T cell-depleted C4/C5
tumors.

TC1-cells undergo apoptotic or necroptotic
immunogenic cell death with antigen release

We explored the possibility of providing damage-associated
molecular pattern (DAMP)-based danger signaling and anti-
gen-release-based DC pulsing via immunogenic cell death
(ICD)."®" ICD is well established to potentiate anticancer DC
vaccines.®' However, it is currently debatable which underlying
cell death pathway (i.e., apoptotic vs. necroptotic) has the stron-
gest potentiating effect.?

To distinguish apoptosis vs. necroptosis, we utilized death re-
ceptor-driven necroptotic (combination of tumor necrosis factor
[TNF]/TRAIL, BV6, and zZVAD-fmk) vs. apoptotic stimuli (combi-
nation of TNF/TRAIL and BV6).°>** TNF or TRAIL were compar-
atively used to account for their distinct pro-inflammatory activ-
ity.>> The death of wild-type (WT) TC1 cells in response to
necroptotic stimuli was avoided by RIPK1 inhibitor, Nec1s.%®
WT TC1 cells did not respond to apoptotic stimuli (Figure 2D).
To overcome this, we used CRISPR-Cas9-driven knockout of
two necroptosis regulators (i.e., Ripk3 or Mikl) (Figures S2E
and S2F).>* Ripk3~/~TC1 cells were resistant to both necroptotic
and apoptotic stimuli (Figure 2D). Instead, Mikl~/~ TC1 cells
showed resistance to necroptotic but susceptibility to apoptotic
stimuli (Figure 2D). WT TC1 cells underwent necroptotic cell
death (Figure 2E) based on the following findings: the absence
of caspase-3/7 activity (Figure S2@G), non-sustained annexin V
staining (Figures S2H and S2I), and phosphorylation of MLKL

Figure 2. Optimization of DCvax-IT for T cell-depleted tumors

(A) Metagene expression for indicated signatures in different subcutaneous tumors (from GEO: GSE85509).
(B) Flow cytometry analysis of CD45™ fraction from subcutaneous MC38/TC1 tumors on day 23 after injection (percentage of CD8* of CD3* cells, n = 6; two-tailed

Student’s t test).

(C) Tumor volume of TC1-tumor-bearing mice treated with anti-PD-1/CTLA4 on day 9/16 after injection (n = 6; area under curve; one-way ANOVA, Kruskal-Wallis

test).

(D) Survival of WT, Ripk3~/~, and MIkI~'~ TC1 cells 24/48 h after treatment (three or four repeats).
(E) Cell death of WT and Miki~/~ TC1 cells 48 h after treatment. p values depict comparison WT vs. Miki~'~ TC1 cells (n = 3; two-way ANOVA, Sidak’s multiple

comparisons test).
(F) Schematic overview of the vaccine formulation process.

(G and H) Functional analysis of DCs untreated or stimulated with LPS, IFNB, or with untreated or dying TC1s (with/without IFNp). (G) Flow cytometry of DC
maturation (MHCII* CD86" frequency of CD11c™). p values depict comparison vs. UT DCs (n = 3; one-way ANOVA, Dunnett’s multiple comparisons test). (H) IFN-
signature expression (QPCR). p values depict comparison vs. UT DCs (n = 3; one sample t test).

() Flow cytometry of frequency of PD-L1*PD-L2*CD200* of CD11c* cells (moDCs alone/cocultured with untreated/dying WT/Miki~'~ TC1 cells). p values depict
comparison vs. UT moDCs (n = 4, LPS/IFNB n = 3; one-way ANOVA, Fischer least significant difference [LSD]).

(J) Flow cytometry of frequency of CD11b*F4/80" in moDCs (alone/cocultured with untreated/dying WT/MIki~'~ TC1 cells) or bone-marrow-derived macro-
phages (BMDMs). p values depict comparison vs. BMDMs (n = 3; one-way ANOVA, Dunnett’s multiple comparisons test).

(K) Cytokine secretion via cytokine array. From all values, the background was subtracted. Normalization was done using moDCs + untreated cancer cells (n = 3).
Here, “n” represents biological replicates and error bars represent SEM. See also Figures S2 and S3.
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Figure 3. DCvax-IT fails against T cell-depleted tumors in a curative setup
(A-C) Tumor-free survival of mice vaccinated with two prophylactic DC vaccines (day 0/7), followed by subcutaneous TC1 challenge. p values depict comparison
vs. PBS-treated mice. (A) Comparison of indicated DC vaccines to PBS-treated mice (PBS, n = 5; all vaccines; n = 5, log rank, Mantel-Cox test). (B) Comparison of
indicated DC vaccines to PBS-treated mice (PBS, n = 9; necroptotic/apoptotic DCvax-IT, n = 6; pro-inflammatory cytokine/hyper-inflammatory DC vaccines,
n =5, log rank [Mantel-Cox] test). (C) Comparison of indicated DC vaccines to PBS-treated mice (PBS, n = 6; apoptosis/necroptosis DCvax-IT, n = 5, log rank

[Mantel-Cox] test).

T
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(D) TC1-tumor-bearing mice treated with DCvax-IT (day 9/16 after injection). Comparison to PBS-treated mice (n = 12, area under curve; Kruskal-Wallis test).
(E and F) Flow cytometry analysis of CD45" fraction from untreated/DCvax-IT-treated TC1 tumors (day 23 after tumor injection). Frequency of (E) CD8" T cells or
(F) CD8* T cells to TAM ratio. Comparison to PBS-treated mice (UT, n = 3; necroptosis DCvax-IT, n = 4; apoptosis DCvax-IT, n = 3, one-way ANOVA, Dunnett’s

multiple comparisons test).
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(Figures S2L and S2M) (hereafter referred to as necroptotic™").

Conversely, Mikl~/~ TC1 cells underwent apoptotic cell death
(Figure 2E) as indicated by significant caspase-3/7 activity
(Figure S2G), sustained annexin V staining (Figures S2J and
S2K), and the absence of MLKL phosphorylation (Figures S2L
and S2M) (hereafter referred to as apoptotic'’). We did
not explicitly use Casp8~~ TC1 cells as necroptotic system
because Casp8~’~ or Casp8 ' Casp9~'~ (but not Casp9~'")
TC1 cells (Figure S2N) underwent Nec1s-inhibitable cell death
upon apoptotic stimuli (Figure S20), thereby making the latter
redundant.

Finally, we analyzed the ICD-like DAMP-profiles.** Both apop-
totic™" and necroptotic™! showed surface-calreticulin™'¢H
CD47"°% cells (Figure S2P), as well as the release of ATP
(Figures S2Q and S2R), HMGB1 (Figure S2S), and the TC1-spe-
cific E7 antigen (Figure S2S). Thus, TC1 cells showed proficient
DAMP-based apoptotic/necroptotic ICD coupled with antigen
release.

DCvax-IT co-integrating ICD and IFNp stimulation favor
type | IFN responses over macrophage-like or mregDC-
like phenotypes

We based our DC vaccines on bone-marrow-derived moDCs (Fig-
ure 2F). We compared different types of IFN (IFNa/f/y)*” for their
potential to induce DC maturation (MHC-II"CD86*CD11c") (for
flow cytometry gating strategy, see Dataset S1) and secretion of
the ISG-factor CXCL10. LPS served as a positive control. IFN
induced the most pronounced DC maturation (Figure S2T) and
CXCL10 secretion (Figure S2U). We selected 2.5 ng/mL IFN for
the rest of the study since it achieved sufficient maturation,
CXCL10 release and upregulated several ISGs in DCs: Irf7,
Rsad, Mx1, Cxcl9, or Cxcl10 (Figure S2V).

We pulsed moDCs with apoptotic/necroptotic’~", with or
without IFNB-stimulation (Figure 2F), and checked for successful
pulsing (efferocytosis of apoptotic/necroptotic’! by DCs), DC
maturation, bulk IFN/ISG-response genetic signature, macro-
phage-like/mregDC-like phenotype, and increase in CCR7*DCs
(necessary for LN homing). After pulsing with apoptotic'™", we
already saw promising DC stimulation (i.e., efferocytosis of TC1
cells) (Figure S3A) and DC maturation (Figure 2G), which was
further enhanced by IFNB (Figures 2G and S3B). Costimulation
with IFNB was useful for necroptotic’™’ since it outperformed
DC maturation by necroptotic'™' alone (Figures 2G, S3C, and
S3D). Also, the combination of ICD and IFNB increased CCR7*
DCs (Figures S3E and S3F).

Next, to confirm type | IFN/ISG response, we investigated
the induction of the ISG-signature (metagene for Irf7, Rsad,
Mx1, Cxcl9, and Cxcl10) in cocultures of DC + TC1 + IFNB. The
IFNB-induced ISG response was either maintained or potenti-
ated in the cocultures (Figure 2H). Moreover, TNF-elicited
apoptosis/necroptosis was better at preserving or potentiating

TC1
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ISG response than TRAIL-induced cell death (Figure 2H). Alto-
gether, these data drove us to prioritize cocultures of DCs,
TNF-driven apoptosis/necroptosis, and IFNp for the DCvax-IT
formulation. We checked for the presence of macrophages-like
(CD11b*F4/80") and mregDCs-like (programmed death-ligand
1 [PD-L1]*PD-L2*CD200"CD11¢*2®) phenotypes (for flow cy-
tometry gating strategy, see Dataset S1) in DCvax-IT. LPS stim-
ulation alone favored the acquisition of mregDC-like phenotype
(Figure 21). However, the presence of dead cancer cells avoided
the mregDC-like phenotype (Figure 2l). Moreover, compared to
bone-marrow-derived macrophages, apoptotic''/necropto-
tic™" DCvax-IT contained few CD11b*F4/80* macrophages
(Figure 2J).

Finally, we explored the DCvax-IT secretome using an anti-
body array combined with gene-set enrichment analysis
(GSEA)-based Gene Ontology biological pathway analyses. The
secretome of necroptotic'®' + DCs was more inflammatory
than that of apoptotic'" + DCs (Figures 2K, S3G, and S3H). Cos-
timulation with IFNB strongly induced an array of pro-inflamma-
tory cytokines (Figures 2K, S3l, and S3K) with the notable excep-
tion of IFNy (Figure 2K). Thus, our preclinical DCvax-IT resembled
the human DC vaccines with an immunogenic trajectory.

Type | IFN response distinguishes the most
immunogenic DC vaccine in vivo

Next, we wondered whether the trajectories of DC vaccines can
be validated in vivo. Three distinct mouse DC preparations were
conceived to recapitulate human DC vaccine trajectories, i.e.,
the 1SG-response™ DC vaccine (DCs stimulated with IFNp),
mregDC-like vaccine (DCs stimulated with LPS), and a macro-
phage-like vaccine (monocytes differentiated with M-CSF +
IL4). These preparations were pulsed with antigenic peptides
from TC1 cells (E6/E7 peptides) and prophylactically injected
into mice to elicit an immune response that protects against later
rechallenge with TC1 cells. PBS injection was used as a negative
control. The ISG-response™ DC vaccine significantly protected
from tumor challenge (compared to PBS treatment) (Figure 3A).
By comparison, mregDC-like vaccine protected fewer mice from
tumor challenge and macrophage-like vaccine completely failed
to confer immune protection (Figure 3A). Thus, DC vaccines fa-
voring a type | IFN/ISG-response™'®" state have the highest
immunogenic potential.

DCvax-IT induces type | IFN sensing-dependent
anticancer immunity in vivo

Next, we assessed the immunogenicity of DCvax-IT in the pro-
phylactic setting (Figure 3B). Two injections with both apopto-
tic™"/necroptotic™"! DCvax-IT efficiently protected mice from
tumor challenge within 1 week (Figure 3B) and tumor-free mice
also resisted a second rechallenge with TC1 cancer cells (Fig-
ure S3L). This in vivo immunogenicity of DCvax-IT was superior

(G) Frequency of Celltracker CM-Dil*CD11c™ cells in LNs of vaccinated mice. p values depict comparison vs. PBS-treated mice (UT, n = 4, necroptosis/apoptosis

DCvax-IT, n = 6, one-way ANOVA, Kruskal-Wallis test).

(H) TC1-tumor-bearing mice treated with cisplatin (day 9/16) alone or in combination with DCvax-IT (day 11/18) and after TC1-injection. p values depict com-
parison vs. cisplatin-treated mice (n = 8; area under curve, one-way ANOVA, Dunnett’s multiple comparisons test).

(I) MC38-tumor-bearing mice treated with DCvax-IT (day 9/16) after MC38-injection. p values vs. PBS-treated mice (PBS, n = 8; apoptosis DCvax-IT, n =10, area
under curve, Mann-Whitney test). Here, “n” represents biological replicates and error bars represent SEM. See also Figure S3.
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to some other frequently used maturation formulations of DC
vaccines (Figure 3B), namely, pro-inflammatory cytokine-based
DC vaccines (DCs co-stimulated with IL1B, IL6, PGE2, and
TNF)**~*" or hyperinflammatory DC vaccines (DCs co-stimulated
with LPS and IFNy).*2746

Next, we wondered if type | IFN sensing via receptor complex
of IFNAR1::IFNAR2 on DCs was necessary for the induction of
anticancer immunity. Hence, we re-tested apoptotic™"/necrop-
totic™®! DCvax-IT with Ifnar1~'~ DCs. Efferocytosis of apopto-
tic™®"/necroptotic™' by Ifnar1/~ DCs was efficient (Figures
S3M and S3N) but /fnar?’~ DC maturation was not proficient
(Figure S30). Accordingly, mice vaccinated with /fnar? '~ DCs-
based DCvax-IT failed to resist tumor challenge (Figure 3C). In
conclusion, DCvax-IT efficiently induced anticancer immunity
in a fashion that relied on the ability of the DC to sense IFNR.

Curative DCvax-IT fails against T cell-depleted tumors
but acts against T cell-infiltrated tumors

We evaluated DCvax-IT in a therapeutic setting, in mice bearing
TC1 tumors (Figure 3D). However DCvax-IT failed to slow down
the growth of TC1 tumors (Figure 3D), to increase CD8" T cell
infiltration (Figure 3E), or to shift the CD8" T cell-to-TAM ratio
(Figure 3F).

We wondered whether DCvax-IT failed to reach the tumor-
draining LN, because moDCs exhibit limited LN-homing, '° partic-
ularly with preexisting tumors.””*® Hence, we fluorescently
labeled the DCvax-IT with CellTracker CM-Dil and injected them
into mice to evaluate their accumulation in inguinal/axillary LNs
draining the subcutaneous injection site (Figure 3G). There was
significant LN-enrichment of CM-Dil* DCvax-IT (Figure 3G), which
was similar in tumor-free and TC1-tumor-bearing mice (Fig-
ure S3P). Moreover, the LN-enriched CM-Dil" DCvax-IT retained
their IFN response in vivo, as suggested by high phosphorylated-
signal transducer and activator of transcription 1 (STAT1),*° which
exceeded that found in CM-DilNEGATVE DCs (Figure S3Q).

Next, we investigated if TC1 tumors can be overcome by
combinatorial chemotherapy. However combining DCvax-IT
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with cisplatin, a chemotherapy with immunotherapy-synergizing
properties in TC1 tumors,”*° did not add therapeutic efficacy
(Figure 3H).

