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Abstract

The landscape of migratory conventional dendritic cells (cDCs) comprises XCR1*CD11b
cDC1s, XCR1CD11b* cDC2s and intermediate XCR1'°¥"CD11b" states. cDC1 are unique in
their ability to cross-prime lymph node CD8 T cells in a CD4 T cell-dependent manner. In
perturbed cancer states cDC1s become particularly scarce in tumors and tumor draining lymph
nodes, which decreases T cell infiltration, immunotherapy responses and patient survival. The
causes of cDC1 paucity are not fully understood and no specific therapy currently exists. Here,
we find that cDC1s undergo apoptosis in tumor microenvironments. Gene expression analysis
of independent murine and human RNA sequencing datasets point to a shared cDC1 lysosomal
stress response state across various tumors. Modeling primary cDC1 behavior in lung tumors
in vivo and ex vivo, we show that two distinct yet interconnected pathways converge to cause
apoptosis of cDC1: mTOR inhibition leads to an increase in the proteolytic activity of
lysosomes, while lysosomal membrane permeabilization (LMP) allows the release of
proteolytic enzymes to the cytosol and apoptotic death. Pathway and regulon analysis of the
cDCL1 transcriptome suggest that mTOR inhibition and lysosomal stress happen downstream of
type | IFNs. Accordingly, exposure of the Mutu cDC1 line to type | IFNs inhibits mTOR,
stresses lysosomes and triggers LMP and death. Further supporting this finding, in mixed bone-
marrow chimeras IFNRA deletion rescues primary cDC1s from mTOR inhibition, lysosomal
stress, LMP and death. We have therefore elucidated IFN-induced lysosomal death as a key
mechanism of cDC1s paucity in tumors that should be prevented to increase tumor immunity
through reinvigoration of the cDCL1 pool.
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Introduction
“All things excellent are as difficult as they are rare”, Baruch Spinoza.

Immune cell co-evolution led to the emergence of diverse antigen presenting cell (APC) states and
their spatiotemporal organization in lymphoid and non-lymphoid tissues [1]. In a hypothetical
snapshot of the antigen presenting cell pool of an organism the vast majority would be non-
professional “accessory” APCs that shape and sustain rather than prime adaptive immune
responses [2]. Rare subsets of professional APCs, i.e. dendritic cells (DCs), have been assigned
the exclusive task of transferring antigens from non-lymphoid tissues to lymph nodes (LNs) for
naive T cell priming [3-7]. XCR1*CD11b" conventional DCs type 1 (cDCs1) sequentially and in a
coordinated manner with cDC2 present and cross-present exogenous antigens to CD4+ and CD8+
T cells, respectively, leading either to their priming or tolerization [8-12]. Tumor immune rejection
directly depends on cancer-antigen specific T cells and as such on cDC1s [13]. Three lines of
evidence strongly support this hypothesis: i) prolonged survival is observed in cancer patients with
higher cDC1 infiltration [8, 14-16], ii) cDCL1 ablation or their conditional editing in animal models
impacts immunity and accelerates cancer progression[17, 18], iii) cancer immunotherapy
responses depend on cDC1 mobilization [14, 19-22]. These observations are particularly
impressive considering that cDC1s are rare in unperturbed tissues, comprising less than <0.1% of
total cells and become scarce, reaching as few as <0.01% of total cells, in tumors [23, 24].

Single cell sequencing methodologies have advanced our understanding of antigen presenting cell
diversity and dynamics in tumor microenvironments. Tumor cDC states align across murine and
human datasets suggesting common developmental trajectories and universal responses to shared
stimuli across different tumor ecosystems [25]. Due to their scarcity, which hampers
experimentation, tumor cDC1s remain poorly understood. An additional bottleneck has been the
discovery in lung tumors of CCR7 expressing XCR1™"9CD11b  ¢cDC1/cDC2 intermediate states,
termed mReg cDCs, that are characterized by a mixed mature-regulatory co-expression module
[26]. mRegs seem to emerge from cDC1s and cDC2s in response to cancer antigen uptake and fail
to express a clear mature-stimulatory profile, under the pressure of suppressive tumor stimuli, such
as IL4. Conversely, IFNg-induced NF-kb and IRF1 drive immunostimulatory anti-tumor cDC1
states. CCR7+ DC3 and LAMP3+ cDCs, discovered in various tumors, likely refer to the mReg
lung cDC state [27-29].

