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SUMMARY

Group 1 innate lymphoid cells (ILCs) comprise a heterogeneous family of cytotoxic natural
killer (NK) cells and ILC1s. We identify a population of “liver-type” ILC1s with transcriptional,
phenotypic, and functional features distinct from those of conventional and liver-resident

NK cells as well as from other previously described human ILC1 subsets. LT-ILC1s are
CD49a*CD94"CD200R1™, express the transcription factor T-BET, and do not express the
activating receptor NKp80 or the transcription factor EOMES. Similar to NK cells, liver-type
ILC1s produce IFN-y, TNF-a, and GM-CSF; however, liver-type ILC1s also produce 1L-2 and
lack perforin and granzyme-B. Liver-type ILC1s are expanded in cirrhotic liver tissues, and they
can be produced from blood-derived ILC precursors /n vitroin the presence of TGF-p1 and
liver sinusoidal endothelial cells. Cells with similar signature and function can also be found in
tonsil and intestinal tissues. Collectively, our study identifies and classifies a population of human
cross-tissue ILC1s.
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Kramer et al. report a population of human "liver-type" innate lymphocytes that differs from other
previously characterized cells. They are expanded in cirrhotic livers and can be generated from
precursors in co-culture with liver endothelial cells. Cells with similar properties can also be found
in tonsil or intestinal tissue.

INTRODUCTION

The family of innate lymphoid cells (ILCs) consists of multiple non-T, non-B effector
lymphocyte populations that regulate numerous physiologic and pathologic processes
including lymphoid tissue organogenesis, mucosal homeostasis, pregnancy, infection,
autoimmunity, obesity, and cancer.! ILCs include cytotoxic natural killer (NK) cells and
different populations of regulatory “helper”-ILCs. Overall, ILCs are classified into three
broad groups based largely on their phenotypic and cytokine-producing profiles. Group 1
ILCs, including NK cells and ILC1s, produce T helper type 1 (Thl)-associated cytokines
and express the transcription factor T-BET.23 Group 2 ILCs (ILC2s) produce Th2-associated
cytokines and express high levels of the transcription factors GATA3, BCL11B, and RORa..#
Group 3 ILCs, including ILC3s and lymphoid tissue inducer cells, produce Th17-associated
cytokines and express the transcription factor RORyt.5-8

Further research has revealed marked heterogeneity within each major group of ILCs.
Group 1 ILCs are particularly diverse, and numerous tissue-specific and disease-associated
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subsets have been described.?10 In mice, NK cells as well as all ILC1s can be identified
by flow cytometry as lymphocytes that are “lineage antigen “ (Lin) negative (i.e., they
lack surface markers that specifically denote other leukocyte populations) and express

the natural cytotoxicity receptors (NCRs) NK1.1 and NKp46, as well as T-bet.11 Murine
ILC1s also express CD49a (integrin a.1) and were traditionally defined as lacking
expression of the transcription factor EOMES, though recently described cytotoxic ILC1s
can express low amounts of EOMES.12 In contrast, NK cells express high levels of
EOMES and are mostly CD49a". Thus, in some murinetissues, including the liver and
adipose tissue, there exists a clear dichotomy (among Lin"NCR™ innate lymphocytes)
between CD49a*Eomes™ ILC1s and CD49aEomes* NK cells.1314 In other tissues,

such as the salivary glands and uterus, or in specific pathologic settings of infection

or malignancy, there are also dual positive CD49a*EOMES™ group 1 ILCs that may
represent either activated NK cells with upregulated CD49a or an intermediate transitional
group 1 ILC phenotype.15:16 Therefore, CD49a expression itself is not specific for either
ILC1s or NK cells, and the distinction between these group 1 ILC populations is not
always clear. Recently, it was shown that based on the expression of the inhibitory
receptor CD200r1, murine ILC1s (which are CD200r1") can be specifically distinguished
from CD200r1~ NK cells in liver and adipose tissue.1* Murine ILC1s and NK cells

can thus be largely distinguished as Lin"NCR*CD49a*CD200r1*T-BET*EOMES™ and
Lin"NCR*CD49a"CD200r1"T-BET*EOMES cells, respectively.

In humans, “conventional” NK (cNK) cells, such as those found in the peripheral blood,
were originally identified as Lin"CD56"* lymphocytes. However, it is now clear that the
Lin"CD56" phenotype is not specific to cNK cells but also encompasses non-conventional,
tissue-resident NK (trNK) cells as well as other non-NK ILCs and ILC precursor cells
(ILCPs) that can express CD56.5:17:18 Therefore, other markers, some of which are not
expressed by murine ILCs, are now used to distinguish human ILC populations. These
markers include NKp80, which is expressed by nearly all mature NK cells in healthy
individualsl®; CXCR6, which distinguishes human cNK cells (CXCR6~) from trNK cells
(CXCR6%)20:21: and NKp44, which is non-specific, but in the absence of group 1 ILC-
associated markers identifies human IL-22-producing group 3 ILCs.22

To date, two major human ILC1 populations have been described. Surface marker “nuN”
ILC1s (or “classical ILC1s” [cILC1s] as we refer to here) were originally characterized
as IFN-y-producing Lin"CD127* ILCs that lack expression of NK cell- (CD16, CD56,
CD94), ILC2- (CD294), and ILC3-associated (CD117, NKp44) markers.” These cILC1s
were detected at low frequencies in healthy intestinal mucosal tissues yet shown to be
expanded in patients with Crohn disease. A second population of human ILC1s, termed
intraepithelial ILC1s (ielLC1s), was originally described in human tonsils to consist of
Lin~ CD56*CD103*CD127~ NKp44*cells that produce IFN-y and have features of IGF-
B1 imprinting.23 Given that cILC1s are Lin"CD127*CD56"NKp44~ and ielLC1s are
Lin"CD127-CD56* NKp44*, these two human ILC1 populations are mutually exclusive.

In this study, we provide single-cell transcriptional, phenotypic, and functional evidence for
the existence of a distinct third population of human ILC1s, which we refer to as “liver-type
ILC1s given their original detection in human liver samples. We demonstrated that human
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liver-type ILC1s are not only distinct from cILC1s and tonsil-derived ielLC1s, but they can
also be clearly distinguished from cNK cells, liver-derived trNK cells, ILC2s, and ILC3s.
The human liver-type ILC1s expressed T-BET but not EOMES; they produced IFN-vy,
TNF-a, GM-CSF, and IL-2, but not perforin or granzyme-B; and they could be derived

in vitro from circulating ILCPs co-cultured in the presence of liver sinusoidal endothelial
cells (LSECs), IL-7, and TGF-B1. Collectively, these findings support the identification of a
population of human liver-type ILC1s.

Single-cell RNA sequencing identifies an ILC1-like population in the human liver

To the best of our knowledge, characterization of ILC1s in the human liver remains elusive.
To evaluate human ILCs in the liver using an unbiased approach, we first incorporated
single-cell RNA sequencing (scRNA-seq) data to classify the transcriptional profiles of
liver-derived I1LCs (experimental workflow; Figure S1A). We sorted total Lin"CD45"
lymphocytes from seven non-cirrhotic controls (two perfusate from healthy donors and five
non-tumor tissue from liver cancer patients; Table S2; Figure S1B) and eight cirrhotic livers
in two independent experiments (batch 1 and 2) and subsequently performed scRNA-seq
analysis with compliance of quality standards and filtering of non-NK/ILC populations
(Figures 1A, S1C, and S1D). As an additional comparison cohort, a publicly accessible
scRNA-seq dataset from Heinrich et al.,23 including six patients with hepatocellular
carcinoma, each with tumor margin and non-tumor liver tissue (12 samples; Table S2) was
analyzed. Among the liver Lin"CD45" lymphocytes, a total of 11 (batch 1) and 19 (batch

2 and Heinrich et al.) clusters, respectively, were identified and visualized using Uniform
Manifold Approximation and Projection for Dimension Reduction (UMAP). Visualization
of cells by group identified a disease-specific distribution with clusters 1, 6, 9, 10 (batch 1)
and clusters 7, 8, 14, 18, and 19 predominantly containing cells from cirrhotic livers (Figures
S1E and S1F).

Next, we assigned each cell cluster to a biological ILC or NK cell subset (Figure 1B)
based on known gene signatures of specific populations (Figures 1C, 1D, and S1F; cluster
annotation in Table S1), which identified cNK cells, CD56119MeNK cells (only identified
in batch 2), trNK cells, a population with shared cNK/trNK-features (batch 1 only),
CD49a*trNK cells (batch 1 only), ILC3s, a population with shared ILC2/ILC3 features
(batch 1 only), and ILC2s (Heinrich et al. external dataset).

Our analysis also revealed a population of cells within each of the three batches in

cluster 10 (batch 1), cluster 18 (batch 2), and cluster 17 (Heinrich et al.) that did not
specifically correspond to any of the aforementioned NK cell or ILC populations (marked
with circle in Figure 1B). These cells expressed the NK cell-associated gene KLRD1
(CD94), indicating that they were distinct from cILC1s, ILC2s, and ILC3s, each of which
are CD94~ by definition. On the other hand, this population showed only weak or even
undetectable expression of other genes that confer the transcriptional, phenotypic, and
cytotoxic properties of NK cells, including EOMES, FCGR3A (CD16), KLRFI (NKp80),
GZMB (granzyme-B), PRF1 (perforin), NKG7, and GNLY (granulysin) (Figures 1C, 1D,
and S1G). Differentially expressed genes (DEGS) for these cells include CD52, CD44, IL32,
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CXCR4, CXCR3, CD9, DUSP4, ZNF683 (HOBIT), and NCR3 (NKp30), with negligible
expression found for the latter three genes in the other subsets of ILC/NK cells (Figures

1C and S1G). Of note, the cells in this population highly expressed CXCR6and /TGA1
(CDA49a), similar to hepatic ILC1s in mice.1 Further analysis indicated that additional genes
that are differentially expressed by hepatic NK cells and ILC1s in mice, including L7B5,
IL7R, AHR, and /D3, were also highly expressed by these cells (data shown for analysis

of batch 1) but not in human cNK/trNK cell clusters (Figure S1H). Using specific gene
signatures for murine NK (mNK) and liver-1LC1s,14 module scores were calculated, which
confirmed an overall similarity in the gene-expression profile between cluster 10 cells (data
shown for analysis of batch 1) and hepatic ILC1s in mice (Figure S11I).

Based on these gene expression data, we concluded that the cells identified in clusters 10
(batch 1), 18 (batch 2), and 17 (Heinrich et al.) represented a population with ILC1-like
features that were clearly distinct from other NK cell and ILC subsets. Importantly, the
LT-ILC1s collectively included in the batch 2 and Heinrich et al. analyses were derived from
a broad distribution of donors (Figure S1F). Based on the identification of these cells in
human liver samples, we hereafter refer to this population as “liver-type” ILC1s (LT-ILC1s).