We investigated the possibility that the non-immunogenicity
of TC1 tumors could explain their resistance to DCvax-IT.
Hence, we therapeutically applied DCvax-IT against the
T cell-enriched MC38 tumors, which are responsive to ICBs
(Figure S3R). We focused on apoptoticM®®*® DCvax-IT because
MC38 cells were only susceptible to apoptosis (Figures S3S
and S3T).°" Here, we observed that DCs efficiently executed ef-
ferocytosis (Figures S3U and S3V) and phenotypically matured
(Figure S3W) when exposed to apoptotic™®®® plus IFNB. In-
terestingly, apoptoticM®®® DCvax-IT significantly reduced
MC38-tumor growth (Figure 3l). Thus, despite the high immu-
nogenicity and proficient LN-homing abilities of DCvax-IT,
T cell-depleted (but not T cell-infiltrated) tumors were resistant
to DCvax-IT.

TC1 tumors preferentially accumulate anti-
inflammatory PD-L1* TAMs

To improve the efficacy of DCvax-IT, it appeared critical to iden-
tify the dominant immunoresistance pathway operating in TC1
tumors. Differential gene expression (DGE) analyses comparing
the bulk transcriptomes of TC1 and MC38 tumors (Figure 2A)
indicated that TC1 tumors preferentially expressed genes
embedded in anti-inflammatory pathways relevant to myeloid
cells and TAMs (Figure 4A; Table S2).°° To confirm this at sin-
gle-cell resolution, we accessed published single-cell RNA
sequencing (scRNA-seq) data of TC1 tumors®® (Figure 4B).
Here, we pursued a cell-to-cell interaction with CellChat.*”
TAMs established the densest interactions with all other tumoral
immune/stromal cells, as indicated by the broadest width of con-
necting nodes (Figure 4C). Immunophenotyping confirmed that,
as compared to MC38 tumors, TC1 tumors contained a higher
M2-to-M1 TAM ratio (Figure S4A) and low M1-like MHC-
IM'SHCD206-°W TAMS (Figure S4B). Also, TC1 tumors contained
more TAMs than DCs (Figure S4C).

Figure 4. TC1 tumors enrich CD8* T cell-suppressive PD-L1* macrophages

A) Volcano plot of gene expression between MC38 and TC1 tumors (GEO: GSE85509).

B) Uniform manifold approximation and projection (UMAP) of untreated TC-1 tumor scRNA-seq data (GSM7103827).

C) Inferred cell-cell communication by CellChat from dataset in (B) (bandwidth indicates intensity of cell-to-cell communication).

E) CD45™ cell fraction from TC1 tumors (day 23 after injection). Frequency of TAMs (n = 6; two-tailed paired t test).
F) Flow cytometry analysis of PD-L1*, CSF1R*, CD206" (gating on unstained samples) on TAM from TC1 tumors isolated on day 23 post injection.

(
(
(
(D) Macrophages as density over expression of indicate gene levels from dataset in (B).
(
(
(

G) UMAP of TC1-tumor scRNA-seq data indicating normalized Cd274 expression (log1p-transformed reads per 10,000).
(H-J) Flow cytometry of T cell recovery after cocultures with TAMs from TC1 tumors (day 23 post injection), pre-incubated with/without anti-PD-L1 for 48 h,
together with paired spleen-derived T cells. (H) TAM/T cell coculture experimental setup. (I and J) Frequency of (I) CD8* T cells and (J) CD4* T cells (n = 3; two-

tailed paired t test).

(K) Relative information flow (CellChat) of Cd274* and Cd274~ macrophages (1,006 cells) from dataset in (B).
(L) TNF, TRAIL, FASLG expression of indicated TAMs from TC1 tumors (isolated on day 23 post injection) (n = 5; two-way ANOVA; Sidak’s multiple comparisons

test).

(M) Flow cytometry analysis of live T cell recovery, as per experimental setup in (H) and (J) but pre-incubated with/without anti-TNF/anti-TRAIL for 48 h, together

with paired spleen-derived T cells (n = 5; two-way ANOVA).

(N) Flow cytometry analysis of Efluor 780* dead/dying cell in untreated/anti-PD-L1-treated TC1-derived TAMs (isolated on day 23 post injection) (n = 4; two-tailed

paired t test).

(O) DGE of Cd274* macrophages (blue) vs. Cd274~ macrophages (red) from dataset in (B). The x axis: log2 fold change of PD-L1* to PD-L1". Size of circles:

—log10-transformed p values.

(P) Percentage TAM survival from TC1 tumors (day 23 post injection) treated with different inhibitors (n = 4; one-way ANOVA; Dunnett’s multiple comparisons

test). Here, “n” represents biological replicates. See also Figure S4.
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Several TAM-associated targets are currently explored as po-
tential therapeutic targets; e.g., CSF1R, CCR2, CX3CR1, SIRPA,
TIE2 (Tek), PD-L1 (Cd274), PD-L2 (Pdcd1lg2), CD40, IDO1, and
PD-1 (Pdcd1).5%°? To prioritize among these, we used the differ-
ential TC1-specific myeloid genes (Figure 4A) as input for a cor-
relation GSEA against a reference murine macrophage transcrip-
tome.>® This predicted Csf1r, Cd274, Cd40, Tek, and Pdcd1ig2
as the top five targets (Figure S4D). On the scRNA-seq level,
TC1-tumor-infiltrating TAMs most highly expressed Csf1r, fol-
lowed by Cd274 (Figure 4D). Tumor immunophenotyping
emphasized that TC1 tumors were dominated by immunoregula-
tory (MHC-II'°")y TAMs expressing significant PD-L1 (PD-
LI*MHC-II'°%) rather than CSF1R (CSF1R*MHC-IE®Y) (Fig-
ure 4E). In TC1 tumors, PD-LI*MHC-II"°"Y TAMs were strongly
enriched and were distinct from CSF1R*MHC-II'" TAMs or
the standard M2-like CD206"MHC-II"°" TAMs (Figure 4F).
Such distinct PD-L1" TAMs were also observed in LLC tumors
(another T cell-depleted tumor) (Figure S4E). Of note, most of
the Cd274 originate from TAMs (Figure 4G) and accordingly
there were more PD-L1" TAMs than PD-L1* DCs/cDC1/cDC2
(Figure S4F). Moreover, Cd274" TAMs exhibited stronger inter-
actions than Cd274~ TAMs, reflecting higher activity (Fig-
ure S4G). Thus, TC1 tumors enrich M2-like PD-L1* TAMs.

PD-L1* TAMs limit CD8* T cell responses via TRAIL
signaling
PD-L1" TAMs can limit T cell responses through a thus-far
elusive mechanism.*® We isolated TAMs from TC1 tumors and
splenic lymphocytes from the same mice and cocultured them
with or without PD-L1 blockade (Figure 4H). The presence of
TAMs reduced the recovery of live CD8*/CD4* T cells, and PD-
L1 blockade partially but significantly improved the recovery of
live T lymphocytes (Figues 4l and 4J). This phenotype was PD-
L1 specific, rather than dependent on PD-L1 and PD-1 interac-
tions,’” because PD-1 blockade failed to increase T cell recovery
(Figures S4H and S4l).

To understand the mechanism behind this, we interrogated
the TC1-tumor scRNA-seq data for death receptor ligands within
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cell-to-cell interaction networks (Cd274* TAMs vs. Cd274~
TAMSs). This analysis indeed indicated the presence of such li-
gands (Tnf, Tweak, and fatty acid synthase ligand [Fas/g]) in
Cd274* TAMs (Figure 4K). Such extrinsic ligands are well estab-
lished to limit CD8" T cells.*®*° Flow cytometric analysis re-
vealed that PD-L1* TAMs contained higher levels of TNF/
TRAIL (but not FASLG) than PD-L1~ TAMs, (Figure 4L). Impor-
tantly in TAM:T cell cocultures, the blockade of TRAIL, but not
TNF, rescued the recovery of CD8*T cells (Figure 4M). This sug-
gested that PD-L1* TAMs limit CD8" T cell responses via TRAIL
signaling.

PD-L1 blockade reduces accumulation of PD-L1* TAMs
We wondered how PD-L1 blockade antagonized TAMs to allow
recovery of T cells.®*®" PD-L1 blockade did not significantly
affect the M2-like (MHC-I"°"CD206"'%H) vs. M1-like (MHC-
NHSHCD206-°M) ratio in bone-marrow-derived macrophages
(Figure S4J) or TAMs (Figure S4K). PD-L1 reportedly facilitates
various pro-survival pathways.®®** Accordingly, a substantial
fraction of TAMs died upon PD-L1 blockade (Figure 4N). Our
scRNA-seq analysis of TC1 tumors found that Cd274* TAMs ex-
pressed various pro-survival genes (Nfkbia, Rel, Socs3, Junb,
Fos, Nfkb1, Map4k4, Mapk6) (Figure 40).5°-%* Remarkably, an
ex vivo screening of TC1-tumoral TAMs with pharmacological in-
hibitors of nuclear factor kB (NF-«B), Janus kinase (JAK)/STAT,
extracellular signal-regulated kinase (ERK), or phosphatidylino-
sitol 3-kinase (PI3K) highlighted that NF-«B inhibition most profi-
ciently reduced TAM survival (Figure 4P). Hence, we wondered if
PD-L1 blockade was modulating the NF-kB pathway in macro-
phages. Hence, we used a J774 macrophage reporter system
for NF-kB signaling. Indeed, PD-L1 blockade suppressed LPS-
driven NF-kB activation (Figure S4L). Thus, PD-L1 blockade re-
duces PD-L1" TAM survival.

DCvax-IT and PD-L1 blockade together suppress TC1
tumors by overcoming TAMs

We evaluated whether treating TC1 tumors with PD-L1 blockade
can suppress tumor growth irrespective of DCvax-IT (Figure 5A).

Figure 5. DCvax-IT-mobilized PD-L1* macrophages in LNs are blunted by DCvax-IT and anti-PD-L1 ICB

(A) TC1-tumor-bearing mice treated with DCvax-IT (day 9/6) and/or anti-PD-L1 (day 10/17). p values depict comparison vs. PBS-treated mice (PBS, n = 12;
apoptosis/necroptosis DCvax-IT + anti-PD-L1, n = 12; area under curve, one-way ANOVA Kruskal-Wallis test).

(B) TC1-tumor-bearing mice treated with DCvax-IT (day 9/16) and/or anti-PD-L1 (day 10/17) in combination with clodronate liposomes (CLs). p values depict
comparison vs. CL-treated mice (CL/apoptosis DCvax-IT/necroptosis DCvax-IT, n = 5; anti-PD-L1/apoptosis DCvax-IT + anti-PD-L1/necroptosis DCvax-IT +
anti-PD-L1, n = 6; area under curve, one-way ANOVA, Dunnett’s multiple comparisons test).

(C-H) Lymph node analysis of TC1-tumor-bearing mice, 3 days post treatment with DCvax-IT (with/without anti-PD-L1). (C) Frequency of PD-L1* of CD11b*F4/
80* cells. p values depict comparison vs. PBS-treated mice unless otherwise specified (n = 3-4; unpaired t test). (D) Frequency of M1 (MHC-1IM"®HCD206 %), M2
(MHC-I1"°"'CD206MH), or MO (MHC-11"°"CD206-°") macrophages. *p values depict comparison vs. MO from PBS-treated mice. ®p values depict comparison
vs. M1 from PBS-treated mice (n = 6; two-tailed Student’s t test). (E) IFNy*CD8" T cells-to-TAMs ratio. p values depict comparison vs. PBS-treated mice (PBS/
apoptosis DCvax-IT + anti-PD-L1, n = 3; anti-PD-L1/apoptosis DCvax-IT/necroptosis DCvax-IT + anti-PD-L1, n = 4, one-way ANOVA, Fischer’s LSD test). (F)
IFNy*CD4* T cells-to-TAMs ratio. p values depict comparison vs. PBS-treated mice (PBS, n = 3; anti-PD-L1/apoptosis DCvax-IT/apoptosis DCvax-IT + anti-PD-
L1/necroptosis DCvax-IT + anti-PD-L1, n = 4, one-way ANOVA, Fischer’s LSD test). (G) IL2*CD8" T cells-to-TAMs ratio. p values depict comparison vs. PBS-
treated mice (biological replicates; PBS/apoptosis DCvax-IT + anti-PD-L1, n = 3; anti-PD-L1/apoptosis DCvax-IT/necroptosis DCvax-IT + anti-PD-L1, n = 4,
one-way ANOVA, Fischer’s LSD test). (H) IL2*CD4* T cells-to-TAMs ratio. p values depict comparison to PBS-treated mice (PBS, n = 3; anti-PD-L1/apoptosis
DCvax-IT/apoptosis DCvax-IT + anti-PD-L1/necroptosis DCvax-IT + anti-PD-L1, n = 4, one-way ANOVA, Fischer’s LSD test).

(Iand J) Frequency of PD-L1* cells of CD11b* F4/80* cells after coculturing BMDMs with (I) WT or (J) Ifnar1~/~ DCvax-IT for 48 h. p values depict comparison vs.
untreated DCs (n = 3; one-way ANOVA, Dunnett’s multiple comparisons test).

(K and L) TC1-tumor-bearing mice treated with (K) Cer7 '~ (L) or Ifnar1~’~ DCvax-IT (day 9/16) and with anti-PD-L1 (day 10/17). p values depict comparison vs.
PBS-treated mice (n = 6; area under curve; one-way ANOVA, Kruskal-Wallis test). Here, “n” represents biological replicates and error bars represent SEM. See
Figures S4 and S5.
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PD-L1 blockade indeed slightly (but not significantly) sup-
pressed TC1-tumor growth (Figure 5A). In contrast, the combina-
tion of PD-L1 blockade with apoptotic''/necroptotic™"
DCvax-IT significantly reduced TC1-tumor growth (Figure 5A).
This synergistic anti-tumor effect was also found in LLC tumors
(Figure S4M).

Since the TAM modulation via PD-L1 was independent of
PD-1, and more dominant than CSF1R, we combined PD-1 or
CSF1R blockade with DCvax-IT. Unlike PD-L1 blockade (Fig-
ure 5A), neither PD-1 (Figure S4N) nor CSF1R (Figure S40)
blockade could synergize with DCvax-IT. Of note, CSF1R
blockade did not suppress TC1-tumor growth despite achieving
significant depletion of CSF1R* TAMs (Figure S4P), although
without disturbing the general TAM compartment (Figure S4Q).

The results positioned PD-L1* macrophages as the key im-
muno-resistance barrier to DCvax-IT. To explore this conjecture,
we depleted the macrophages with clodronate liposomes (CLs)
(Figure 5B)®® CL was used at a carefully titrated dose that
depleted macrophages (Figure S4R) but not DCs (Figure S4S).
CL based macrophage depletion non-significantly reduced the
therapeutic response to PD-L1 blockade (Figure S4T). However,
macrophage depletion was sufficient to significantly enhance
the anti-tumor effect of DCvax-IT (Figure 5B). This combinatorial
synergism between CL and DCvax-IT could not be further
improved by PD-L1 blockade (Figure 5B).

Accordingly, under macrophage depletion, DCvax-IT boosted
the intra-tumoral infiltration of CD8" T cells (Figure S4U). This
stimulus to CD8" T cell infiltration was not further potentiated
by PD-L1 blockade (Figure S4U). Of note, these data were
not confounded by anti-PD-L1 antibody-driven Fc receptor
crosslinking and NK cell-mediated antibody dependent cellular
cytotoxicity®® because depletion of NK cells via anti-NK1.1
antibody®” (Figure S4V) or usage of anti-PD-L1 antibody engi-
neered to possess a D265A mutation that minimizes its binding
toFc receptors68 (Figure S4W) did not disrupt the synergism be-
tween PD-L1 blockade and DCvax-IT. In conclusion, DCvax-IT
plus PD-L1 blockade suppressed TC1 tumors by antago-
nizing TAMs.

