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SUMMARY

The liver is an important metastatic organ that contains many innate immune cells, yet little is known about

their role in anti-metastatic defense. We investigated how invariant natural killer T (iNKT) cells influence colo-

rectal cancer-derived liver metastasis using different models in immunocompetent mice. We found that he-

patic iNKT cells promote metastasis by creating a supportive niche for disseminated cancer cells. Mechanis-

tically, iNKT cells respond to disseminating cancer cells by producing the fibrogenic cytokines interleukin-4

(IL-4) and IL-13 in a T cell receptor-independent manner. Selective abrogation of IL-4 and IL-13 sensing in

hepatic stellate cells prevented their transdifferentiation into extracellular matrix-producing myofibroblasts,

which hindered metastatic outgrowth of disseminated cancer cells. This study highlights a novel tumor-pro-

moting axis driven by iNKT cells in the initial stages of metastasis.

INTRODUCTION

Colorectal cancer (CRC) is the third most common cancer world-

wide. The liver is a frequent site of metastasis due to its direct

connection with the gut, its low blood flow, and unique vascular

structure.1–3 In fact, liver metastases are found in 30–50% of

CRC patients, often already at the time of diagnosis.4,5

A study of nearly 1,000 CRC patients identified liver fibrosis as

a prognostic parameter for liver metastases.6,7 Fibrosis is a

result of protracted inflammation and is characterized by exces-

sive extracellular matrix (ECM) deposition.8 Functionally, fibrosis

is thought to support malignant progression by fostering a

growth-permissive environment for disseminated cancer cells.9

Hepatic stellate cells (HSCs) are central mediators of the fibrotic

response. Upon activation, HSCs transdifferentiate into fibro-

genic myofibroblasts that drive ECM accumulation and tissue re-

modeling.10,11 HSCs can be activated by a plethora of stimuli,

including oxidative stress, metabolic alterations, and inflamma-

tory cytokines, such as transforming growth factor β (TGF-β),

IL-4, and IL-13.12

The liver is an important immune organ that constantly faces

toxins from intestinal bacteria and circulating antigens. There-

fore, various mechanisms that suppress adaptive immunity are

in place to maintain homeostasis.13 The liver contains an abun-

dant population of resident innate immune cells, including natu-

ral killer (NK) cells, innate lymphocytes (ILCs), and natural killer T

(NKT) cells. The latter recognize glycolipid antigens presented by

the major histocompatibility complex (MHC) class I-like CD1d

molecule.14 CD1d-restricted NKT cells comprise two main

subsets: type I and type II NKT cells. In mice, type I NKT cells ex-

press the invariant T cell receptor (TCR) α chain Vα14-Jα18

and are therefore referred to as invariant NKT (iNKT) cells.

Experimentally, iNKT cells are usually activated by α-galactosyl-

ceramide (α-GalCer), a product of marine sponges,15 whereas

the physiological lipid antigens may be manifold and are less

characterized.14 Type II NKT cells express a polyclonal TCR

repertoire and recognize self and microbial lipids.16 In the mouse

liver, 30% of all lymphocytes are NKT cells, most of which are

iNKT cells.17 Mucosal-associated invariant T (MAIT) cells are

thought to be the iNKT counterpart in the human liver.18 NKT

cells patrol liver sinusoids and respond to various stimuli

including TCR engagement, cytokines, and ligation of activating

receptors such as Toll-like receptors (TLRs) or NKG2D.19,20

Because of their ability to produce pro- and anti-inflammatory

cytokines, studies describing the influence of NKT cells on

various liver pathologies reported conflicting conclusions.21,22

That NKT cells promote liver fibrosis, however, became unequiv-

ocally clear from different models of acute and chronic liver

damage.23–26 Although fibrosis is associated with metastasis in

human cancer and the fibrogenic capacity of iNKT cells is recog-

nized, a direct link between these processes has not yet been

shown.
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Here, we sought to investigate whether and how hepatic iNKT

cells influence the development of liver metastasis. Using iNKT

cell-deficient mouse strains and two different models for CRC-

derived liver metastasis, we discovered that iNKT cells facilitate

the expansion of disseminated cancer cells in the liver. Mecha-

nistically, disseminated cancer cells stimulate iNKT cells to pro-

duce IL-4 and IL-13, which in turn activate HSCs. This results in

the formation of a fibrotic niche in the liver allowing the outgrowth

of disseminated cancer cells.