Human liver-type ILC1s were identified as Lin"CD45*CD49a*CD94*CD200R1*NKp80~ cells

Having detected a putative LT-ILC1 population in human liver samples via unbiased
scRNA-seq analyses (Figure 1B), we next sought to further characterize these cells

based on their expression patterns of surface proteins. Using CITE-seq technique to
analyze surface protein expression parallel to transcriptome data (Figures 2A and 2B),

we were able to confirm robust expression of CD49a, CD94, CD56, CD200R1, CD103,
CD69, CXCR6, KLRG1, and CD52 on LT-ILC1s, whereas NKp80 expression could not
be observed. To further substantiate these findings, we next evaluated total Lin"CD45*
lymphocytes from human liver samples by flow cytometry for expression of CD94
(expressed by LT-1LC1s), NKp80 (expressed by cNK and trNK cells but not by LT-
ILC1s), EOMES (expressed by cNK and trNK cells but not by LT-ILC1s), CD294
(expressed by ILC2s but not by LT-1LC1s), CD161 (expressed by all ILCs, including
LT-ILC1s), CD117 (expressed by ILC3s and ILC2s but only minimally by LT-1LC1s),

as well as CD49a, CD200R1, CXCR6, CD127, and CD52. Among liver Lin"CD45*
lymphocytes from two liver samples, nine clusters were identified by PhenoGraph

and visualized using UMAP (Figures 2C and S2A). PhenoGraph cluster 6 cells were
CD49a*CD200R1*CD94*CD56PM9NNKp80~-CXCR6*CD127*CD52*CD294-CD117/low
and, thus, displayed an ILC1-like phenotype, which was further

supported by low T-BET and lack of EOMES expression (Figure

2D). PhenoGraph clusters 1, 3, and 4 were assigned as trNK cells
(CXCR6*CD56MNINTBETIOWEOMESNINNKp80*CD94H): cluster 7 was formed by a mix
of ctNK/trNK cells (CXCR6!OYCD564MTBETIOWEQMESIOWNKp80'oWCD94!oW): clusters
2, 5, and 8 comprised cNK cells (CXCR6~CD564MTBETNINEOMES!OWNKp80*CD94™);
and cluster 9 was assigned as a mix of cells with ILC2- and ILC3-associated features
(CD127*CD94"NKp80~CD117*CD294*CD161%). Next we evaluated whether the cells
in PhenoGraph cluster 6 corresponded to a putative LT-ILC1 population based on a
surface marker expression pattern associated with ILC1s (Figure 2E). Visualized in
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UMAP, CD49a*CD200R1*CD94+*NKp80~ cells showed a substantial match with cluster

6, supported by the identification of LT-ILC1-associated features (Figures 1C, 1D, and

S1F) such as robust CXCR6, CD127, CD52, and CD161 expression, but only partial
expression of CD103 and CD9 (Figures 2G and 2H). Among this population, lack of

CD16 (FCGR3A) expression and positive expression of NKp30 (NVCRS3) also fit the
transcriptional profile associated with LT-ILC1s (Figure S1). Even though KLRGI was
irregularly expressed in the batches (Table S1), it was clearly upregulated at the protein level
on LT-ILC1 cells. Furthermore, high CD69 expression, as well as lack of CD49e expression,
confirmed the tissue-resident characteristics of LT-1LC1s (Figures 2H and S2B). Of note,
elevated transcript expression levels of CXCR3, CXCR4, CD44, and ZNF683 (HOBIT)
observed via sScRNA-seq analysis could not be confirmed at the protein level in LT-ILC1
(Figure S2C). ILC2s, ILC3s, trNK cells, and cNK cells were clearly identified based on
their accepted definitions. However, cILC1s were not able to be assigned to any of the
PhenoGraph clusters. Confirming recently published data,24 high CXCR®6 expression among
CD49a*EOMES*NKp80*CD94™* cells supported their assignment as trNK cells (Figures
S2D and S2E). For this reason, we refer to CD49a*NK cells (as identified in Figures 1 and
S1) as CD49a" tissue-resident (tr) NK cells.

None of the aforementioned markers were exclusively expressed by LT-ILC1s. This
included CD49a, which was expressed by small fractions of other ILCs as well as a

minor proportion of Lin"CD56*CD94*NKp80*CXCR6*trNK cells (Figure 2G). Likewise,
weak CD200R1 was also found on some of the trNK cells, as well as on ILC2s and

ILC3s. Therefore, human LT-1LC1s appeared to be a population identified specifically

by a distinct combination of markers, not by a single ILC1-associated “lineage” antigen.
The simplified definition for LT-1LC1s used throughout the remainder of this study is
Lin"CD45"CD49a*CD94*CD200R1*NKp80~ lymphocytes.

Liver-type ILC1s are non-cytolytic but produce IFN-y, TNF-a, IL-2, and GM-CSF

By convention, murine ILC1s have been defined as non-cytolytic, IFN-y-producing

ILCs, although they can also produce other cytokines including TNF-a,, IL-2, and GM-
CSF.2:3.25.26 Tg determine the functional profile of human liver-type ILC1s, we performed
additional phenotypic and functional analyses of human liver-derived ILCs and NK cells.
Although very low amounts of PRFIand GZMB transcripts were detected among the cluster
10 cells (LT-1LC1s) found in the sScRNA-seq analysis (Figure 1F), LT-ILC1s did not express
detectable amounts of perforin or granzyme-B by intracellular flow cytometry (Figure 3A).
Accordingly, we did not observe degranulation (as measured by induced surface CD107a
expression) of LT-ILC1s following either stimulation by phorbol 12-myristate 13-acetate
(PMA) and ionomycin or co-culture with K562 cells (Figure 3B), which was in sharp
contrast to cNK and both CD49a~ and CD49a™ trNK cell populations. Therefore, we
concluded that liver-type ILC1s represent a non-cytolytic ILC population.

In order to evaluate cytokine production from liver-derived ILC subsets, we performed
intracellular flow cytometry of unfractionated Lin"CD45* ILCs; or alternatively, we
measured cytokine production using a cytokine bead array (CBA) using supernatants
isolated from NK/ILC subsets purified with fluorescence-activated cell sorting. These
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experiments confirmed IFN-y production by LT-ILC1s at amounts similar to those of trNK
and cNK cells and significantly higher than observed for cILC1s, ILC2s, and ILC3s (Figures
3C, 3D, S3A, and S3B). Production of IL-2 was higher in LT-ILC1s compared with cILC1
and NK cell subsets, with significantly higher amounts of I1L-2 produced by LT-ILC1s
compared with NK cells (Figures 3C, 3D, and S3C). All ILC subsets produced TNF-a and
GM-CSF. We did not detect production of the ILC3-associated cytokine 1L-22 by LT-ILC1s
(Figures 3C, 3D, S3C-S3E, and S3l). Furthermore, we used our SCRNA datasets (Figures

1 and S1) to determine whether LT-ILC1s have a specific cytokine profile. However, no
significant patterns could be detected that would distinguish them from the other cell-types
(Figure S3F). Although we observed elevated expression of CXCR3, CXCR4, CXCR6,
NCR3, and IL7R, no LT-ILC1-specific immune or chemokine receptors were observed
(Figure S3G). CellPhone analysis was performed to identify potential interactions between
LT-ILC1 and other subsets (Figure S3H). In particular, DLL1 (Notch ligand), FASLG (Fas
ligand), TGFB1, and TNFSF10 (TRAIL) were highlighted.

Collectively, these functional data further strengthened our conclusion that LT-ILC1s
represent a population that was phenotypically and functionally distinct from other liver-
derived I1LCs including cNK and CD49a*/~trNK cells.

Liver-type ILC1s are increased in cirrhotic liver tissues

Chronic disease causes changes to the tissue microenvironment, thereby altering the
secretion of signaling molecules and expression of surface ligands. In the liver, this

is frequently associated with ongoing inflammation and altered composition of the
lymphocyte compartment.27-29 In cirrhotic liver samples, frequency of LT-ILC1s among
total Lin"CD45" lymphocytes was significantly higher compared with perfusate or tissue
specimens obtained from control livers (Figure 4A). In cirrhotic livers, LT-ILC1s were
present at amounts similar to those of other non-NK ILC subsets (Figures S4A and S4B). No
association was observed between frequency of hepatic LT-ILC1s severity of liver disease,
as assessed by MELD (Model of End Stage Liver Disease) score or serum liver enzyme
levels (Figure 4B). TGF-B1 has been shown to critically affect ILC1 phenotypes among
various tissues in both mice and humans.®15:30 Thus, it was an interesting finding that we
detected elevated levels of 7GFBI transcript by qPCR among cirrhotic livers in a reference
cohort of liver samples (Figure S4B and Table S2). More importantly, we found intrahepatic
LT-ILC1 frequencies to positively correlate with 7GFBI transcript levels in cirrhotic livers
(Figures 4B and S4C), whereas no such association was found for /FNG, /L13, /L2, and /L7
mMRNA levels (Figure 4B).

We also compared the phenotypic and functional properties of LT-ILC1s isolated from
healthy and cirrhotic liver tissues. No significant differences were observed regarding
protein expression levels of EOMES, T-BET, CD49a, CD52, CD56, CD161, CD200R1,
CXCR®6, and KLRG1 between liver-type ILC1s from healthy versus cirrhotic liver samples
(Figure 4C). Furthermore, we did not observe any significant differences in function
between LT-1LC1s from healthy or cirrhotic livers (Figure 4D). Similarly, there was no
difference in expression of these markers at the transcriptional level (based on scRNA-seq
analysis) when comparing LT-ILC1s derived from control or cirrhotic livers (Figure 4E;
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batch 2). Collectively, these data demonstrated that while LT-ILC1s were expanded in liver
cirrhosis, there were no appreciable differences in phenotype or function when comparing
LT-ILC1s derived from healthy versus cirrhotic liver tissues.

Liver-type ILC1 cells accumulate in fibrotic areas within human liver tissues

Previous studies have localized ILCs in close proximity to LSECs in rodent livers.3! To

our knowledge, there are no reports discussing ILC1 localization within the human liver

or how the tissue distribution of ILCs may change during cirrhotic remodeling. Using the
multicolor microscopy technique PhenoCycler (formerly Codex),32 we were able to detect
and localize LT-ILC1s in human liver tissue sections. We hypothesized that human LT-ILC1s
reside in close proximity to LSECs. Common LSEC-associated markers CD36 and CD32
identify two distinct subsets of LSECs: type 1 LSECs are CD36MI"CD32!W and type 2
LSECs are CD36!°%CD32Mi9" 33 To characterize the localization of LT-1LC1s within liver
tissue, LT-1LC1s were defined as CD45*CD56*CD94*EOMES™KLRG1*CD3~ lymphocytes
and automatically recognized by HALO image analysis software (Figures 5 and S5A).

LT-ILC1s accumulated in fibrotic areas within cirrhatic liver tissues characterized by
abundant aSMA expression (Figures 5A and 5B; white dashed lines indicate the borders

of fibrotic areas; red arrows indicate LT-ILC1s). LT-ILC1s were detected in the immediate
vicinity of non-specific CD45-CD56* non-leukocyte cells as well as CD32*CD36~ (type

2) LSECs (Figures 5A, S5A, and S5B). As anticipated from our scRNA-seq and flow
cytometry analyses, only a few LT-ILC1s could be detected in control (non-cirrhotic) livers;
yet, these cells were similarly located close to either CD32*CD36~ or CD32"CD36* LSECs
(Figures 5C and S5C). These data collectively show that LT-ILC1s, which are enriched
within areas of fibrotic liver tissue, localize in close proximity to LSECs.

