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SUMMARY

Tissue-resident immune cells are critical to the initiation and potentiation of inflammation.
However, the tissue-protective cellular communication networks initiated by resident immunity
during sterile inflammation are not well understood. Using single-cell transcriptomic analysis,

we show the liver-resident cell connectome and signalome during acute liver injury. These
analyses identify //12b as a central regulator of liver injury-associated changes in gene expression.
Interleukin (IL)-12 produced by conventional type 1 dendritic cells (¢cDC1s) is required for
protection during acute injury through activation of interferon (IFN)-y production by liver-resident
type 1 innate lymphoid cells (ILC1s). Using a targeted /n vivo CRISPR-Cas9 screen of innate
immune sensing pathways, we find that cDC1-intrinsic cGAS-STING signaling acts upstream

of IL-12 production to initiate early protective immune responses. Our study identifies the core
communication hubs initiated by tissue-resident innate immune cells during sterile inflammation
in vivo and implicates cDC1-derived IL-12 as an important regulator of this process.
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Hildreth et al. identify conventional type 1 dendritic cells (¢cDC1s) and interleukin (IL)-12 as
critical regulators of sterile inflammation during acute liver injury. cDC1-intrinsic cGAS-STING
signaling induces IL-12 to activate protective circuits including IFN-y production by liver-resident
type 1 innate lymphoid cells (ILC1s).

INTRODUCTION

Tissue-resident innate immune cells initiate inflammation and immune responses involved

in the clearance of pathogens and wound healing.! In the absence of pathogen-associated
molecular patterns, tissue-resident immunity can be activated during trauma, drug-induced
injury, and anti-tumor responses to induce sterile inflammation.2~# However, the cellular
communication networks of tissue-resident immune cells that coordinate and initiate sterile
inflammatory responses are not well understood. While inflammation is critical to injury
resolution, sustained immune activation can lead to disease progression and fibrosis.>8 Thus,
understanding the cell types and molecular mechanisms that drive sterile inflammation in
these contexts is critical to the development of treatment strategies for both acute and
chronic disease.

Acetaminophen (APAP) toxicity is the leading cause of acute liver failure in the United
States.” Acute APAP overdose leads to the formation of noxious metabolites, which
cause cell death and hepatocyte necrosis, inducing sterile inflammation.8 Previous studies
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have implicated liver-resident Kupffer cells, recruited macrophages, and neutrophils in
the initiation and potentiation of sterile liver inflammation.#8 However, recent single-cell
RNA sequencing (ScCRNA-seq) studies have begun to appreciate the extent of the cellular
heterogeneity present within the liver as well as the potential of previously overlooked
cell types to contribute to the kinetic and spatial regulation of sterile inflammation.%-13
While cutting-edge methods to assess cellular communication networks have identified
critical mediators of sterile inflammation during chronic nonalcoholic steatohepatitis
(NASH)-associated fibrotic responses,141° an unbiased analysis of liver-resident immune
cell activation states and communication networks that contribute to the initiation of acute
sterile liver inflammation has not been performed.

Here, we utilized a mouse APAP overdose acute liver injury scRNA-seq dataset to uncover
the liver-resident immune cell types and interactions that regulate early sterile inflammation.
We showed that tissue-resident activated Kupffer cells and conventional type 1 dendritic
cells (cDC1s), in addition to liver-infiltrating monocytes and lipid-associated macrophages
(LAMSs), act as core regulators of liver injury-associated changes in gene expression.
Unbiased analysis of cellular communication networks using connectome and signalome
analysis highlighted the importance of //12b from activated cDC1s as a key driver of
sterile inflammation during liver injury. cDC1-derived interleukin (IL)-12 was required
for protective responses during acute liver injury through induction of interferon (IFN)-y
production by liver-resident type 1 innate lymphoid cells (ILC1s). Furthermore, using a
targeted /n vivo CRISPR-Cas9 screen of innate immune sensing pathways validated by
knockout mice, we identified cGAS-STING upstream of IL-12 production by cDC1s as
critical for initiation of early protective responses. Together, our results implicate liver
cDC1s as important mediators of protective sterile inflammation.

scRNA-seq analysis of acute liver injury identifies early activation states of liver-resident
immune cells

To gain an unbiased understanding of the tissue-resident immune response immediately
following sterile tissue injury, we analyzed a publicly available scRNA-seq dataset derived
from mouse liver cells harvested from wild-type (WT) or 24 h post-high-dose-APAP-
injected mice.10 The resulting quality-controlled single-cell atlas included 2,558 cells that
were clustered based on differential expression of marker genes and visualized using

a uniform manifold approximation and projection (UMAP) plot (Figures 1A and S1A,;
Table S1). Clustering analysis revealed 24 distinct clusters including naive CD4* and

CD8* T cells, regulatory T cells (Tregs), activated CD8* T cells, y6 T cells (y8Ts),
IFN-stimulated T cells, ILC1s, natural killer (NK) cells, cDC1s, plasmacytoid DCs (pDCs),
monocytes, LAMs, Kupffer cells (KCs), B cells, hepatic-stellate cells (HSCs), endothelial
cells, cholangiocytes (Chols), and hepatocytes. While identified nonimmune and lymphoid
clusters contained cells from both APAP-treated and WT mice, several myeloid populations,
including activated cDC1s (Ccr7, Fscnl, Il15ra, Mreg), activated KCs (Mmp12, Mmp13,
Marco), LAMs (Cd63, Trem2, Cd9, Lgals3), and monocytes (Cx3cr1, Ccr2, S100a4)

were enriched 24 h following APAP treatment (Figures 1B, 1C, and S1A; Table S1). To
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validate these findings, we treated an additional cohort of mice with APAP to induce

acute liver injury and assessed the accumulation of these populations within the liver 24

h post-treatment via flow cytometry. Compared with WT controls, we found increased
LAM, transitioning monocyte, and Ly6C* monocyte population numbers and frequencies
as a percentage of total CD45™ cells (Figures 1D, 1E, and S1B), which is consistent

with previous studies reporting the accumulation of recruited monocyte and macrophage
populations in the liver during injury.2>-17 Neutrophils have also been shown to be recruited
to the liver during injury,18:19 which we validated with our flow cytometry cohort (Figures
S1B and S1C). However, this population was not present in the analyzed scRNA-seq
dataset. Although the frequency of Ly6C™ monocytes was increased in injured mice, no
changes in the number or frequency of Ly6C~ monocytes, peritoneal macrophages, or KCs
were observed (Figures S1B-S1D). We also found that cDC2, cDC1, and activated cDC1
population numbers and frequencies were increased within APAP-treated mice (Figures 1F
and S1E), suggesting a potential previously unrecognized role for tissue-resident DCs during
acute sterile liver injury.

Single-cell receptor-ligand analysis reveals transcriptional regulators during liver injury

We next analyzed how liver cellular communication networks changed following acute liver
injury. Using CellChat receptor-ligand analysis,2° we visualized the putative aggregated
cellular communication networks from both WT and APAP-treated groups of cells and
weighted for the top 25% of interactions (Figures S2A and S2B; Table S2, S3, S4, and S5).
This analysis highlighted major paracrine signaling networks from KCs, HSCs, endothelial
cells, and Chols to both lymphoid (T cell subsets, ILC1s, and NK cells) and myeloid
(cDC1s, pDCs, and monocytes) subsets in the WT liver (Figure S2A). In contrast, putative
paracrine interactions stemming from monocytes, LAMSs, activated KCs, cDCl1s, activated
cDC1s, hepatocytes, and Chols to T cells (IFN stimulated and immature) as well as cDC1s
were enriched within the APAP-treated liver (Figures 2A-2D and S2B). Putative autocrine
interactions in monocytes, LAMs, and activated KCs were also considerably enriched
within the APAP-treated liver dataset. Together, these data suggest a dramatic shift from
nonimmune to innate immune populations as central communicators during sterile liver
injury.

To better understand the potential impact of these cell types on driving the tissue-resident
immune response to sterile liver injury, we utilized NicheNet?! to determine whether
putative signals from APAP-enriched communicating cell types may be upstream of
APAP-induced transcriptional changes in other cell types. NicheNet identified 20 putative
regulators of gene expression in various cell types (Figure 2E; Table S6). Of these, 14 were
expressed in APAP-enriched populations including activated cDC1s (/camZ, 1/12b, Nectinl,
H2.M3, Cd40), activated KCs and KCs (/cam1, Il1a, Mmp13, H2.M3, Hbegf, 1/18), and
LAMSs (Semadd, Ccl2, Ccl12, Ccl7, Ccl3) (Figures 2E and S2C). To further assess how
these cell types may be regulating downstream gene expression changes within the liver
injury landscape, we analyzed the top 25% of the interaction scores between each of these
key regulators and their top 50 most strongly predicted gene targets (Figure 2E; Table S7).
While many key regulators had overlapping active target genes, Cc/12, Ccl2, Mmp13, and
/112b had increased average regulatory potential among the shared downstream target genes.
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These results suggested that LAMs, activated KCs, and activated cDC1s act as key drivers of
gene expression changes in other cell types 24 h following sterile liver injury in silico.