RESULTS

iNKT cells promote colorectal cancer-derived liver

metastasis

We established two different models based on CRC organoids.

The organoids (termed APTKA27–29) harbor deletions of the

genes Apc, Tp53, and Tgfbr2, the activating mutation KrasG12D,

and a myristoylated version of human AKT. The first model

(Figure S1A) involves the orthotopic injection of cancer organo-

ids into syngeneic C57BL/6 mice using an endoscopy-guided in-

jection method.30,31

The orthotopic model reflects the natural course of colorectal

cancer-derived liver metastasis: a primary colon tumor develops

and sheds disseminating cancer cells, which continuously seed

the liver. The advantage of this model is the involvement of all

steps of the metastatic cascade. The unclear and unsynchro-

nized start of cancer cell dissemination to the liver, however, pre-

cludes the analysis of early events that occur after seeding.

To investigate the effects of cancer cell dissemination to the

liver, we used the intrasplenic injection model. This procedure

(Figure S1B) introduces a single bolus of cancer organoids in

the spleen, which immediately enter the liver via the portal vein

in a synchronized fashion. An additional advantage of this model

is that we can uncouple the processes in the liver from the influ-

ence of the primary tumor. Each of these complementary models

was used to address specific questions.

To study the influence of NKT cells on metastatic liver disease,

we orthotopically injected APTKA organoids into Cd1d − /− and

Traj18 − /− mice and used C57BL/6 mice as control. Cd1d − /−

mice lack both type I and II NKT cells, whereas Traj18 − /− mice

only lack iNKT (type I NKT) cells (Figures S1C and S1D).32,33

We collected and analyzed primary colon tumors and livers

42 days after injection (Figure 1A). While the weight of the pri-

mary colon tumor was similar in all strains, the metastatic rate

and burden were significantly lower in iNKT cell-deficient mice

(Figures 1B, 1C, and S1E), indicating a tumor-promoting function

for hepatic iNKT cells. Rag1 − /− mice, which lack NKT, T, and B

cells, showed similar protection against liver metastasis

(Figures S1F–S1I), suggesting that iNKT cells do not promote

metastasis through the regulation of anti-metastatic functions

of adaptive immune cells.

To exclude systemic effects of the primary tumor, we intra-

splenically injected luciferase-expressing APTKA organoids

(APTKA-luc) into Cd1d − /− , Traj18 − /− , and C57BL/6 mice and

measured the metastatic load ex vivo by bioluminescence

20 days later (Figure 1D). This experimental setup confirmed

the results of the orthotopic model (Figures 1E, 1F, S2A, and

S2B), indicating that hepatic iNKT cells promote liver metastasis

in situ and independently of the primary tumor. To exclude

that our findings are a peculiarity of APTKA organoids, we intra-

splenically injected luciferase-expressing MC38 colorectal

(MC38-luc) cancer cells (Figure S2C) and obtained similar results

(Figures S2D–S2F). Together, these results indicate that iNKT

cells promote liver metastasis derived from colon cancer.

Cancer-cell-induced hepatic fibrosis depends on iNKT

cells

Fibrosis is characterized by ECM deposition and remodeling.8 In

the liver, fibrosis is associated with the progression of liver can-

cer,34 the formation of the metastatic niche,35,36 and relies on the

activation of hepatic stellate cells into collagen-producing,

α-SMA+ myofibroblasts.11 Using different models for liver dam-

age, unconventional T cells were shown to be important media-

tors of fibrogenesis.23–26,37–39 Histological analysis of livers in the

orthotopic model (Figure 2A) showed increased fibrosis in meta-

static lesions reflected by prominent collagen deposition

(Figure 2B) and the abundance of α-SMA+ myofibroblasts

(Figure 2C). In isolated metastatic nodules, we found an

increased expression of Acta2 (encoding α-SMA) and Col1a1

(encoding type I collagen); the expression of these transcripts

is associated with the activation of hepatic stellate cells

(Figures 2D and 2E) and is commonly used as an indicator of fi-

brogenesis.40–42 Using Ncr1 Tdtomato Cxcr6 Gfp reporter mice, we

saw an accumulation of NKT cells (defined as CXCR6+ NKp46-

CD8− cells) in established metastatic lesions (Figures 2F, S3A,

and S3B). Further, we observed the colocalization of dissemi-

nated cancer cells and CXCR6+ cells as early as 24 h after seed-

ing (Figure S3C), suggesting early interactions between these

cell types.