Liver sinusoidal endothelial cells supported the differentiation of liver-type ILC1s

We and others previously demonstrated that all major groups of human ILCs can
differentiate from Lin"CD34-CD117" ILC precursor cells (ILCPs) that reside within
secondary lymphoid tissues or circulate in the blood.17:34 We hypothesized that human
ILCPs would also be capable of giving rise to LT-1LC1s. To test this hypothesis, we
purified human ILCPs from fresh healthy donor peripheral blood (PB) samples and cultured
them for 2 weeks in the presence of recombinant human IL-7 and the murine bone marrow-
derived OP9 stromal feeder cell line transduced to constitutively overexpress the human
Notch ligand Delta-like 4 (OP9-DL4 cells). Consistent with previously published data,
ILCPs cultured with OP9-DL4 stroma generated ILC2s, ILC3s, and Lin"CD94* group

1 ILCs (Figure 6A).17:34 However, nearly all of the OP9-DL4-derived Lin"CD94" cells
expressed EOMES and perforin, and many expressed NKp80 consistent with an NK cell
phenotype (Figures 6B and 6C), suggesting that other conditions might better support
LT-ILC1 differentiation from ILCPs.

Based on our finding of human LT-ILC1 being located in close proximity to LSECs (Figures
5 and S5) and the observed association between intrahepatic TGF-1 levels and LT-ILC1
frequencies, we hypothesized that primary LSECs (Figure S61) and TGF-f1 may promote
LT-ILC1 differentiation. To test this hypothesis, we cultured purified human PB-derived
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ILCPs (Figure S6A) /n vitrowith either primary human LSECs or OP9-DLA4 cells together
with recombinant human IL-7 in the presence or absence of recombinant human TGF-f1.
Culturing ILCPs in the presence of LSECs induced the emergence of a prominent population
of Lin"CD94*LT-ILC1-like cells that expressed CD49a, CD200R1, and T-BET but showed
weak or undetectable expression of perforin, EOMES, and NKp80 (Figures 6B and 6C).
This was particularly evident in cells cultured in the presence of TGF-p1. In contrast,

only a small proportion of cells with a CD94*CD56*CD200R1*CD49a*EOMES™ LT-ILC1-
like phenotype were found in the OD9-DL4 co-cultures. Numbers of LT-ILC1-like cells
increased in the presence of TGF-B1 but remained significantly lower than in the LSEC/
TGF-B1 cultures. In addition, CD94*CD567 cells arising in the presence of LSEC plus
TGF-B1 were found to have robust CXCR6 expression, which was not observed in cells
from the OP9-DL4 plus TGF-B1 cultures (Figure 6C). This altogether indicated that LSECs
may promote the emergence of cells with an LT-ILC1-associated phenotype (Figure S6B).
This hypothesis was further supported by functional analysis, where CD94*CD56* cells
from the OP9-DL4+TGF-p1 cultures were found to produce negligible cytokines, whereas
CD94*CD56 cells from the LSEC plus TGF-B1 cultures produced abundant cytokines
(Figure 6D).

Given the observed effects of exogenous TGF-pB1 on LT-ILC1 generation, we measured
protein expression of TGF-P1 in the culture supernatants. In contrast to OP9-DL4, we
detected in LSEC supernatant free active TGF-p1 (Figure S6C). This may suggest that

the production of TGF-B1 by LSECs may be partly responsible for the observed effects

of LSECs on LT-1LC1 differentiation in the absence of exogenous recombinant TGF-B1
(Figures 6A-6D). The amount of TGF-B1 produced by LSECs might be sufficient to cause
an antiproliferative effect, because the number of Lin"CD45* lymphocytes generated in the
presence of LSECs was significantly lower compared with those generated in the presence
of OP9-DL4 cells (Figure S6D). However, TGF-B1 blocking antibody had no significant
effect on LT-ILC1 formation (Figure S6E). Moreover, no elevated LT-ILC1 formation

was observed in the presence of human umbilical vein endothelial cells (HUVECS),
another primary endothelial cell, suggesting LSEC-specific factors likely play a role in the
generation of LT-ILCls.

Given the previously published examples of human and murine NK cells differentiating into
ILC1-like cells,13:15:30.35 e next tested whether human liver cNK, CD49a*trNK, CD49a~
trNK, or PB cNK cells could differentiate into a population of cells with LT-1LC1-associated
features. However, in none of the tested conditions did we observe any of the tested NK cell
populations to acquire the phenotypic or functional characteristics of an LT-ILC1, suggesting
that LT-ILC1s do not represent a transient NK cell activation state but rather a distinct ILC1
subset (Figures 6E and S6F).

Next, we sought to determine whether primary human LT-ILC1s could differentiate into
other ILC populations or acquire cytotoxic properties. Purified LT-ILC1s were cultured for
2 weeks with IL-7 and OP9-DL4 cells, a condition that supports the generation of ILC2s,
ILC3s, and EOMES* NK cells from ILCPs (shown above in Figure 6A), or with LSECs in
the presence of IL-7 and TGF-B1. Following co-culture in these conditions, LT-1LC1s stably
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maintained their non-cytotoxic phenotype and did not differentiate into other ILC subsets
(Figures 6F, 6G, and S6G).

In summary, these /n vitro cell culture data demonstrate that human PB-derived ILCPs
differentiated into LT-1LC1s in the presence of LSECs and TGF-p1. In contrast, PB cNK
or liver cNK/trNK cells did not differentiate into LT-ILC1-like cells under the same /n vitro
conditions. Moreover, LT-ILC1s appeared to represent a population of cells with a stable
ILC1 phenotype distinct from other NK cell populations.

of cells with LT-ILC1-associated features were identified in other tissues

To clarify whether cells with LT-1LC1-like phenotypic and functional properties may exist
outside the liver, we examined Lin"CD45* lymphocytes isolated from tonsils, duodenum,
and colon by scRNA-seq (Figure 7A; batches 1 and 2). Here, in addition to the liver,

a prominent cell population (cluster 8) with a signature compatible with LT-ILC1 was
identified in all tonsil and duodenum samples, whereas only a few of such cells could be
detected by scRNA-seq in the analyzed colon samples (Figures S7B, S7C, and S7E and
Table S1). The highest proportion of these LT-ILC1-like cells was found in the duodenum
(Figures 7A-7C). As could be expected, a number of DEGs were found among the cells
of cluster 8 between the different tissues. However, expression of the signature genes
characteristic of LT-ILC1 (Figures 1 and S1) remained very similar to the previous analysis
of liver cells (Figures S7C and S7F).

These results were also confirmed via CITE-seq analysis that the tonsil- and duodenum-
derived cells in cluster 8 displayed a CD49a*CD200R1*CD94*NKp80~ phenotype (Figure
S7G). To corroborate these findings further, multiparametric flow cytometry analyses

were performed, which confirmed the similarity of these cells identified in the different
tissues (Figure 7C). In particular, the expression of signature markers such as CD49a,
CD200R1, CD52, and CD127, as well as an EOMES™T-BET™ transcription factor profile,
was confirmed here in all tissues examined and in peripheral blood. In agreement with

the gene-expression analyses, certain tissue-specific differences between the respective
LT-ILC1-like populations were also found at the protein level. In particular, CXCR6

was expressed exclusively on hepatic cells, whereas CD103 was detectable only on cells
from duodenum or liver. Functional assays confirmed the production of ILC1-associated
cytokines, including IFN-y, TNF, and IL-2, by LT-ILC1-like cells in all tissues examined
(Figure 7E). Flow cytometry analysis confirmed the highest percentage of these cells in the
duodenum, followed by the liver, colon, and tonsil; they were only minimally detected in
circulating blood relative to total lymphocytes (Figure 7F).

These results showed that cells with LT-ILC1-like features could be identified in tissues
outside the liver, including the tonsil. Given the previously published definition of
intraepithelial ILC1s (ielLC1s) found in the tonsils,3 we next checked for a potential overlap
with LT-ILC1-like cells. In our integrated sScCRNA-seq dataset, no distinct cluster with
ielLC1-associated features could be identified, as cells with a significant CD103 expression
(CITE-seq) were only detected in the trNK cell cluster without forming an independent
cluster (Figure S7G). Thus, we next analyzed tonsil ielLC1s for their expression of
EOMES, CD200R1, and NKp80 by flow cytometry. Among Lin"CD56*NKp44* cells
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in the tonsil, the population of CD103*IFN-y* cells (i.e., functional ielLC1s) expressed
EOMES and NKp80, but it was mostly negative for CD200R1. Therefore, we concluded
that the population of tonsillar ielLC1s is distinct from LT-ILC1-like cells, which

are EOMES™NKp80~CD200R1* (Figure S7H). This could be further confirmed in
multiparametric flow cytometric analysis by distinguishing ielLC1s (ex vivoin Figure S71)
from LT-ILC1s in UMAP analysis (Figure 7C).

Taken together, although LT-ILC1s appear to be a transcriptionally, phenotypically, and
functionally distinct ILC subset in the liver, we also identified cells with similar properties in
other tissues such as the tonsil and duodenum, suggesting that these “cross-tissue ILC1s” are
not liver-restricted.

DISCUSSION

The field of ILC biology is rapidly progressing and evolving, and the classification of
human ILC1s is not yet complete. Previous groups have identified human tissue-resident
ILC populations with an ILC1-associated phenotype,2:3:28:36 byt the identification of

a global human ILC1 phenotype that spans all tissues remains elusive. Indeed, there

is accumulating evidence for the existence of multiple ILC1 phenotypes in different
tissues.23: 737 However, to the best of our knowledge, human hepatic 1LC1s have not yet
been specifically characterized. Here we identified a population of ILC1s in the human liver,
which we refer to as “liver-type”-ILC1s (LT-ILC1s) given their original characterization

in the liver and their similarity to murine liver ILC1s. However, we could also find a
population with an identical signature in other tissues, such as tonsils and duodenum. This
cross-tissue population showed conventional ILC1 properties including IFN-y production,
T-BET expression, and lack of cytolytic degranulation. However, based on extensive ex
vivo phenotypic and functional characterization, these cells were distinct from cILC1s and
tonsil-derived ielLC1s as well as from cNK cells, CD49a*/~ trNK cells, ILC2s, and 1LC3s.
Thus, we propose that this characterized cross-tissue population represents a distinct ILC1
subset in humans.

Using a combination of CITE-seq and scRNA-seq data, LT-ILC1s were identified based

on distinct gene-expression patterns that clearly differed from that observed in other

ILC populations. Comparing the relative expression levels of the respective proteins

using flow cytometry, LT-ILC1s were also distinguished from other previously established
human ILC subsets by PhenoGraph clustering. In contrast to cNK and CD49a*/~trNK

cells, LT-ILC1s expressed neither EOMES nor NKp80, and they lacked perforin and
granzyme-B expression. However, they did produce large amounts of IL-2. Regarding

their differences compared with previously described CD127* helper ILC populations,
LT-1LC1s showed a higher capacity for IFN-y production compared with cILC1s. LT-
ILC1s also expressed CD94, which is not expressed by clLC1s, ILC2s, or ILC3s.
Moreover, LT-1LC1s expressed high amounts of surface CD200R1 and were therefore
distinct from ielLC1s, which we observed were mostly CD200R1/VEOMES*NKp80*.3:37
Based on these observations, we utilized the Lin"CD45*CD49a*CD94*CD200R1*NKp80~
immunophenotype for prospective purification and analysis of LT-ILC1s. Importantly, this
surface antigen profile was derived from an unbiased approach using single-cell-multiomics
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data, which also revealed numerous parallels with murine hepatic ILC1s. Given the many
similarities between murine hepatic ILC1s and the human LT-ILC1s we describe here, we
propose that LT-1LC1s most closely represent the human counterpart to murine hepatic
ILC1s.