DCvax-IT induces PD-L1* macrophages in LNs and
simultaneous PD-L1 blockade blunts them

Modus operandi of DC vaccines involves anti-tumor priming of
LN T cells.”®">% However, little is known about their impact
on LN-associated macrophages (LAMs). Since DCvax-IT
showed good LN homing, we investigated whether they might
induce PD-L1* LAMs. We immunophenotyped the inguinal/axil-
lary LNs of tumor-bearing mice (Figure 5C). While DCvax-IT did
not directly cause a mobilization of macrophages (Figure S5A)
or cDC1/cDC2 (Figures S5B and S5C) in LNs, it did induce an
enrichment of PD-L1* LAMs (Figure 5C). Here, for immunophe-
notyping, we used a PD-L1 antibody recognizing another non-
overlapping epitope than the therapeutic anti-PD-L1 antibody.
A similar expansion was not observed for CSF1R* LAMs (Fig-
ure S5D), PD-L1*cDC1/cDC2 (Figures S5E and S5F). However,
DCvax-IT plus PD-L1 blockade strongly reduced the accumula-
tion of not only PD-L1* LAMs (Figure 5C) but also macrophages
(Figure S5A), cDC1/cDC2 (Figures S5B and S5C), CSF1R* LAMs
(Figure S5D), and PD-L1*cDC1/cDC2 (Figures S5E and S5F).
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The reduction of PD-L1* LAMs was observed at both percent-
ages and absolute counts (Figure S5G). PD-L1 blockade
plus DCvax-IT caused significant reduction in both M1-like/
M2-like LAMs thereby ‘“re-wiring” the compartment toward
MO-like phenotype (MHC-II°VCD206°Y) (Figure 5D). There
was no clear increase in phenotypic-maturation of cDC1/cDC2
(Figures S5H and S5l). PD-L1* LAM enrichment also happened
after vaccination with other DC preparations (especially the
pro-inflammatory cytokine-based preparations) but not after
PD-1 blockade (Figure S5J). DCvax-IT-induced increase in PD-
L1* LAMs was also confirmed for LLC tumors (Figure S5K) but
not for MC38 tumors (Figure S5L). Furthermore, combination
with PD-L1 blockade prevented the accumulation of these
LAMs in LLC tumors (Figure S5K).

Next, we analyzed the LN-associated T cells. None of the
treatments caused an increase in CD4*/CD8" T cells (Figures
S5M and S5N). DCvax-IT or PD-L1 blockade alone did not
increase IFNy*CD4*/CD8" T cells (Figures 5E and 5F) or
IL2*CD4*/CD8* T cells (Figures 5G and 5H). However, DCvax-
IT plus PD-L1 blockade strongly mobilized IFNy*CD4*/CD8*
T cells (Figures 5E and 5F) and IL2*CD4*/CD8"* T cells in LN
(Figures 5G and 5H).

Subsequently, we wondered whether DCvax-IT was directly
inducing PD-L1 on macrophages. Coculturing macrophages
with DCvax-IT resulted in more PD-L1* macrophages (Figure 5I)
but not CSF1R* macrophages (Figure S50). Since DCvax-IT
secreted several type | IFN/ISG-response-driven cytokines
(Figure 2K) that can induce PD-L1,°"° we ablated this pathway
via Ifnar1~'~ DCvax-IT. Ifnar1~'~ DCvax-IT failed to induce
PD-L1 on macrophages (Figure 5J). In contrast to WT DCvax-
IT, Ccr7~/~ DCvax-IT (Figure 5K) or Ifnar1~’~ DCvax-IT (Figure
5L) failed to synergize with PD-L1 blockade to mediate TC1-tu-
mor reduction. This confirmed that DCvax-IT induces PD-L1*
LAMs, which limits effector CD4*/CD8" T cells, thus creating
an immuno-resistant macrophage niche.

DCvax-IT mobilizes PD-L1* TAMs and combination with
anti-PD-L1 ICB blunts them to promote anti-tumor T cell
immunity

We wondered whether DCvax-IT also enhanced PD-L1* TAMs to
weaken anti-tumor T cells. Indeed, DCvax-IT caused a signifi-
cant enrichment of TAMs (Figure 6A) and PD-L1* TAMs (Fig-
ure 6B). Accordingly, DCvax-IT plus PD-L1 blockade prevented
the accumulation of TAMs (Figure 6A) and PD-L1* TAMs (Fig-
ure 6B). This reduction was detected for both relative and abso-
lute counts (Figure S6A). An increase in the CD8" T cell-to-TAM
ratio was also observed (Figure 6C). Moreover, ELISA-based
analysis of TAM lysates confirmed that combinatorial PD-L1
blockade caused a reduction of PD-L1 protein (Figure S6B).
We did not see any differences in the abundance of DCs,
cDC1/cDC2, PD-L1*¢cDC1/cDC2 (Figures S6C-S6G), or their
phenotypic maturation (Figures S6H-S6J). Similarly, there was
no increase in PD-L1* fibroblasts (Figure S6K), PD-L1* endothe-
lial cells (Figure S6L), or other tumoral cells (Figure S6M). Also,
TC1 cancer cells did not express PD-L1/PD-L2 (Figure SEN).
The DCvax-IT-induced increase in PD-L1* TAMs was cross-
confirmed in LLC tumors (Figure S60) but not MC38 tumors (Fig-
ure S6P). Expectedly, in DCvax-IT-treated LLC tumors, PD-L1
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blockade blunted PD-L1* TAMs (Figure S60). This emphasized
the immunosuppressive relevance of PD-L1" TAMs.

Consequently, only DCvax-IT plus PD-L1 blockade caused a
significant augmentation of CD8" T cells (Figure 6D). In contrast,
all conditions caused a non-significant increase in CD4* T cell in-
filtrates (Figure S7A). Similarly, only the combinatorial regimen
skewed the tumoral milieu toward higher Th1-to-Th1 ratio (Fig-
ure BE), increased the ratio of proliferating Ki67*CD8"* T cells
over dead/dying CD8" T cells (Figure 6F), and enhanced effector
CD8* T cells,>*"" i.e., effector IFNy* (Figure 6G) or IL2* (Fig-
ure 6H) CD8" T cells, effector-memory CD127*CD62L-CD8*
T cells (Figure 61), and cytotoxic CD107a*CD8* T cells (Figure 6J).
The combination treatment also increased exhausted PD-
1*TIM3*CD8" T cells (Figure S7B) and stem-like memory T cell
factor (TCF1)*CD8™" T cells (Figure 6K) without increasing termi-
nally differentiated eomesodermin (EOMES)*TCF1~CD8* T cells
(Figure S7C).

To confirm the antagonistic relationship between M2-like
TAMs vs. CD8* T lymphocytes, we depleted CD8* T cells via an-
tibodies (Figure 6L). Interestingly, TC1 tumors depleted of CD8*
T cells (Figure S7D) contained more M2-like TAMs (Figure 6M)
and less M1-like TAMs (Figure S7E). This was accompanied by
accelerated tumor growth (Figure S7F). Expectedly, the anti-tu-
mor effect of DCvax-IT plus PD-L1 blockade disappeared in
the absence of CD8"* T cells (Figure 6N). Tumor T cell-derived
IFNy is a dominant inducer of PD-L1-signaling.®” Accordingly,
antibody-based neutralization of IFNy also disrupted the syner-
gism of DCvax-IT and PD-L1 blockade (Figure 60).

Finally, we confirmed the pro-CD8" T cell role for DCvax-IT’s
type | IFN response and LN homing by immunophenotyping the tu-
mors after the administration of /fnar1~'~ DCvax-IT or Ccr7 '~
DCvax-IT plus PD-L1 blockade. Despite combination with PD-L1
blockade, Ccr7~/'~ DCvax-IT, or Ifnar1~'~ DCvax-IT (Figure S7G)
did not increase the number of tumor-infiltrating CD8" T cells.
This confirmed that DCvax-IT mobilizes PD-L1* macrophage
niche spanning both tumors and LNs thereby suppressing T cell
immunity such that combination with PD-L1 blockade prevents
the accumulation of these TAMs and revives anti-tumor T cells.

PD-L1 and TAM co-association is a negative prognostic
niche in human cancers that specifically predicts
clinical response to PD-L1 blockade

Bioinformatics analysis with 21 scRNA-seq datasets spanning
13 cancer types, 287 patients, and two species showed that

Cell Reports Medicine

TAMs where the most dominant source of CD274 (Figure 7A)
among various tumoral cells. We also explored the correlation
of CD274 with M1 vs. M2-like macrophages across the pan-can-
cer immune-landscape classes in TCGA. Interestingly, the more
immunogenic C1/C2/C6 tumors showed a higher correlation be-
tween CD274 and M1 macrophages (Figure 7B). Conversely,
T cell-depleted C4/C5 tumors displayed a better correlation be-
tween CD274 and M2-like macrophages (Figure 7B). Finally, in
terms of survival impact, a TCGA-based pan-cancer multi-
variate prognostic analysis (19 cancer types, 8,493 patients)
emphasized that, in most cancers, co-enrichment of CD274
and macrophages associated with an increased hazard ratio
(i.e., shorter overall survival) (Figure 7C).

Next, we determined if an M2-like PD-L1" TAM metagene in
pre-treatment tumor transcriptomes can distinguish clinical re-
sponders from non-responders in an immunotherapy cohort
integrating treatments with either PD-L1 blockade (454 patients,
five cancer types) or PD-1 blockade (761 patients, 11 cancer
types). Importantly, PD-L1* TAM metagene was significantly
more expressed in patients responding to PD-L1 blockade (Fig-
ure 7D) than PD-1 blockade (Figure 7E). This correlation empha-
sized the interaction of TAMs with PD-L1 across a variety of
different cancers.

DC vaccines mobilize lymphocyte-suppressive PD-L1*
TAMs in glioblastoma
The preclinical observation of DC vaccine-induced T cell-sup-
pressive PD-L1* TAMs called for functional validation in DC
vaccinated patients. A cancer type distribution analysis of C4/
C5 tumors confirmed that T cell-depleted tumors often are glio-
blastoma (GBM)/low-grade gliomas (LGGs) (Figure S7H).*""3
We accessed samples from the GlioVax clinical trial®®
(Table S3). GlioVax is a randomized phase Il trial enrolling
newly diagnosed GBM patients treated with tumor lysate-
loaded DC vaccines combined with radiochemotherapy (Fig-
ure 7F).°® DC vaccines indeed increased CD4*/CD8* T cells
(Figure 7G) and effector IFNy*CD4*/CD8"* T cells (Figure 7H)
within GBM tissues from vaccinated patients. Interestingly,
the DC vaccine also caused a significant increase in M2-like
CD163*CD14"CD45* TAMs (Figure 71). Moreover, the CD163*
TAMs and CD8* T cells also showed spatially disconnected lo-
calizations (Figure 7J). Accordingly, a correlation analysis
across 37 tumor regions from eight unvaccinated/vaccinated
GBM patients highlighted an antagonistic relationship between

Figure 6. DCvax-IT-mobilized PD-L1* macrophages in tumors are blunted by DCvax-IT and anti-PD-L1 ICB

(A-C) Tumor infiltrating leukocyte (TIL) analysis of CD45* fraction from TC1 tumors (isolated on day 23 post injection) treated with DCvax-IT (day 9/16) and/or anti-
PD-L1 (day 10/17). (A) Percentage of TAMs (CD11b*F4/80*), (B) percentage of PD-L1* TAMSs, (C) CD8"-to-TAM ratio. (A-C) p values depict comparison vs. PBS-
treated mice unless otherwise specified (n = 3-9; Mann-Whitney test).

(D-K) TIL analysis of CD45* fraction from TC1 tumor (day 23 post injection) treated with DCvax-IT (day 9/16) with/without anti-PD-L1 (day 10/17). Normalized by
tumor-weight. (D) CD8* T cells-to-TAM ratio. (E) Th1-to-Th2 ratio. (F) KI67*CD8*-to-dead CD8" ratio. (G) IFNy*CD8" T cells. (H) IL2*CD8* T cells. (l)
CD127*CD62 CD8* T cells. (J) CD107a*CD8* T cells. (K) TCF*CD8" cells. (D, E, F, and I-K) p values depict comparison vs. PBS-treated mice unless otherwise
specified (n = 3-5; Mann-Whitney test). (G and H) p values depict comparison vs. PBS-treated mice unless otherwise specified (n = 3-4; one-way ANOVA,
Kruskal-Wallis test).

(L-N) TC1-tumor-bearing mice treated with DCvax-IT (day 9/11), with anti-PD-L1 (day 10/11) and with anti-CD8 1 day pre-injection and every other day until
500 mm?. p values depict comparison vs. PBS-treated mice unless otherwise specified. (M) %MHCII'¥CD206"9" of CD11b*F4/80* in CD45* fraction from TC1
tumor (day 23 post injection) (n = 3; two-tailed Student’s test). (N) Tumor volume curve (n = 7; area under curve; one-way ANOVA, Kruskal-Wallis test).

(O) TC1-tumor-bearing mice treated with DCvax-IT (day 9/16) and/or anti-PD-L1 ICB (day 10/17) in combination with anti-IFN+y antibody (day 8, 12, 15, 19, 22).
p values depict comparison vs. PBS-treated mice (n = 4, area under curve, one-way ANOVA). Here, “n” represents biological replicates and error bars represent
SEM. See also Figure S6.
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TAMs and CD8" T cells, which increased upon vaccination
(Figure 7K).

In accord with our preclinical data, DC vaccination increased
the frequency of PD-L1*CD163" TAMs (Figure 7L) in GBM tis-
sues. In the next step, we isolated GBM-infiltrating human PD-
L1* TAMs and cocultured them at different densities with human
allogeneic PBMC-derived lymphocytes in the presence or
absence of PD-L1 blockade (Figure 7M). Remarkably, PD-L1
blockade stimulated lymphocyte proliferation, but only in the
presence of PD-L1* TAMSs, and this effect increased with higher
densities of PD-L1* TAMs (Figure 7M). Of note, human GBM-
infiltrating M2-like TAMs expressed significantly higher PD-L1
than CSF1R (Figure S7I). Altogether, these findings suggest
that DC vaccination can elicit lymphocyte-suppressive PD-L1*
TAMs in human GBM.

DISCUSSION

In this study, we found that the biggest limitation of human DC
vaccines was not their maturation per se but their divergent
functional states. In fact, we pinpointed the most immuno-
genic DC vaccine state (i.e., type | IFN/ISG responset!®H),
which is also associated with efficient antigen-directed immu-
nity and favorable tumor responses in patients. Using this in-
formation, we designed a preclinical DCvax-IT. Although
some studies have investigated the single-DC vaccine tran-
scriptome,”®’* to the best of our knowledge, none has used
these data to drive the creation of an optimized preclinical
DC vaccine.

Contrary to our expectations, DCvax-IT was suboptimal,
because it facilitated the surge of PD-L1* LAMs via type
I IFN/ISG response, rather than facilitating effector T cells. In
parallel, DCvax-IT fueled preexisting T cell-suppressive PD-
L1* TAMs. This created a strong immunosuppressive PD-L1*

Cell Reports Medicine

macrophage niche across both these anatomically distinct
sites, which played a key role in DCvax-IT immunoresistance.
Intriguingly PD-L1* macrophages suppressed CD8" T cells via
TRAIL signaling. Fortunately, this immunosuppressive niche
could be neutralized by PD-L1 blockade. In fact, it required
a DCvax-IT plus PD-L1 blockade combination to neutralize
PD-L1* LAMs in LNs and PD-L1* TAMs in the tumors, to un-
leash “systemic” anticancer T cell activity. The combination
of DCvax-IT and PD-L1 blockade helped control the im-
muno-depleted TC1/LLC tumors. PD-L1 blockade reduced
the accumulation of PD-L1* macrophages (possibly by modu-
lating NF-kB signaling”®).