A few explanations have been given for the cDC1 deserts in tumors. Tumor-produced granulocyte-
stimulating factor has been shown to downregulate bone marrow cDC progenitors, including, but
not limited to cDC1 [30]. Decrease in NK- cell-derived XCL1 and development of a general
immunosuppressive microenvironment by cancer cells may impede tumor cDCL1 infiltration [14,
15, 22, 31-33]. However, XCL1 is redundant for cDC1 migration and other tumor repressed
chemokines are not cDC1 specific. Adding another level of complexity, tumor-draining LNs
themselves become deserted from cDC1s as cancer progresses and this has been attributed to
impaired LN migration[26]. Here we show that cDC1s enter a lysosomal stress response state and
succumb to cell death in tumors. Mechanistically, cDC1s undergo mTOR inhibition, lysosome
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hyperactivation, lysosomal membrane permeabilization (LMP) and apoptotic death. Surprisingly,
computational and experimental methodologies collectively point to type | interferons as key
inducers of LMP and cDC1 death within tumors. Thus, cDC1 apoptosis downstream of type | IFN
signaling eliminates cDCl1s in tumors. Current strategies to augment the tumor cDC1 pool are
directed in enhancing cDC progenitor divergence to cDC1s [34]. Our studies propose LMP
prevention as a rational approach to treat cDC1 deserts, increase immunotherapy responses and
clinical outcomes.

RESULTS

Common gene expression modules among lung tumor cDC1s across different models point
to lysosomal hyperactive states.

To decode the complexity of tumor-induced cDC1 states we leveraged orthotopic lung cancer
models. These models develop solitary lung tumors rather than pulmonary nodules and thus allow
tumor excision and sorting of pure tumor-infiltrating cells. To characterize the identity of lung
tumor c¢DC1s in our model systems we digested murine lung tumors and healthy lungs and
performed FACS analysis. We concatenated lineage negative, MHCII+CD11c+ cDCs of tumor
and healthy samples and performed dimensionality reduction and unbiased clustering using
MHCII, CD11C, CD11b and XCR1 as input. cDCs separated in 4 clusters: an XCR1""CD11b-
bona fide cDC1s, XCR1'CD11b* bona fide cDC2 and two intermediate states XCR1'°YCDC11b-
(XCR1™" mReg ¢DC) and XCR1CD11b (XCR1'mReg cDC), likely corresponding to the
previously described mRegs and DC3 (Fig. 1a). Similar to what has been previously reported,
bona fide tumor infiltrating cDC1s were less in lung tumors versus healthy lungs (Fig. 1a) [23].
cDC1 ablation and conditional gene knockout experiments have validated in vivo the key role of
cDCl1s in cancer immunity and immunotherapy. We recently developed a cDC1 specific XCR1%®
line in which a Cre recombinase and a fluorescent reporter are coexpressed under the control of
the Xcrl gene, in a manner that maintains XCR1 expression [12]. We crossed the Xcrlcre line
with a loxP-STOP-loxP DTA line to constitutively delete cDC1s and analyzed tumor cellular
profiles and burden in two orthotopic lung cancer models of different aggressiveness and
immunogenicity. LLC tumors are less immunogenic, grow fast and mice succumb at ~ 2 weeks,
while CULA tumors are more immunogenic, grow slow and mice succumb at ~4 weeks (Suppl.
Fig. 1). To monitor cancer antigen specific responses and quantify tumor burden we transduced
both lines with fluorescent ovalbumin viral vectors. An extensive flow cytometry analysis using
panels of markers against major myeloid and lymphoid subsets revealed a decrease in intratumoral
CD4 and CD8 T cells, which was more prominent in the more immunogenic CULA tumors
(Suppl. Fig. 2 and Fig 1b). Staining with SIINFEKL-k® tetramers that recognise ovalbumin-
specific CD8+ T cells, indicated that cDC1 ablation almost completely abolished cancer-specific
T cytotoxic cells in the CULA model and less in the LLC model (Fig. 1b). These immunological
defects were accompanied by a significant increase in tumor burden (Fig. 1b). Thus, lung tumor
growth requires cDCL1 scarcity and there is a positive link between tumor immunogenicity and host
dependence on cDC1s for immune rejection.
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In the era of omics, it remains uncertain whether and how tumor cDCl1s transcriptionally differ
from their healthy counterparts [16, 26-29]. Single-cell methods inherently suffer from limitations
in the recovery of complete transcriptomes due to the prevalence of transcriptional dropout events.
To get a higher resolution on bona fide cDC1s in tumor versus healthy states we analyzed by bulk
RNAseq XCR1M""CD11b™¢ ¢DC1s purified from LLC and CULA lung tumors versus healthy
lungs. A total of 9.720 genes were identified. Principal Components Analysis (PCA) showed that
tumor and healthy cDCs1 separate in two distinct clusters (Fig. 1c). One outlier sample was
excluded for further analysis. Surprisingly, differential expression analysis found only 30 genes
that were highly up-regulated (FDR<0.05) in tumor derived cDCsl and 10 that were highly
downregulated, in comparison with healthy cDC1s. Among top up regulated were genes involved
in lysosomal processes (CD63, Gga2, Ctsd, Lgmn, Gpnmb), the well-known inhibitory molecule
PDL1 and genes mediating interferon responses (Gbp2, Gbp5, Gbp7, Statl, Irfl), while among
top down regulated were genes involved in cell structure and adhesion (Pdlim1, Ahnak, CD44,
Serpinb8) (Fig. 1d). Interestingly, LLC tumor cDC1s showed a more robust tumor associated
profile compared to CULA tumor cDCl1s. It is tempting to speculate that this is linked to the higher
aggressiveness of LLC tumors. Likewise, pathway activities of up-regulated genes analyzed by
DAVID showed significant enrichment in type I and 11 IFNs and in lysosomal activities in cDC1s
from tumors (Fig. 1e). To validate our findings, we re-analyzed a publicly available sScRNAseq
dataset from cDCs that had been purified from a metastatic lung cancer model with a Kras®'?Pp53-
" cell line. We filtered out from our analysis cDCs2 and mReg DCs and focused on the cDC1
annotated cluster. Two large (C1, C2) and two small cDC1 sub-clusters (C3, C4) were identified
by uniform manifold projection (UMAP). The C1 sub-cluster was almost exclusively derived from
the tumor-bearing lungs, while C2 from healthy lungs. (Fig. 1f). Functional enrichment analysis
of upregulated genes performed by DAVID showed significant enrichment in lysosomal processes
and type | IFN pathways in C1 (Fig. 1g). Pearson correlation analysis of commonly expressed
genes between murine and bulk RNAseq datasets pointed to lysosome (Ctsd, CD63, Gbnmb) and
IFN (Gbp2, IRF, Statl) related genes as the most highly positively correlated (Fig. 1h).
Accordingly, top enriched GO terms/KEGG pathways were highly concordant between bulk and
scCRNAseq datasets (Fig. 1i). Collectively, two independent datasets across 2 different lung cancer
models and three different cancer lines show that tumor cDC1s become transcriptionally biased
towards lysosomal hyperactive states and indicate a profound IFN impact.