To determine the specific gene expression changes in cell types downstream of these
regulatory signals, we assessed the number of direct signaling interactions between LAMSs,
activated KCs, activated cDC1s, and other cell types (Figures 2F, S2D, and S2El; Table

S7). We identified a total of 159 putative interactions derived from these three populations
(LAMs: 84, activated KCs: 42, and activated cDC1s: 33) and were able to validate the
expression of the majority of NicheNet’s suggested target genes within identified cell types
present in this dataset. Through Cc/2, Ccl12, and Ccl7, LAMs were identified as upstream of
putative interactions involving 23 cell types via Ccr2and Ackr2 (Figure S2D). Analysis of
these target genes suggested that LAMs may regulate diverse aspects of the APAP-induced
injury response; regulation of cell death (Bax) and metabolism (Sahb), recruitment (Cc/4,
Ccl5, Ccr2) and cell adhesion (/cam1, Itgam), as well as immune activation (L6, TgfbI)
and breakdown of reactive oxygen species (Sod1, Sod2). Mmpl13from activated KCs was
predicted to impact gene expression in 22 cell types via CdZ1band/or LrpI and was
implicated largely in the regulation of targets involving cell death and proliferation (Cdkn1a,
Ubc, Bel9l, Bel2l1, Ets1, Ptma) and cell structure maintenance (Ahnak, Lmna, Plec) (Figure
S2E). Of the top regulators identified by NicheNet, /1256 from activated cDC1s had

the highest average regulatory potential among the downstream target genes. /L 12bwas
identified as upstream of putative interactions involving 13 cell types via activity in the form
of either IL-12 and IL-23 through //23r, 1112rb1, or /l12rb2. Analysis of downstream targets
suggested that activated cDC1s regulate various functions post-APAP treatment involving
lymphocyte recruitment (Cc/4, Cd3e, Cxcl9) and activation (//1b, Irfl, Fos), as well as
mitigation of DNA-damage associated responses (Gadd45g) (Figure 2F). Together, these
data suggest that tissue-resident KCs and cDC1s, in addition to recruited LAMs, largely
coordinate the immediate response to sterile liver injury /n silico.

Hematopoietic IL-12 signaling protects against acute liver injury

Although our NicheNet analysis identified /L12bas a putative upstream regulator of

the transcriptional response to sterile liver injury, the role of 1L-12 signaling during drug-
induced acute liver injury is unclear.22:23 To investigate whether 1L-12b plays a role during
acute liver injury, we intraperitoneally injected APAP into IL-12b-deficient (/L1267/7) or
WT mice to induce acute liver injury and then analyzed alanine aminotransferase (ALT)
concentrations in the plasma 24, 48, and 72 h later. /L-1257'~ mice had significantly
increased plasma ALT levels 24 and 48 h post-injection compared with WT mice (Figure
3A), suggesting that 1L-12 may play a protective role during drug-induced acute liver
injury in mice. To confirm this hypothesis, we utilized another mouse model of acute liver
injury using carbon tetrachloride (CCly).24 /L-1267"~ or WT mice were intraperitoneally
injected with CCl,, and plasma ALT concentrations were measured 48 h later. Consistent
with our previous results, CCly-treated /L-1267/~ mice had significantly increased plasma
ALT levels compared with WT controls (Figure 3B). Moreover, we found that CCly-treated
/L-12b7"~ mice had increased centrilobular hepatocyte necrosis, indicating greater damage
around the central veins in the liver compared with CCls-treated WT mice (Figures 3C
and 3D). Finally, treatment of WT mice with a neutralizing monoclonal antibody (mAb)
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against IL-12b significantly increased ALT concentrations after CCly injection compared
with isotype-matched immunoglobulin (Ig)-treated mice (Figure 3E). Because IL-12b is a
common subunit of both 1L-12 and 1L.-23,2° we were unable to attribute these protective
effects to a specific cytokine signaling pathway. To resolve this, we generated bone marrow
chimeric mice utilizing WT hosts reconstituted with either WT, IL-12 receptor-deficient
(1112rb277), or STAT4-deficient (Stat47/~) bone marrow to generate bone marrow chimeric
mice with hematopoietic-derived cells deficient in 1L-12 signaling.2526 Both /L12r627~ and
STAT4 !~ recipient mice had significantly increased plasma ALT levels compared with WT
recipient mice 48 h following CCl, treatment (Figure 3F), suggesting that 1L-12 signaling in
hematopoietic-derived cells is protective during acute sterile liver injury in mice.

cDC1-derived IL-12 protects against acute sterile liver injury

Because our scRNA-seq dataset identified activated cDC1s as the cellular source

of /12bduring liver injury, we utilized //126/m1-1Lky/ ( 1/12bYFP) reporter mice?’

to confirm this Jn silico finding. Unbiased analysis of total YFP* cells revealed

a 7-fold induction of YFP* cells 24 h post-CCl, treatment. Furthermore,

more than 70% of IL-12-producing cells could be identified as CD45*Lin~
CD88"MHCII*CD11c*CD11b~XCR1* cells, consistent with the canonical description of
cDC1s28 (Figure S3A). We did not observe significant CD45*Lin"CD88*YFP* macrophage
or CD45*Lin"CD88"MHCII*CD11c*CD11b*XCR1"YFP* cDC2 populations at any time
points post-CCly treatment (Figures 4A, 4B, and S1D), confirming our scRNA-seq analysis
that cDC1s are the major early producers of IL-12 after acute sterile liver injury. This

result was not limited to CCls-induced injury, as APAP treatment also induced robust 1L-12
signals from ¢cDC1, but not cDC2 or macrophage, populations from //12-6YP mice 24 h
post-injection (Figure S3B).

To determine whether cDC1s contributed to protective responses during acute sterile liver
injury, we used XcrZP7R mice, which allow for diphtheria toxin (DT)-mediated specific
inducible depletion of cDC1s.2° Whereas DT treatment completely ablated liver cDC1s,
adoptive transfer of bone marrow-derived cDC precursors (cDCPs), which develop into
mature cDC1s /n vivo, rescued both the frequencies and numbers of cDC1s in the liver3?
(Figures 4C-4F). DT treatment only ablated cDC1 populations, as liver cDC2 frequencies
and numbers were unaffected (Figures S3C and S3D). To test whether cDC1s are required
for protection during acute injury, XcrZP7R mice were treated with PBS or DT followed by
CCly 24 h later. Analysis of plasma ALT concentrations 48 h post-CCl, treatment showed a
significant increase in ALT levels in DT-treated XcrZ27R mice compared with PBS controls
(Figure 4G). This affect was not due to off-target effects of DT, as DT treatment of WT mice
did not affect ALT levels post-CCl, (Figure S3E). Furthermore, adoptive transfer of 1 x 107
WT cDCPs or /L-1267'~ ¢cDCPs into DT-treated XcrZP7R mice 1 day prior to CCl, treatment
significantly reduced and increased ALT levels, respectively (Figure 4G), indicating that
cDC1-derived IL-12 protected against sterile liver injury.

cDCl1-derived IL-12 is required for liver ILC1 IFN-y production following acute injury

IFN-y produced by liver-resident ILC1s has been recently implicated in protective
responses during acute liver injury via upregulation of Bcl-xL in hepatocytes.3 As
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IL-12 signaling can drive tissue-resident ILC1 IFN-y production during inflammation

in other peripheral tissues,32-35 we hypothesized that cDC1s could facilitate protective
effects during acute liver injury via activation of liver-resident ILC1s. We therefore
investigated whether cDC1s were required for optimal production of IFN-y by ILC1s.
XcrIPTR mice were treated with DT or PBS and then injected with CCl, before livers

were harvested and processed 18 h later. Of the liver group 1 ILCs analyzed, I1L-18r*