These results have major implications for changing the
fundamental outlook of how anticancer DC vaccines work.
Currently, the literature consensus agrees that LNs serve solely
as the sites of efficacious T cell priming for cancer antigens by
the DCs. Our observations add some additional notions to this
vision. Indeed, our findings suggest that DC vaccine-driven
T cell-suppressive pathways are fueled by PD-L1* LAMSs,
and, together with simultaneous fueling of PD-L1* TAMSs, this
PD-L1 signaling counters the efficacy of DC vaccines. More-
over, it appears that this pathway is actionable, opening
room for combinatorial immunotherapy opportunities.”®"”
Although anti-PD-L1 ICB is part of the clinically approved
immunotherapy toolkit,>”"® the proposal to combine DC vac-
cines with ICBs targeting PD-L1 (instead of PD-1) is important
because almost all current clinical trials integrating ICBs with
DC vaccines are prioritizing PD-1 blockage.’®

Of note, we could confirm that DC vaccines potentiated
lymphocyte-suppressive PD-L1* TAMs in patients with GBM, a
prototypical T cell-depleted tumor. This, along with the data
that the association of TAMs and PD-L1 has negative prognostic
value and that a PD-L1* TAMs signature predicts positive patient
responses to PD-L1 blockade, suggests that DC vaccine-driven

Figure 7. PD-L1* macrophages are mobilized by DC vaccines in GBM patients
(A) Expression of CD274/cd274 (PD-L1) across indicated datasets (n = 287 patients).

(B) Correlation between CD274 vs. M1/M2 macrophage fraction in TCGA cancer types (C1, n = 1,313; C2, n = 1,210, C3, n = 688; C4, n = 222, C5, n = 2; C6,
n=111).

(C) Z scores of CoxPH regression of CD274"'®" macrophages subgroups, correcting for age, gender, tumor-stage (bladder cancer/BLCA, n = 408; breast
cancer/BRCA, n = 1,100; colon adenocarcinoma/COAD, n = 458; GBM, n = 153; head and neck cancer human papillomavirus /HNSC-HPV ™, n = 422; head and
neck cancer human papillomavirus*/HNSC-HPV*, n = 98; kidney chromophobe/KICH, n = 66; kidney renal clear cell carcinoma/KIRC, n = 533; kidney renal
papillary cell carcinoma/KIRP, n = 290; low-grade glioma/LGG, n = 516; liver cancer/LIHC, n = 371; lung adenocarcinoma/LUAD, n = 515; lung squamous cell
carcinoma/LUSC, n = 501; ovarian cancer/OV, n = 303; pancreatic adenocarcinoma/PAAD, n = 179; pheochromocytoma/PCPG, n = 181; prostate adenocar-
cinoma/PRAD, n = 498; rectum adenocarcinoma/READ, n = 166; sarcoma/SARC, n = 260; melanoma/SKCM, n = 471; stomach adenocarcinoma/STAD, n = 415;
thyroid carcinoma/THCA, n = 509; uveal melanoma/UVM, n = 80, Mantel-Cox test).

(D and E) log2(metagene expression) of CD274, CD163, CD14, and CD68. (D) Responders vs. non-responders to anti-PD-L1 (atezolizumab/durvalumab)
(responders, n = 185 and non-responders, n = 269, where ureter/renal pelvis cancer n = 4, urothelial cancer n = 345, bladder cancer n = 31, esophageal cancer n =
72, renal cell carcinoma n = 2; Mann-Whitney U test). (E) Responders vs. non-responders to anti-PD-1 (nivolumab/pembrolizumab) (responders, n = 183 and non-
responders, n = 323, where lung cancer n = 19, GBM n = 19, ureter/renal pelvis cancer n = 7, gastric cancer n = 45, colorectal cancer n = 5, melanoma n = 415,
bladder cancer n = 59, hepatocellular carcinoma n = 22, breast cancer n = 14, renal cell carcinoma n = 31, head and neck cancer n = 110; Mann-Whitney U test).
(F-J) Analysis of CD45* fraction of primary and DC vaccinated GBM patients (NCT03395587). Tumor material from day of resection at first diagnosis (primary) or
at recurrence after vaccination. (F) Overview of NCT03395587. (G) Frequency of CD4*/CD8" of CD3"* cells. (H) Frequency of IFNy* of CD4*/CD8*CD3* T cells.
(G and H) Primary, n = 6; progress vaccine, n = 5, two-way ANOVA, Bonferroni’s multiple comparison.

(I) Mean fluorescent intensity of CD163 on CD14" cells. Primary, n = 15; recurrent DC vaccine, n = 5; two-tailed Student’s t test.

(J and K) Immunohistochemistry of tumor slide from unvaccinated and DC vaccinated GBM patients (NCT03395587). (J) Representative images. (K) Correlation
between TAM and T cell counts (n = 37 tumor regions from eight unvaccinated/vaccinated, Spearman’s correlation).

(L) Mean fluorescent intensity of PD-L1 on CD14* cells. Primary, n = 15; recurrent DC vaccine, n = 5; two-tailed Student’s t test.

(M) Bromodeoxyuridine incorporation in cocultures of PBMC-derived lymphocytes (CD14 depleted PBMC) and TAMs obtained from primary GBM samples with/
without anti-PD-L1 blocking (n = 3; area-under-curve-driven two-tailed paired t test). Here, “n” represents different patients (biological replicates) and error bars
represent SEM. See also Figure S7.
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PD-L1*" TAMs could be used to predict poor clinical responses.
This claim is substantiated by a recent clinical study document-
ing that DC vaccines showed higher efficacy in breast cancer pa-
tients with PD-L1~ tumors.”®

In conclusion, our study shows that a type | IFN™'®"DC vac-
cine state is necessary but not sufficient for inducing therapy-
relevant anticancer immune responses. This is because DC
vaccines paradoxically induce a self-inhibitory niche of T cell-
suppressive PD-L1" macrophages in LNs and tumors that form
a barrier to efficacious activation of T cell immunity. This creates
a DC vaccine-driven immuno-resistant niche that opens avenues
for combinatorial immunotherapy.

Limitations of the study

More research is needed to fully decipher the molecular path-
ways behind PD-L1* TAM-driven CD8" T cell death and PD-L1
blockade driven suppression of TAM survival. Also, it would be
relevant to test whether our proposed mechanisms work in
GBM tumor models in mouse. Finally, a prospective trial
combining DC vaccines with PD-L1 blockade in cancer patients
will be necessary to fully confirm the clinical relevance of our pro-
posed PD-L1* LAM/TAM pathway and DC vaccine’s maturation
trajectories.
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Antibodies

Alexa Fluor 488 anti-mouse CCR?7 (clone:4B12) Biolegend Cat#120110 RRID:AB_492841
APC/Cyanine? anti-mouse CD3 (clone:17A2) Biolegend Cat#100222 RRID:AB_2242784
BV750 anti-mouse CD3 (clone:17A2) Biolegend Cat#100249 RRID:AB_2734148
PE/Cyanine7 anti-mouse CD4 (clone: GK1.5) Biolegend Cat#100422 RRID:AB_312707
PE anti-mouse CD4 (clone: GK1.5) Biolegend Cat#100408 RRID:AB_312693
BUV563 anti-mouse CD4 (clone:GK1.5) BD Biosciences Cat#612923 RRID:AB_2870208
BV711 anti-mouse CD8a (clone: 53-6.7) Biolegend Cat#100759 RRID:AB_2563510
Pacific Blue anti-mouse CD8a (clone: 53-6.7) Biolegend Cat#100725 RRID:AB_493425
PE anti-mouse/human CD11b (clone:M1/70) Biolegend Cat#101208 RRID:AB_312791
APC anti-mouse/human CD11b (clone:M1/70) Biolegend Cat#101212 RRID:AB_312795
BUV661 anti-mouse CD11b (clone:ICRF44) BD Biosciences Cat#612977 RRID:AB_2870249
APC anti-mouse CD11c (clone: N418) Biolegend Cat#117310 RRID:AB_313779
Pacific Blue anti-mouse CD11c (clone: N418) Biolegend Cat#117322 RRID:AB_755988
FITC anti-mouse CD11c (clone: N418) Biolegend Cat#117305 RRID:AB_313774
Pacific blue anti-mouse CD31 (clone 390) Biolegend Cat#102421 RRID:AB_10613457
BV570 anti-mouse CD45 (clone:30-F11) Biolegend Cat#103136 RRID:AB_2562612
PE/Cyanine7 anti-mouse CD47 (clone: miap301) Biolegend Cat#127523 RRID:AB_2629544
BUV395 anti-mouse CD86 (clone:GL-1) BD Biosciences Cat#564199 RRID:AB_2738664
APC/Cyanine7 anti-mouse CD86 (clone:GL-1) Biolegend Cat#105030 RRID:AB_2244452
PerCP anti-mouse CD86 (clone: GL-1) Biolegend Cat#105026 RRID:AB_893417
PE/Cyanine7 anti-mouse CD90.2 (clone 30-H12) Biolegend Cat#105325 RRID:AB_2303142
PE/Cyanine7 anti-mouse CD172a (clone: P84) Biolegend Cat#144008 RRID:AB_2563546
PE anti-mouse CD200 (clone: OX-90) Biolegend Cat#123808 RRID:AB_2073942
APC anti-mouse CD206 (clone:C068C2) Biolegend Cat#141708 RRID:AB_10900231
BV785 anti-mouse CD206 (clone:C068C2) Biolegend Cat#141729 RRID:AB_2565823
PerCP/Cyanine5.5 anti-mouse CSF1R (clone: AFS98) Biolegend Cat#135525 RRID:AB_2566461
BV605 anti-mouse CSF1R (clone: AFS98) Biolegend Cat#135517 RRID:AB_2562760
PE anti-FASL (clone KAY-10) Biolegend Cat#106805 RRID:AB_2246643
FITC anti-mouse F4/80 (clone:QA17A29) Biolegend Cat#157310 RRID:AB_2876535
Pacific blue anti-mouse F4/80 (clone:BM8) Biolegend Cat#123124 RRID:AB_893475
BUV737 anti-mouse F4/80 (clone: T45-2342) BD Biosciences Cat#749283 RRID:AB_2873658
APC IFNy anti-mouse (clone: XMG1.2) Biolegend Cat#505810 RRID:AB_315404
PE anti-mouse IL2 (clone: JES6-5H4) Biolegend Cat#503808 RRID:AB_315302
FITC anti-mouse MHCII (clone: M5/114.15.2) Biolegend Cat#107606 RRID:AB_313321
BV650 anti-mouse MHCII (clone:M5/114.15.2) Biolegend Cat#107641 RRID:AB_2565975
BUV615 anti-mouse PD1 (clone: RPM1-30) BD Biosciences Cat#752354 RRID:AB_2875871
FITC anti-mouse PD1 (clone 29F.1A12) Biolegend Cat#135214 RRID:AB_10680238
PE anti-mouse PD1 (clone RMP1-30) Biolegend Cat#109103 RRID:AB_313420
APC anti-mouse PDL1 (clone 10F.9G2) Biolegend Cat#124312 RRID:AB_10612741
Percp/Cyanine5.5 anti-mouse PDL2 (clone: TY25) Biolegend Cat#107218 RRID:AB_2728126
Percp/Cyanine5.5 anti-mouse Siglec-H (clone:551) Biolegend Cat#129614 RRID:AB_10643995
FITC anti-mouse TNF (clone: MP6-XT22) Biolegend Cat#506304 RRID:AB_315425
PE anti-mouse pSTAT1 (clone: pY701) BD Biosciences Cat#562069 RRID:AB_11151907
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Pe/cyanine7 anti-mouse TRAIL (clone N2B2) Biolegend Cat#109311 RRID:AB_2721675
BV510 anti-mouse XCR1 (clone: ZET) Biolegend Cat#148218 RRID:AB_2565231
Alexa Fluor 488 anti-mouse FOXP3 (clone:MF-14) Biolegend Cat#126406 RRID:AB_1089113

PE/Cyanine7 anti-mouse GATA3 (clone: TWAJ)
PE/Cyanine5 anti-mouse CD62L (clone: MEL-14)
PE anti-mouse TCF1/7 (clone: S33-966)

Alexa Fluor 700 anti-mouse CD107a (clone:1D4B)
BV786 anti-mouse Tbet (clone: 04-46)

BV650 anti-mouse KI-67 (clone:11F6)

BV450 anti-mouse EOMES (clone: Dan11mag)
BUV737 anti-mouse CD127 (clone: SB/199)
BUV395 anti-mouse TIM3 (clone:5D12/TIM-3)
anti-mouse calreticulin (clone: B44)

Alexa Fluor 488 anti-rabbit IgG

APC/Cyanine? anti-human CD3 (clone: OKT3)
Alexa Fluor 594 anti-human CD3 (clone: UCHT1)
PE/Cyanine? anti-human CD4 (clone: okt/04)
Alexa Fluor 597 anti-human CD8 (clone: RPA-T8)
PE/Dazzle anti-human CD8 (clone: Sk1)
VioGreen anti-human CD8 (clone:BW135/80)
BV570 anti-human CD45RO0 (clone: UCHL1)
Pacific blue anti-human IFNy (clone:4S. B3)
FITC anti-human CD45 (clone: REA747)

FITC anti-human CD163 (clone: REA812

Percp anti-human CD45 (clone:2D1)

APC anti-human CD14 (clone:63D3)

PE/Dazzle anti-human CSF1R (clone: AFS98)

PE anti-human PDL1 (clone:M1H1)

Alexa Fluor 488 isotype control (clone: MOPC-21)
Alexa Fluor 647 isotype control (clone: MOPC-21)
PE isotype control (clone:27-35)

PE/Cyanine5 isotype control (clone: P3.6.2.8.1)
FcX (truStain/CD16/32) anti-mouse (clone: 93)
anti-mouse MLKL (clone:3H1)

anti-mouse pMLKL (clone: EPR9515(2))
anti-mouse RIPK1 (clone: D94C12)

anti-mouse RIPK3

anti-mouse HMGB1 (clone: EPR3507
anti-mouse PD-L1 (clone 10F.2H11)

anti-mouse PD-L1 (clone D4H12)

anti-mouse PD-L2 (clone 168633)

anti-HPV-E7 (clone: 8C9)

anti-human/mouse/rat caspase8

anti-human CD163 (clone OTI2G12)

AF647 anti-human CD8 (clone EP1150y)
anti-mouse I1gG
anti-Bovine/human/mouse/sheep/rat caspase9
anti-mouse PARP (clone:46D11)