https://doi.org/10.1101/2022.03.14.484263
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.14.484263; this version posted March 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

XCR1 CD11b
A. == c1 Healthy
XCR1'=v mReg cDC DC1:31.7! XCR1- MREG cDC: 23.2%
XCR1-mReg cDC
intrathoracic Injection g
cbC2 €DC2:26.6! XCR1'=» mREG cDC: 18.5%
Tumor
DC1:17.2: XCR1- mREG cDC: 40%
Lung Tumor Bearing Mouse o E ~ % %
£ w eDC2:28.2 CR1%w mMREG cDC:14.6%
a
Healthy Tumor 1 Tumor 2
SNE 1 el ¥
E.
| CULA-OVA
e R - 1.0 LLCOVA 25 CULAOVA LLC-OVA CULA-OVA
S 5pgit o EEE 107 ok e °
Z * 10t k. 0.8 J 2.0 0.67 k%
o
< 1.5x10" e LY
3 10 o °1 ° | 8§ S o4
S 1x10t 10° a . g =
o] “T’ 0.4 S 107 ° by 0.2
o [ = .
S 5x10% 1c° o0 ° & i o 8 ° £
o 07 0.2 *. ° 0.5 e ® ©
0 Wt enca W cDC1*® % 0 Lo £ 0 k
| 0.0 T T T 0.0 T T T [ WT cDC1 WT ¢DC1*
. Y' . l ! 2 ? 2 4 &
A5 *
P=0.0348 SIUNFEKL-K° tetramer
—CD4—
c D. S E.
® ] Response In Type | & Il Interferons
W opearty B ogc Mooy L _as87 @ o & 28 @
c <
g crB T S Eyeay Sgs AN R BRNEATRELnE Bay of
ER RS SO IFRLIPCon o ELBHFSEREN05=240 85 Lysosames
—~ [ 1] [ ] [ ] L ] ]
& 20 cua u - @
o
=
:_‘: LLC
g @ Propeptide Removed Mature
o
Immune Response
LUNG .
I | I
-20 0 20
-2 T -
PCA 1 (34.6%) 2 _ 2 0088 FfODR O
pAdj 5%
F. Healthy G M. Expression
CL7.3% . Ca:16.7% 3
€3:5.2% 2
1
0
-1
] C4-14.8% David Clusters
2 C1:66.2%, C3:1%
! — Lysosome
S 2:18% ~- Response to IFNb
Respiratory chain
UMAP 1 = Mttochondrion
Oxidoreductase activity
~ Proteasome
H. 1.
o cellular response to interferon-beta
1e-15 immune system process
©
peptidase activity
-
2 le7_
o re
( o~
= /
4 ! \ response to
x © proteolysis 1.0. |
3 \ ! interferon-gamma
o A !
h N /
Se P
< -4
Lysosome
% e
@ A“r@* | response to
© Down m Cancer 'I virus Bulk RNA Seq