ILC1 (CD45*Lin"NK1.1*CD200r*CD49b~IL18r*) produced the most IFN-y, while neither
IL-18r~ cytotoxic ILC1s (CD45*Lin"NK1.1*CD200r* CD49b~1L18r")3¢ nor NK cells
(CD45*Lin"NK1.1*CD200r CD49b*) displayed robust IFN-y production in response to
CCly treatment (Figures 5A, 5B, and S4A). Importantly, IFN-y production was reduced

in all group 1 ILCs upon DT-mediated depletion of cDC1 and could be restored upon
adoptive transfer of WT cDCPs into DT-treated XcrZ27R mice (Figures 5A and 5B).
Adoptive transfer of WT cDCPs similarly restored the number of IFN-y-producing cells

in all group 1 ILC populations in the liver following CCly, injection (Figures 5C and

5D). These observations are consistent with previous work highlighting increased IFN-y
production from activated CD25* ILC1 subsets but not from CD25~ ILC1 or NK cells3!
(Figure S4B). However, we found that CD25 expression on ILC1 and CD25" ILC1 numbers,
but not IL18r expression nor IL18r* ILC1 numbers, were dependent on liver cDC1s (Figures
SAC-S4F). These results suggested that CD25 expression on liver ILC1s likely reflects an
activation state. Notably, IL18r* ILC1 numbers were decreased after CCl, treatment in all
cohorts (Figure S4F), consistent with previous reports that this population is reduced during
inflammation.37 Critically, group 1 ILC IFN-y production was reduced in Xcr7P7R mice
that were adoptively transferred with /22257~ ¢cDCPs (Figures 5A-5D), suggesting that
cDC1-derived IL-12 was required for optimal IFN-y responses during liver injury.

To confirm that IL-12 signaling was critical for ILC1 IFN-y production, we analyzed

liver group 1 ILC subsets from mixed bone marrow chimeric mice utilizing congenically
distinct WT (CD45.1) hosts reconstituted with either /L12rb27~ or STAT4~ (CD45.2)
bone marrow and then treated each cohort with CCly. Our results suggested that 1L-12
signaling was indeed necessary for optimal IFN--y responses 18 h post-CCly treatment,

as IL-18r* ILC1 IFN-y production was greatly reduced in knockout (KO) cells compared
with WT cells from WT:1L12rb27~ and WT:STAT47/~ mice (Figure 5E). IFN-y production
was comparably reduced in NK cells derived from the KO bone marrow in WT:/L12rb27!~
and WT:STAT4'~ mice (Figure 5F). Together, these results demonstrate that cDC1-derived
IL-12 is required for group 1 ILC IFN-y production during acute liver injury.

CGAS-STING signaling is required for cDC1-derived IL-12 production during liver injury

IL-12 is induced via activation of the noncanonical nuclear factor xB (NF-xB) pathway

in response to various upstream mechanisms, including tumor necrosis factor receptor
superfamily member signaling.38:3% However, numerous innate immune sensing pathways
have the capacity to activate NF-xB signaling in response to both pathogen-associated and
damage-associated molecular patterns.*? As a central regulator of immune function, we
sought to identify the potential mechanism(s) by which NF-xB and, subsequently, cDC1
and IL-12 responses become activated during acute liver injury. We first optimized an
adoptive transfer system whereby 1 x 107 //226FP bone marrow-derived cDCPs could
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be adoptively transferred into DT-treated XcrZP7R hosts before initiation of acute liver
injury using CCly (Figure 6A). In this model, CCly, but not vehicle treatment, induced
robust 1L-12 responses from adoptively transferred cDC1s isolated from the liver 24 h later
(Figures 6B and 6C). We then paired our adoptive transfer model with a CRISPR-Cas9
ribonucleoprotein (cRNP) genomic editing approach3041 to genetically delete components
of the Toll-like receptor, retinoic acid inducible gene I (RIG-I) like receptor, inflammasome,
or cytosolic DNA-sensing pathways from cDCPs prior to adoptive transfer (Figure 6A).
High-efficiency KO gRNAs were identified for target genes: Myd88, Mavs, Nirp3, Aim?2,
Mb21d1 (cGAS), and Tmem173 (STING). Efficient KOs were validated via immunoblot
(Figures S5A and S6A-S6C). /n vivo, only Tmem173 cRNP-edited cDC1s had significantly
reduced IL-12 production compared with nontargeting control (NTC) cRNP-edited cDC1s
after CCly treatment (Figure 6D), suggesting a potential role for nucleic acid sensing in
cDC1 activation during liver injury. While neither Mya88nor Nirp3 cRNP-edited cDC1s
displayed different frequencies of YFP* cells following adoptive transfer, both Mavs and
AimZ2 cRNP-edited cDC1s displayed increased YFP* frequencies compared with NTC
cRNP-edited cDC1s (Figure 6D). These results indicated that while Mavsand Aim2may
negatively regulate cDC1 IL-12 production during liver injury, cDC1-intrinsic STING
signaling was required for IL-12 production. To confirm the importance of STING in

¢DC1 IL-12 production, we utilized a separate mouse model where we treated //226"FF or
11126YFP x Tmem173°t STING-deficient mice (hereafter referred to as //12bYFP x Sting®t)
with CCl, and then assessed liver cDC1 IL-12 production 24 h later. Indeed, //126¥P

x Sting®! mice had significantly reduced cDC1 IL-12 production compared with STING-
sufficient controls (Figure 6E). Moreover, adoptive transfer of //7256YFP x Sting®t cDCPs
into DT-treated XcrZP7R hosts resulted in reduced IL-12 from STING-deficient cDC1s
compared with WT controls after CCl, treatment (Figure 6F). Together, these results suggest
a previously unknown role for cytosolic DNA sensing in liver cDC1s through cGAS-STING
signaling to induce protective sterile inflammation during liver injury.

Cytosolic DNA binding by cGAS catalyzes the production of the second messenger 2”3’ -
cyclic GMP-AMP (cGAMP), which binds and activates endoplasmic reticulum-associated
STING leading to NF-xB and MAPK signaling downstream.#2 However, secreted 2"3’-
cGAMP is capable of bypassing cytosolic DNA sensing by cGAS and activating STING

in neighboring cells in a paracrine manner.#3-46 As such, cGAS activation in other cell
types may indirectly contribute to activation of STING signaling within cDC1s during
sterile liver injury. To test whether or not exogenous sources of 2”3’-cGAMP from
structural cell cGAS activation contribute to IL-12 production in cDC1, we utilized a

bone marrow chimeric approach where either WT or cGAS™~ hosts were reconstituted
with //125"FP bone marrow. Both cohorts of mice were treated with CCly, and liver cDC1
IL-12 production was assessed 24 h later. No differences were observed between groups
(Figure 6G), suggesting that parenchymal cGAS signaling did not contribute to cDC1 IL-12
production. In agreement with this finding, analysis of bone marrow chimeric mice revealed
that only hematopoietic-derived cGAS deficiency was required for liver injury protection,
as both cGAS™~ (host):cGAS™~ (bone marrow [BM]) and WT (host):cGAS™~ (BM), but
not cGAS™~ (host):WT (BM) nor WT (host):WT (BM), bone marrow chimeric mice had
increased plasma ALT levels after CCl, treatment (Figure 6H). To confirm the importance of
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cDC1 intrinsic cGAS signaling, we again used our cRNP adoptive transfer method to ablate
cGAS in adoptively transferred cDCPs before initiation of acute injury. Similar to 7mem173
cRNP-edited cDC1s, Mb21d1 cRNP-edited cDC1s had reduced IL-12 levels compared

with NTC cRNP-edited cDC1s (Figure 61). Together, these data indicate that cDC1-derived
IL-12 mediates protection during acute sterile liver injury via intrinsic activation of the
CGAS-STING pathway.

DISCUSSION

In this study, we analyzed liver scRNA-seq datasets from WT and APAP-treated mice to
identify //12b from activated cDC1 as a putative regulator of acute liver injury-induced
changes in gene expression. Using /n vivo mouse models, we confirmed that 1L.-12
signaling was protective during drug-induced acute liver injury. //12b-deficient mice had
increased plasma ALT levels and centrilobular hepatocyte necrosis compared with WT
controls. Furthermore, inducible depletion of 1L-12-producing XCR1* ¢cDC1s increased
liver injury and reduced liver-resident ILC1 IFN-y production. Adoptive transfer of cDC1s
reduced plasma ALT levels and increased ILC1 IFN-y production in cDC1-deficient mice,
suggesting that cDC1s induce an early protective tissue-resident immune response during
sterile liver injury. Using a targeted CRISPR screen of innate immune sensing pathways
and KO mice, we found that cDC1-intrinsic cGAS-STING signaling was required for cDC1
IL-12 production. Altogether, our data suggest that cDC1s protect against sterile injury via
cell-intrinsic activation of cGAS-STING and production of 1L-12.