To test the hypothesis that iNKT cells are responsible for the

induction of a fibrotic niche, we assessed HSC activation at

the time of cancer cell dissemination to the liver. Thus, we in-

jected C57BL/6 and iNKT-deficient Cd1d − /− and Traj18 − /−

mice with APTKA-mCherry organoids intrasplenically to syn-

chronize cancer cell seeding of the liver (Figure 2G). Twenty-

four hours later, we saw the upregulation of Acta2 and

Col1a1 transcripts and the deposition of collagen only in the

presence of iNKT cells (Figures 2H–2K). This indicates that

HSC activation by disseminated cancer cells depends on

the presence of iNKT cells. The absence of iNKT cells may

change the structure of the liver or influence the entry of can-

cer cells into the liver parenchyma, both of which could be

confounding factors precluding the interpretation of the

abovementioned results. We measured the seeding 3 h after

intrasplenic injection of APTKA-luc cells and confirmed that

the absence of iNKT cells did not affect the early seeding of

cancer cells to the liver (Figures S4A–S4D). Also, APTKA-

mCherry cells were detected by immunofluorescence and

measured at similar amounts by quantitative reverse tran-

scription PCR (RT-qPCR) in C57BL/6 and Cd1d − /− mice

24 h after intrasplenic injection (Figures S4E and S4F). Further,

we excluded gross structural differences between C57BL/6

and Cd1d − /− mice by H&E staining of liver tissue from naive

mice (Figure S4G). Taken together, our results suggest that

the arrival of disseminating cancer cells in the liver activates

HSCs in an iNKT-dependent manner.
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Cancer cell dissemination induces activation of hepatic

iNKT cells

iNKT cells can be activated via their TCR involving antigens pre-

sented by the non-polymorphic MHC class I-like molecule

CD1d. Alternatively and like NK cells, iNKT cells can be activated

by innate signals including IL-12 and ligands for TLRs or

NKG2D.20 To discriminate between TCR-dependent and inde-

pendent activation, we orthotopically injected APTKA organoids

in C57BL/6 mice together with a CD1d-blocking antibody or PBS

(Figure S5A). CD1d-blockade did not influence the weight of the

primary colon tumor or liver metastasis, suggesting that the

metastasis-promoting activity of iNKT cells does not require

cognate TCR interaction (Figures S5B–S5D).

To better understand how hepatic iNKT cells are activated

shortly after seeding of cancer cells, we performed single-cell

RNA sequencing of NKT cells sorted from livers 24 h after intra-

splenic injection of PBS or APTKA organoids (Figures 3A and

S6A). At steady state, most hepatic NKT cells express Tbx21

suggesting a Th1-like polarization. This is in line with their poten-

tial to produce IL-4 and interferon gamma (IFN-γ) after TCR

engagement.17 A small proportion of NKT cells expressed

Th17 signature genes such as Rorc, Blk, Tmem176a, Il22, and

Ccr6 (Figures S6B and S6C). To evaluate differences in the

global population of NKT cells between naive and early metasta-

tic livers, we performed gene set enrichment (GSE) analysis us-

ing the UCell algorithm for single-cell signature scoring.43,44 NKT

cells isolated from metastatic livers had a higher enrichment

score for gene modules associated with NK cell activation

(Figure S6D), underscoring our findings described above.

Graph-based clustering analysis using the Louvain algo-

rithm45 identified nine distinct NKT cell clusters in the liver of

which cluster 4 was uniquely enriched in the early metastatic

environment (Figures 3B and 3C). Cluster 4 was characterized

by gene signatures associated with IFN-I response, a hallmark

Figure 1. iNKT cells promote colorectal cancer-derived liver metastasis

(A) APTKA organoids were orthotopically injected into male and female C57BL/6, Cd1d − /− , and Traj18 − /− mice. Primary tumors and livers were collected and

analyzed 42 days later.

(B) Weight of primary colon tumor.

(C) Quantification of liver metastasis. Pooled data from 3 experiments are shown in (B) and (C). Bars represent means ± SD. Symbols represent values from

individual mice. **p < 0.01 (one-way ANOVA).