4 05 0 05
Single Cell RNA Seq Data

1

u

15 hydrolase activity

Single Cell RMNA Seq


https://doi.org/10.1101/2022.03.14.484263
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.14.484263; this version posted March 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 1. cDC1-dependent cancer models point to lysosomal hyperactive states of tumor-infiltrating cDC1s. A. The
LLCmCherry cell line was orthotopically inoculated on the left lung lobe of BI6 mice via direct intrathoracic injection.
On day 12 tumors and healthy lungs from control mice were excised, digested, stained and analyzed by FACS. Fcs
files from *lin**CD11c*MHCII* cDCs were concatenated. t-SNE was run using XCR1, CD11b, MHCII and CD11c
as input. B. The XCR1cre line was crossed to XCR1DTA to constitutively delete ¢cDC1s (cDC1KO). Mice were
inoculated with the LLC-OVA™"™ or the less aggressive more immunogenic CULA-OVA™C"™ grthotopically.
Tumors were excised on day 12 (LLC model) or day 28 (CULA model), digested, stained and analyzed by FACS.
From left to right. Absolute number of mCherry cancer cells enumerated with facs counting beads. CD4* and CD8*
T cells percent CD45* cells. OVA-specific CD8* T cells percent total CD8* T cells, identified with SIINFELK-k®
tetramers. Data are pooled from two independent experiments. C. lin"®CD11c*MHCII*CD11b"XCR1"9 cDC1s were
sorted from LLC-OVA or CULA-OVA lung tumors and healthy lungs. Bulk RNAseq was performed and data were
analyzed by principal component analysis (PCA). D. Heatmap of the top differentially expressed genes. E. GO terms
analysed by DAVID. F. UMAP of a murine cDC1 scRNAseq dataset[26]. Single cells originated from lungs bearing
metastatic KP nodules and from healthy lungs. G. Heatmap depicts genes that were found enriched in pathway
analysis performed by David. H. Pearson’s correlation between the bulk RNAseq dataset (c,d,e) and the scRNAseq
dataset (f,g). I. Common enriched pathways between the two datasets. *Lin:CD3,NK1.1,B220,CD11b,Ly6C,Ly6G.
*P<0.05, ***P<0.001. Error bars, mean+ sem; two-tailed unpaired t-test.

MTOR inhibition induces lysosomal stress response in tumor cDC1s

To validate in vivo the functional profile that had been identified computationally, we repeated
our orthotopic transplantation studies, excised tumors and labeled cells with a fluorescent
lysosomal pH reporter (LysoTracker) and a fluorescent reporter of the activity of lysosomal
proteases (DQ-BSA). FACS analysis showed an increase in lysosomal acidification and protease
activities of tumor derived cDCsl in comparison to healthy lung cDCsl (Fig 2a, 2b). These
findings are consistent with the understanding that the activity of most lysosomal enzymes is
positively regulated by acidic pH. Glycoprotein Non-metastatic Protein B (GPNMB), is known to
be associated with endosomal/lysosomal structures in cells overexpressing the protein during stress
conditions, characteristically in lysosomal storage disorders [31, 35]. Intracellular Gpnmb staining
showed upregulation in tumor versus healthy lung cDC1s (Fig. 2c). To sustain antigen stability,
healthy cDC1s are less capable for lysosomal degradation [36]. To investigate whether activation
of lysosomal proteases in tumor cDC1s enhanced their ability to degrade cancer antigens, we
FACS-sorted tumor and healthy lung cDC1s and co-cultured them with tagged apoptotic LLC
cells. The antigen load of both types of cDC1s peaked on the same day, but was consistently lower
in tumor versus healthy cDC1s at different time points (Fig. 2d). This was due to fast antigen
degradation rather than low endocytosis, as an endocytosis fluorescent reporter (FITC-Dextran,
40.000 MW) showed no difference between lung tumor and healthy lung cDC1s (Fig. 2e).