Using /n silico single-cell receptor-ligand analysis, we identified putative upstream
transcriptional regulators produced by tissue-resident innate immune populations enriched
during acute liver injury. LAMs were identified as major producers of Cc/2, Ccl12, and
Ccl7, highlighting their importance in mediating recruitment of other immune cell types into
the liver microenvironment during injury. Consistent with previous reports, these cells likely
orchestrate critical early innate and adaptive immune cell activation to mitigate damage and
to promote inflammation and tissue remodeling.154748 During liver injury, metalloproteases
have been shown to be critical regulators of fibrosis regression and recovery.49:50 Qur
analysis suggested that Mmp13expressed by activated KCs may be involved in regulating
cell death progression and cell structural maintenance, especially in nonimmune cells.
Indeed, Mmp13 has been shown to play a critical role in the resolution of hepatic fibrosis,>!
supporting our findings that activated KCs may contribute to the early immune-parenchymal
cell responses during acute injury. Finally, our analysis identified //22b from activated
cDCl1s as having the highest average regulatory potential among the top 20 key regulators,
many of which have previously been implicated in the response to liver injury: /camz,52:53
1112* 11185556 Mmp1351 Ccl21" Hbegf>" and Ca40.58 As 1/112b was uniquely expressed
by activated cDCl1s, these results suggested a critical contribution of IL-12b and cDC1s to
injury-induced changes in gene expression.

Previous studies have suggested that DCs contribute to fibrosis resolution and prevention

of NASH-associated inflammation.%:60 However, use of transgenic mouse models utilizing
CD11c-driven ablation is not able to define the precise contribution of DCs, as CD11c can
be expressed by monocyte and monocyte-derived macrophage subsets, which have also been

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hildreth et al.

Page 10

suggested to play protective roles during liver injury.1517.47.48 More recent work utilizing
Batf3-deficient mouse models suggested that DCs limit NASH development,®2 but Batf3
can also be expressed by other cell types in vivoincluding CCR6™ ILC3s,%2 while also
impacting CD8* T cell memory and Treg development in the periphery.63:64 In contrast to
these previous findings, a recent study utilizing cDC1-specific KO mice found that cDC1s
can drive liver pathology during NASH,5° consistent with another earlier report suggesting
that DCs contribute to inflammation and liver fibrosis.®® While our study suggests that
cDCl1s are protective during acute liver injury, IL-12 from cDC1s or IFN-y from ILC1s may
play beneficial roles during acute inflammation but may become detrimental at increased
concentrations or during periods of long-term chronic activation.6’-%° Because DCs have
been shown to regulate burn wound healing by enhancing early endothelial cell proliferation
and vascularization,’® DC tissue protective function is likely not limited to the liver
following acute injury. Thus, while tissue-resident cDC1s may serve differential roles in
acute versus chronic inflammation, the cDC1 response to acute tissue injury may be largely
protective in peripheral tissues.

Our study also identified a key role for cGAS-STING signaling in 1L-12 production by
cDCl1s during acute liver injury. Because non-hematopoietic cell-derived cGAS signaling
was not required for IL-12 production by cDC1s, our results suggest that STING signaling
in liver cDC1s is not due to uptake of extracellular 2"3"-cGAMP. Instead, our results suggest
that this process requires cytosolic DNA sensing by cDC1s. While recognition of self-, cell-
free DNA by cGAS is typically associated with autoimmunity,#271 uptake of tumor-derived
DNA by DCs and subsequent activation of cGAS-STING signaling has been shown to
promote beneficial anti-tumor responses.’2-74 Our results suggest that a similar mechanism
may occur during acute liver injury, supporting previous studies that associate dead and
dying hepatocyte DNA sensing with liver inflammation during APAP overdose.”>~"7 In

this context, uptake of dead or dying hepatocyte-derived DNA by cDC1 and cGAS-STING
activation may drive protective IL-12 responses. However, it is still unclear whether cDC1s
take up cell-free DNA during acute liver injury and how extracellular DNA might escape
degradation within the phagolysosome after uptake. Future research will be required to
determine whether there are direct mechanisms that mediate extracellular DNA uptake by
cDC1s during liver injury.

In summary, our study utilized single-cell network analyses and comprehensive /n

vivo models to validate a previously unclear mediator of acute injury-associated sterile
inflammation. Our work demonstrates the power of unbiased cell-cell interaction analytical
techniques to identify key regulatory cell types and signals within publicly available sSCRNA-
seq datasets. We discovered the mechanisms by which cDC1-derived IL-12 contributes

to protective inflammatory responses during acute liver injury. Finally, we uncovered the
pathway by which cDC1s initiate acute sterile inflammation, implicating these cells as
protective tissue-resident sentinels of tissue injury.

Limitations of the study

Our study focused on the early activated cell types during acute liver injury to drive
protective sterile inflammatory responses. Although scRNA-seq and receptor-ligand analysis
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enabled the identification of key regulators of injury-induced transcriptional changes, it
should be noted that the analyzed scRNA-seq dataset was unable to completely resolve

the full extent of previously reported liver macrophage heterogeneity. The absence of some
of these populations within this SSRNA-seq dataset meant that we were unable to assess
the putative interactions that occur involving these cells during acute liver injury. Future
datasets with increased cells sequenced or sequencing depth will be required to determine
the putative signals to and from these populations and how they may regulate early sterile
inflammation. In addition, our results suggest that cDC1-derived IL-12 is required for
optimal IFN-y production by group 1 ILCs during acute liver injury. However, adoptive
transfer of /L 1267/~ cDCPs did not completely abrogate IFN-y production to similar levels
as those present in cDC1-deficient mice. Thus, there are likely additional cDC1-intrinsic or
-extrinsic mechanisms that contribute to IFN-y production by NK cells and 1LC1s during
acute liver injury.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources, reagents or materials
should be directed to, and will be fulfilled by the lead contact, Timothy O’Sullivan
(tosullivan@mednet.ucla.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. This paper analyzes existing, publicly available data. These accession numbers
for the datasets are listed in the key resources table. All original sequencing data
have been deposited at Zenodo repository and are publicly available under the
following URL: https://doi.org/10.5281/zenodo.6035873. DOI is also listed in
the key resources table.

. This paper does not report original code. All codes used in this paper are
available from the lead contact upon request.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Miice were bred at UCLA in accordance with the guidelines of the institutional
Animal Care and Use Committee (IACUC). The following mouse strains were used

this study: C57BL/6 (CD45.2) (Jackson Labs, #000664), B6.SJL (CD45.1) (Jackson

Labs, #002114), B6(C)- Cgas'LdEUCOMM)Hmgu|j (cGAS™") (Jackson Labs, #026554),
B6.129S1- //126/m10m)) (1{1267"7) (Jackson Labs, #002693), B6.129-1/12b"M1-1Lky/j C57BL/
6J-Sting1943 (11126 FPxSting®t), Xcr1t/DTRvenus 29 fy1optmLILky,;( 172bYFP) (Jackson
Labs, #006412), Tmem1 73t (Sting®t) (Jackson Labs, #017537), B6;12951-1/12rb2m1m/;
(/112rb2717) (Jackson Labs, #003248), and C57BL/6J-Stat4éM3AdY /] ( Stat4™'~) (Jackson
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Labs, #028526). Experiments were conducted using 6-10-week-old age-and gender-matched
mice in accordance with approved institutional protocols.

APAP-induced liver injury—Mice were fasted for 12 hours with free access to water
prior to treatment. 15 mg/mL APAP (Sigma-Aldrich) was freshly prepared in 1X PBS and
placed at 37°C until completely dissolved. Mice were intraperitoneally injected with 300
mg/kg body weight of APAP, and had free access to food, water, bedding, and feces after
APAP injection. Blood was collected 24, 48, and 72 hours after APAP injection and plasma
samples were prepared by centrifugation at 500 x g for 20 min at 4°C. Concentrations

of ALT in the plasma were measured by using the Pointe Scientific ALT (SGPT) Liquid
Reagents (Fisher Scientific) and analyzed using a Synergy 2 microplate reader (BioTek).

CClg-induced liver injury—Mice were intraperitoneally injected with 10uL 10% CCly
(Sigma-Aldrich) in corn oil (Sigma-Aldrich) per gram body weight. Blood was collected 48
hours after CCly injection and plasma samples were prepared by centrifugation at 500 x g
for 20 min at 4°C. Concentrations of ALT in the plasma were measured by using the Pointe
Scientific ALT (SGPT) Liquid Reagents (Fisher Scientific) and analyzed using a Synergy

2 microplate reader (BioTek). To block cytokine signaling, mice were intraperitoneally
injected with 250ug neutralizing mAb against mouse 1L-12p40 (clone C17.8, Bio X Cell)
or isotype-matched immunoglobulin rat 1gG2a (clone 2A3, Bio X Cell) 12 hours before and
after CCly injection.