Thermo Fischer Scientific
Biolegend

BD Biosciences
Biolegend

BD Biosciences
Biolegend

Thermo Fischer Scientific
BD Biosciences

BD Biosciences

abcam

abcam

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Miltenyi Biotec
Biolegend

Biolegend

Miltenyi Biotec

Miltenyi Biotec
Biolegend

Biolegend

Biolegend

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

Thermo Fischer Scientific
Biolegend

Sigma Aldrich

Abcam

Cell signaling

Biorad

Abcam

BioxCell

Cell signaling

R&D systems

Thermo Fischer Scientific
Thermo Fischer Scientific
Abcam

Abcam

abcam

Thermo Fischer Scientific
Cell signaling

Cat#25-9966-42 RRID:AB_2573568
Cat#104410 RRID:AB_313097
Cat#564217 RRID:AB_2687845
Cat#121628 RRID:AB_2783063
Cat#564141 RRID:AB_2738615
Cat#151215 RRID:AB_2876504
Cat#48-4875-82 RRID:AB_2574062
Cat#612841 RRID:AB_2870163
Cat#747620 RRID:AB_2744186
Cat#ab2907 RRID:AB_303402
Cat#ab150077 RRID:AB_2630356
Cat#317342 RRID:AB_2563410
Cat#300446 RRID:AB_2563236
Cat#317414 RRID:AB_571959
Cat#301056 RRID:AB_2563232
Cat#344744 RRID:AB_2566515
Cat#130-113-726 RRID:AB_2726267
Cat#304226 RRID:AB_2563818
Cat#502532 RRID:AB_2561398
Cat#130-110-769 RRID:AB_2658236
Cat#130-112-290 RRID:AB_2655475
Cat#368506 RRID:AB_2566358
Cat#367118 RRID:AB_2566792
Cat#135528 RRID:AB_2566523
Cat#557924 RRID:AB_647198
Cat#557702 RRID:AB_396811
Cat#557783 RRID:AB_396871
Cat#555058 RRID:AB_395678
Cat#46-4714-82 AB_1834453
Cat#101320 RRID:AB_1574975
Cat#MABC604 RRID:AB_2820284
Cat#ab196436 RRID:AB_2687465
Cat#3493T RRID:AB_2305314
Cat#AHP1797 RRID:AB_2178676
Cat#ab79823 RRID:AB_1603373
Cat#BE0361 RRID:AB_2927503
Cat#60475 RRID:AB_2924680
Cat#MAB1022 RRID:AB_2268067
Cat# 28-0006 RRID:AB_2533057
Cat#PA5-77888 RRID:AB_2735575
Cat#ab156769

Cat#ab196193 RRID:AB_869025
Cat#ab150113 RRID:AB_2576208
Cat#PA5-16358 RRID:AB_10985523
Cat# 9532S RRID:AB_659884

(Continued on next page)
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anti-mouse Actin (clone: AC-74) Sigma Aldrich Cat#A5316 RRID:AB_476743
anti-mouse Actin Abcam Cat#ab49900 RRID:AB_867494
anti-mouse Actin (clone: AC-15) Sigma Aldrich Cat#A5441 RRID:AB_476744
anti-rabbit 1IgG Cell signaling Cat#7074S RRID:AB_2099233
anti-mouse IgG Cell signaling Cat#7076S RRID:AB_330924
anti-rat IgG2a Biolegend Cat#400502 RRID:AB_326523
anti-mouse TNF Invitrogen Cat#16-7423-81 RRID:AB_469261
anti-mouse TRAIL R&D systems Cat#AF721 RRID:AB_2205069
anti-mouse PDL1 D265A mutated invivogen Cat#pdl1-mab15

anti-mouse CSF1R (clone: AFS98) BioXCell Cat#BP0213 RRID:AB_2687699

Chemicals, peptides, and recombinant proteins

Recombinant Murine TNF

Recombinant Murine IFNfB

Recombinant Murine IL4

Recombinant Murine M-CSF

Recombinant Murine GM-CSF
Recombinant Murine I1L2

Recombinant Murine IFNy

Recombinant Murine PGE2

Recombinant Murine IL6

Recombinant Murine ILIB
lipopolysaccharide Escherichia coli
imiquimod

5'ppp-dsRNA/lyovec

2'3' cGAMP

Cisplatin

Doxorubicin

NP-40 cell lysis buffer

Phenylmethylsulfonyl fluoride (PMSF)

Pierce ™ Protease Inhibitor Mini Tablets
Pierce ™ Phosphatase Inhibitor Mini Tablets
Pierce ™ ECL Western Blotting Substrate
Bovine serum albumin (BSA)

Criterion™ XT Bis-Tris Precast Gels

Cell Staining Buffer

Western Blot Stripping Buffer

BV-6

Z-Val-Ala-Asp (OMe)-FMK

Necrostatin-1s

pHrodo™ iFL Red STP Ester

recombinant HPV-E6 antigen (VYDFAFRDL)
recombinant HPV-E6 antigen (DKKQRFHNI)
recombinant HPV-E7 antigen (RAHYNIVTF)
recombinant HPV-E7 antigen (LCVQSTHVD)
Cytofix/cytopermT'\’I fixation/permeabilization solution kit
True-nuclear™ transcription factor buffer set
Dynabeads® Mouse T-activator CD3/CD28
Brefeldin A Solution (1000x)
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Miltenyi Biotec

R&D systems

Peprotech

Peprotech

Peprotech

Peprotech

Peprotech

Merk life science
Peprotech

Peprotech

Invivogen

Invivogen

Invivogen

Invivogen

Sigma

Merck

Thermo Fischer Scientific
Thermo Fischer Scientific
Thermo Fischer Scientific
Thermo Fischer Scientific
Thermo Fischer Scientific
Sigma

Biorad

Biolegend

abcam

Selleckchem

Bachem

Bioke

Thermo Fischer Scientific
LifeTein

LifeTein

LifeTein

LifeTein

BD Biosciences
Biolegend

Thermo Fischer Scientific
Thermo Fischer Scientific

Cat#130-101-687
Cat#8234-MB-010
Cat#214-14
Cat#315-02
Cat#315-03
Cat#210-12
Cat#315-05
Cat#P5640
Cat#216-16
Cat#211-11B
Catittlrl-eblps
Cat#tlrl-imgs
Cat#tlrl-3prnaclv
Cat#ttirl-nacga23
Cat#P4394
Cat#D1515
Cat#FNN0021
Cat#1083709
Cat#A32953
Cat#A32957
Cat#32106
Cat#A2153-50G
Cat#3450124
Cat#420201
Cat#ab270550
Cat#S7597
Cat#4027403
Cat#17802S
Cat#P36011

N/A

N/A

N/A

N/A

Cat#554714
Cat#424401
Cat#11456D
Cat#00-4506-51

(Continued on next page)
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Cytofix BD Biosciences Cat#554655
SYBRgreen Highqu Cat#QPD0150
Bromodeoxyuridine BD Biosciences Cat#550891
MACS tissue storage solution Miltenyi Biotec Cat#130-100-008
phorbol myristate acetate Sigma-Aldrich Cat#P8139
lonomycin Sigma-Aldrich Cat#19657
Brefeldin A Biolegend Cat#420601
Clodronate liposomes Liposoma N/A
CellTracker CM-Dil dye Thermo Fischer Scientific Cat#C7000
anti-mouse PDL1 (clone: MIH5) JJP Biologics, Warsaw, N/A

Poland. Louis Boon
anti-mouse CTLA4 (clone:4F10) JJP Biologics, Warsaw, N/A

Poland. Louis Boon
anti-mouse PD1 (clone: RMP1-14 JJP Biologics, Warsaw, N/A

Poland. Louis Boon
anti-mouse IFNy (clone: XMG 1.2) JJP Biologics, Warsaw, N/A

Poland. Louis Boon
anti-mouse NK1.1 (clone:PK136) JJP Biologics, Warsaw, N/A

Poland. Louis Boon
anti-mouse CD8 (clone: YTS169) JJP Biologics, Warsaw, N/A

Fixable Viability Dye eFluor™ 780

Poland. Louis Boon
Thermo Fischer Scientific

Cat#65-0865-14

Zombie Aqua™ Fixable Viability Kit A Biolegend Cat#423102
ZOMBI NIR™ fixable viability kit Biolegend Cat#423106
Edit-R Lentiviral CAG-Blast-Cas9 Nuclease Particles Dharmacon Horizon discovery Cat#VCAS10129
Edit-R CRISPR-Cas9 Synthetic tracrRNA Dharmacon Horizon discovery Cat#U-002005-50
LY294002 Tebu-bio Cat#1543664
PD98059 Tebu-bio Cat#T2623
SC75741 Tebu-bio Cat#T6661
S-ruxolitinib Tebu-bio Cat#T6156
Critical commercial assays

Caspase-Gilo kit Promega Cat#G8091
RealTime-Glo Annexin V Apoptosis and Promega Cat#JA1011
Necrosis assay

MTS assay kit abcam Cat#ab197010
ELITEN ATP assay system kit Promega Cat#FF2000
Bicinchoninic Acid (BCA) Pierce Protein Assay Kit Thermo Fischer Scientific Cat#23227
Purelink RNA Mini Kit Thermo Fischer Scientific Cat#12183025
QuantiTect Reverse Transcription kit Qiagen Cat#205313
Proteome Profiler Mouse Cytokines Array Kit Panel A R&D systems Cat#ARY006

pan-T cell isolation kit Il
Murine tumor dissociation kit
anti-F4/80 microbeads
Human tumor dissociation kit
anti-human CD45 microbeads
anti-mouse CD45 microbeads
CXCL10 ELISA

IFN alfa ELISA

PDL1 ELISA

Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
R&D systems
Invivogen

R&D systems

Cat#130-095-130
Cat#130-096-730
Cat#130-110-443
Cat#130-095-929
Cat#130-045-801
Cat#130-110-618
Cat#DY466
Cat#luex-mifna
Cat#DY1019

(Continued on next page)
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IFN beta ELISA Invivogen Cat#mifnbv2
APC conjugation kit abcam Cat#ab201807
Other

Rational selection of syngeneic preclinical tumor Mosely et al.”’ GEO: GSE85509

models for immunotherapeutic drug discovery

Analysis of DC vaccines used for phase I
clinical trial in prostate carcinoma patients

High Dimensional Analysis Delineates Myeloid
and Lymphoid Compartment Remodeling
during Successful Immune Checkpoint
Cancer Therapy

Checkpoint blockade immunotherapy
induces dynamic changes in PD-1-CD8"
tumor-infiltrating T cells

Defining T cell states associated with response
to checkpoint immunotherapy in melanoma

Single cell RNA-seq analysis of head and neck cancer

Combination immunotherapy can rescue CD8* T cell
dysfunction and maintain memory phenotype in cancer
Single-cell analysis reveals new evolutionary
complexity in uveal melanoma

Dysfunctional CD8" T cells form a proliferative,
dynamically regulated compartment within

human melanoma [scRNA-seq]

Immune landscape of viral- and carcinogen-derived
head and neck cancer

Ensemble learning for classifying single-cell data
and projection across reference atlases

Tumor cell biodiversity drives microenvironmental
reprogramming in liver cancer

Identification of grade and origin specific

cell populations in serous epithelial ovarian

cancer by single cell RNA-seq

Single cell RNA sequencing of lung adenocarcinoma

Peripheral clonal expansion of T lymphocytes
associates with tumor infiltration and

response to cancer immunotherapy

Mutagenesis sensitizes murine models of triple
negative breast cancer to immunotherapy
Integrating microarray-based spatial transcriptomics
and single-cell RNA-seq reveals tissue architecture
in pancreatic ductal adenocarcinomas

single cell RNA-seq analysis of adult and pediatric
IDH-wildtype Glioblastomas

Single-Cell Analyses Inform Mechanisms of
Myeloid-Targeted therapies in colon cancer
Single-cell RNA-seq of melanoma ecosystems
reveals sources of T cells exclusion linked to
immunotherapy clinical outcomes

T cell landscape of non-small cell lung cancer
revealed by deep single-cell RNA sequencing
Single-cell RNA-seq of six thousand purified CD3*
T cells from human primary TNBCs
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Puram et al.®®
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Durante et al.?®

Li et al.®®

Cillo et al.?”

Wang et al.®®

Ma et al.®®
Shih et al.*°

Kim et al.®’
Wu et al.””

Hollern et al.®®

Moncada et al.**

Neftel et al.®®

Zhang et al.”®

Jerby-Arnon et al.®”

Guo et al.®®

Savas et al.”®

GEO: GSE85698

GEO: GSE119352

GEO: GSE122969

GEO: GSE120575

GEO: GSE103322
GEO: GSE120909

GEO: GSE139829

GEO: GSE123139

GEO: GSE139324

GEO: GSE141982

GEO: GSE125449

GEO: GSE118828

GEO: GSE131907

GEO: GSE139555

GEO: GSE136206

GEO: GSE111672

GEO: GSE131928

GEO: GSE146771

GEO: GSE115978

GEO: GSE99254

GEO: GSE110686
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Clonal replacement of tumor-specific T cells following Yost et al.® GEO: GSE123813

PD-1 blockade [single cells]

Experimental models: Cell lines

TCH Yang et al.** N/A

TC1 Mikl —/— Yang et al.** N/A

TC1 Ripk3 —/— Yang et al.** N/A

TC1 Caspase8 —/— This paper N/A

TC1 Caspase9 —/— This paper N/A

TC1 Caspase8/9 —/— This paper N/A

LLC Celus etal.'”! N/A

J774-Dual™ N/A Cat#j774d-nfis

MC38 Kerafast Cat#ENH204-FP

Experimental models: Organisms/strains

Mouse:C57BL/6J the Jackson Laboratory JAX: 000664

Mouse: B6.129S2-Ifnar1™ A9 /Mmijax the Jackson Laboratory JAX:010830

Mouse: B6.129P2(C)-Ccr7mFfor/ the Jackson Laboratory JAX:006621

Oligonucleotides

murine CXCL10_forward IDT CGATGACGGGCCAGTGAGAA
murine CXCL10_reverse IDT CAGCCACTTGAGCGAGGACT
murine CXCL9_forward IDT AAACAGTTTGCCCCAAGCCC
murine CXCL9_reverse IDT CGAGTCCGGATCTAGGCAGG
murine RSAD2_forward IDT CGACAGCTTCGATGAGCAGG
murine RSAD2_reverse IDT ACACCTCTTTGTGACGCTCCA
murine MX1_forward IDT GGGGTCTTGACCAAGCCTGA
murine MX1_reverse IDT ACCGGCTGTCTCCCTCTGATA
murine IRF_forward IDT TGCTGAGCGAAGAGAGCGAA
murine IRF_reverse IDT CCTGCCATGCTGCATAGGGT
murine ACTIN_forward IDT CATTGCTGACAGGATGCAGAAGG
murine ACTIN_reverse IDT TGCTGGAAGGTGGACAGTGAGG

Recombinant DNA

crRNA Caspase 8
crRNA Caspase 9

Dharmacon™, Horizon Discovery
Dharmacon™, Horizon Discovery

CCAGATTTCTCCCTACAGGT
CTGTCCCATAGACAGCACCC

Software and algorithms

GraphPad Prism 8
FlowJo
Image Lab 6.1

Biorender
Phyton (version 3.9.7)
Gistic

Morpheus

Stream

qupath
msigdb_v7.2_GMTs

GraphPad Software
BD Biosciences
Biorad, Image Lab

Biorender
Phyton
Broad institute

Broad institute

Human Cell atlas data portal

qupath
Broad institute

https://www.graphpad.com/
https://flowjo.com

https://www.bio-rad.com/en-be/
product/image-lab-software?|D=
KRE6P5E8Z#fragment-6

https://biorender.com/
https://www.python.org/

https://portals.broadinstitute.org/
tcga/gistic/browseGisticByGene

https://software.broadinstitute.
org/morpheus/

https://data.humancellatlas.org/
analyze/methods/stream

https://qupath.github.io/
https://www.gsea-msigdb.org/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Scanpy 1.9.3. Scanpy https://genomebiology.biomedcentral.
com/articles/10.1186/s13059-017-1382-0

UMAP-learn 0.5.3 PyPI https://arxiv.org/abs/1802.03426

Matplotlib 3.7.1 matplotlib https://matplotlib.org/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Abhishek
Garg (abhishek.garg@kuleuven.be)

Materials availability
This study did not generate new unique reagents. Beyond that, all major resources or materials used are described in the “Key Re-
sources” table above.