To investigate the mechanism by which tumors up-regulate lysosome acidification and function,
we took a candidate-based approach and investigated mTORC1. Activation of mTORCL1 occurs
on lysosomes. When the levels of nutrient and inflammatory signals are high, the mTORC1
complex is recruited to the cytosolic face of lysosomal membranes [37, 38]. Once on the lysosomal
surface, mMTORCL is activated. Different stimuli must cooperate in order to achieve full mMTORC1
activation and phosphorylation of the lysosomal transcription factor TFEB, impeding its
translocation to the nucleus [37, 38]. Starvation and oxidative stress inhibit mTORCL1 activation,
leading to TFEB dephosphorylation, its nucleus translocation and lysosome/lysosomal enzymes
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biogenesis (Fig. 2f). Phospho-FACS of orthotopic lung tumors versus healthy lungs showed an
impressive decrease in phospho-mTOR in tumor cDC1s, while phospho-AKT and phospho-S6
two other mediators of the mTORC1 pathway remained unaltered (Fig. 2f). To investigate whether
inhibition of mMTOR phosphorylation is causal to lysosomal activation in tumor
microenvironments, we set up an ex vivo culture system using the Mutu cDC1 cell line. To
recapitulate the complex molecular features of tumor and healthy lung microenvironments we
cultured lung tumor and healthy lung tissue fragments, purified the Tumor Culture Medium (TCM)
and Healthy Culture Medium (HCM) and used them as supplements to Mutu cDCL1 cultures.
Phospho-mTOR was significantly less in the presence of TCM versus HCM, and this was
accompanied by enhanced lysosomal acidification and Gbnmb up-regulation (Fig. 2g).
Importantly, in the presence of the mTOR activator bafilomycin Al the TCM lost its ability to
activate lysosomal processes in cDC1s (Fig. 2g). Thus, signals in the tumor microenvironment
prevent mTOR activation in cDC1s, leading to lysosomal acidification and fast antigen
degradation.
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Figure 2. Tumors inhibit phosphorylation of cDC1 mTOR leading to lysosomal stress. A-F. The LLC cell line was
orthotopically inoculated on the left lung lobe of BI6 mice via direct intrathoracic injection. On day 12 tumors and
healthy lungs from control mice were excised and digested to obtain single cell suspensions. A. Lysotracker and
antibody stains were performed and analysed by facs. Graph depicts LysoTracker MFI of LinMHCII*CD11c*CD11b
XCR1Msh ¢cDC1s. Data are representative of three independent experiments. B. Cells were cultured with fluorescent
DQ-BSA for 24 hours, stained with antibodies and analysed by facs. Histograms are gated on XCR1"9" cDC1s. Data
are representative of two independent experiments. C. Intracellular staining for Gpnmb. Graph depicts Gpnmb MFI
of cDC1s. Data were pooled from two independent experiments. D. XCR1"" cDC1s were sorted and cultured with
apoptotic fluorescent LLC cells for 4 days. At the indicated time points they were analysed by facs. Graph depicts
LLC loaded cDC1s percent total cDC1s. Data are representative of two independent experiment. E. XCR1"¢"¢DC1s
were sorted and cultured with fluorescent Dextran for 2 days. At the indicated time points they were analysed by facs.
Graph depicts cDC1s that have endocytosed Dextran percent total cDC1s. Data were pooled of two independent
experiments. F. From left to right. Graphical summary of the mTORCL1 pathway. Antibody stains against phospho-
proteins were performed and analysed by facs. Graph depicts MFI of XCR1"" ¢cDC1s. Data are pooled from two
independent experiments. G. Tumor tissue and healthy lungs were chopped and fragments were cultured for 24h.
Tumor culture medium (TCM) and Healthy Culture Medium (HCM) were purified and added to the Mutu ¢cDC1 line.
After 24h the Mutu was analysed by phospho-stain for pMTOR, LysoTracker stain and Gpnmb intracellular stain.
Data were pooled from two independent experiments.*P<0.05, **P<0.01. ***P<0.0001 Error bars, mean+ sem;
two-tailed unpaired or paired t-test.

Lysosomal activation depends on inhibition of mMTOR phosphorylation downstream of
INFRAL1 signaling.