Bone marrow-derived cDCP culture—To generate bone marrow derived cDCPs,
bone marrow leukocytes were resuspended at 1.5x107 cells/20mL in DC media (RMPI
1640 + 25mM HEPES +10% FBS, 1% L-glutamine, 1% 200mM sodium pyruvate, 1%
MEM-NEAA, 1% penicillin-streptomycin, 0.5% sodium bicarbonate, 0.01% 55 mM 2-
mercaptoethanol supplemented with 200 ng/mL FLT3-L and 5 ng/mL GM-CSF) and then
plated in 10cm non-TC treated culture dishes (Corning) and incubated at 37°C. BMDC1
were cultured for 9 days in DC media with an additional 5 mL of DC media added on Day
5. Cells were either harvested on Day 9 for cRNP editing and/or adoptive transfer, or media
was changed and bone marrow cDC1 were used for experiments on D15.30:81

METHOD DETAILS

Cell clustering and cell-type annotation—The R package Seurat (v.3.1.2),”° was
used to cluster the cells in the merged matrix. Cells with <200 transcripts detected or
>5% mitochondrial gene expression were first filtered out as low-quality cells. The gene
counts for each cell were divided by the total gene counts for the cell and multiplied by

a scale factor of 10,000, then natural-log transformation was applied to the counts. The
FindVariableFeatures function was used to select variable genes with default parameters.
The ScaleData function was used to scale and center the counts in the dataset. Principal
component analysis was performed on the variable genes, and 30 principal components were
used for cell clustering (resolution = 0.5) and UMAP dimensional reduction. The cluster
markers were found using the FindAllMarkers function, and cell types were manually
annotated based on the cluster markers. To calculate the sample composition based on cell
type, the number of cells for each cell type from each sample were counted. The counts
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were then divided by the total number of cells for each sample and scaled to 100% for

each cell type. Subclustering was performed on all cell types. The same functions described
above were used to obtain the subclusters. Subclusters that were defined exclusively by
mitochondrial gene expression, indicating low quality, were removed from further analysis.

CellChat analysis—The R package CellChat was utilized to identify and visualize cell-
cell interactions between Healthy and APAP-treated mice. The standard preprocessing
steps were applied to the loaded the normalized counts, including the functions
identifyOverExpressedGene and identifyOverExpressedinteractions using a standard
parameter set. Only interactions from “secreted signaling” databases were utilized for
cell-cell communication analysis. Cell-cell communications with fewer than 10 cells

in cell groups were filtered out. We then calculated the potential ligand-receptor
interactions between cells from WT and APAP-treated mice based on the functions
computeCommunProb, computeCommunProbPathway, and aggregateNet using standard
parameters. Alluvial plots were utilized to show the associations of latent patterns of
signaling pathways. Incoming and outgoing cell patterns and communication patterns of
secreting cells were determined utilizing the R package NMF. The selectK function was
utilized to infer the number of patterns based on similarities of ligand-receptor pairs and cell
groups as measured by Cophenetic and Silhouette values.

NicheNet analysis—The R package NicheNet was utilized to predict the potential
ligand—receptor communication between Healthy and APAP-treated mice. Briefly, cell types
differentially enriched in APAP-treated mice were defined as sender cell populations,
including cDC1, Activated cDC1, KC, Activated KC, Monocytes, and LAMSs. The gene

set of interest analyzed consisted of genes that NicheNet’s algorithm identified as being
differentially expressed after APAP-treatment based on the standard Seurat Wilcoxon test.
The top 20 ranked ligands were utilized for downstream analyses of regulatory potential.

To visualize ligand-target and ligand-receptor interactions, only ligands unique to APAP-
enriched cell states were utilized. Ligand-target links belonging to the lowest 60% of scores
were removed. Ligand-receptor links belonging to the lowest 40% of scores were removed.

Isolation of mouse lymphocytes and dendritic cells—Mouse livers and bone
marrow were harvested and prepared into single cell suspensions.3® Briefly, to isolate

liver lymphocytes, the tissues were physically dissociated using a glass tissue dounce
homogenizer and purified using of 40% Percoll (VWR). After centrifugation at 2000rpm

for 5 minutes at room temperature, the pellets were resuspended in 1X PBS and filtered
using 100um strainers. To harvest bone marrow, the tibia, fibula, and femur were removed
and then crushed using mortar and pestle in 1X PBS. The resulting mixture was filtered
using 100um strainers and centrifuged. Red blood cells in the liver and bone marrow were
lysed using ACK lysis buffer. The resulting pellets were either plated for bone marrow cDCP
generation or analyzed via flow cytometry.

Isolation of liver macrophage subsets—Mouse livers were harvested and prepared
into single cell suspensions,2 with some modifications. Livers were initially perfused with
1X PBS before removal of the left lateral lobe and dissociation using a razor blade in 8mL
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digestion buffer (DMEM + 10%FBS + 0.75mg/mL Collagenase A (Roche) + 50 pg/mL
DNase 1 (Roche) on ice. After warming to 37°C for 5 minutes, samples were placed in

a 37°C shaking incubator (225rpm) to digest for 30 minutes, vortexing samples after 15
minutes. Samples were then filtered using a 70um cell strainer and 10mL cold DMEM
+10%FBS was added to inactivate enzymatic activity. Remaining undigested liver pieces
were mashed using the end of a syringe plunger before addition of another 5SmL cold
DMEM +10%FBS to wash. Samples were then centrifuged at 50 x g for 3 minutes at 4°C
with low acceleration and deceleration. The resulting supernatant, containing the hepatic
macrophages, was removed and then centrifuged again at 200 x g for 7 minutes at 4°C with
low acceleration and deceleration before lysis of red blood cells using ACK lysis buffer. The
resulting pellets were analyzed by flow cytometry.

CRISPR-Cas9 ribonucleoprotein (cCRNP) genomic editing—Guide RNA design,
cRNP complex formation, and electroporation were performed.304! Guide RNA sequences
were derived from recent whole-genome-based CRISPR-Cas9 KO libraries’® and ordered
from SYNTHEGO. 1x106 D9 ¢cDCPs in T Buffer (ThermoFisher) per reaction were
combined complexed cRNP and then electroporated using the Neon Transfection

system (ThermoFisher) at pulse code 1900V 20ms x 1 pulse. Immediately following
electroporation, cells were either centrifuged, resuspended in 1x PBS and then adoptively
transferred or resuspended in DC media to dilute T buffer and incubated at 37°C for 90
minutes. Cells were then centrifuged and resuspended in DC media before culturing /in vitro.
Cells were cultured /n vitro for 6 days following electroporation prior to reading out gene
editing efficiency by sanger sequencing or isolation of protein for immunoblot analysis.

Diphtheria toxin treatment and depletion of XCR1-expressing cells—Diphtheria
toxin (DT), unnicked (List Biological Laboratories), was injected intraperitoneally at a dose
of 4 ng/g body weight in 1X PBS. 1X PBS alone was used as a control. DT dose was
determined based on the efficiency of deletion of XCR1-expressing cells at titrated doses.

Adoptive transfer experiments—1 x 107 cDCPs were transferred i.v. into recipient
DT-treated XcrZP7R hosts 1 day before CCly treatment. In other experiments, cDCPs were
electroporated using the conditions described above before transfer i.v. into recipient DT-
treated Xcr1P7R hosts 1 day before CCly treatment.

Ex vivo culture of lymphocytes—Isolated liver lymphocytes were stimulated for 5
hours in CR-10 media (RMPI 1640 + 25mM HEPES +10% FBS, 1% L-glutamine, 1%
200mM sodium pyruvate, 1% MEM-NEAA, 1% penicillin-streptomycin, 0.5% sodium
bicarbonate, 0.01% 55 mM 2-mercaptoethanol) containing Brefeldin A (1:1000; BioLegend)
and Monensin (2uM; BioLegend) prior to analysis of IFN-y production. Cells were cultured
in media alone as a negative control.