Data and code availability
o No original code was generated for this study.
® This paper has analyzed existing, publicly available data. These accession numbers or relevant publications/database sources
for the datasets are listed in the key resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects and ethics

Human samples were derived from glioblastoma patients included in the GlioVax trial (NCT03395587) with the informed consent of
the patients and approval by the ethical committee of University Hospital Dusseldorf (MC-LKP-921 and 3005). Further trial details
have been described elsewhere.*®

Mice models

Wild type C57BL/6j were obtained from the KU Leuven breeding facility. The Ifnar? =/~ mice (B6.129S2-/fnar1™™49'/Mmjax)(The Jack-
son Laboratory #010830) were a kind gift from the lab of Roos Vandenbroucke (VIB-UGent) and the Ccr7~/~ mice (B6.129P2(C)-
Cer7!™Rr/ ) (The Jackson Laboratory #006621) were a kind gift from the lab of Bart Lambrecht (VIB-UGent). All subcutaneous tu-
mor experiments were done using 7- to 12-week-old female/male mice, maintained in the conventional mouse facility. Experiments
were approved by the animal ethics committee at KU Leuven (project P114/2019 and p195/2020) following the European directive
2010/63/EU as amended by the Regulation (EU) 2019/1010 and the Flemish government decree of 17 February 2017.

Cell lines

TC1 wild type, Ripk3™'~, MIkI™/~ were a kind gift from the lab of Oliver Kepp (Université Paris).>* LLC and MC38 cancer cells were a
kind gift from the laboratory of Massimiliano Mazzone (VIB-KULeuven). J774-Dual cells were purchased from Invivogen. Cells were
cultured at 37°C under 5% CO, in DMEM media containing 2 mM L-glutamine, 3.7 g/L sodium bicarbonate, 4.5 g/L glucose and
1.0 mM sodium pyruvate) with 10% heat-inactivated fetal bovine serum (30 min at 56°C; FBS), penicillin 100 U/ml streptomycin
100 pg/mL DMEM and split when 90% confluency was reached through enzymatic dissociation (Trypsin).

Cell line creation

3 mL of the LentiGuide Cas9 lentiviral particles were added into the well, to reach an MOI of 0.3 TU/cell, and the plate was gently shaken
before being placed back into the incubator. Thereafter, 48 h later, the supernatant was replaced with 2 mL fresh medium and lentiviral
transduced cells were now ready for transfection of synthetic guide RNA. The synthetic guide RNA complex was prepared by adding
equal quantity of crRNA targeting Casp8 + crRNA targeting Casp9 + tracrRNA, all at final concentrations of 25 nM, in 100 pL serum-
free DMEM and these were incubated for 5 min at room temperature. Transfection reagents were prepared in a separate tube by diluting
10 uL of DharmaFECT 1in 100 puL of serum-free DMEM and incubated for 5 min. The crRNA:tracrBNA complex and DharmaFECT 1 work-
ing solution were mixed and incubated for another 20 min adding to lentiviral-transduced cells, which were incubated for another 48 h to
reach efficient gene knockout. The transfected cells were then sorted to single cell clones into 96-well plates by a FACSAria cell sorter (BD
Bioscience). Two weeks later, visible clones were picked and duplicated for seed reservation as well as western blotting detection of
Casp8 (Thermofischer #PA5-77888) and Casp9(Thermofischer #PA5-16358) expression to confirm the knock-out phenotype.
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METHOD DETAILS

Cell death analysis

Cell death induction

For cell death induction cells were seeded in the appropriate dish as such that they reached an 80% confluency the next day. Nec-
roptosis was induced in TC1 WT by 100 ng/mL tumor necrosis factor (TNF) (Miltenyi #130-101-687), 1uM BV6 (Selleckchem #S7597
and 20uM Z-Val-Ala-Asp (OMe)-FMK (zVaD) (Bachem #4027403). For apoptosis, TC1 MIkl~~, MC38 or LLC cells were pre-treated
with 10uM BV6 for 3h and subsequently 100 ng/mL TNF was added. When applicable, a pre-treatment of 30uM of Necrostatin-1s
(Bioke #17802S) for 3h was used to inhibit necroptosis.

MTT assay

TC1 WT and MIKkI™’~ cells were seeded in a 96 well plate at a density of 5 000 cells per well 24h before cell death induction. Cell sur-
vival was obtained using the thiazolyl blue tetrazolium bromide (MTT) reagent (Abcam #ab197010). Absorbance was read on a micro-
plate reader (Flexstation) at 490 nm at 24h and 48h after cell death induction.

RealTime-Glo Annexin V Apoptosis and Necrosis Assay

Atotal of 5000 cells TC1 WT and MIki ™~ cells were plated in 96-well plates in 100 pL. DMEM and incubated for 24h. Necroptotic and
apoptotic stimuli cocktails were added to the plates. Apoptosis and necroptosis were detected using the RealTime-Glo Annexin
V Apoptosis and Necrosis Assay (Promega #JA1011) including CellTox green (Promega #G8741). Bioluminescence and fluorescence
at excitation 485nm and emission 530nm were measured at different time points; 1, 3, 6, 9, 20, 24, 27, 30 and 48 h on a microplate
reader (Flexstation). Fold changes to untreated (control) were taken. Percentage of cell death at 48h was estimated using following
formula: Dead (%) = ((RFU TNF well/total RFU TNF well) — (RFU control well/total RFU control well)) x 100% as previously
described.'??

Caspase 3/7 activity

Cells were seeded in a 96-well plate at a density of 3000 cells/well. Cell death was induced, and the Caspase 3/7 activity was
measured at 24h and 48h using the caspase-glo kit (Promega #G8091). A fold change to untreated cells was taken to obtain caspase
3/7 activity.

Western Blot

For intracellular proteins, 800 000 cells were seeded in 10cm dishes 24h before cell death induction. Cells were scraped and
collected at 1, 3, 6, 24 or 48 h after cell death induction. Cells were centrifuged at 1500rpm for 5 min and the pellet was resuspended
in 100uL NP-40 lysis buffer (Thermo Fischer #FNN0021) with protease (Thermo Fischer #A32953) and phosphatase inhibitors
(Thermo Fischer #A32957). For secreted proteins, cells were 2 500 000 cells seeded in a 15cm dishes and media was collected
24h after cell death induction. Floating cells were removed by centrifugation. The supernatant was concentrated using Amicon
Ultra-15 centrifuge filter units (Merck #UFC901024). A Bicinchoninic acid assay (BCA) for colorimetric quantification of total protein
was done with a BCA protein assay kit (Thermo Fischer Scientific #23227) and a protein mixture of 90 ng was loaded onto the gel.
Following proteins were detected; MLKL (clone 3H1), phosphorylated MLKL (pMLKL) (clone EPR9515(2)), RIPK1 (clone D94C12),
RIPK3 (polyclonal), HMGB1(clone EPR3507), HPV-E7 (clone 8C9), PARP (clone 46D11), PD-L1 (clone D4H1Z), PD-L2 (clone
168633), and B-Actin (clone AC-74 and AC-15). The primary antibodies were diluted in 5% BSA+TBST with a dilution factor of
1/1000. As secondary antibody, we used the anti-rabbit antibody labelled with HRP (Cell Signaling #7074S) or anti-mouse antibody
labelled with HRP (Cell Signaling #7076S) diluted in 5% BSA+TBST with a dilution factor of 1/2000. The antibody’s tethering to the
proteins on the membranes were detected using the ECL substrate and the resulting precipitate was detected with the ChemiDoc MP
imaging system. For detection of MLKL and HPV-E7, the membranes were stripped for 15 min at room temperature using stripping
buffer (Abcam #Ab270550) with a dilution factor of 1/2000 and same procedure as described above was used to detect the protein of
interest. The precision plus protein dual color standards (Biorad #161037) was used as a ladder.

ATP secretion

Media of TC1 WT and MIkl~'~ cells after cell death induction was harvested at 6, 24 and 48h. The presence of ATP in the media was
analyzed using the ATP assay system (Promega #FF2000). A fold change to untreated cells was taken to obtain ATP release.
Flow cytometry-based detection of calreticulin and CD47

A total of 200 000 TC1 WT and MIkl~’~ cells were plated in 12-well plates in 1 mL of DMEM and incubated for 24h. Cell death was
induced for 48h. Then the cells were collected, washed with PBS, and transferred to 5mL flow cytometry tubes. The cells were re-
suspended in 50 pL of FACS buffer (0.5% BSA and PBS solution) and 1/100 anti-calreticulin primary antibody (clone B44). After
30 min incubation in the dark on ice, cells were washed with 1mL of FACS buffer, centrifuged and the supernatant was discarded.
Then, cells were again re-suspended in 50 uL of FACS buffer with 1/500 of Goat Anti-Rabbit Alexa Fluor 488 (polyclonal) for CRT, anti-
CDA47 (clone miap301) antibody and Fixable Viability Dye eFluor 780. After 30 min incubation on ice in the dark, cells were fixed with
cytofix (BD Bioscience #554655).

J774 reporter assay

J774-Dual cells (Invivogen) were treated with 1000 pg/mL LPS-EB (Invivogen# tirl-eblps) and/or 10 ng/ml anti-PDL1(Polpharma
Biologics; clone M1H5) for 48 h. NF-kB activity was checked in media by adding 100 L of Quanti-Blue (Invivogen) to 100 uL of (sepa-
rately recovered) J774 media. Absorbance was examined at an optical density of 655 nm, 4 to 8 h after Quanti-Blue addition by micro-
plate reader (Biotek).
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In vitro assays

DC vaccine formation

For DC vaccine creation, bone marrow derived DCs were stimulated with dying cancer cells in a 1:1 ratio or with TC1 antigens (i.e., Hu-
man Papillomavirus (HPV) e6/e7 epitopes: VYDFAFRDL/DKKQRFHNI, RAHYNIVTF/LCVQSTHVD)), with or without 2.5 ng/mL interferon
beta (IFNB) (R&D systems #8234-MB-010) for 48h. Where indicated, DCs were stimulated with 1000 pg/ml lipopolysaccharide Escher-
ichia coli (LPS-EB) (Invivogen #tlrl-eblps) as a positive control. In the relevant conditions, DCs were treated with 1000 pg/mL LPS-EB and
5ng/mL IFNvy, 1000 pg/mL LPS-EB alone or with 4 ng/mL IL18, 1 ng/mL PGE,, 2 ng/mL IL6 and 25 ng/mI TNF instead of IFNp. After 48h,
DCs were harvested by scraping and washed with PBS for injection; 1000 000 DCs per 100uL PBS or for further analysis. Media of the DC
cultures was also collected for further analysis, ELISA, cytokine array.

Flow cytometry

Before staining procedure, FC receptor of all samples was blocked using TruStain FcX (Biolegend #101320) for 15min. Cells were
further stained with the indicated antibodies listed in Key resource table, diluted in 0.5% BSA, for 1h and fixed with cytofix (BD Biosci-
ence #554655). In the case of intracellular markers, cells were fixed and permeabilized with the Cytofix/Cytoperm Kit (BD Bioscience
#554714). For the staining of transcription factors, the true-nuclear transcription factor buffer (Biolegend #42441) set was used. After
fixation, cells were maintained in 0.5% BSA. For intracellular cytokine staining, the cells were stimulated with Dynabeads Mouse
T activator CD3/CD28 (Thermo Fisher Scientific #11456D). After 1h at 37°C 5% CO,, 2uL Brefeldin A (Thermo Fisher Scientific
#00-4506-51) was added. Cells were then placed at 37°C 5% CO, for 4h, transferred to 4°C overnight and then stained for intracel-
lular cytokines. Flow cytometry was performed on the Attune NXT (Thermo Fisher Scientific), FACSCanto (BD Bioscience) or the
ID7000 (SONY). Cell doublets were excluded based on FSC-A/FSC-H. Flow cytometry data was analyzed using FlowJo.

DC vaccine - TAM cocultures

DC vaccines were harvested as previously described. DC vaccines were cocultures with TC1-tumor derived TAMs in a 1:1 ratio. After
48h cocultures were scraped to collect the cells, centrifuged, and washed with PBS. Single cell suspension was stained with fluo-
rescently labelled antibodies diluted in FACS buffer (0.5% BSA and PBS solution) for 1h on ice and then washed with the same buffer.
Cells were fixed with cytofix (BD Bioscience #554655). Following fluorochrome-conjugated antibody clones were used to analyze the
isolated lymph nodes by flow cytometry; MHCII (clone M5/114.15.2), PDL1 (clone 10F.9G2), CD86 (clone GL1), F4/80 (clone
T45-2342), CSF1R (clone AFS98), CD11b (clone ICRF44) and CD206 (clone C068C2).

T cell - TAM cocultures

TC1 derived TAMs and matched T cells (derived from the spleen) were harvested as described above. TAMs were plated in media
alone or with 10 pg/ml anti-PDL1(Polpharma Biologics), 10 ung/ml anti-PD1(Polpharma Biologics), 10 pg/ml anti-TNF (Invitrogen
#16-7423-81) or 10 pg/ml anti-Trail (R&D systems #AF721), for 24h. TAMs were scraped and washed and cocultured with their
matched T cells in a 1:1 ratio with 100 IU/mL IL-2 for 48h. Then cocultures were scraped to collect the cells, centrifuged, and washed
with PBS. Single cell suspension was stained with fluorescently labelled antibodies diluted in FACS buffer (0.5% BSA and PBS so-
lution) for 1h on ice and then washed with the same buffer. Cells were fixed with cytofix (BD Bioscience #554655). The following fluo-
rochrome-conjugated antibody clones were used: CD3 (clone 17A2), CD4 (clone GK1.5) and CD8a (clone 53-6.7).

TAM viability

TC1 derived TAMs and matched T cells (derived from the spleen) were harvested as described above. TAMs were plated at a density
of 30.000 cells/well in a 96 well plate and incubated with 10 pg/ml anti-PDL1(Polpharma Biologics), 5uM LY294002 (Tebu-bio
#1543664), 5pM PD98059 (Tebu-bio #T2623), 5uM SC75741 (Tebu-bio #T6661) or 5uM S-ruxolitinib (Tebu-bio #T6156). After
48h, cell viability was measured by performing an MTT.

Enzyme-linked immunoassay (ELISA)

Derived media of DC vaccines as described above was used to perform a CXCL10 ELISA (R&D systems#DY466. For IFNa and
B secretion, TC1 cells were treated with 1 ug/ml LPS (Invivogen# tirl-eblps), 100 ug/ml imiquimod (Invivogen #tlrl-imgs), 10 pg/ml
5'ppp-dsRNA/lyovec (Invivogen #tlrl-3prnaclv), 2’3" cGAMP (Invivogen #tlrl-nacga23) 25uM doxorubicin (Merck #D1515) or
100uM cisplatin (Merck #PHR1624) for 24h. An ELISA for PDL1 (R&D systems #DY1019), IFN alfa (Invivogen #luex-mifnav2) and
beta (Invivogen #luex-mifnbv2) was performed according to manufacturer’s protocol.