(D) APTKA-luc organoids were intrasplenically injected into male and female C57BL/6, Cd1d − /− , and Traj18 − /− mice. Ex vivo bioluminescence of the liver was

measured 20 days later.

(E) Representative measurement of liver bioluminescence and (F) quantification of liver bioluminescence. The dotted lines represent the limit of detection. The

solid lines represent the median. Symbols represent values from individual mice. *p < 0.05, **p < 0.01 (unpaired Mann-Whitney U test).
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Figure 2. Cancer-cell-induced hepatic fibrosis depends on iNKT cells

(A) APTKA organoids were orthotopically injected into male and female C57BL/6 or Ncr1 Tdtomato Cxcr6 Gfp mice. Livers were collected and analyzed 42 days later.

(B) Representative metastatic lesion in a C57BL/6 mouse stained with Sirius red. Scale bar represents 50 μm.

(C) Representative metastatic lesion in a C57BL/6 mouse stained with DAPI and anti-α-SMA. Scale bar represents 50 μm.

(D) Parts of the metastatic livers were isolated for qRT-PCR analysis.

(E) Relative quantification of Acta2 and Col1a1 transcripts. Bars represent means ± SD. Symbols represent values from individual isolated liver parts. *p < 0.05

(one-way ANOVA).

(legend continued on next page)
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of innate immune activation. The latter fits with the elevated

abundance of Ifnb1 in the liver lysate of APTKA-injected mice

(Figure S6E). In addition, this cluster displayed gene signatures

pointing to increased production of type 2 cytokines including

IL-4, IL-5, and IL-13 (Figures 3D–3F). Overall, we showed that

hepatic iNKT cells are rapidly activated by disseminated cancer

cells to secrete type 2 cytokines independently of TCR signaling.

Hepatic iNKT cells respond to disseminated cancer cells

by producing IL-4 and IL-13

iNKT cells can produce various cytokines upon activation,

including IFN-γ, IL-4, IL-13, and TGF-β.39 While IFN-γ has antifi-

brotic potential by inducing HSC apoptosis and cell-cycle ar-

rest,46–48 IL-4, IL-13, and TGF-β activate HSCs in vitro and

in vivo.12 We evaluated the production of these four cytokines in

NKT cells following the early dissemination of cancer cells to the

liver. We isolated RNA from NKT cells, which were sorted from

the liver 24 h after the intrasplenic injection of APTKA-mCherry or-

ganoids or PBS (Figure 4A). Compared to NKT cells isolated from

control livers, NKT cells from early metastatic livers expressed

more Il4 and Il13 but not Ifng or Tgfb1 transcripts (Figure 4B). Us-

ing Il4 4Get reporter mice, we observed an increased number of IL-

4+ liver iNKT cells after cancer cell dissemination, thus confirming

the transcript data (Figures 4C–4E and S7A). Next, we looked for

signals that can stimulate iNKT cells independently of their TCR

and found a higher expression of the NKG2D ligands H60 and

Mult149 in livers from APTKA-injected than from PBS-injected

mice (Figure S7B). Along the same lines, NKG2D ligand-mediated

activation of unconventional T cells has been recently described

as a mechanism contributing to metabolic dysfunction-associ-

ated steatohepatitis (MASH) and fibrosis.38,50,51

To test whether NKG2D ligation drives iNKT cell activation

following cancer cell dissemination to the liver, we administered

anti-NKG2D blocking antibody to Il4 4Get reporter mice before in-

trasplenic injection of APTKA-organoids. Twenty-four hours

later, we measured IL-4 production by iNKT cells. NKG2D

blockade did not alter IL-4 production, suggesting that NKG2D

engagement is not essential for early iNKT cell activation in this

model (Figures S7C–S7E). Together, these results indicate that

hepatic iNKT cells respond to the arrival of disseminating cancer

cells with increased production of the fibrogenic cytokines IL-4

and IL-13.

Disruption of IL-4Rα signaling in hepatic stellate cells

impairs fibrogenesis and diminishes metastatic growth

in the liver

To investigate whether IL-4 and IL-13 directly activate HSC dur-

ing the early phase of metastasis, we used Lrat Cre Il4ra fl mice

that have an HSC-specific knockout of the IL-4Rα, which is the

common subunit of the IL-4 and IL-13 receptors.52,53 Following

intrasplenic injection of APTKA-mCherry organoids or PBS, we

observed impaired HSC activation and collagen deposition in

mice with HSC-selective deficiency of IL-4Rα (Figures 5A–5D).