Flow cytometry—Cells were analyzed for cell-surface markers using fluorophore-
conjugated antibodies (BioLegend, eBioscience). Cell surface staining was performed in

1X PBS and intracellular staining was performed using the eBioscience Foxp3/Transcription
Factor kit. Flow cytometry was performed using the Attune NXT and data were analyzed
with FlowJo software (BD). Cell surface and intracellular staining was performed using
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the following fluorophore-conjugated antibodies: CD45.1 (A20), CD45.2 (104), NK1.1
(PK136), CD49b (DX5), TCRp (H57-597), CD3 (17A2), CD200r1 (OX-110), CD25
(PC61), IL-18r (P3TUNYA), IFN-y (XMG1.2), I-A/I-E (M5/114.15.2), CD19 (6D5),
CD11c (N418), CD11b (M1/70), XCR1 (Zet), Ly6G (1A8), CD88 (20/70), F4/80 (BMS),
Tim-4 (RMT4-54), Ly6C (HK1.4), CX3CR1 (SA011F11), and CD9 (MZ3).

Histology—Left lateral lobes from livers of naive and CCly-injected mice were resected
and then fixed with formalin and embedded in paraffin 48 hours after injection. Fixed
histological sections were stained with hematoxylin and eosin. Images were acquired using
a Keyence BZ-X710 microscope, and centrilobular hepatocyte necrosis and damaged area
around the central veins was quantified using QuPath.&0

Immunoblot—~Protein was extracted from D15 cRNP-edited bonne marrow cDC1 using
Pierce RIPA buffer (Thermo-Fisher) with Halt protease inhibitor cocktail (Thermo-Fisher)
and protein concentration was quantified using the Pierce BCA Protein Assay kit (Thermo-
Fisher). Samples were electrophoresed on NuPage Novex 4-12% Bis-Tris Protein Gels,
transferred to PVDF membranes, and blocked for one hour at room temperature with 5%
wi/v nonfat milk in 1X TBS and 0.1% Tween-20. Immunoblots were performed using rabbit
anti-STING (D2P2F) (Cell Signaling), rabbit anti-AIM2 (Mouse Specific) (Cell Signaling),
rabbit anti-NLRP3 (D4D8T) (Cell Signaling), rabbit anti-MAVS (Rodent Specific) (Cell
Signaling), rabbit anti-MyD88 (D80F5) (Cell Signaling), rabbit anti-cGAS (D3080) (Cell
Signaling), and rabbit anti-p-actin (Cell Signaling CST4970). Proteins were detected using
the SuperSignal West Pico PLUS ECL kit (Thermo-Fisher) and visualized using the Azure
Biosystems ¢280 imager.

PCR and sanger sequencing—DNA from cRNP-edited bone marrow cDC1 was
isolated using DNeasy Blood and Tissue kits (Qiagen). DNA concentration was measured
using the NanoDrop OneC Microvolume UV-Vis Spectrophotometer (ThermoScientific) and
then diluted to 50 ng/pL in water before PCR amplification of cRNP-targeted genomic
regions (Table S8). PCR samples from NTC and Target cRNP-edited cells were submitted
for sanger sequencing (GENEW!IZ) and then indel percentage was calculated using ICE
analysis (SYNTHEGO).

QUANTIFICATION AND STATISTICAL ANALYSIS

For graphs, data are shown as mean £ s.e.m. and, unless otherwise indicated, statistical
differences were evaluated using a Student’s t test with Welch’s correction to assume a
non-normal variance in our data distribution. p < 0.05 was considered significant. Graphs
were produced and statistical analyses were performed using GraphPad Prism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
/112b s a regulator of acute liver injury-induced changes in gene expression
in silico
cDC1-derived I1L-12 signaling protects against acute liver injury

cDC1-derived IL-12 induces protective liver-resident ILC1 IFN-y responses

cDCl1-intrinsic cGAS-STING signaling is required for IL-12 production
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Figure 1. scRNA-seq analysis of APAP-induced liver injury identifies early activation states of
liver-resident immune cells
(A) Uniform manifold approximation and projection (UMAP) plot of 2,558 mouse liver

cells harvested from healthy or 24 h post-acetaminophen (APAP) treatment. Cells are
colored by their annotations derived from cluster-specific analysis.

(B) UMAP indicating cell source: WT (blue) or APAP treated (red).

(C) The frequencies of APAP-enriched myeloid subsets from the total WT or APAP-treated
cells (n = 2 mice per cohort).

(D-F) The numbers and frequencies of (D and E) macrophage, monocyte, and (F) dendritic
cell subsets from total liver CD45* cells isolated from saline-treated control (WT) or APAP-
treated mice 24 h after treatment (n = 7 mice per cohort).

Data are representative of two independent experiments (D), and samples were compared
using two-tailed Student’s t test with Welch’s correction, assuming unequal SD. Data are
presented as individual points with the mean = SEM (*p < 0.05, **p < 0.01).

See also Figure S1 and Table S1.

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hildreth et al.

Activated cDC1 Activated KC
Activated i ;
s Proliferating T éctg/_?(ed Proliferating T
et e Type 2 gdT T Rt} Type 2 gdT
o o IFN Stimulated NK e © IFN Stimulated

NK o Treg

. © Treg
cDC1 o Immature T eDC1

Activated Naive Activated
cDC1 ® cosT oDC1
Naive
pOC ® coaT PRG

Monocyte Hep Monocyte

LAM . Chol LAM

\ Chol
Proliferating LAM ® [ J & Proliferating LAM \ N X e
Prolferating KC © o ¢ 'HsC Prolferating KC OSSN/ g Susc

Activated BC L , BC
KC

» Immature T
" _Naive
* copsT
Naive
* coat

 Hep

Activated KC

C LAM D Monocyte

Adliated. profferating T Activated Proliferating T
Type 2 gdT
el e p Opezed) et e peZgar
. ; o IFN Stimulated . o IFN Stimulated

, o Treg NK o o Treg

NK

oDC1 ¢ - Immature T eDC1 o o Immature T
Activated / Naive Activated Naive
cDC1 | / ® cpst cDC1 © cogT

Naive 0C Naive
PoC 4 * coat P ® coat

Monocyte Hep

wn @ Chol

RN °
Prolieraling LAM® \\ . Pk Proliferating LAM g
Proliferating KC HSC Proliferating KC sc

Monocyte Hep
A/

LAM Chol

o o ° H
KC pctivated BC KC activated BC
KC KC

Pearson Correlation

F Coefficient
(target gene
prediction ability)

O o
SE @ I o135

0.120

T®cey

9@ sicsjy
@aoone 21| W z361 @@ 7 6 @

Regulatory
Potential

I 0.008

W 1123r
m l112rb2
| /1121

B Unknown 1112b

0.000

) 1o Naive CD4T o Treg 70 Proliferating T~ 108 NK 1 pDC
Expressing Celltype ;o Naive CDST s IFN Stimulated 5o Activated CDST ~ 11@ cDC1 140 Monocyte
30 Immature T 6° Type 25T 9@ ILC1 120 Activated cDC1 150 LAM

Regulators < Target
Pearson I

Genes
| Bel2i1
Cdkn1a
Chd2
Ddit4
F

| |
|

| |
OS5
S8

3

| | |
(1] ]]
g9
3
<Q

EEENENNEN

r
ENEEEEEER
I
3
2

Mdm2
Tgfbr2

1@ Proliferating LAM 15 Activated KC 220 Endothelial
170 Proliferating KC 0@ B
150 KC 210 HSC 210 Hepatocye

Figure 2. scRNA-seq receptor-ligand analysis identifies upstream regulators of liver injury-

associated differentially expressed genes

(A-D) CellChat receptor-ligand analysis of the inferred intercellular communication
networks from APAP-enriched cell states. Different cell types are represented by different
colors within the circle plot. Arrows are proportional to the interaction strength between two
cell types, while node size is relative to the number of cells within that population.

(A) Weighted interactions stemming from activated cDCl1s.
(B) Weighted interactions from activated KCs.

(C) Weighted interactions from LAMs.

(D) Weighted interactions from monocytes.

(E) NicheNet ligand activity prediction analysis. Results are shown for the top 20 ranked
key regulator ligands and their target genes of interest. The top 25% of the interaction scores
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between each of these key regulators and their top 50 most strongly predicted gene targets
were plotted within the regulatory potential matrix. Colored dots above the key regulators
denote which cell types following APAP treatment express the ligand.

(F) NicheNet circos plot visualization of the top active ligand-target links between //12band
its top-predicted target genes. Width of the target block and degree of arrow transparency are
proportional to the ligand-target regulatory potential value; larger/darker indicates a higher
regulatory potential. Color of the target block denotes which signal is upstream of the target:
IL-23 (green), IL-12 (blue), IL-23 and 1L-12 (purple), or unknown (gray). Colored dots
above the predicted targets denote which cell populations within the APAP-treated dataset
express the gene.