Quantitative polymerase chain reaction (QqPCR)

The RNA of DC vaccines was extracted using the Purelink RNA Mini Kit (ThermoFischer #12183025). Using the QuantiTect Reverse
Transcription kit (Qiagen #205313) cDNA was synthesized from RNA. The gPCR was performed on the StepOnePlus Real-Time PCR
system (Applied Biosystems) using SYBRgreen (Highqu #QPDO0150) with the following primers: Irf7, Rsad, Mx1, Cxcl9, Cxcl10 and
Actin (all primers were ordered at Integrated DNA Technologies, sequences available in material 1). Fold change was determined
using the 2°AACT method compared to the house keeping gene, Actin, and untreated DCs.

Antibody array

Derived media of DC vaccines as described above was used for a mouse cytokine array panel A (R&D systems #ARY006) was used.
Cytokine array was performed according to the manufacturer’s protocol. Arrays were read on the ChemiDoc (Biorad). Dot intensities
were determined using Image Lab (Biorad). From all values, the background was subtracted. Normalization was done using DCs
stimulated with live cancer cells. Fold-change values derived from above antibody array for different immunological factors, cyto-
kines or chemokines per treatment condition were used to run a GSEA analysis using WebGestalt (WEB-based Gene SeT
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AnaLysis Toolkit), which is a functional enrichment analysis web tool.'% This GSEA analysis was run with Mus musculus as reference
organism for Gene Ontology Biological Process term enrichment with the following analyses parameters: minimum number of genes
for a category, 3; maximum number of genes for a category, 2000; significance level, top 10; number of permutations, 1000; p, 1;
collapse method, mean; number of categories expected from set cover, 10.

Efferocytosis assay

30 000 bone marrow derived dendritic cells were plated in white clear bottom 96 well plate (Corning #3610) per well. Untreated or
dying cancer cells were collected 24h after cell death induction. Cells were stained with 20 pg/mL pHRodo (ThermoFischer
#P35373) for 1h and washed with FBS. Cells were added to BMDCs in a 1:1 ratio. Plates were kept at 37°C under 5% CO, or at
4°C as a negative control. Fluorescence at excitation 490nm and emission 520nm were measured at different time points; 8, 20,
24, 30, 40 and 48 h after co-incubation on a microplate reader (BioTek). For the efferocytosis index calculations, fluorescent intensity
values at 37°C were subtracted by the appropriate 4°C negative control.

5-Bromo-2'-deoxyuridine assay (BrdU-assay)

Isolated glioblastoma TAMs were plated with graded cell numbers from 20.000 to 100 cells in a dilutional series in 200 uL/well in a
96-flat-bottom plate and incubated overnight at 37°C and 5% CO,. The following day, 1x10° cells/well allogeneic CD14-depleted
PBMC were added in 100 pL resulting in a final volume of 200 pL per well. Additionally, anti-PD-L1 (500 ng/mL) was added to
some of the cultures to analyze its effect on macrophage-stimulated T cellT-cell proliferation. X-Vivo 15 media as well as PBMC
(1x10° cells) or macrophages (2x10° cells) alone were used as negative controls. After five days of culture, cells were "pulsed"
with 20 pL BrdU/well (BD Bioscience #550891) previously diluted 1:100 in X-Vivo-15 medium and incubated for 16 to 24 h at
37°C and 5% CO, to allow the base analogue BrdU to be incorporated in place of thymidine during the cell division of the proliferating
cells. After incubation, cells were washed and fixed with 200 uL/well FixDenat for 30 min, followed by an incubation with 100 puL/well
of a 1:100 diluted anti-BrdU antibody for 90 min, during which the peroxidase-conjugated antibody binds to the BrdU incorporated
into the newly synthesized DNA. After discarding the antibody, cells were washed three times with 200 pL/well washing buffer diluted
1:10in distilled water to remove non-specifically bound antibody. Cells were then incubated for a maximum of 30 min with 100 puL/well
of a substrate solution (tetramethylbenzidine - TMB), which is converted to a blue dye by the peroxidase bound to the BrdU-anti-BrdU
complex. The optical density was analyzed using an ELISA reader (660 nm versus 490 nm).

Cell isolation

Murine bone marrow-derived dendritic cells and macrophages

Bone marrow was isolated from wild type C57BL/6j, Ifnar~ or Ccr7~/~ mice. Both the femur and tibia were flushed using PBS and
the cell suspension was centrifuged for 5 min at 1500rpm. The pellet was resuspended in red blood cell lysis buffer (Merck life sci-
ence), incubated for 5 min and centrifuged. Cells were resuspended in RPMI supplemented with 100 u/mL penicillin, 100 pg/L strep-
tomycin, and 10% heat-inactivated fetal bovine serum (FBS). Bone marrow derived cells were differentiated into macrophages by
adding 25 ng/mL M-CSF (Peprotech #315-02) into the media for 6 days. For differentiation into DCs, 20 ng/mL GM-CSF (Peprotech
#315-03) and 10 ng/mL IL4 (Peprotech #214-14) was added to the media for 7 days, with the exception of the macrophage-like vac-
cine which was stimulated with 20 ng/mL GM-CSF (Peprotech #315-02) and 10 ng/mL IL4 (Peprotech #214-14). Media was replen-
ished after 3 days. Differentiation of dendritic cells and macrophages was confirmed by flow cytometry with respectively following
fluorochrome-conjugated antibody clones were used; CD11b (clone M1/70), CD11c (clone N418) and CD11b (clone M1/70), F4/80
(clone BM8).

Murine splenocytes and T cells

Splenocytes were obtained from the spleen from wild type C57BL/6j mice. Spleens were minced and filtered through a 70-micron cell
strainer. Cells were incubated in red blood cell lysis buffer for 5 min and centrifugated. For T cell isolation, splenocytes were purified
using the negative selection pan-T cell isolation kit Il (Miltenyi #130-095-130). Cells were maintained in RPMI supplemented with
100 u/mL penicillin, 100 pg/L streptomycin,10% heat-inactivated fetal bovine serum (FBS) and 100 IU/mL IL-2 (Peprotech
#210-12). Following fluorochrome-conjugated antibody clones were used to confirm isolation of T cells by flow cytometry; CD3 (clone
17A2), CD4 (clone GK1.5) and CD8a (clone 53-6.7).

Murine lymph node isolation

3 days after DCvax-IT vaccination, mice were sacrificed, and the axillary and inguinal lymph nodes of both sides were isolated. To
create a single cell suspension, lymph nodes were minced and filtered through a 70-micron cell strainer and analyzed by flow cy-
tometry immediately. Following fluorochrome-conjugated antibody clones were used to analyze the isolated lymph nodes by flow
cytometry; CD11c (clone N418), XCR1 (clone ZET), CD172A (clone P84), MHCII (clone M5/114.15.2), PDL1 (clone 10F.9G2), PD1
(clone RMP1-30), CD86 (clone GL1), F4/80 (clone T45-2342), CSF1R (clone AFS98), CD11b (clone ICRF44) and CD206 (clone
C068C2).

Murine tumor infiltrating leukocytes (TILs) and tumor-associated macrophages (TAMs)

Tumors were isolated on day 23 after tumor injection. A single cell suspension was made, using the tumor dissociation kit (Miltenyi
#130-096-730). TILs were isolated through magnetic bead separation via CD45 (Miltenyi #130-110-618). The CD45 negative popu-
lation was collected for further flow cytometry analysis. For TAM isolation, anti-F4/80 microbeads (Miltenyi #130-110-443) were used.

Cell Reports Medicine 5, 101377, January 16, 2024 e10




¢ CelPress Cell Reports Medicine

OPEN ACCESS

Isolated TILs and TAMs were either maintained in RPMI supplemented with 100 u/mL penicillin, 100 pg/L streptomycin, 10% heat-
inactivated fetal bovine serum (FBS) or stained for flow cytometry immediately. Following fluorochrome-conjugated antibody clones
were used; FOXP3 (clone MF-14), GATAS (clone TWAJ), CD62L (clone MEL-14), TCF1/7 (clone S33-966), CD107a (clone 1D4B), TOX
(clone REA473), Tbet (clone 04-46), CD3 (clone 17A2), CD8a (clone 53-6.7), Ki-67 (clone 11F6), CD45 (clone 30-F11), Eomes (clone
Dan11mag), CD127 (clone SB/199), PD1 (clone RMP1-30), CD4 (clone GK1.5), TIM3 (clone 5D12/TIM-3), IL2 (clone JES6-5H4), TNFa
(clone MP6-XT22), IFNy (clone XMG1.2), PDL1 (clone 10F.9G2 or 10F.2H11), PD1 (clone 29F.1A12), Siglec H (clone 551), CD11c
(clone N418), XCR1 (clone ZET), CD172A (clone P84), MHCII (clone M5/114.15.2), PDL1 (clone 10F.9G2), PD1 (clone RMP1-30),
CD86 (clone GL1), F4/80 (clone T45-2342), CSF1R (clone AFS98), CD11b (clone ICRF44), CD206 (clone C068C2), TNF (clone
MP6-XT22), TRAIL (clone N2B2), FASL (clone KAY-10), CD31 (clone 390) and CD90.2 (clone 30-H12).

Human TIL isolation

For TIL isolation, surgically resected tumor samples of GBM patients at first diagnosis (primary GBM) or at recurrence after dendritic
cell vaccination were collected and stored in MACS tissue storage solution (Miltenyi #130-100-008) for a maximum of 24 h at 4°C.
TILs were isolated from tumor samples by the tumor dissociation kit (Miltenyi #130-095-929) and magnetic bead isolation using
CD45* beads (Miltenyi #130-045-801). For flow cytometric analysis, the CD45" cells were stained for T cell and TAM characterizing
markers: CD3 (clone OKT3 or UCHT1), CD4 (clone okt/04 or REA636)), CD8 (clone RPA-T8 or Sk1 or BW135/80), CD45RO (clone
UCHL1), CD45 (clone REA747), CD163 (clone REA812), CD45PcP (clone 2D1), CD14 (clone 63D3), CSF1R (clone AFS98), CD274
(clone M1H1), isotype control (clone X40 or MOPC-21 or 27-35 or P3.6.2.8.1) for 15 min at 4°C, washed with phosphate-buffered
saline (PBS), fixed with 4% d1) paraformaldehyde (PFA) and analyzed on a Cytoflex flow cytometer, using CytExpert 2.3 software
(Beckman-Coulter).

For detection of interferon-vy, TILs were stimulated in X-Vivo 15 media (Lonza #BE02-060F) with 5 ng/mL phorbol myristate acetate
(PMA) (Sigma-Aldrich #P8139) and 500 ng/mL lonomycin (Sigma-Aldrich #19657) for 5 h in the presence of 5 ng/mL Brefeldin A (Bio-
Legend#420601) at 37°C and 5% CO, in a humidified atmosphere. After stimulation, cells were washed with PBS, stained for CD3,
CD4, CD8 and CD45RO0 for 15 min at 4°C, washed with PBS and fixed for 15 min with 4% PFA. Subsequently, cells were permea-
bilized with 0.05% saponin in PBS (Sigma-Aldrich), stained intracellularly with: IFNy (clone 4S.B3), CD3 (clone OKT3 or UCHT1), CD4
(clone okt/04 or REA636)), CD8 (clone RPA-T8 or Sk1 or BW135/80) and isotype control (clone X40 or MOPC-21 or 27-35 or
P3.6.2.8.1) for 15 min and subjected to flow cytometric analysis.

Human CD14* CD163* macrophages

To separate macrophages from tumor-infiltrating leukocytes, cells were adjusted to a cell titer of 2.5x 10”cells/mL in 0.5% HSA/D-
PBS and stained with monoclonal antibodies directed against CD14 (clone 63D3) and CD163 (clone REA812). First, myeloid cells
were identified by their typical FSC vs. SSC. Doublets are excluded via an SSC (W) vs. SSC (H) gating. Finally, within this single
cell population, cells were gated based on their CD14 and CD163 expression, thereby targeting the double-positive population using
an unstained control. This population was then sorted with a MoFlo XDP Sorter (Beckmann Coulter) into a 5 mL round bottom tube
containing 1mL 100% FCS.

Immunohistochemistry

Human glioblastoma tissues from patients enrolled in the GlioVax Trial were obtained from the Department of Neuropathology, Uni-
versity Hospital Duesseldorf, and prepared as follows: Human tumor samples of primary as well as vaccinated patients after tumor
recurrence were taken during surgery and fixed with buffered formaldehyde solution for up to 24 h. All tissues were subsequently
washed and embedded in paraffin for archival storage. Samples from paraffin blocks were cut into 4-um-thick sections (HM315 Mi-
crotom; Microm International GmbH, Walldorf, Germany), mounted on polylysine-coated microscope slides (Menzel, Bielefeld, Ger-
many), air-dried thoroughly and stored until use. Paraffin was removed from sections by immersing two times for 10 min in 98.5%
isomeric xylene (Carl Roth, Karlsruhe, Germany). To rehydrate the tissue, slides were immersed in decreasing concentrations of
graded ethanol (2 x 5 min 100%, 5 min 96% and 5 min 70%), washed in deionized water and transferred to phosphate-buffered sa-
line (PBS; Sigma Aldrich, Darmstadt, Germany). Antigen retrieval was achieved by cooking the slides 3 x 5min in Tris/ethylenedi-
amine tetraacetic acid (EDTA) retrieval buffer at pH 9 (Sigma Aldrich). Slides cooled down to room temperature and transferred
into PBS. For permeabilization, slides were incubated with a 0.3% Triton X-100 solution (Sigma Aldrich) for 10 min at room temper-
ature. Unspecific Binding of was blocked by using FcR-Block (Miltenyi Biotec, Bergisch Gladbach, Germany) and 5% BSA-Solution
(Sigma Aldrich).

Immunofluorescence Staining was performed with rabbit-anti-human CD8 - AF647 (clone EP1150y; 1:100; abcam, Cambridge,
UK) and a primary mouse-anti-human CD163 (clone OTI2G12; 1:200; abcam) over night at 4°C. Secondary goat-anti-mouse
Alexa Fluor 488 staining (#ab150113; 1:500; abcam) was performed for 2h at RT. Nuclear staining was performed with Hoechst
33342 (1 ng/mL - Life Technologies, Carlsbad, California, US). Quenching of autofluorescence was achieved by treatment with Back-
ground BackDrop Suppressor Red, Green, and Blue (molecular probes, Life Technologies) for 5 min at RT. Slides were mounted with
the water-soluble mounting medium Fluoromount G (Life Technologies). A Zeiss inverted microscope was used for documentation
(LSMB800; Zeiss, Oberkochen, Germany). Several areas of vital tumor tissue infiltrated with immune cell subsets were selected for the
scoring. Five to ten high power fields (HPF; 200 x magnification) were assessed per sample quantifying the presence of the infiltration
with CD8" T cells or CD163* macrophages.
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In vivo experiments

Mouse experiments

Seven to twelve-week-old female/male C57BL/6J mice were subcutaneously (s.c) injected with 1x10° TC1 LLC or MC38 cells. For
prophylactic vaccinations, 1x10° DCs were injected s.c twice (one week apart), before TC1-tumor inoculation. Mice were rechal-
lenged with 1x10° TC1 cells after 30 days. For curative vaccinations, 1x10° DCs were injected s.c on day 9 and 16 after TC1 inoc-
ulation. When applicable, mice were cotreated with 250 pg of anti-PDL1 (clone MIH5; Polpharma Biologics) or D265A mutated anti-
PDL1(Invivogen; described in Baudino et al. 2008'%%), anti-CTLA4 (clone 4F10; Polpharma Biologics), anti-CSF1R (AFS98; BioXCell),
or anti-PD1(RMP1-14; Polpharma Biologics), on day 10 and 17 via intraperitoneal (i.p.) injections. For CD8 depletion experiments,
mice were given 200 pg of anti-CD8 (clone YTS169; Polpharma Biologics), i.p. one day before tumor inoculation and then every other
day until the tumor reached 500 mm?®. When applicable, cisplatin (8 mg/kg) (Sigma #p4394) was given on day 9 and 16. As indicated,
200uL clodronate liposomes (Liposoma) was given one day before tumor injected and every 2/3 days subsequently. Anti-NK1.1 and
anti-IFNy treatment regimens were derived from Hua et al. 2022.°” 500ug of anti-NK1.1 was administrated three consecutive days
before the start of treatment followed by weekly injections. 250 ng of anti-IFNy was given twice a week starting one day before treat-
ment. Mice were monitored and weighed every other day and tumor volume was determined by height x width x length.