These data indicate that iNKT-derived IL-4 and IL-13 must be

sensed by HSCs for their activation and subsequent initiation

of fibrosis. Consequently, we expected that compromised

HSC activation and diminished fibrosis result in decreased liver

metastasis. To test this hypothesis, we orthotopically injected

APTKA organoids in Lrat Cre Il4ra fl mice and control littermates.

Five weeks later, we assessed the development of the primary

tumor and liver metastasis (Figure 5E). While the weight of the

primary colon tumor was unaffected by HSC-specific deficiency

of IL-4Rα, the incidence of liver metastasis was significantly

reduced (Figures 5F–5H and S8A). We then investigated the

individual roles of IL-4 and IL-13 in disseminated cancer cell-

induced fibrogenesis. We blocked IL-4, IL-13, or both with anti-

bodies before intrasplenic injection of APTKA-mCherry organo-

ids or PBS and quantified the fibrogenic response. Control

mice received isotype control antibodies (Figure S8B). While

blockade of IL-4 or IL-13 alone did not diminish the fibrogenic

response to disseminated cancer cells, simultaneous blockade

of both cytokines significantly reduced collagen deposition

(Figure S8C). In agreement with this finding, simultaneous

blockade of both Th2 cytokines led to reduced Col1a1 expres-

sion (Figure S8D) in the liver. Thus, IL-4 and IL-13 cooperatively

drive fibrosis in response to disseminated cancer cells.

Together, these results indicate that iNKT cell-derived IL-4 and

IL-13 must be sensed by HSC to prepare a fibrotic niche that

promotes metastatic outgrowth of disseminated cancer cells in

the liver.

DISCUSSION

NKT cells are tissue-resident innate immune cells that patrol the

liver sinusoids; as such, they are ideally positioned to act as im-

mediate responders to disseminated cancer cells. The role of

NKT cells in cancer is controversial. Some studies have shown

tumor-restricting effects of α-GalCer-activated NKT cells in

models of experimental metastasis54–57 and in genetic models

of solid tumors.58 Along the same lines, iNKT cell-deficient

mice were more susceptible to methylcholanthrene-induced

fibrosarcoma. Together, these observations suggest that iNKT

cells restrict cancer, even in the absence of exogenous stimula-

tion.59 In contrast, recent work has reported tumor-promoting

functions of NKT cells in primary liver cancer and metas-

tasis.60–64 Those conflicting findings may be attributed to several

(F) Representative immunofluorescence image of a liver metastatic lesion in an Ncr1 Tdtomato Cxcr6 Gfp mouse stained with DAPI, anti-GFP, and anti-CD8. Scale

bar represents 50 μm.

(G) APTKA-mCherry organoids or PBS were intrasplenically injected into male and female C57BL/6, Cd1d − /− , and Traj18 − /− . Livers were collected and analyzed

24 h later.

(H) Relative quantification of Acta2 and Col1a1 transcripts in C57BL/6 and Cd1d − /− mice.

(I) Relative quantification of Acta2 and Col1a1 transcripts in C57BL/6 and Traj18 − /− mice. Bars represent means ± SD. Symbols represent values from individual

mice. *p < 0.05, **p < 0.01, ***p < 0.001 (two-way ANOVA).

(J) Sirius red-stained section of liver and tissue segmentation of Sirius red-positive area.

(K) Quantification of Sirius red-positive area. ***p < 0.001, ****p < 0.0001 (two-way ANOVA).

iScience 28, 112364, May 16, 2025 5

iScience
Article

ll
OPEN ACCESS



factors. First, in many studies that showed a tumor-restricting

function of NKT cells, NKT cells were stimulated with α-GalCer.

Because α-GalCer binds with high affinity to CD1d and is a

strong TCR agonist for iNKT cells, it has been used as a proto-

type stimulus for iNKT cells that triggers IFN-γ secretion. By us-

ing α-GalCer, the response of iNKT cells is skewed toward IFN-γ
production and thus underestimates the effects of iNKT cells

through the production of type 2 cytokines, hedgehog ligands,

or osteopontin.25,65 We found that hepatic iNKT cells, upon

sensing disseminated cancer cells, did not produce IFN-γ but

rather the fibrogenic cytokines IL-4 and IL-13. This suggests

that using a strong stimulus such as α-GalCer to study the role

of iNKT cells in liver metastasis may confound the results. Sec-

ond, early work on iNKT cells used the first generation of the

Traj18 − /− strain, which was later shown to have an impaired

T cell repertoire.66 This limitation was addressed in subsequent

generations of the strain, which were developed to eliminate

the confounding factors present in the initial version.67–69 There-

fore, data collected using the first generation of Traj18 − /− mice

to study the role of iNKT cells should be cautiously interpreted.