In light of the evidence that LT-1LC1s represent a distinct ILC subset in humans, we note
that the overall frequencies of LT-ILC1s were very low in the liver, though their frequencies
were significantly increased in the presence of liver cirrhosis and were overall similar to
proportions seen for other non-NK ILCs. This raises the question as to what extent LT-ILC1s
can significantly influence inflammatory processes in the liver. While further investigation

is clearly needed, we do anticipate that LT-ILC1s likely play various roles in healthy and
cirrhotic liver, given the published evidence that other low-frequency ILC populations are
involved in immune responses in liver diseases.38-40 In addition, it is now well established
that in mice, hepatic ILC1s are involved in the initial immune response to viral infection via
rapid secretion of IFN-y.14 Human LT-ILC1s had a high capacity for IFN-y production and
thus may have a similar role in the early immune response. Recently, murine ILC3-derived
IL-2 was described as a crucial factor in the homeostasis of regulatory T cells in the
intestine.#1 Since we observed that human liver-type ILC1s produced IL-2 ex vivo, it is
possible that they maintain a regulatory role in the liver as well. A previously unknown
function of ILC1s was recently demonstrated, in which ILC1s patrol the basal layers of the
oral epithelium under steady-state conditions, thereby priming uninfected tissue to limit viral
replication.42 Even though the frequency of LT-ILC1s is very low in healthy liver, these cells
may have a similar function.

In addition to the liver, we also found lymphocytes with LT-ILC1-like features in tonsils and
especially in the duodenum, whereas frequencies of these cells in colon tissue were rather
low. This may also explain why previous sSCRNA-seq analysis of intestinal tissue, primarily
examining colon tissue, did not identify this cross-tissue ILC1 population.*3

Previous reports demonstrated that hepatic CD49a* NK cells are enriched in cases of
obesity or liver cell carcinoma and that this likely occurs at least in part via signaling
through TGF-1.3044.45 TGF-B1 imprinting in the murine system, specifically in the tumor
microenvironment, was also shown to support the differentiation of ILC1-like cells.1> We
observed that LT-ILC1s were selectively enriched in fibrotic areas within cirrhotic liver
tissues. In particular, we observed that LT-ILC1s resided in close proximity to LSECs. Given
that TGF-B1 is a primary mediator of extracellular matrix production by fibroblasts,*6 we
hypothesized that TGF-p1 signaling may be an important factor in the differentiation of
human LT-ILC1s. However, our results indicate that TGF-B1 alone may not be sufficient

to generate functional LT-ILC1s, as our /n vitro cultures with PB-derived ILCPs in the
presence of TGF-p1 and OP9-DL4 stroma only generated cells with negligible ability to
produce LT-ILC1-associated cytokines. In contrast, ILCPs co-cultured with human LSECs
gave rise to cells capable of producing IFN-y, IL-2, TNF-a, and GM-CSF, consistent

with an LT-ILC1-associated functional phenotype. This effect was further augmented in the
presence of TGF-B1. Indeed, while TGF-p1 in most cases inhibits NK cell functions, the
influence on LT-ILC1 is opposite and could possibly be related to the small differences
between healthy and cirrhotic LT-ILC1 in function and phenotype. Although we observed
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LSECs to produce TGF-B1 in vitro, confirming previous reports by others,*” we found

that blocking TGF-B1 did not significantly affect LT-ILC1 formation in LSEC co-cultures.
These data indicated that while TGF-B1 may be at least partially involved, synergism

with other liver-specific factors may play an important role in the mechanism of LT-ILC1
differentiation and homeostasis. Recently, it has been shown that human ILCPs can interact
with endothelial cells in a feedback loop to promote intercellular adhesion, speculating that
these interactions may also have an impact on ILCP differentiation.*® Thus, we co-cultured
ILCPs with HUVECSs as an endothelial cell substitute for LSECs, yet we did not observe
arise in cells with LT-ILC1 phenotype. However, the possibility of such a mechanism

still remains, and it could play a role in the interaction with LSECs. Further evidence that
LT-ILC1s originate from ILCPs and not from mature NK cells is supported by the inability
to completely reduce EOMES expression in human NK cells via a TGF-B1-mediated
mechanism.*® Moreover, we were not able to generate functional LT-ILC1-like cells from
co-culture of mature liver-derived NK cells with LSECs and TGF-B1. This is in contrast

to a similar mechanism described in mice for TGF-B1-mediated conversion of NK cells to
ILC1s, suggesting that if such a pathway exists for human NK cells and ILC1s, additional
factors may be involved.%15

In summary, we have identified a population of human cross-tissue ILC1s defined

as Lin"CD45*CD49a*CD94*CD200R1*NKp80~. This population displayed the hallmark
features of ILC1s in that they expressed T-BET and were capable of producing ILC1-
associated cytokines (IFN-y, IL-2, TNF-a, and GM-CSF). Yet they were nonetheless
distinct from previously described human cILC1s and ielLC1 subsets and also differed from
CD49a*~trNK and cNK cells due to their lack of EOMES, NKp80, and cytolytic granule
expression. Although quite rare in healthy livers, LT-ILC1s were expanded in the tissues of
patients with liver cirrhosis. We also demonstrated that LT-1LC1-like cells could be derived
in vitro from PB-derived ILCPs, although not from cNK or trNK cells, in the presence of
LSECs + TGF-B1. Our results provide further insight into the definition and properties of
this ILC1 subset in humans as well as establish a basis for further research into their role in
human diseases.

Limitations of the study

Due to low cell numbers, we only determined the cytotoxic activity of LT-ILC1 via CD107a
degranulation assay but not the direct lysis of target cells, which may be mediated via FASL,
TRAIL, or TNF. For the scRNA-seq analysis, we could only analyze cells from healthy liver
perfusates as controls, and we did not have tissue from healthy livers available that we could
enzymatically digest in the same way as the cirrhotic livers. Instead, we have used normal
liver tissue samples as controls that were maximally distant from a liver tumor. Proteomics
via CITE-seq analysis with the critical markers such as CD200R1, CD49a, NKp80, CD94,
and CD56 was only available to us for “batch 2” and not for the other two datasets "batch 1"
and "Heinrich et al.".
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Benjamin
Kréamer(Benjamin.kraemer@ukbonn.de).

Materials availability—Materials generated from this study are available on request from
the lead contact.

Data and code availability

. The scRNASeq data analyzed here are accessible with corresponding
documentation on EGA(European Genome-Phenome Archive) with the
accession GEO: EGAS00001006847. The Heinrich et al. dataset?? is available
from GEO with the accession GEO: GSE179795. Other primary data, as raw
FCS files, raw PCR data, CBA data, or microscopy images, are available from
the authors upon reasonable request.

. This paper does not report original code.

. 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

Ethics statement—All subjects gave written informed consent in accordance with

the Declaration of Helsinki. Experiments performed in Bonn were approved by the

local ethics committee of the Medical Faculty, University of Bonn(#275/13, #040/16,
#035/14, and #417/17). Experiments performed in Berlin were approved by the ethics
committee of the Charité-Universitatsmedizin Berlin(No. EA1/353/16) and carried out in
compliance with its guidelines. Experiments performed in the Freud Lab were performed

in accordance with protocols approved by The Ohio State University Institutional Review
Board(OSU IRB). De-identified human pediatric tonsil specimens were obtained fresh via
the NCl-approved Cooperative Human Tissue Network(CHTN) from Nationwide Children’s
Hospital(Columbus, OH USA).

Patients—A total of 40 cirrhotic(mean age: 53.8, 60% male) as well as 19 healthy
livers(age and gender only for 11 donors available; see Table S2), 8 non-cirrhotic(mean

age: 71.8, 75% male) control livers from non-tumor tissue, 8 peripheral blood samples(mean
age: 40.8, 60% male) collected from healthy donors, 7 colon(mean age: 30.2, 50% male)
and 6(mean age: 46.2, 66% male) duodenum biopsies obtained from patients that underwent
cancer screening, and 8 tonsils obtained from patients undergoing elective tonsillectomy
were enrolled into this study. In a reference cohort, we used for ScRNA-Seg-analysis data
from hepatic NK cells/ILCs studied by Heinrich et al., in which 6 hepatocellular carcinoma
patients with non-tumor and tumor margin tissue were enrolled.?3 For measurement of
transcriptional TGFB1 expression a reference cohort with 20 cirrhotic and 12 healthy livers
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was examined(age and gender not available). The patient characteristics are shown in Table
S2.

METHOD DETAILS

Human lymphocyte isolation—Isolation of lymphocytes from liver perfusate was
performed as follows: shortly before implantation of the donor liver, the UW(University

of Wisconsin)-solution was rinsed out and collected in a plastic bag(Southard and Belzer,
1993). This solution was filtered through a 70 um mesh and centrifuged at 5009 for 10 min.
Single lymphoid cells were isolated using Ficoll-Paque gradient centrifugation, washed with
DPBS and directly cryopreserved until further usage.

Explant livers, liver resections, and donor livers were washed in DPBS(Biochrome,
Germany)-Heparine(Sigma, USA) and then tissue pieces with an edge length of 2 cm

were cut and placed in a sterile plastic bag to be washed twice with cold heparin(+)

DPBS. The pieces were again freed from all liquid and the bag containing a maximum

of 20 pieces was filled with 10 mL of digestion medium [RPMI 1640 medium(Gibco

Life, USA), 2% FCS(Sigma, USA), 1% penicillin/streptomycin, 1 mg/mL Collagenase

IV (Worthington, USA), 25 U/ml Endonuclease(MoBiTec, Germany), and 0.5 mg/mL
Soybean-Trypsin-Inhibitor(Thermo-Fisher, Germany)]. The bag was clamped in a laboratory
homogenizer(Stomacher, UK) and processed for 10 min at 230 rpm. The bag was filled with
100 mL cold 1%-HSA(PAN-Biotech, Germany)-DPBS, and the liquid was filtered through
a 100 um gauze sieve and stored at 4°C. The liver pieces were put back into the bag and

the whole process was repeated at least 4 times. The liquid was always collected and kept

at 4°C. The remaining liver pieces were again cut with a scalpel, then intensively crushed
with a spatula on a metal sieve and washed with DPBS. The liquid was merged with that
collected so far and centrifuged, resuspended in 40.5% Percoll-solution(General Electric,
USA), filtered through a 40 —m sieve, layered on a 58.5% Percoll-solution, and centrifuged
again. The interphase was collected, washed and the cells were directly cryopreserved.