CM-DIL

DC vaccines were stained with 1uL/10° DCs of CellTracker CM-Dil dye (Thermofischer #C7000) prior to DC vaccination. 72 h after
vaccination mice were euthanized and both the left and right axillary and inguinal lymph nodes were isolated. Single cell suspension
was stained with the following fluorochrome-conjugated antibody clones: CD11b (clone M1/70), CD11c (clone N418), F4/80 (clone
QA17A29), XCR1 (clone ZET), CD172A (P84), pSTAT1(pY701) and Siglec-H (551).

In silico analyses

Transcriptomic analysis with The Cancer Genome Atlas (TCGA) datasets

Immuno-transcriptomic analyses. We used the bulk transcriptomes of TCGA as pre-processed by the Toil-recompute project
Xena'% Immune cell proportions were inferred using the Quantiseq approach for immune cell deconvolution.'®” Filtering by Over-
lapping the Thorsson immune subtype class labels'” from TCGA pan-cancer analyses (C1 to C6; see results for more details), re-
sulted in 9126 samples in total. Overall Z score normalized enrichment analyses was performed for each respective immune cell-frac-
tions or as ratios per immune subtype class, specified in the figure legends and the text. Survival endpoints were obtained from the
same Xena Toil-Recompute TCGA data hub. A radar plot representation visualizing the Spearman’s correlations between CD274
gene expression levels in M1 or M2 macrophage fractions, was built using all patients from same TCGA data for which C1-C6
immune subtype class labels were available.

Extracellular network analyses. The extracellular network analyses was performed following the CRI iAtlas portal tools and meth-
odology.'® Herein, this network analyses uses a database of well-established ligand-receptor, cell-receptor, and cell-ligand pairs
previously published elsewhere'® and retrieved via FANTOM5'9). Therefore, the network is built based on three criteria i.e.,
selected TCGA immune subtype class labels, Abundance threshold (%) and Concordance or Discordance threshold. Since the
aim of the analyses was to reveal features of T cell-hostile tumors, it was hence restricted to only C4/C5 TCGA class-labels.
Hence, abundance threshold creates a selection threshold for the nodes in the network wherein the abundance threshold is the
frequency of samples in the upper 2 tertiles of cell-abundance or gene expression-distributions. Here we used the default
abundance threshold of 66%. Finally, concordance threshold values are relevant for the inclusion of the edges in the network
between any two relevant nodes. Concordance threshold is computed based on a contingency table consisting of the ternary
values of the two applicable nodes for an edge. However, we pre-programmed this threshold to capture discordance probability
i.e., an edge with a concordance score of 0.5 that is considered discordant because the analyses with threshold of 0.5 captures
information on one node being highly expressed while the other being lowly expressed (thus, discordant, or uncorrelated) rather
than both being simultaneously highly or lowly expressed.

GISTIC analysis. For genes derived from above extracellular network analyses (TNF, EDN3, IL13, EDN1, CX3CL1, VEGFB, IFNA2,
IFNB1, IFNG, HMGB1, IL1A, IL1B), we performed high resolution copy number variation (CNV) analyses using the TCGA’s genomic
data via the GISTIC toolset poral®' (https:/portals.broadinstitute.org/tcga’/home). we used the Gene-Centric GISTIC Analyses
wherein, amplifications and deletion tendencies were separately analyzed per gene across a standardized pan-cancer TCGA
dataset (i.e., 2013-08-16 TCGA Pan-Cancer data set), consisting of data from 4934 primary tumor samples passing GISTIC’s
default’s quality control criteria from following cancer-types: bladder cancer (136), breast cancer (880), colorectal
adenocarcinomas (585), glioblastoma multiforme (580), head and neck squamous cell cancer (310), kidney clear cell carcinoma
(497), acute myeloid leukemia (200), lung adenocarcinoma (357), lung squamous cell carcinoma (344), ovarian serous carcinoma
(563), and uterine endometrial carcinoma (496).

Prognostic impact analysis. For prognostic analyses i.e., impact of co-association between CD274 and macrophage immune-frac-
tions (TIMER-derived) on overall survival in multiple TCGA cancer-datasets spanning 19 cancer-types and 8493 patients, we utilized
the TIMER2.0 portal.'%®"% the “Outcome module” was used for estimating the prognostic impact along with corrections for multiple
covariates (stage, age, gender) in a multivariable Cox proportional hazard model. The hazard ratio from the Cox model was then
computed into z-scores herein Z score >0 meant negative prognostic impact (shorter survival) while Z score <0 meant positive
prognostic impact (prolonged survival). For this analyses, the following TCGA cancer datasets were utilized (humber of patients in
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brackets): BLCA (n = 408), BRCA (n = 1100), COAD (n = 458), GBM (n = 153), HNSC-HPV- (n = 422), HNSC-HPV+ (n = 98), KICH
(n = 66), KIRC (n = 533), KIRP (n = 290), LGG (n = 516), LIHC (n = 371), LUAD (n = 515), LUSC (n = 501), OV (n = 303), PAAD
(n =179), PCPG (n = 181), PRAD (n = 498), READ (n = 166), SARC (n = 260), SKCM (n = 471), STAD (n = 415), THCA (n = 509),
UVM (n = 80).

Immuno-oncology clinical trials analyses. Gene expression data for 12 clinical trials spanning 1142 patients in 5 cancer-types,
was downloaded from the Synapse server associated with the CRI iAtlas portal (syn24200710).'® We applied the immune subtype
classifier (C1-C6) from the original paper (https://github.com/CRI-iAtlas/ImmuneSubtypeClassifier) on the normalized gene expres-
sion data to infer the immune subtypes. Cancer immune subtypes C2/3/6 and C4/5 were merged as separate categories and differ-
ences in patient survival (OS) were investigated using lifelines 0.27.0 in Python 3.9.5. Statistical significance was investigated using
the log rank test.

Transcriptomics analyses for murine subcutaneous tumors’ bulk-RNAseq data. Affymetrix Mouse Exon 1.0 ST Array data, profiled
from subcutaneous tumors based on B16-F10, TC1, CT26, MC38, LL2/LLC, RENCA, 4T1, TRAMPC1, EL4, P815 or PANO2 murine
cancer cell lines implanted in syngeneic mice backgrounds, was derived from an existing published study (i.e., GSE85509)°" and
analyzed for expression levels of following metagene-signatures: pro-lymphocytic IFNy/effector signaling, macrophages, type
I IFN/ISG-response, or DCs,?”**® and represented as a row-normalized heatmap.

In another case, for differential gene-expression (DGE) analyses, above transcriptomics data for TC1-tumours and MC38-tumours
were analyzed in R 4.2.0, using the package oligo 1.60.0."?* All corresponding CEL files were imported and RMA-corrected, then
summarized to the gene level for which identifiers were mapped based on the NetAffx CSV files provided by Affymetrix (MoEx-1_
0-st-v1.na28.mma9.transcript.csv). For the pairwise comparison between TC1 and MC38, we used limma 3.52.2'?° and applied
t-tests with empirical Bayesian shrinkage of variance. pP-values were adjusted in accordance with the Benjamini-Hochberg method.

Finally, for Correlation gene-set enrichment analyses (GSEA) analyses, following assorted genes specifically enriched in the TC1-

tumours (compared to MC38-tumours) from above DGE analyses, that we further annotated as myeloid/macrophage-signaling rele-
vant based on literature were utilized: Dkk2, Figf, Akr1c18, Ptgs1, Ereg, Thbs1, Thbs2, Ptgs2, Aspa, Pla2g7, Pdpn, Pla2g4a, Areg,
Cd80, Nox4, Abcal, Cd33, Il1rl1, P2ry5, Axl, Mrc1, Gas2, Ctsl. Correlation GSEA analyses of this gene-set (gene-set 1) versus
well-established translationally-relevant markers of tumor-associated macrophages (Cx3cr1, Ccr2, Tek, Csf1r, Cd274, Pdcd1, Sirpa,
Ido1, Pdcd1lg2, Cd40'2%2%) (gene-set 2) was performed against the background of a reference murine macrophage transcriptomic-
profile, using the standardized work-flow of Immuno-Navigator portal.>®
Maturation trajectory analyses for single-DC vaccine’s transcriptomes. Trajectory analyses of monocytic-derived DC vaccines mi-
cro-array transcriptomes was performed using the Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) dataset
(GSE85698).?° This study included 93 DC vaccines that were administered to 18 prostate carcinoma (PDAC) patients. Each
patient received multiple lots of autologous DC. Vaccination regimen included 5 vaccinations (one every 3 weeks) with boost
vaccinations in case of response. At least 2 vaccines per patient are included. Normalized microarray expression dataset
was extracted from GEO portal and further processed to filter mitochondrial genes and non-protein coding genes. Microarray’s
duplicated annotation probes was collapsed by per-gene average ratio of probe’s expression values. Initial dimensionality
reduction to further calculate trajectory inference was performed using high variable genes with additional threshold parameters
of loess fraction 0.1 and number of genes < 4000. Hence UMAP dimensionality reduction was based on the top 9 principal
components which covered 99.9% of genetic variance and was computed on a 2-dimensional scale of 4 neighbors.
Trajectory inference was performed using STREAM (Huidong Chen et al., Nature Comm, 2019) on the precomputed
dimensionality reduction using “seed elastic principal graph” algorithm with default parameters except for 4 neighbors and
“ap” clustering algorithm. Further branch pruning was performed using “elastic principal graph” with default parameters
except for epg_alpha 0.01, epg_mu 0.2, epg_lambda 0.03, epg_n_nodes 5 and incr_n_nodes 3. Signature expression of
several signatures was calculated on per DC vaccine sample of average expression genetic profiles. Leaf markers were
calculated using “detect leaf markers” function against root SO group using default parameters except for cutoff_zscore 1.0,
cutoff_pvalue 1.0, min_num_cells 5 and percentile_expr 99. Pathway analysis for each leaf marker genes was computed
using gseapy with signal to noise methodology of gene set permutation type for a maximum of 2000 permutations, including
Reactome pathways between 1 and 2000 genes. Top ranked and biologically relevant Reactome pathways were plotted
based on this Normalized Enrichment Score (NES) and FDR values.
Analysis of TC1-tumor’s single-cell RNA-sequencing (scRNAseq) datasets. Single-cell gene expression for untreated TC-1 tumors
(GSM7103827) was downloaded from the gene expression omnibus.*® Objects were pre-processed with Scanpy 1.9.3. Cells with
less than 200 counts were removed, genes expressed in less than 10 cells were also discarded. Counts were normalized to
10000 cells per cell and log transformed. Highly variable genes with at least 0.0125 expression, max mean 3 and minimal
dispersion of 0.5, resulting in 2281 cells and 4015 highly variable genes. Cells that could not be reliably annotated were removed,
reducing the cell count from 2281 to 1838. Cells were annotated using the BioTuring cell type prediction approach (HaiTam v3,
Talk2data https://talk2data.bioturing.com/predict). UMAPs were calculated using UMAP-learn 0.5.3 through Scanpy. Differential
gene expression was obtained with Scanpy’s rank_genes_groups function. Corresponding fold changes and associated p values
were plotted as lollipop plots using Matplotlib 3.7.1. Raw expression data was loaded through Seurat 4.3.0.1 and SeuratDisk
0.0.0.9020 in R 4.3.1 and queried for inferred interactions with CellChat 1.6.1. Macrophages were assigned to the PD-L1 positive
class using expression of Cd274 > 0.
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Analysis of cancer patient’s single-cell RNA-sequencing (scRNAseq) datasets. For analyses of CD274 or Cd274 expression at sin-
gle-cell resolution on pan-tumor level, various scRNAseq pan-tumor maps from existing peer-reviewed literature were accessed from
the Tumor Immune Single Cell Hub,"?® a large-scale curated database integrating single-cell transcriptomic data from >2 million sin-
gle-cells (with a uniform/standardized workflow accounting for quality control and batch-effects) across >75 high-quality tumor-
derived datasets. We used the Gene Exploration module of TISCH to short-list scRNASeq datasets with stable expression profiling
available for at least most of the following tumor-associated cells: CD4*T cells, CD8"T exhausted cells, NK cells, CD8*T cells in
general, fibroblasts, endothelial cells, B cells, malignant/cancer cells, DCs and macrophages. This delineated 21 eligible single-cell
(sc)RNAseq datasets spanning 13 diverse cancer-types (SARC, CRC, SKCM, HNSC, UVM, Glioma/GBM, CHOL, OV, LIHC,
NSCLC, BRCA, PAAD, BCC), 287 patients and 2 species (humans or mice), further accessible here: GSE119352, GSE122969,
GSE120575, GSE103322, GSE120909, GSE139829, GSE123139, GSE139324, GSE141982, GSE125449, GSE118828,
GSE131907, GSE139555, GSE136206, GSE111672, GSE131928, GSE146771, GSE115978, GSE99254, GSE110686, GSE123813.
Across these datasets, we derived average gene expression of CD274 or Cd274 across an entire cell-type cluster per scRNAseq
dataset and integrated all the values to create row-normalized heatmaps.

Predictive analyses of PDL1*TAMs signature in immuno-oncology clinical trials.  Pre-treatment tumor-derived gene expression data
for 454 cancer patients (185 responders vs. 269 non-responders) treated with anti-PDL1 ICB (atezolizumab or durvalumab) spanning
5 cancer-types (4 patients with ureter/renal pelvis cancer, 345 with urothelial cancer, 31 with bladder cancer, 72 with esophageal
cancer and 2 with renal cell carcinoma), or 761 cancer patients (504 responders vs. 257 non-responders) treated with anti-PD1
ICB (nivolumab or pembrolizumab) spanning 11 cancer-types (39 patients with lung cancer, 14 with glioblastoma, 7 with ureter/renal
pelvis cancer, 45 with gastric cancer, 5 with colorectal cancer, 415 with melanoma, 59 with bladder cancer, 22 with hepatocellular
carcinoma, 14 with breast cancer, 31 with renal cell carcinoma, and 110 with head & neck cancer) were accessed from the ROC
Plotter server.'?”'?¢ We interrogated the impact of a PDL1*TAM metagene (composed of CD68, CD163, CD14, CD274) on
tumor-level objective response rate (ORR)-based responders vs. non-responders for either anti-PDL1 or anti-PD1 ICB
treatments. Analyses was restricted to pre-treatment transcriptome while excluding any statistical outliers. Statistical significance
was investigated using the Mann-Whitney U test.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical details of all the analyses are reported either in the figure legends, figures and/or methods sections, including statistical
analysis performed, statistical significance thresholds/values and in most cases the counts/number of data-points. All the statistical
tests used herein were always two-tailed unless otherwise explicitly mentioned. Gene signatures were estimated by considering the
average expression of all the genes within that signature, unless otherwise mentioned. Details about used software for analysis can
be found in the key resources table.
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