Later studies, including ours, used the second generation of

Traj18 − /− strains. Third, the tissue context and environmental

cues influence the function of NKT cells. For instance, it was

shown that microbial exposure dictates whether NKT cells are

pathogenic or protective in conditions such as ulcerative colitis

or liver cancer.70,71

A recent study has shown that tissue-resident iNKT17 cells

facilitate cancer cell extravasation into the liver via IL-22.72

Whether this mechanism is generally operative in liver metas-

tasis is currently unknown. Also, due to the unavailability of tools

that target iNKT or NKT cells, mechanistic studies on how these

cells influence liver metastasis are largely lacking.

We investigated whether and how iNKT cells influence the

development of hepatic metastasis using two mechanistically

different models for CRC-derived liver metastasis and two

mouse strains that lacked either all NKT cells (Cd1d − /− ) or

Figure 3. Cancer cell dissemination induces activation of hepatic iNKT cells

(A) APTKA organoids or PBS were intrasplenically injected into female C57BL/6 mice. Liver NKT cells (single, live, CD45+, lin− , CXCR6+, CD8− , NK1.1+, NKp46-

cells) were sorted 24 h later and processed following the BD Rhapsody single-cell analysis system workflow. Sequencing was performed using the NovaSeq X

Plus platform. Lin = Ly6G, CD19, CD115, and F4/80.

(B) Uniform Manifold Approximation and Projection (UMAP) projection with Seurat clusters overlay.

(C) Comparison of cluster 4 frequency between PBS and APTKA-injected mice.

(D) Single-cell enrichment score of IFN-I response signature from UCell across identified clusters.

(E) Percentage of cells with an enrichment value higher than 0.19. Bars represent means ± SD. Symbols represent values from individual mice. *p < 0.05, **p < 0.01

(unpaired Mann-Whitney U test).

(F) z-transformed enrichment score of selected gene sets across identified NKT cell clusters.

6 iScience 28, 112364, May 16, 2025

iScience
Article

ll
OPEN ACCESS



only iNKT cells (Traj18 − /− ). We found that in the absence of iNKT

cells, disseminated cancer cells failed to form progressive met-

astatic lesions despite equal seeding of the liver. Thus, iNKT cells

promote the survival and/or proliferation of disseminated cancer

cells, which are important bottlenecks for the establishment of

liver metastasis. These findings prompted the hypothesis that

arriving cancer cells are sensed by iNKT cells leading to their

activation. To test this hypothesis, we characterized iNKT cells

isolated from early metastatic and naive livers by single-cell

RNA sequencing. Besides some generic signatures of innate

activation, we found that hepatic iNKT cells displayed an

increased expression of IL-4 and IL-13 within a day after sensing

disseminated cancer cells. These two type 2 cytokines raised

our interest because of their established role in liver fibrosis.73

We show that IL-4 and IL-13 directly activate HSCs, leading to

their transdifferentiation into myofibroblasts and subsequent

deposition of extracellular matrix. HSCs were recently identified

as the primary source of myofibroblasts in the liver and as key

players in fibrosis.11 Depletion of HSCs showed their essential

role in metastatic outgrowth in the liver.74 The underlying mech-

anisms, however, were not addressed in this study and remain

largely unexplored. We discovered here that HSC-specific abla-

tion of the IL-4Rα, which binds both IL-4 and IL-13, significantly

impaired fibrosis and reduced the metastatic burden, underscor-

ing the crucial role of the IL-4Rα signaling pathway in the estab-

lishment of the metastatic niche. Our findings are in line with

studies aiming to identify fibrotic drivers in type 2-driven disease.