For isolation of tonsil-derived lymphocytes, tissue specimens were cut into small pieces
and squeezed through a stainless steel mesh. Single lymphoid cells were isolated

using Ficoll(Biochrome, Germany)-Paque gradient centrifugation(Biochrom AG, Berlin,
Germany), washed with DPBS and directly cryopreserved. For some experiments, total
NK cells and ILCs were enriched fresh from tonsil single cell suspensions according to
previously published methods.>°

Isolation of lymphocytes from endoscopic duodenum and colon biopsies was performed
based on recently published protocols.28 In brief, biopsy samples were cut into

small pieces and incubated in Ca2*/Mg++-free Hanks Balanced Salt Solution(GIBCO,
Germany) containing 154 pg/mL DTT(Dithiothreitol; Sigma Aldrich, Germany), 5 mM
EDTA(AppliChem, Germany), 0.25% NAC(N-acetylcysteine; Sigma, USA) and 1%
penicillin/streptomycin(PAN Biotec, Germany) for 45 min at 37°C to dissolve epithelial
tight junctions and eliminate mucus. Following centrifugation(50g for 3 min) supernatant
was collected and tissue specimens were digested for 45 min at 37°C in RPMI

1640 medium supplemented with 10% FCS and 1% penicillin/streptomycin(complete
RPMI medium) containing 1 mg/mL Collagenase 11(Worthington, USA) and 25 U/ml
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Endonuclease(MoBiTec, Germany). Cell suspensions were filtered through a 70um Nylon
cell-strainer(BD, Germany) and washed with PBS.

Peripheral blood mononuclear cells(PBMC) were isolated using Ficoll-Paque gradient
centrifugation(Biochrom AG, Berlin, Germany), washed with DPBS, and directly
cryopreserved.

FACS-analysis and cell sorting—Phenotypic-analysis of cells was performed

using either an LSR-1l Flow Cytometer, an LSR-Fortessa Cytometer, or a BD Aria
Fusion(BD Biosciences, USA). In brief, all antibodies were titrated, the panels were

tested using FMO controls, and constant conditions were ensured by plate staining

to guarantee an optimal staining result. The antibodies used in these studies are

listed in Table S3. The following antibodies were selected for the Lineage cocktail:
BDCA-2(dendritic cell), CD1a(dendritic cell), CD3(T cell), CD4(T cell), CD5(T cell),
CD14(monocyte), CD19(B cell), CD20(B cell), CD34(progenitor cell), CD123(dendritic
cell), FceR1(mast cell), TCRap(T cell), and TCRy§8(T cell). Of note, due to the

current uncertainty in the field as to whether CD4 and CD5 T cell-associated

antigens can also be expressed by a subset of human 1LCs,37:51:52 we purified human
liver-derived Lin"CD4*CD5*CD117-CD127+*CD294-CD94~NKp80~lymphocytes and then
cultured these /n vitro with OP9-DL4 stroma and IL-7 plus FL (Figure S5F). After 2 weeks,
only T-lineage cells were formed; thus for our study we concluded that such cells were likely
T lineage cells, and so we included CD4 and CD5 in the lineage antigen cocktail.

For intracellular analyses of transcription factors the Foxp3 Transcription Factor Staining
Kit(eBioscience, Germany) was used for permeabilization, fixation, and washing. For
sorting by flow cytometry an ARIA Fusion(BD Biosciences, USA) was used. Data were
analyzed with FlowJo software VV10.6.1(BD Biosciences, USA).

CD107a degranulation assay—L.iver lymphocytes were coincubated at a ratio of

1:40 with major histocompatibility complex—deficient K562 cells or stimulated for 5 h

with phorbol-12-myristat-13-acetat(PMA, 50 ng/mL; Cell Signaling Technology Europe,
Netherlands) and lonomycin(1000 ng/ml; Cell Signaling Technology Europe) in complete
RPMI 1640 medium in the presence of CD107a specific antibody. After 1 h stimulation
addition of Golgi-Stop(BD Biosciences, USA) was added for the remainder of the
incubation. After staining with the viability dye Zombie Aqua(Biolegend, USA) and surface
antibodies, the samples were analyzed by flow cytometry.

Intracellular cytokine staining—Lymphocytes were stimulated for 5 h with phorbol 12-
myristate 13-acetate(PMA, 50 ng/mL; Cell Signaling Technology Europe, Netherlands) and
lonomycin(1000 ng/ml; Cell Signaling Technology Europe) or 1L-12(10 ng/ml)/1L-15(50
ng/ml) or K562/IL-12/IL-15 combined in complete RPMI 1640 medium in the presence of
brefeldin A(BFA, 5 pg/mL; Enzo, Germany) for the final 4 h. Cells were washed, stained,
and permeabilized using the Cytofix/Cytoperm Kit(BD Biosciences, USA). IFN-vy, IL-2,
TNF-a, GM-CSF, and IL-22 were detected with specific antibodies by intracellular staining.
Data were acquired with an LSR-Fortessa Cytometer(BD Biosciences, USA) and analyzed
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with FlowJo software V10.6.1(BD Bioscience, USA). A complete list of the antibodies used
in this study is given in Table S3.

Cytokine bead array—For the detection of IFN-vy, IL-2, TNF-a, and GM-CSF in in
vitro-derived supernatants, cell-free liquid volumes were collected following stimulation of
1000 FACS-purified cells with PMA/lonomycin(see above), and a LegendPlex TH cytokine
kit(Biolegend, USA) was applied according to the manufacturer’s instructions. For detection
of free active TGF-B1, supernatant from 5 days culture of LSEC, OP9-DL4 or medium
control was performed using LEGENDplex HU Essential Immune Response Panel. The
beads were measured with a BD Canto Il flow cytometer(BD Biosciences, USA) and the
data were analyzed with Legendplex 8.0 software(Biolegend, USA).

Single cell RNA sequencing—Lin"CD45*lymphocytes from 2 explant livers, 2 liver
perfusates, and 2 tonsils were sorted using an Aria Fusion(BD Biosciences, USA). Cell
concentrations were adjusted to 12,000 cells per sample and the 2 samples of each

tissue were each combined into one sample. Droplet based single cell RNA sequencing
datasets were generated(Chromium platform, 10x Genomics). The standard protocol for

the 10x single cell kit(\V3 chemistry) was used for all steps including cell loading, library
preparation, and quality control. The concentrations of the respective cDNA were adjusted to
the required conditions of the S2 flow cell and sequenced using Illumina NextSeq.

Single cell data analysis—After sequencing, fastq files were generated using Cellranger
mkfastq(version 3.0.2). The raw reads were mapped to the human reference genome(refdata-
cellranger-GRCh38-3.0.0) using cellranger count. Digital expression matrix was extracted
from the filtered_feature_bc_matrix folder outputted by the cell ranger count pipeline. To
identify different cell-types and find signature genes for each cell-type, the R package
Seurat(version 3.1.1) was used to analyze the digital expression matrix. Cells with less

than 500 unique molecular identifiers(UMIs), less than 100 genes, or greater than 50%
mitochondrial expression were removed. The Seurat function NormalizeData was used to
normalize the raw counts. Variable genes were identified using the FindVariableFeatures
function. The ScaleData function was used to scale and center expression values in

the dataset, the number of unique molecular identifiers(UMI) was regressed against

each gene. Principal component analysis(PCA) and uniform manifold approximation and
projection(UMAP) were used to reduce the dimensions of the data, and the first 2
dimensions were used in the plots. The FindClusters function was used to cluster the

cells. Marker genes were found using the FindAllMarkers function for each cluster. Cell-
types were annotated based on the marker genes and their match to canonical markers.

For the analysis with samples from different batches, Seurat integration was used. The
FindIntegrationAnchors and IntegrateData were used to create an integrated Seurat object,
then the same normalizing, scaling and clustering methods were applied to the object. To
match the flow cytometry data and focus the analysis on ILCs and NK cells, we removed
the B cell, T cell, myeloid and low-quality clusters, and re-clustered on the rest of the cells.
The barcode, origin, cluster and cell-type information are provided in Table S1. Differential
expression analysis between any two groups of cells were carried out using the FindMarkers
function.
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Ligand receptor interaction analysis—CellphoneDB(v2.0.0) was applied for ligand-
receptor analysis. Each cell-type was separated by their disease classifications, and a
separate run was performed for each disease classification. If a subtype contains fewer than
10 cells for a disease classification, it was not considered in the ligand-receptor analysis for
this disease classification. Pairs with p value >0.05 were filtered out from further analysis.
To compare between the two disease conditions, each pair was assigned to the condition in
which it showed the higher interaction score. The circos plots were generated using the R
package circlize.

Murine cell bulk RNA sequencing—The murine cell bulk RNA-Seq data of hepatic
ILC1 and mature NK cells are published and available in a public database.}4 The module
scores (Figure S11) were calculated using the Seurat function AddModuleScore with default
parameters, which measure the average expression levels of a set of genes, subtracted by the
average expression of randomly selected control genes(signature genes are listed in Table
S1).

In vitro cell cultures—OP9-DL4 cells were obtained from Andreas Diefenbach(Charite,
Berlin) and maintained in DMEM(GIBCO LIFE, USA, Germany) supplemented with

1% penicillin/streptomycin and 10% FCS. Primary human liver sinusoidal epithelial
cells(LSECSs), primary hepatic stellate cells(HSC), and primary hepatocytes were
purchased>3>4(Sciencell, USA) and expanded with endothelial cell medium, stellate cell
medium or hepatocyte medium(Sciencell, USA), respectively, to passage 3 as instructed

by the supplier. Primary Human umbilical vein endothelial cells(HUVECSs) were purchased
from PromoCell(USA) and cultured with endothelial cell medium(Sciencell, USA). LSEC
specific markers from the literature®® were tested by qPCR to verify the phenotype of
primary LSECs used in long-term culture and compared with HSCs as well as hepatocytes
(Figure S6l; see gPCR below).

Before OP9-DL4 cells, LSECs or HUVECSs became 90% confluent, the cells were detached
and irradiated in suspension at 20 Gy(Faxitron MultiRad MR 160-225, USA). Then 8000
OP9-DLA cells or LSECs were plated in a 96 well flat bottom plate, left in culture in their
specific media for 3 days, and washed twice before co-culture experiments were started.

Differentiation assays used media containing DMEM(Gibco Life, USA) and F12(2:1), 1%
antibiotic and antimycotic(Gibco Life, USA), 20 mg/mL ascorbic acid(Sigma, USA), 24
mM 2-mercaptoethanol(Gibco Life, USA), 0.05 mg/mL sodium selenite(Sigma, USA), and
10% heat-inactivated human AB serum(Sigma, USA) based on previous protocols(Cichocki
and Miller, 2010).

For the isolation of peripheral blood ILCPs(ILC precursor cells), PBMCs

from healthy subjects were first depleted of Lin* cells and NK cells

using negative magnet-based separation(biotin-CD3, -CD14, -CD19, -CD20,

-CD94, -NKp80; Miltenyi Biotec) and then sorted according to a known
definition(Lin"CD94~CD34~NKp80~CD127+*CD117+*CD294 CD45RA*NKp44~-IL1R1+)34
using a BD Aria Fusion(BD, Biosciences, USA). ILC/NK cell populations from the liver or
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PBMC were sorted directly without prior enrichment steps with the definitions described in
Figure 2E.