To reconstruct the regulatory networks that drive lysosomal states in tumors we performed regulon
inference using the scalable SCENIC platform in the murine sSCRNAseq dataset. The activity of
the predicted regulons in all individual cDC1s was quantified and cellular AUCs were used as
input for UMAP visualization and clustering. Impressively, the SCENIC AUC UMAP clearly
separated a tumor-specific cDC1 cluster that almost completely overlapped with the C1 tumor-
specific cluster in the transcriptome UMAP (Fig. 3a). Ranking all regulons of the tumor C1 cluster
according to the regulon specificity score pointed to STAT1 and STAT? as the top regulons (Fig.
3b). The transcription factors STAT1 and STAT2 are key mediators of type | and type Il IFN
signaling. Thus, our regulon analysis points to IFNs as inducers of the observed tumor cDC1 states.

IFNs drive cDC1 maturation and migration and are critical determinants of anti-tumor immunity
and clinical outcomes [39]. IFNs regulate mTOR phosphorylation, but positive as well as negative
effects have been reported depending on cell type and context [40, 41], with data on cDCL1 lacking.
To investigate changes in the mTOR and lysosomes driven by types | (IFNa, IFNb) and type 11
IFNs (IFNg), we performed in vitro assays with the Mutu cDC1 line. Exposure of Mutu cDCl1s to
pure IFNa and IFNb, but not IFNg induced a simultaneous increase in Gpnmb expression and
lysosomal acidification (Fig. 3c). Both responses were abrogated in the presence of the mTOR
activator Bafilomycin Al (Fig. 3c). Thus, type | IFNs activate lysosomes of Mutu cDC1s via
mTOR inhibition. To investigate whether type | IFNs in tumors activated the lysosomes of cDC1s
in vivo, we developed mixed bone marrow chimeras by sub-lethal irradiation and transplantation
of CD45.1 wild type and CD45.2 INFRAL knockout bone marrow cells at a 1:1 ratio (Fig. 3d).
Chimeric mice were subjected to lung transplantation of LLC cells, tumors were excised and
analyzed by FACS, gating on CD45.1 wild type versus CD45.2 INFRA1 knockout c¢DCl1s.
INFRAL depleted intratumoral cDC1s showed decreased lysosomal acidification compared to wild
type cDC1s (Fig. 3e) and higher levels of mTOR phosphorylation (Fig. 3f). Thus, taken together
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with the aforementioned computational analysis the cytokine exposure testings and the in vivo
receptor perturbations, they all point to type | IFNs as inducers of activated cDC1 lysosomal states
in tumors via mMTOR inhibition.
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IFN-induced lysosomal stress breaches the lysosome-to-cytosol barrier causing apoptotic
death in tumor cDC1.

Lysosomal activity is essential to preserve cellular homeostasis and lysosomal dysfunction has
been implicated in various diseases. Lysosomal stress can induce lysosomal membrane
permeabilization (LMP), resulting in the translocation to the cytoplasm of intralysosomal enzymes,
such as cathepsins, inducing lysosomal-dependent cell death (LDCD) [42]. We hypothesized that
cDC1 deserts in tumors may be due to LDCD. In primary tissues quantification of late apoptotic
dead cDCl1s is not feasible, because cDC1 specific antibodies tend to non-specifically bind to all
dead cells. Quantification of early apoptotic Annexin V positive live cells by FACS pointed to a
higher number of early apoptotic cDC1s in lung tumors versus healthy lungs (Fig. 4a). To validate
these findings in another experimental setting we exposed Mutu cDC1s to tumor versus healthy
culture medium and morphologically quantified apoptotic cells by creating a forward scatter (FS)
/ side scatter (SS) apoptotic cell gate or performed Annexin V staining (Figs. 4b, 4c). Tumor
culture medium induced Mutu cDC1 apoptosis and this was replicated by exposure to IFNa, IFND,
but not IFNg (Figs. 4b, 4c). These findings suggested that type I IFNs in tumors induce cDC1
apoptosis. Impressively, only 20% of cDC1s that were found in lung tumors of wild type mice
were NFRAL positive, while NFRAL positive cDCl1s infiltrating healthy lungs were over 60%
(Fig. 4d). Thus, cDC1 tumor deserts are associated with selective depletion of INFRA1 expressing
subsets. To directly show in vivo that type I IFNs induce cDC1 apoptosis in tumors, we revisited
our mixed bone marrow chimeric models. CD45.1 wild type / CD45.2 INFRA1 knockout chimeric
mice were subjected to lung transplantation of LLC cells, tumors were excised and analyzed by
FACS, gating on CD45.1 wild type versus CD45.2 INFRA1 knockout cDC1s. INFRA1 knockout
cDCls, but not all INFRAL hematopoietic cells, significantly outnumbered wild type cDC1s in
tumors (Fig. 4e). Accordingly, the percentage of early apoptotic cDC1s was higher among WT
versus INFRAL knockout cDC1s and this accompanied by an increased number of live NFRA1
knockout versus wild type cDC1s in tumors (Fig. 4e). Collectively, in vivo and ex vivo assays
suggest that type | IFN-induced cDC1 apoptosis causes cDCL1 scarcity in tumors. To detect whether
type | IFNs could cause LMP in cDCl1s, we exposed the Mutu cDC1 line to tumor versus healthy
culture medium (TCM vs HCM) and imaged cathepsin D by immunofluorescence. Cathepsin D
localized outside lysosomes into the cytoplasm of Mutu cDC1s that had been exposed to TCM but
inside the lysosomes of Mutu cDC1s that had been exposed to HCM (Fig. 4f). Detection of galectin
puncta at leaky lysosomes is another highly sensitive assay for LMP. To investigate whether LMP
happened in vivo in tumors as a result of type I IFNS, we inoculated again LLC cells in our mixed
CD45.1 wild type / CD45.2 INFRA1 KO chimeras, sorted CD45.1 versus CD45.2 tumor-
infiltraing cDC1s and stained them for galectin3. Galectin3 formed puncta around the nucleus and
on the membrane of lysosomes of wild type, but not IFAR1 KO cDCl1s (Fig. 4g). Collectively, our
data suggest that type | IFNs induce LMP and LDCD in tumor cDC1s, which may cause cDC1.
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stain of cathepsin b (CTSbh) and Lamp3 in Mutu cells upon exposure to HCM/TCM. Data were representative of two
independent experiments. G. Experimental design as in E. Intratumoral CD45.1 WT versus CD45. 2 INFAR1 cDC1s
were sorted and analysed by immunofluoresence. Gallectin puncta was imaged by Gallectin3, Lamp3 c-stain. Data
were representative of two independent experiments. *P<0.05, **P<0.01. ***P<(0.001 Error bars, mean+ sem, two-
tailed unpaired or paired t-test.