See also Figure S2 and Tables S2, S3, S4, S5, S6, and S7.
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Figure 3. IL-12 signaling in hematopoietic-derived cells protects against acute liver injury
(A) Plasma ALT concentrations from WT or /L1267~ mice before and 24, 48, and 72 h after

APAP injection (n = 8 mice per group).

(B) Plasma ALT concentrations from WT or IL12b™'~ mice before and 48 h after CCl,
injection (n = 8 mice per group).

(C) Histology of the liver left lateral lobes (hematoxylin and eosin staining) of WT or
/L1267~ mice before and 48 h after CCly injection (n = 6-8 mice per group). Scale bars
represent 500 um.

(D) Quantification of centrilobular hepatocyte necrosis and damaged areas around the
central veins in the livers of WT or /L1267~ mice before and 48 h after CCly injection
(n = 6-8 mice per group).
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(E) Plasma ALT concentrations of mice (that had been injected with a neutralizing anti-
1112p40 mADb or isotype Ig 12 h before and 12 h after CCl, injection) 48 h after CCl,
injection (n = 8 mice per cohort).

(F) Bone marrow chimeric mice were generated utilizing WT hosts reconstituted with
either WT, //12rb27=, or Stat4”'~ bone marrow. Plasma ALT concentrations of WT:WT,
WT:/[12rb27=, and WT: Stat4'~ mice before and 48 h after CCly injection (n = 8 mice per
group).

Data are representative of two independent experiments (A—F), and samples were compared
using two-tailed Student’s t test with Welch’s correction, assuming unequal SD. Data are
presented as individual points with the mean = SEM (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 4. cDC1-derived IL-12 protects against acute liver injury
(A and B) //126FP reporter mice were either untreated or injected with CCl4 and livers

were harvested 12, 24, 36, and 48 h later to assess YFP™ cells by flow cytometry.

(A) Representative flow plots of YFP* percentage within liver CD45*Lin"CD88*
macrophage (left), CD45*Lin"CD88"MHCII*CD11c*CD11b*XCR1™ ¢cDC2 (middle), or
CD45"Lin"CD88"MHCII*CD11¢*CD11b~XCR1* ¢DC1 (right) populations 24 h after CCl,
injection.

(B) Kinetics of the percentages of YFP* cells in macrophage, cDC2, and ¢cDC1 populations
in the liver after CCly injection (n = 4 mice per group).

(C) Schematic of adoptive transfer model using XcrZP7% mice. Briefly, Xcr1P7R mice were
either untreated or treated with PBS, DT, or DT followed by adoptive transfer of 1 x 107 D9
bone marrow-derived WT c¢DCPs or /L12b7/~ cDCPs 1 day prior to CCl, treatment. Mice
were bled and plasma ALT concentrations were analyzed 48 h after CCl, injection.

(D) Representative flow plots showing liver cDC2 and ¢cDC1 populations in XcrZP7R mice
24 h after PBS (left), DT (middle), or DT treatment plus adoptive transfer of bone marrow-
derived cDCPs (right) (n = 8 mice per cohort).

(E) The frequencies of cDC1s from total liver CD45* cells of PBS-treated, DT-treated, or
DT-treated plus adoptively transferred (+cDCP) XcrZP7R mice 24 h after treatment (n = 8
mice per cohort).
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(F) The numbers of liver cDC1s from PBS-treated, DT-treated, or DT-treated plus adoptively
transferred (+cDCP) XcrIP7R mice 24 h after treatment (n = 8 mice per cohort).

(G) Plasma ALT concentrations from naive, PBS-treated, DT-treated, DT-treated plus WT
transferred cDCPs, or DT-treated plus /L1267~ cDCPs Xcr1P7R mice 48 h after CCly
injection (n = 8-9 mice per group).

Data are representative of three (D—F) and two independent experiments (A, B, and G),

and samples were compared using two-tailed Student’s t test with Welch’s correction,
assuming unequal SD. Data are presented as individual points with the mean £ SEM (NS,
not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

See also Figure S3.
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Figure 5. cDC1-derived IL-12 is required for group 1 ILC IFN-y production following sterile
liver injury

(A-D) Xcr1PTR mice were untreated (naive) or CCly, CCly + DT, CCly + DT + WT
transferred cDCP, or CCl, + DT + /L 1267/~ transferred cDCP treated before group 1 ILC
IFN-y was assessed 18 h later (n = 7-10 mice per group).

(A) Representative flow plots of IFN-y* percentage within liver
CD45*Lin"NK1.1*CD200r*CD49b~IL18r* ILC1 from CCl,- (top left), CCl4 + DT- (top
right), CCl, + DT + WT transferred cDCP- (bottom left), or CCl, + DT + /L1267~
transferred cDCP-treated (bottom right) cohorts.

(B) The percentages of IFN-y* IL18r* ILC1s, IL18r~ ILC1s, and
CD45*Lin"NK1.1*CD200r-CD49b* NK cells from the indicated cohorts.

(C) The numbers of IFN-y* 1L18r* and I1L18r~ ILC1s.

(D) The numbers of IFN-y* NK cells.

(E and F) Mixed bone marrow chimeric mice were generated using congenically distinct
WT (CD45.1 x 2) hosts reconstituted with a 1:1 mixture of either WT (CD45.1): //12rb27/~
(CD45.2) or WT (CD45.1): Stat4™'~ (CD45.2) bone marrow. The percentages of IFN-y™* (E)
IL18r* ILC1s and (F) NK cells in the liver of WT: //22rb27/~ and WT: Stat4'~ mice were
derived from either WT or knockout (KO) bone marrow (n = 4-5 mice per group).
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Data are representative of two independent experiments (A—F), and samples were compared
using two-tailed Student’s t test with Welch’s correction, assuming unequal SD. Data are
presented as individual points with the mean = SEM (NS, not significant, *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001).

See also Figure S4.
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Figure 6. cGAS-STING signaling is critical for cDC1-derived IL-12 production and protective
function during sterile liver injury
(A) Schematic of adoptive transfer model system using CRISPR cRNP-edited cells. Briefly,

1 x 107 //12b¥FP bone marrow-derived cDCPs were cRNP edited against target genes or
nontargeting control (NTC) before adoptive transfer into DT-treated XcrZ27R mice 1 day
prior to CCl, treatment. Livers were then harvested, and the percentages of YFP* cDC1
were analyzed 24 h after CCly injection.

(B and C) Unedited //72bYFP bone marrow-derived cDC1s were transferred into Xcr1P7R
mice 1 day prior to vehicle or CCly treatment.

(B) Representative flow plots of adoptively transferred YFP* ¢cDC1s from vehicle- (left) or
CCly-treated (right) mouse livers 24 h after treatment.

(C) Percentages of YFP* (1L-12%) from vehicle- or CCl,-treated mouse livers 24 h after
treatment (n = 7-8 mice per group).

(D) Analysis of liver 1L-12* cDC1s from adoptively transferred target (Myd88, Mavs, Aim2,
Nirp3, Tmem173[STING]) cRNP-edited cells as a percentage of NTC-cRNP-edited cells 24
h after CCl, treatment (n = 6 mice per group).
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(E) Percentages of IL-12* ¢cDC1s in the liver of //226YFP or 1/126YFP x Sting®t mice before
and 24 h after CCly, injection (n = 6-8 mice per group).

(F) Analysis of liver IL-12* ¢cDC1s from adoptively transferred bone marrow-derived
11126YFP or 1112bYFP x Sting®t cells 24 h after CCl, treatment (n = 7 mice per group).

(G) Bone marrow chimeric mice were generated utilizing WT or cGAS™~ hosts
reconstituted with //726YFP bone marrow. Percentages of liver IL-12+ cDC1s from
WT://126YFP or cGAS™: 1112bYFP mice 24 h after CCl, treatment (n = 7 mice per group).
(H) Bone marrow chimeric mice were generated utilizing WT or cGAS™~ hosts
reconstituted with either WT or cGAS™~ bone marrow. Plasma ALT concentrations of WT
(host):WT (BM), WT:cGAS™~, cGAS™~:WT, and cGAS'~:cGAS™~ mice 48 h after CCl4
injection (n = 5 mice per group).

(1) Analysis of liver IL-12* cDC1s from adoptively transferred target (Mb21d1 [cGAS])
cRNP-edited cells as a percentage of NTC-cRNP-edited cells 24 h after CCl, treatment (n =
6 mice per group).