For in vitro co-cultures, 1000 cells per well were added to wells containing the adherent
LSECs, HUVECs or OP9-DL4 cells. Media was supplemented with human IL-7(10 ng/mL;
Miltenyi Biotec) with or without TGF-B1(10 ng/ml; Miltenyi Biotec) and with or without
TGF-B1 blocking antibody(1 pg/ml, Biolegend). For testing the lineage differentiation
potentials of liver-derived Lin"CD4*CD5*CD117-CD127*CD294" cells, the latter were
sorted and cultured on OP9-DL4 cells with the addition of FL(FLT3LG, 10 ng/mL;
Immunotools, Germany) and IL-7(10 ng/mL; Miltenyi Biotec) for 2 weeks (Figure S6H).
Fresh media and cytokines were replenished every 3 days. Feeder cells and LSECs were
monitored under the microscope throughout the experiments and samples were discarded
where no intact monolayer existed. Following /n vitro culture, lymphocytes were harvested
and analyzed by flow cytometry. For functional studies, half of the cells were stimulated
with PMA/lonomycin(see above) for 5 h following by analysis via intracellular flow
cytometry.

PCR-analysis—Tissue specimens or primary cells were placed in NAP-buffer to
stabilize mRNA, subsequently frozen at —80°C, and stored until analysis. Before mMRNA
isolation, the tissue was thawed, excess buffer was removed, and the tissue was
homogenized by bead-beating and lysed(Fast Prep 24, M.P. Biomedicals, USA). From
the lysate, messenger RNA(MRNA) was extracted using the GeneJet RNA purification
kit(Thermo Scientific, Germany) and cDNA was transcribed using the QuantiTect reverse
transcription kit(Qiagen, Germany) in accordance with the manufacturer’s protocol.
gPCR was performed on a LightCycler(Roche, Germany) with the SYBR Green Master
Mix(Biorad, Germany) using the primer sets depicted in Table S4. Relative expression of
the respective target genes is given in relation to housekeeper gene(Geomean of Cq from
RPL19 and EEF1A1) expression as 27ACd, Since the mRNA samples of the healthy liver
were not available for comparison between healthy and cirrhotic liver, a reference cohort
was examined, the clinical characteristics of which are shown in Table S2.

Flow cytometry clustering analysis—For the clustering of flow cytometric data in
Figures 2C and 2F, gated CD45*Lin"lymphocytes in 2 livers were initially downsampled to
9800 cells in Flowjo(10.7.1; plugins: www.flowjo.com/exchange/#/) using the DownSample
plugin(v.3.3). For Figure 7C, gated CD45*Lin"lymphocytes from circulating blood, tonsils,
liver, duodenum, and liver of each 3 subjects were used. Subsequently, the samples to be
compared were concatenated and for Figures 2C and 2F a cluster-analysis was performed
using the FlowJo plugin Phenograph(v. 3.0) and clusters were visualized using the UMAP(v.
3.1) or t-SNE plugin. For UMAP visualization in Figures 2C and 2F the following markers
were included: CD161, CD49a, CD127, CD117, CD52, CD200R1, CD294, CD45, TBET,
NKp80, CD56, CD94, EOMES, and CXCR6. BATCH effects were checked by displaying
individual specimens in UMAP(for Figures 2C and 2F in Figure S2A in the same panel).
The heatmap with the protein expressions of the respective clusters was generated in the
software Biovinci(v.3.0). The expressions are given as Zscore [z = (X - W)/o)] and were
calculated from the gMFI (geometric mean fluorescence intensity) optained from FlowJo (v.
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10.7.1). For t-SNE visualization in Figure S6B we included these markers: CD49a, CD52,
CD117, CD200R1, CD294, CD45, TBET, NKp80, CD56, CD94, EOMES, KLRG1, and
CXCR®6. For UMAP visualization in Figure 7C we included these markers: CD103, CD49a,
CD127, CD9, CD52, CD117, CD200R1, CD294, CD45, TBET, NKp80, CD56, CD94,
EOMES, KLRG1, and CXCRS6.

Immunohistostaining of fresh-frozen human liver for PhenoCycler(formerly
CODEX)—Antibody conjugation, tissue preparation and staining were performed according
to the Nolan Lab protocol.32 Notably, blocking buffer contained 0.05 mM naked
oligonucleotides(Biomers) and dissolving of maleimide-modified oligonucleotides was
performed in 1x DPBS in the presence of the vapor phase of LN2.

Purified, carrier free(no BSA) antibodies were added to pre-blocked 50k MWCO filter
columns(ThermoFisher, UFC505096) with 0.1% PBS-Tween. After spinning, reduction of
antibodies was applied in TCEP solution(2.5 mM EDTA and 2.5 mM TCEP in 1x DPBS pH
7.0) followed by a washing step in Buffer C(Tris-buffer containing 1 mM Tris(pH 7.0), 1
mM Tris(pH 7.5), 150 mM NaCl, 1 mM EDTA(pH 8.0) and 0.02%(w/v) NaN3). Afterward,
reduced antibodies were incubated with maleimide-modified oligonucleotides(Biomers) in
a 2:1(w/w) ratio. The lyophilized maleimide-modified oligonucleotides were dissolved
directly before use in 1x DPBS in the presence of vapor phase of LN2. After incubation,
antibody-oligonucleotide solution was washed three times in high-salt PBS(1 M NaCl and
0.02%(w/v) NaN3 in 1x DPBS). Finally, antibodies were dissolved in a concentration

of 0.5 mg/mL in Antibody stabilizer PBS solution(Candor) containing 0.2%(w/v) NaN3,
0.5 M NaCl and 5 mM EDTA. The fresh-frozen liver samples were sectioned at 5

um and directly adhered onto poly-L-lysine- coated coverslips and stored under vacuum
until staining was performed. Sections were dehydrated in acetone followed by tissue
rehydration in 1x DPBS-Tween 0.1%(v/v) and by a pre-fixation in 1.6% PFA containing
1X DPBS-Tween 0.1%(v/v). Afterward, samples were incubated at room temperature with
blocking buffer containing 1 mg/mL mouse 1gG(Sigma, 15381) in S2(61 mM Na2HPO4,
39 mM NaH2P0O4 and 250 mM NaCl in a 1:0.7 v/v S1(1X DPBS containing 5 mM

EDTA, 0.5% w/v BSA(BSA) and 0.02% w/v NaN3)), 1 mg/mL rat IgG(Sigma, 14131)

in S2, 10 mg/mL sheared salmon sperm DNA(Thermo Fisher, AM9680) and 0.05 mM
naked oligonucleotides(Biomers) diluted in S2. Antibody staining solution was prepared

in blocking buffer(1:200 dilution of surface antibodies and 1:100 dilution of transcription
factor antibodies from 0.5 mg/mL stock solution of conjugated antibodies, respectively).
Before usage, antibody staining solution was once filtered through 50 kDa Amicon Ultra
Filters and resolved in blocking buffer. Following, tissue was incubated with the antibody
staining solution in a humidity chamber overnight at 4°C. After antibody staining, tissues
were washed twice in S2 followed by a three step fixation. First tissues were fixed with
1.6% PFA in S4 buffer(1x DPBS containing 5 mM EDTA, 0.5% w/v BSA, 0.02% w/v NaN3
and 0.5 M NaCl), followed by a fixation in ice-cold methanol and a final fixation in 8 mM
Bis(sulfosuccinimidyl)suberate(ThermoFisher, 21,580). After each fixation step, tissue was
washed three times in 1x DPBS. Before storing the tissue in S4 buffer, tissue was incubated
with TrueBlack Lipofuscin Autofluorescence Quencher(Biotium, 23,007). Tissue sections
were acquired using multicycle CO-Detection by IndEXing(CODEX) technology combined
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with a Zeiss Axio Observer 7 inverted microscope with the Colibri 7 LED Light source(Carl
Zeiss) and a Prime BSI PCle camera(Teledyne Photometrics). Complementary fluorescent
oligonucleotides(Biomers) with a final concentration of 400 nM were aliquoted in Corning
black 96-well plates in 250 pL of plate buffer(150 mM NaCl, 10 mM Tris pH 7.5, 10 mM
MgCI2 - 6 H20, 0.1% w/v TritonTM X-100 and 0.02% w/v NaN3 in ddH20), 1:300 DAPI
and 0.5 mg/mL sheared salmon sperm DNA.

Imaging cycles were performed using an Akoya CODEX instrument and CODEX
instrument manager software(Akoya Biosciences). Automated images were performed
using the the Plan-Apochromat 20X/0,8 M27(a = 0.55 mm) objective(Zeiss) and the
imaging pipeline was controlled by a Focus strategy with autofocus for each support point
created, creating a three z stack image with a distance of 1.5 um. DAPI nuclear stain

was imaged in each cycle. The images were processed with CODEX Processor(Akoya
Biosciences) and analyzed with HALO Image Analysis software(Indica Labs). Segmentation
and identification of LT-1LC1 cells of liver sections were performed using implemented
software tools(Nuclei Seg, Membrane and Nuclear Detection). LT-1LC1 cells were defined
as CD45*, CD3™, CD94*, CD56*, Eomes~(only DAPI overlay positively identified due to
transcription factor) and KLRG1".

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis and visualization—Descriptive statistics were calculated for each
parameter in Microsoft Excel. Data variance was determined by controlling the False
Discovery Rate(Benjamini and Yekutieli, 2001) for multiple comparisons following one-way
ANOVA in GraphPad PRISM 9.1(Graphpad software, Inc., La Jolla, CA). From a case
number above 8 a normal distribution test according to D’Agostino-Pearson was applied,
below 8 individuals non-parametric tests were performed. Therefore, for unpaired/normally
distributed data ordinary ANOVA was performed; for unpaired/non-normally distributed
data Kruskal-Walis test was performed; for paired/normally distributed data ANOVA with
Greenhaus-Geiser correction was performed; and for paired/non-normally distributed data
Friedman test was performed. For a comparison between 2 groups, a t test was performed
for normally distributed data and a Mann-Whitney test for non-normally distributed data.
A p value below the limit of 0.05 was considered significant, and figures were produced
using GraphPad Prism. All figures were created with the graphic program "Affinity
Designer"(v.1.9.1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

scRNA-seq and proteomics identify a “liver-type” (LT) ILC1 subset in human
livers

LT-ILC1s accumulate in fibrotic areas of cirrhotic livers

LT-ILC1-like cells can be derived from progenitors in co-culture with TGF-
B1/LSECs

Similar cross-tissue ILC1 cells could also be found in tonsil and intestinal
tissues
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Figure 1. Single-cell RNA sequencing identified an ILC1-like population in the human liver
(A) Cluster analysis of sScRNA-seq data from ex vivo sorted hepatic Lin"CD45*

lymphocytes following quality control (clusters are indicated). Two experimentally
independent SCRNA-seq analyses (left: batch 1; middle: batch 2) and an external dataset
(Heinrich et al.) are shown for comparison.

(B) Analysis of ex vivo sorted hepatic Lin"CD45* lymphocytes with assignment of cell
populations (trNK, tr/cNK, ILC3, cNK, ILC3/ILC2, CD49a*trNK, LT-ILC1) based on a
match to known gene signatures and illustrated in UMAP. LT-ILC1s are marked with a
circle. Two experimentally independent scRNA-seq analyses (left: batch 1; middle: batch 2)
and an external dataset (Heinrich et al.) are shown for comparison.

(C) Heatmap showing a selection of the top 100 cells from each indicated cell type that has
the highest expression for each gene. Two experimentally independent scRNA-seq analyses

Cell Rep. Author manuscript; available in PMC 2023 February 24.
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(left: batch 1; middle: batch 2) and an external dataset (Heinrich et al.) are shown for
comparison.