Lysosome damage and IFN responses align across human and murine tumor cDCsl.
Humans are much more diverse and heterogeneous compared to laboratory mice. To investigate
the translatability of our murine studies in the human system we leveraged a publicly available
mega-integrated dataset consisting of 178,651 human mononuclear phagocytes from 13 tissues
across 41 datasets[43]. We filtered out non-cancer patients and patients with malignancies of
lymphoid tissues, leaving us with 2315 annotated cDC1s across 39 paired human and cancer
samples of the liver, lung, colon and kidney. cDC1 percent total mononuclear phagocytes were
decreased in lung, colon and kidney tumor versus healthy samples, suggesting cDC1 tumor
deserts might be found across different tissues and patients (Fig.5a) . Dimensionality reduction
using UMAP showed that cDC1s cluster predominately by tissue of origin rather than tumor
versus healthy state (Fig. 5b). Differential expression analysis between tumor and healthy state
revealed a relatively small number of de-regulated genes. Strikingly, among the few genes that
were up-regulated were IFN-inducible genes (STAT1, GBP2) and cathepsin (CTSA, CTSD)
(Fig. 5c). Accordingly, pathway analysis showed significant enrichment in GO terms and KEGG
pathways related to IFNs and lysosomes (Fig. 5d). Importantly, apoptotic pathways were also
found enriched (Fig 5d). Regulon inference using the SCENIC algorithm, unraveled STAT1 as
top specific regulon of tumor cDC1 state (Fig 5e.). Overall, human tumor cDCL1 states are
concordant with those of mice, both characterized by intertwined 1FN-lysosome-apoptosis
functional modules.
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Figure 5. Pathway analysis across human cancer cDC1s point to an intertwined IFN-lysosome-apoptosis triad. A.
A publicly available scRNAseq dataset consisting of mononuclear phagocytes of paired tumor/healthy tissues samples
was downloaded [43]. Single cells annotated as cDCL1 in each tissue were expressed as percent of total mononuclear
phagocytes sequenced in the same tissue. B. UMAP clustering. C. MA plot showing top deregulated genes of interest
(highlighted FDR<0.05). D. Pathway analysis performed by David. E. Ranking of tumor cDC1 regulons (SCENIC)
according to their regulon specificity score (RSS).