Data are representative of three (D and I) and two (B, C, and E-H) independent experiments,
and samples were compared using two-tailed Student’s t test with Welch’s correction,
assuming unequal SD. Data are presented as individual points with the mean £ SEM (NS,
not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

See also Figure S5.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

PerCP-Cy5.5 Anti-Mouse NK1.1 (PK136) BioLegend Cat# 108727
APC/Cy7 Anti-Mouse NK1.1 (PK136) BioLegend Cat# 108723
APC/Cy7 Anti-Mouse CD3e (17A2) BioLegend Cat# 100222
APC/Cy7 Anti-Mouse Ly6G (1A8) BioLegend Cat# 127623
Pacific Blue Anti-Mouse Ly6C (HK1.4) BioLegend Cat# 128013
APC Anti-Mouse IFN-y (XMG1.2) BioLegend Cat# 505809
Alexa Fluor 700 Anti-Mouse CD11b (M1/70) BioLegend Cat# 101222
Pacific Blue Anti-Mouse CD25 (PC61) Biolegend Cat# 102021
APC/Cy7 Anti-Mouse CD19 (6D5) BioLegend Cat# 115529
PE/Cy7 Anti-Mouse CD49b (DX5) BioLegend Cat# 108922
Pacific Blue Anti-Mouse IL-18ra (P3TUNYA) eBioscience Cat# 48-5183-80
Alexa Fluor 700 Anti-Mouse CD45.1 (A20) BioLegend Cat# 110724
FITC Anti-Mouse CD45.2 (104) BioLegend Cat# 109806
Pacific Blue Anti-Mouse CD45.2 (104) BioLegend Cat# 109819
APC/Cy7 Anti-Mouse TCRp (H57-597) BioLegend Cat# 109220
PE Anti-Mouse CD200r1 (OX-110) BioLegend Cat# 123907
PE/Cy7 Anti-Mouse CD11c (N418) BioLegend Cat# 117317
PE Anti-Mouse XCR1 (ZET) BioLegend Cat# 148203
PerCP-Cy5.5 Anti-Mouse MHCII/I-A/I-E (M5/114.15.2) BioLegend Cat# 107625
APC Anti-Mouse CD88 (20/70) BioLegend Cat# 135808
Alexa Fluor 700 Anti-Mouse F4/80 (BM8) BioLegend Cat# 123129
PE/Cy7 Anti-Mouse Tim-4 (RMT4-54) BioLegend Cat# 130009
PE Anti-Mouse CX3CR1 (SA011F11) BioLegend Cat# 149005
PerCP-Cy5.5 Anti-Mouse CD9 (MZ3) BioLegend Cat# 124817
CGAS (D3080) Rabbit mAb (Mouse Specific) Cell Signaling Cat# 31659S
STING (D2P2F) Rabbit mAB Cell Signaling Cat# 13647S
AIM2 Antibody (Mouse Specific) Cell Signaling Cat# 63660S
NLRP3 (D4D8T) Rabbit mAb Cell Signaling Cat# 15101S
MAVS Antibody (Rodent Specific) Cell Signaling Cat# 4983S
MyD88 (D80F5) Rabbit mAb Cell Signaling Cat# 4283S
Goat anti-Rabbit 1gG (H + L) Secondary Antibody, HRP ThermoFisher Cat# 31466

InVivoMADb anti-mouse 1L-12p40 (C17.8) Bio X Cell Cat# BE00O51
InVivoMAD rat 1gG2a isotype control (2A3) Bio X Cell Cat# BE0089
Chemicals, peptides, and recombinant proteins

Acetaminophen Sigma-Aldrich Cat# A7085
Carbon tetrachloride Sigma-Aldrich Cat# 289116
Corn oil Sigma-Aldrich Cat# C8267
Brefeldin A BioLegend Cat# 420601
Monensin (Golgistop) BioLegend Cat# 420701
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REAGENT or RESOURCE SOURCE IDENTIFIER
Cas9-NLS SYNTHEGO N/A

Alt-R® Cas9 Electroporation Enhancer, 10 nmol IDT Cat# 1075916
Synthetic Guide RNAs SYNTHEGO N/A

Recombinant mouse GM-CSF Peprotech Cat# 315-03
Recombinant mouse FLT3-L Peprotech Cat# 250-31L
Percoll VWR Cat# 17-0891-02
Collagenase A Sigma Cat# 10103578001
DNase | Sigma Cat# 10104159001
Diphtheria toxin, Unnicked, from Corynebacterium diphtheriae List Biological Laboratories ~ Cat# 150

Critical commercial assays

Pointe Scientific ALT (SGPT) Liquid Reagents
Foxp3/Transcription Factor Staining kit
SuperSignal West Pico PLUS ECL kit

DNeasy Blood and Tissue kit

Fisher Scientific
ThermoFisher
ThermoFisher

Qiagen

Cat# 23-666-087
Cat# 00-5523-00
Cat# 34580
Cat# 69504

Deposited data

single cell transcriptomics of mouse liver cells at different time points
after APAP ip injection

Ben-Moshe et al.1°

Zenodo https://doi.org/10.5281/
zen0do.6035873

Experimental models: Organisms/strains

Mouse: C57BL/6 (CD45.2) Jackson Laboratory Stock # 000664
Mouse: B6.SJL (CD45.1) Jackson Laboratory Stock #002114
Mouse: B6.129S1-//126/™2m]3 (111267) Jackson Laboratory Stock # 002693
Mouse: B6.129-//126/2-1LKy] j ( 1/12bYFP) Jackson Laboratory Stock #006412
Mouse: C57BL/6J-Sting191) (Tmem173"=; STING™") Jackson Laboratory Stock #017537
Mouse: B6(C)- Cgas ™ aEVCOMMHmgYy (AMb21d17"~; cGAS™) Jackson Laboratory Stock # 026554
Mouse: B6.129-11126/-1L%]J C5TBLIBI-Sting1913 (11126 PxSting®)  O’Sullivan (P1) Lab N/A

Mouse: Xcr1+/DTRvenus O’Sullivan (PI) Lab N/A

Mouse: C57BL/6J- Stat4e™3Ad]] ( Stat4™'-) Jackson Laboratory Stock # 028526
Mouse: B6; 129S1-//12rb2m2mjy (1112rb27) Jackson Laboratory Stock # 003248
Oligonucleotides

sgRNA targeting sequence: Rosa26 (NTC) Riggan et al.3 N/A
ACTCCAGTCTTTCTAGAAGA

sgRNA targeting sequence: 7mem173(STING) Wang et al.”® N/A
CCAGCCATCCCACGGCCCAG

sgRNA targeting sequence: Mya88 GGTTCAAGAACAGCGATAGG Wang et al.”8 N/A

sgRNA targeting sequence: Mb21d1 (cGAS) Wang et al.”® N/A
GGTGTGGAGCAGCTGAACAC

sgRNA targeting sequence: Mavs GCCGTCGCGAGGATGTCTGG Wang et al.”® N/A

sgRNA targeting sequence: Aim2 AAAGAAGAGAGGAACACAGA Wang et al.”® N/A

sgRNA targeting sequence: N/ip3 CCATCGGCCGGACTAAAATG Wang et al.”8 N/A

SgRNA PCR Primers see Table S8 Multiple N/A

Software and algorithms

R 4.1.2 and R studio
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REAGENT or RESOURCE SOURCE IDENTIFIER
Seurat Butler et al.”® https://satijalab.org/seurat/
CellChat Jinetal.20 https://github.com/sgjin/CellChat
NicheNet Browaeys et al.2 https://github.com/saeyslab/

FlowJo, Version 9.9.6

Ashland, OR: Becton,
Dickinson and Company

nichenetr

https://www.flowjo.com/solutions/
flowjo

Prism GraphPad https://www.graphpad.com/

scientific-software/prism
ICE Analysis SYNTHEGO https://ice.synthego.com/
QuPath Bankhead et al.8° https://qupath.github.io/
Other

Neon Transfection System

Neon 100 pL transfection kit

Dounce Glass Tissue Homogenizer, 7mL

NuPage 4-12% Bis-Tris Gel, 1.0 mm x 15 well

PVDF Transfer Membrane, 0.45um, 10 cm x 10 cm
NanoDrop OneC Microvolume UV-Vis Spectrophotometer

Attune NXT Flow Cytometer

ThermoFisher
ThermoFisher
Wheaton
Invitrogen
ThermoFisher
ThermoScientific

ThermoScientific

Cat# MPK5000
Cat# MPK10096
Cat# 357542

Cat# NP0323BOX
Cat# 88585

Cat# ND-ONEC-W
N/A
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