(D) Dot plots depicting relative expression of selected genes from cell types defined in (B).
Two experimentally independent scRNA-seq analyses (batches 1 and 2) and an external
dataset (Heinrich et al.) are shown for comparison.

See Figure S1 and Table S1.
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Figure 2. Identification and phenotypic characterization of human liver-type ILC1s

(A) CITE-seq analysis (protein) of hepatic Lin"CD45* lymphocytes showing relative
expression of CD49a, CD94, and NKp80 in the LT-ILC1 cluster illustrated in UMAP (only
batch 2).

(B) Relative expression levels of the indicated markers among each of the indicated
populations as measured by CITE-seq analysis (only batch 2).

(C) PhenoGraph cluster analysis of flow cytometry data from hepatic Lin"CD45*
lymphocytes displayed in UMAP. Clustering and UMAP is based on following markers:
CD94, CD45, CD56, CD117, CD52, CD200R1, CRTH2, T-BET, NKp80, CD161, CD49%a,
EOMES, CXCRS6, and CD127.
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(D) Heatmap showing the relative expression of the indicated markers from nine
PhenoGraph clusters identified in (C) as measured by flow cytometry and calculated to

a Z score for each marker.

(E) Representative flow cytometry plots showing the gating strategy from singlet
Lin"CD45" lymphocytes (from healthy livers) to identify liver-type (LT)-ILC1 (pink), cNK
(turquoise), CD49a*trNK cells (violet), CD49a trNK cells (red), classical (c) ILC1 (gray),
ILC2 (blue), and ILC3 (green) populations.

(F) PhenoGraph cluster analysis of flow cytometry data from hepatic Lin"CD45*
lymphocytes with assignment of the indicated populations.

(G) Representative histograms showing the relative expression of the indicated markers in
each identified population to distinguish ILCs from NK cell populations.

(H) Representative histograms showing the relative expression of the indicated markers in
each identified population, each of which is elevated on LT-ILCL1.

See Figure S2.
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Figure 3. Liver-type ILC1s were non-cytolytic but produced IFN-y, TNF-a, IL-2, and GM-CSF
(A) Ex vivointracellular flow cytometry showing perforin and granzyme-B expression

patterns of human liver ILC and NK cell subsets as defined in Figure 2. Data are
representative of at least three independent experiments.

(B) CD107a degranulation assay of the indicated populations following 5 h stimulation by
either phorbol myristate acetate (PMA) and ionomycin or K562 target cells. All experiments
were performed with healthy livers (n = 5).

(C) Analysis of cytokine production by NK cell and ILC populations from livers. For

each cytokine, graphs depict intracellular flow cytometry analysis of hepatic lymphocytes
following 5 h stimulation by PMA and ionomycin (IFN-y, n = 11, upper left panel; IL-2, n 2
4, upper right panel; TNF-a, n = 5, lower left panel; GM-CSF, n = 3, lower right panel).
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(D) Representative histograms showing intracellular cytokine staining of the indicated
hepatic ILC and NK cell subsets either unstimulated (control, semi-transparent histograms)
or following 5 h stimulation with PMA and ionomycin (P/I, filled histograms).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, error bars represent SEM. See Figure
S3.
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Figure 4. Liver-type ILC1s are increased in cirrhotic liver tissues
(A) Comparison of LT-ILC1 (Lin"CD45*CD94*NKp80~CD200R1*CD49a*) frequencies

calculated as percentages among total Lin™ lymphocytes between control livers (perfusate n
=T7), control livers (non-perfusate; n = 8), and cirrhotic livers (n = 29) (patient characteristics
shown in Table S2).

(B) Correlation matrix estimated for LT-ILC1s (percent of Lin™), age, AST, ALT, gamma-
GT, total bilirubin, MELD score (Model of End Stage Liver Disease), /FNG (MRNA),

/IL13 (mMRNA), /L1B(mRNA), /L2 (mRNA), /L7(mRNA), and 7GFBI (mRNA). LT-ILC1
frequencies were obtained from 25 cirrhotic livers. Spearman correlation coefficients (R) are
given as color code. Statistically significant correlations are indicated with *p < 0.05, **p <
0.01, ***p < 0.001.

Cell Rep. Author manuscript; available in PMC 2023 February 24.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kramer et al.

Page 35

(C) Representative expression of the indicated markers by human LT-ILC1 (pink), cNK
cells (turquoise), CD49a*trNK cells (violet), CD49a trNK cells (red), cILC1s (gray), ILC2s
(blue), and ILC3s (green), comparing populations derived from healthy and cirrhotic livers.
Data are representative of at least three independent experiments.

(D) Comparison of IFN-y production (healthy, n = 7; cirrhotic, n = 9), IL-2 production
(healthy, n = 4; cirrhotic, n = 4), CD107a degranulation (healthy, n = 3; cirrhotic, n =5),
TNF-a production (healthy, n = 7; cirrhotic, n = 5), and GM-CSF production (healthy, n =
4; cirrhotic, n = 3) between healthy and cirrhotic livers related to LT-ILC1 (pink), cNK cells
(turquoise), CD49a*trNK cells (violet), CD49a"trNK cells (red), and ILC3s (green), from
healthy and cirrhotic livers following 5 h PMA and ionomycin stimulation and measured by
intracellular flow cytometry.

(E) Volcano plot showing DEG differences based on scRNA-seq data between LT-ILC1s
comparing “control versus cirrhotic liver tissues” from batch 2.

*p < 0.05, ***p < 0.001, error bars represent SEM. See Figure S4.
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Figure 5. LT-1LC1 cells accumulate in fibrotic area of the human liver
Representative images of three cirrhotic (A) and two control livers (C) generated with

PhenoCycler (formerly Codex) with a selection of markers such as CD56, CD94, aSMA,
CD36, and CD32, as well as DAPI for nucleus staining (A, C). An overview (left) and
magnification (right) are shown side by side with scale bar and indicated diameters. Fibrotic
regions were recognized and delineated with a white dashed line using aSMA-staining.

The red arrows indicate LT-ILC1 cells automatically detected by the HALO image analysis
software by CD45*CD3~CD56"CD94*EOMES™KLRG1* definition (see staining in Figure
S5). Images in (B) and (D) were artificially generated as cell contours using HALO image
analysis and correspond to the respective section from (A) and (C). Only the identified
LT-ILC1 cells were highlighted for enhanced visibility (surface is green, nucleus is blue
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and indicated with red arrows) with visualization of the non-fibrotic (NF) and fibrotic (F)
regions.
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Figure 6. Liver sinusoidal endothelial cells supported the differentiation of liver-type ILC1s
(A) Sorted peripheral blood ILCPs (Figure S5A;

Lin"CD45*CD127*CD94 "NKp80~CD45RA*CD117*CD294~KLRG1 " NKP44~) from four
healthy donors were cultured for 2 weeks on OP9-DL4 feeder cells or LSECs with IL-7 +/-
TGF-p1 as shown to the left. The dot plots to the right show the expression patterns of CD56
and CD94 among Lin~ lymphocytes derived in the indicated culture conditions.

(B) Frequencies of CD200R1*CD49a*EOMES™ cells among total Lin"CD45*CD94*CD56*
cells derived /n vitro following culture of ILCPs (n = 8) asin (A).

(C) Representative flow cytometry analyses of EOMES, T-BET, perforin, CXCR6, NKp80,
CD200R1, and CD49a expression by Lin"CD45*CD94*CD56™" cells derived from ILCPs in
the indicated culture conditions. Fluorescence minus one (FMO) control with the respective
lacking specific antibody is shown as black dotted lines in each histogram.
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(D) Intracellular flow cytometry analysis of IFN-vy, IL-2, GM-CSF, TNF-a, and I1L-22
production by /n vitro derived Lin"CD45*CD94*CD56" cells generated from ILCPs as in
(A) and following stimulation for 5 h with PMA and ionomycin. Unstimulated cells were set
as controls (dotted black line).

(E) Representative flow cytometry analyses showing expression of the indicated markers by
total Lin"CD45™ cells obtained after 2 weeks culture of primary sorted liver-type hepatic
cNK, CD49a*trNK, or CD49a"trNK cells on OP9-DL4 feeder cells or LSECs with IL-7
+/— TGF-p1 as shown to the left. Data are representative of at least three independent
experiments.

(F) Representative flow cytometry analyses showing expression of the indicated markers

by total Lin"CD45" cells obtained after 2-week culture of primary sorted liver-type 1LC1s
(LT-1LC1s) or hepatic NK cells (sorted as Lin"CD56*CD94*NKp80*) with OP9-DL4 cells
and IL-7. Data are representative of at least three independent experiments.

(G) Frequencies of CD200R1*CD49a*EOMEScells among total Lin"CD45*CD94*
lymphocytes obtained from cultures initiated with either total hepatic NK cells or liver-type
ILC1s (F).

*p < 0.05, **p < 0.01, ***p < 0.001, error bars represent SEM. See Figure S6.
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scRNA-Seq (batch 1&2)
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Figure 7. Population of cells with liver-type ILC1-associated features are identified in other

tissues

(A) scRNA-seq analysis of Lin"CD45* lymphocytes from control livers, cirrhotic livers,
tonsils, duodenum, and colon from batches 1 and 2 with assignment of cell populations
trNK, cNK, ILC3/ILC2, and LT-ILC1-like cells based on a match to known gene signatures
and illustrated in UMAP with 16,187 cells (assignment in Figures S7TA-S7C; G). LT-ILC1-

like cells are marked with a black circle.

(B) scRNA-seq analysis showing the relative proportion of ctNK, ILC2/ILC3, LT-ILC1-like,
and trNK populations among control liver, cirrhotic liver, tonsil, duodenum, and colon

tissues (n = 3 per compartment).

(C) Dot plot showing CD45*Lin~ lymphocytes with the relative distribution of the
indicated populations identified in Figures 1B and S71 among peripheral blood, tonsil, liver,
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duodenum, and colon tissues of each three subjects displayed in UMAP (based on markers
indicated in Table S3). The left black dashed circle includes LT-ILC1-like cells, and the right
dashed circle includes intraepithelial ILC1 cells.

(D) Representative histograms showing the relative expression of the indicated markers
among the populations identified in Figures 1B and S71 in peripheral blood, tonsil, colon,
and duodenum tissues in addition to control liver.