Discussion

There is abundant evidence that cDC1s become extremely scarce in solid tumors. However,
mechanistic understanding is incomplete. Here we uncovered an unexpected role of type I IFNs in
cDC1 extinction from tumor sites. We demonstrate the following: i) tumor tissues induce
lysosome biogenesis, acidification and proteolysis in cDC1s, ii) mTOR activation prevents tumor-
induced lysosomal responses, iii) the type I IFN-induced NFRAL signaling pathway lies upstream
of mTOR inhibition and lysosome activation, iv) type | IFNs induce cDC1 apoptotic death in
tumors, v) type | IFN tumor-induced apoptosis is accompanied by permeabilization of the
lysosomal membrane of cDC1s. Our studies do not and wish not reject the important role of
impaired cDCL1 recruitment at tumor sites. In fact, we believe that LDCD amplifies the impact of
low recruitment rates resulting in cDC1 deserts in tumors.

LDCD is a cell death pathway that involves LMP and the release of cathepsins into the cytosol
[37, 42]. In some other instances, LMP and cathepsin engage effectors that result in apoptosis [37,
42]. Type | IFN induced lysosomal acidification and increased proteolysis are also seen in
Salmonella-infected epithelial cells, leading to rupture of Salmonella-containing vacuoles,
pathogen exposure to the cytosol and epithelial cell death [44]. Thus, type | IFNs may activate
lysosomal processes of several cell types and many disease contexts. LMP and lysosomal stress
can inhibit the mTORC1 pathway as a compensatory mechanism, in order to enhance lysosome
biogenesis [37, 42]. In our models, IFNb-induced activation of cDC1 lysosomes was prevented by
the mTOR activator Bafilomycin, suggesting mTOR lies upstream of lysosomal activation.
Considering that AKT phosphorylation did not differ between healthy and tumor cDC1s, mTOR
inhibition is likely AKT-independent. Thus, our data point to a yet unknown inhibitory
intersection between the type | IFN and mTORC1 pathways.

There are numerous and contrasting reports on the effects of mTOR in ¢cDC endocytosis,
maturation, LN migration and antigen presentation, both in homeostasis and upon infection[39].
A new picture has emerged, whereby the net immunological outcome of mTOR regulation depends
on the spatiotemporal context [39]. The mTOR phosphorylation status of cDCs in tumors is largely
unknown. Opposing stimuli, such as inflammatory signals and nutrient deprivation, are expected
to compete in activating and inhibiting mTOR, respectively. Our in vitro and in vivo perturbation
experiments convincingly show that for cDC1s the balance in tumor microenvironments shifts
towards mTOR inhibition. It is very likely, however, that tumor starvation acts in parallel to type
I IFN signaling to inhibit mTOR.

13


https://doi.org/10.1101/2022.03.14.484263
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.14.484263; this version posted March 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

LMP is induced by lysosomal destabilization in the presence of pore-forming molecules, such as
Bax and Bac [37, 42]. We did not exactly show how pores are forming in the membrane of cDC1s,
but besides Bax and Bac, more interesting and novel candidates are the Gbp family of proteins.
These IFN-induced GDPases are known to form supramolecular complexes on the membrane of
pathogen-containing vacuoles, leading to vacuolar lysis, but have never been related to LMP and
LDCD to date [45]. We found them highly up-regulated in murine and human cDC1s across
several cancers and we are currently exploring whether they mediate the lysis of the membrane of
the stressed cDC1 lysosomes.

A recent study reported a progressive decrease in cDC1s in tumor draining LNs and indicated a
decrease in cDC1 migration rates through unknown mechanisms [26]. We have uncovered three
factors that can all change the cytoskeleton dynamics and calcium signaling of cDC1s and thus
may impede their migration to LNs[46]: lysosomal stress [47, 48], early apoptosis [49] and
increased GBPs [50]. Interestingly, among the top down-regulated genes in tumor cDC1s there
were several related to cytoskeleton and cell adhesion, further substantiating such a hypothesis.

Albeit recently accused for secondary resistance to immunotherapy, type I IFNs are well known
for their anti-tumor functions[51]. They specifically keep cDCs at a poised homeostatic state [52]
and stimulate cDC maturation and LN migration upon perturbation. Thus, it is difficult to envisage
a therapeutic scenario whereby targeting IFNs per se to prevent cDC1 LMP will ameliorate clinical
outcomes of cancer patients. There are already research efforts to directly target LMP to treat
lysosomal storage disorders [42]. Such drugs could be also re-purposed to prevent cDC1 LMP in
tumors. Delineating the mechanism of pore formation in cDC1 lysosomes may also reveal novel
therapeutic targets. Thus, our studies have i) explained the cDC1 deserts in tumors via the LDCD,
ii) uncovered an inhibitory mTOR pathway downstream of type | IFNs that leads to LDCD, iii)
pointed a research avenue that may lead to novel immunotherapeutic targets.
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