Indeed, Il4ra − /− mice were protected against IL-33-driven

fibrosis.75 Further, ablating IL-4Rα signaling in PDGFRB+ fibro-

blasts but not in albumin-expressing hepatocytes or cholangio-

cytes protected mice from liver fibrosis driven by IL-13 overex-

pression or Schistosoma mansoni infection.76 While we

showed that HSCs undergo functional changes in response to

IL-4 and IL-13, we did not formally exclude the possibility that

other cell types produce type 2 cytokines. The fact that the

HSC-specific Il4ra knockout phenocopies the results in iNKT

cell-deficient mice, however, strongly suggests that iNKT cells

are a key source of IL-4 and IL-13 driving HSC activation in our

model. In conclusion, by establishing the mechanistic link be-

tween iNKT cells, fibrosis, and liver metastasis, we discovered

an IL-4/IL-13-driven tumor-promoting function of iNKT cells in

the early stages of liver metastasis.

Limitations of the study

We investigated the role of hepatic iNKT cells in metastasis from

colorectal cancer. Using two experimental models and two cell

lines, we identified an axis involving iNKT cells and hepatic stel-

late cells that facilitates metastasis in its early stages. This

Figure 4. Hepatic iNKT cells respond to disseminated cancer cells by producing IL-4 and IL-13

(A) APTKA-mCherry organoids or PBS were intrasplenically injected into female C57BL/6 mice. NKT cells (single, live, CD45+, lin− , CXCR6+, CD8− , NK1.1+,

NKp46- cells) were sorted from livers 24 h later and processed for mRNA isolation. Lin = Ly6G, CD19, CD115, and F4/80.

(B) Relative quantification of Il4, Il13, Ifng, and Tgfb1 transcripts.

(C) APTKA-mCherry organoids or PBS were intrasplenically injected into male and female Il4 4Get/wt mice. Livers were collected 24 h later and processed for flow

cytometry.

(D) Representative dot plots and (E) quantification of IL-4+ iNKT cells in the liver of PBS- and APTKA-injected mice. Samples were pre-gated on single, live,

CD45+, Ly6G− , CD19− , TCR-β+, CD11b− cells. Bars represent means ± SD. Symbols represent values from individual mice. *p < 0.05, **p < 0.01 (unpaired Mann-

Whitney U test).
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mechanism acts shortly after cancer cells have disseminated to

the liver. We found that iNKT-derived IL-4 and IL-13 are essential

mediators of hepatic stellate cell activation; however, we did not

uncover the mechanism by which disseminated cancer cells

activate iNKT cells. Further, while our histological analyses

demonstrate the liver as an important site of interaction between

iNKT cells and disseminated cancer cells, we do not exclude the

possibility of additional encounters at extrahepatic sites, such as

the bone marrow.

Validating these findings in human samples would require liver

tissue capturing the earliest stages of metastasis. However, liver

biopsies are generally performed only when metastases are clin-

ically apparent and therefore significantly advanced. Further-

more, the sparsity of disseminated cancer cells often causes

them to go undetected in standard histopathological assess-

ments of suspected lesions. Consequently, there is a lack of suf-

ficiently large clinical cohorts of colorectal cancer patients with

early liver dissemination, limiting our ability to examine the initial

events of the metastatic process.
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Figure 5. Disruption of IL-4Rα signaling in hepatic stellate cells impairs fibrogenesis and diminishes metastatic growth in the liver

(A) Scheme explaining the genetic model used.

(B) APTKA-mCherry organoids were intrasplenically injected into male and female Lrat Cre/wt Il4ra fl/fl and Lrat wt/wt Il4ra fl/fl mice. Livers were collected 24 h later.

(C) Relative quantification of Acta2 transcript.

(D) Quantification of Sirius red-positive area. Bars represent means ± SD. Symbols represent values from individual mice. **p < 0.01, ****p < 0.0001 (two-way

ANOVA).

(E) APTKA organoids were orthotopically injected into male and female Lrat Cre/wt Il4ra fl/fl and Lrat wt/wt Il4ra fl/fl mice. Primary tumors and livers were collected and

analyzed 35 days later.

(F) Weight of primary colon tumor.

(G) Quantification of liver metastasis. Bars represent means ± SD. Symbols represent values from individual mice (unpaired Mann-Whitney U test).