(E) Representative histogram of intracellular flow cytometry analysis of IFN-y, TNF-a, and
IL-2 produced by LT-ILC1-like cells (same gating as for Figures 1C and 1D) following ex
vivo stimulation for 5 h with PMA and ionomycin. Unstimulated cells were set as controls.
(F) Relative frequency of LT-ILC1-like cells calculated as the percentage of total CD45*
lymphocytes in the duodenum (n = 6), liver (n = 29), colon (n = 7), tonsil (n = 6), and
peripheral blood (n = 8). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, error bars
represent SEM. See Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-Biotin A0436 Biolegend RRID: AB_2801086; Cat#409008

BDCA-2 FITC (AC144) Miltenyi RRID: AB_244167; Cat# 130-090-510

CD103 A0145 Biolegend RRID: AB_2749996; Cat#350231

CD103 AF700 (Ber-ACT8) NOVUS RRID: AB_11189940; Cat# NBP1-97564AF700
CD107a PE (H4A3) Biolegend RRID: AB_1186062; Cat#328607

CD117 APC-Fire750 (104D2) Biolegend RRID: AB_2632949; Cat#313240

CD117 BUV395 (YB5.B8)
CD117 BV650 (104D2)
CD117 PE-Cy7 (104D2
CD127 BV605 (A019D5)
CD14 FITC (M5E2)

CD16 APC-H7 (B73.1)
CD161 APC Cy7 (HP-3G10)
CD19 FITC (HIB19)

CD1a FITC (HI149)

CD20 FITC (2H7)

CD200R APC (OX-108)
CD200R Biotin (REA725)
CD200R PE/Dazzle 594 (OX-108)
CD200R1 BV421 (OX-108)
CD200R1 PE (OX-108)

CD3 FITC (UCHT1)

CD34 FITC (581)

CD4 APC-Cy7 (RPA-T4)
CD44 Pe-Cy7 (BJ18)

CD45 BUV395 (HI 30)
CD45 BUVS05 (H130)
CD45RA APC-Vio770
CD49a A0575

CD49a PerCP-e710 (TS2/7)
CD49e APC (NKI-SAM-1)
CD5 PE/Dazzle 594 (UCHT2)
CD52 A0033

CD52 APC (QA19A22)
CD56 A0047

CD56 BUV563 (NCAM16.2)
CD69 A0146

CD69 BV/785 (FN50)

CD9 APC Vio770 (REA1071)

BD Biosciences  RRID:
Biolegend RRID:
Biolegend RRID:
Biolegend RRID:
Biolegend RRID:
BD Biosciences  RRID:

Biolegend RRID:
Biolegend RRID:
Biolegend RRID:
Biolegend RRID:
BioLegend RRID:
Miltenyi RRID:

Biolegend RRID:
Biolegend RRID:
Biolegend RRID:
Biolegend RRID:
Biolegend RRID:
Biolegend RRID:
Biolegend RRID:
BD Biosciences  RRID:

Biolegend RRID:
Miltenyi RRID:
Biolegend RRID:
eBiosciences RRID:

Biolegend RRID:
Biolegend RRID:
Biolegend RRID:
Biolegend RRID:
Biolegend RRID:
BD Biosciences  RRID:
Biolegend RRID:
BD Biosciences  RRID:
Miltenyi RRID:

AB_2743211; Cat#745740
AB_2721550; Cat#313222
AB_893222; Cat#313212
AB_2562022; Cat#351334
AB_314186; Cat#301804
AB_10643005; Cat#561306
AB_2563967, Cat#339928
AB_314236; Cat#302206
AB_314018; Cat#300104
AB_314252; Cat#302304
AB_2564351; Cat#329308
AB_2656117; Cat#130-111-289
AB_2565526; Cat#329310
AB_2800856; Cat#329314
AB_2074200; Cat#329306
AB_314060; Cat#300406
AB_1731852; Cat#343504
AB_314086; Cat#300518
AB_2716000; Cat#338815
AB_2869519; Cat#563792
AB_2174123; Cat#304029
AB_2658317; Cat#130-108-717
AB_2783195; Cat#328315
AB_2573891; Cat#46-9490-42
AB_2128193; Cat#328012
AB_2632673; Cat#300634
AB_2734292; Cat#316017
AB_830793; Cat# 318906
AB_2749970; Cat#362557
AB_2744431; Cat#565704
AB_2749997; Cat#310947
AB_2738441; Cat#563834
AB_2733145; Cat#130-118-871
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REAGENT or RESOURCE SOURCE IDENTIFIER
CD94 A0867 Biolegend RRID: AB_2814142; Cat#305521
CD94 AF700 (DX22) Novus RRID: AB_962803; Cat#NB100-64104AF700

CD94 BUV737 (HP-3D9)
CD94 FITC (DX22)

ckit PE-Cy7 (104D2

CRTH2 AF647 (BM16)
CXCR3 BV605 (G025H7)
CXCR4 BV421 (12G5)
CXCR6 A0804

CXCR6 BV421 (K041E5)
EOMES PE/eFluor610 (WD1928)
FC Blocking Reagent
FcERJa FITC (AER-37)
GM-CSF PE (BVD2-21C11)
Grz B PE (GB11)

Hobit (ZNF683) AF647 (Sanquin-Hobit/1)

IFNg BV421 (4S.B3)

IL1R1 PE (polyclonal)

IL2 (MQ1-17H12)

1L22 APC (REA466)

Ki-67 BV421 (Ki-67)

KLRG1 A0153

KLRG1 BV785 (2F1/KLRG1)
KLRG1 PE/Dazzle 594 (368,608)
NKp30 711 (p30-15)

Nkp30 PE (P30-15)

NKp44 BV786 (P44-8)
Nkp80 A0923

NKp80 APCVi0770 (REA845)
NKp80 FITC (4A4.D10)
Nkp80 PE (REA845)

Perforin BV421 (dG9)
Perforin Pe-Cy7 (B-D48)
TBET 711 (O4-46)

TCRa/b FITC (IP26)

TCRy/d FITC (B1)

TNF-a BV785 (FN50)
anti-human TGF-b1

Eomes

CD56

aSMA

CD45

BD Biosciences
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
BioLegend
eBiosciences
Miltenyi
Biolegend
BioLegend

BD Biosciences
BD Biosciences
Biolegend
Biotechne
Biolegend
Miltenyi
Biolegend
Biolegend
Biolegend
Biolegend

BD Biosciences
Biolegend

BD Biosciences
Biolegend
Miltenyi
Miltenyi
Miltenyi
Biolegend
Biolegend

BD Biosciences
Biolegend
Biolegend

BD Biosciences
Biolegend
R&D Systems
R&D Systems
ThermoFisher

NovusBio

RRID: AB_2873190; Cat#748787
RRID: AB_314534, Cat#305504
RRID: AB_893222; Cat#313212
RRID: AB_10642025; Cat#350104
RRID: AB_2562200; Cat#353727
RRID: AB_11146018; Cat#306518
RRID: AB_2800961,; Cat#356021
RRID: AB_2563873; Cat#356014
RRID:; Cat#61-4877-42

RRID: AB_2892112; Cat#130-059-901
RRID: AB_1227653; Cat#334608
RRID: AB_2085532; Cat#502306
RRID: AB_10561690; Cat#561142
RRID: AB_2739629; Cat#566250
RRID: AB_2561398; Cat#502532
RRID: AB_2124912; Cat#FAB269P-100
RRID: AB_2563878; Cat#500334
RRID: AB_2652429; Cat#130-106-959
RRID: AB_2563860; Cat#350506
RRID: AB_2750373; Cat#367721
RRID: AB_2629749; Cat#138429
RRID: AB_2572135; Cat#368608
RRID: AB_2738169; Cat#563383
RRID: AB_756111; Cat#325207
RRID: AB_2742134; Cat#744304
RRID: AB_2814274, Cat#346709
RRID: AB_2653031; Cat#130-112-593
RRID: AB_10829948; Cat#130-094-843
RRID: AB_2653022; Cat#130-112-590
RRID: AB_2566204; Cat#308122
RRID: AB_2571973; Cat#353316
RRID: AB_2738136; Cat#563320
RRID: AB_314644; Cat#306706
RRID: AB_1575108; Cat#331208
RRID: AB_2738441, Cat#563834
RRID: AB_2810654; Cat#521708
RRID: AB_10569705; Cat#AF6166
RRID: AB_442152; Cat#AF2408
RRID: AB_2572996; Cat#14-9760-82
RRID: AB_2864384; Cat#NBP2-34528
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REAGENT or RESOURCE SOURCE IDENTIFIER

CD3e Abcam RRID: AB_1191514; Cat#ab271850
CD9%4 biorbyt RRID: AB_2922808; Cat#orb308626
CD32 BioLegend RRID: AB_314333; Cat#303201
CD36 Miltenyi RRID: AB_2819615; Cat#130-124-322
KLRG1 Miltenyi RRID: AB_2889702; Cat#130-126-458
mouse 19G Sigma RRID: AB_1163670 I; Cat#5381

Chemicals, peptides, and recombinant proteins

1L2(1S) Miltenyi Cat#130-097-748
IGF-B1 Miltenyi Cat#130-095-066
IL-7 Miltenyi Cat#130-095-363
IL-15 Immunotools Cat#11340155
IL-12 Immunotools Cat#11349125
Viability Zombie Green Biolegend Cat#423112
viability Zombie-Aqua Biolegend Cat#423102
FLT3L Immunotools Cat#11343303
Medium F-12 Nut Mix (+) L-Glutamin Gibco Life Cat#21765-029
Antibiotic-Antimyotic Gibco Life Cat#15240-062
Human Serum AB Plasma Sigma Cat#H3667-100mL
Sodium Selenite Sigma (Merck)  Cat#S5261
2- Mercaptoethanol Gibco Life Cat#31350-010
Ascorbic Acid European Cat#A1300000
Pharmacopoeia
Reference
DMEM Gibco Life Cat#41965
Penicillin/Streptomycin PAN Cat#P06-07100
Fetal bovine serum low in endotoxin A.H.  Sigma Cat#F7524-500mL
Deposited data
scRNASeq data from Heinrich et al.23 re-analyzing GEO: GSE179795

external dataset

scRNASeq data batch 1 This paper GEO: EGAS00001006847
scCRNASeq data batch 2 This paper GEO: EGAS00001006847
scRNASeq data tissue batch 1&2 This paper GEO: EGAS00001006847
Experimental models: Cell lines

Human LSECs ScienCell Cat#5000

Human Hepatocytes ScienCell Cat#5200

Human Hepatic Stellate Cells ScienCell Cat#5300

Human Umbilical Vein Endothelial Cells ScienCell Cat#8000
Oligonucleotides

Costumized primer Oligos for qPCR are IDT N/A

listed in Table S4 and are all tested for

product length by gel electrophoresis

TrueBlack® Lipofuscin Autofluorescence  Biotium Cat#23007

Quencher

Ultra Filters Amicon N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

salmon sperm DNA Thermo Fisher Cat#AM9680

MWCO filter columns ThermoFisher Cat#UFC505096

Software and algorithms

Prism 9 Graphpad N/A

Excel 2011 Microsoft N/A

Powerpoint 2001 Microsoft N/A

Cellranger mkfastq 3.0.2 10X Genomics ~ N/A

R package Seurat 3.1.1 cran.r- N/A
project.org

NormalizeData Function R N/A
package

FindVariableFeatures Function R N/A
package

ScaleData Function R N/A
package

FindClusters Function R N/A
package

FindAllMarkers Function R N/A
package

AddModuleScore Function R N/A
package

CellphoneDB 2.0.0 Function R N/A
package

FindMarkers Function R N/A
package

FlowJo 10.7.1 BD Bioscience N/A

Affinity Designer 2.0 Affinity tools N/A

Affinity Publisher 2.0 Affinity tools N/A

HALO® Image Analysis software ( Indica Labs N/A

CODEX® instrument manager software Akoya N/A

(Akoya Biosciences

Other

Axio Observer 7 inverted microscope Zeiss N/A

CODEX® instrument Akoya N/A

multicycle CO-Detection by IndEXing Akoya N/A
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