(H) Incidence of liver metastasis in tumor-bearing mice. *p < 0.05 (Fisher’s exact test).
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Donkey Anti-Rabbit Polyclonal IgG – AF594 Jackson ImmunoResearch 711-585-152; RRID: AB_2340621

Donkey Anti-Goat Polyclonal IgG – AF488 Jackson ImmunoResearch 705-545-147; RRID: AB_2336933

Donkey Anti-Rat IgG Polyclonal IgG – AF647 Jackson ImmunoResearch 712-605-153; RRID: AB_2340694

Rat Monoclonal CD1d (20H2) BioXCell BE0179; RRID: AB_10949293

Rat Monoclonal NKG2D (CX5) BioXCell BE0334; RRID: AB_2894754

Rat Monoclonal Horseradish Peroxidase (HRPN) BioXCell BE0088; RRID: AB_1107775

Rat Monoclonal IL-4 (11B11) BioXCell BE0045; RRID: AB_1107707

Rat Monoclonal IL-13 (eBio1316H) Invitrogen 16-7135-81; RRID: AB_763562

Chemicals, peptides, and recombinant proteins

Zombie NIR Fixable Viability Kit Biolegend 423106; RRID: N/A

DAPI Invitrogen D1306

Cultrex Reduced Growth Factor Basement

Membrane Extract, Type 2, Pathclear

Bio-Techne 3533-005-002

Advanced DMEM/F-12 Gibco 12634-010

DMEM Gibco 41966-029

DPBS Gibco 14190144

Fetal Bovine Serum Gibco A5256701

N-Acetyl-L-cysteine 500mM (400X) Sigma-Aldrich A9165

N-2 Supplement (100X) Gibco 17502048

B-27 Supplement (50X) Gibco 17504-44

HEPES (1M) Gibco 15630-056

Puromycin (10mg/ml) InvivoGen Ant-pr-1

Hygromycin B (50mg/ml) Gibco 10687010

L-Glutamine (200mM) Gibco 25030081

Penicillin-Streptomycin (10’000 U/ml;10 mg/ml) Sigma-Aldrich P4333

TrypLE Express Enzyme, no phenol red Gibco 12604013

NutriFreez D10 Cryopreservation Medium Sartorius 05-713-1E

Polyethylenimine (PEI) Polysciences 23966-1

Polybrene Infection / Transfection Reagent Sigma-Aldrich TR-1003

G418 InvivoGen ant-gn-1

RPMI 1640 medium Gibco 21875034

Collagenase Type IV Thermo Fisher Scientific 17104019

DNAse I Roche 10104159001

GENEzol Geneaid GZR200

RNase Inhibitor Applied Biosystems N8080119

DNase I, RNase-free Thermo Fisher Scientific EN0521

Reaction Buffer with MgCl2 for DNase I Thermo Fisher Scientific B43

ProLong Diamond Antifade Mountant Invitrogen P36965

ImmEdge hydrophobic pen Vector Laboratories H-4000

Roti-Histofix 4 % Carl Roth P087.3

D(+)Saccharose Carl Roth 9097.2

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Tissue-Tek O.C.T. Compound Sakura Finetek 4583

Tissue-Tek Cryomold Standard Sakura Finetek 4557

Bovine Serum Albumin (BSA) Fraction V, NZ-Origin Carl Roth 8076.4

Ethanol absolute VWR Chemicals 20821.321

Superfrost Plus Adhesion Microscope Slides VWR J1800AMNZ

Triton X-100 Sigma-Aldrich X100

TWEEN 20 Sigma-Aldrich P1379

Fast green FCF (C.I. 42053) Sigma-Aldrich F7258-25G

Direct Red 80 Sigma-Aldrich 365548-5G

Picric acid solution, saturated Sigma-Aldrich P6744-1GA

Acetic acid (glacial) 100% anhydrous Sigma-Aldrich 1000631000

UltraClear Biosystems 3905.9010PE

Eukitt Quick-hardening mounting medium Sigma-Aldrich 03989

VivoGlo Luciferin, In Vivo Grade Promega P1043

Percoll Sigma-Aldrich GE17-0891-01

Critical commercial assays

Quick-RNA MicroPrep Kit Zymo Research R1051

PowerUp SYBR Green Master Mix Applied Biosystems A25742

TaqMan Fast Advanced Master Mix Applied Biosystems 4444557

BD Rhapsody Cartridge kit BD 633733

BD Rhapsody Enhanced Cartridge Reagent Kit BD 664887

BD Rhapsody cDNA kit BD 633773

BD Rhapsody WTA amplification kit BD 633801

Single-Cell Sample multiplexing kit BD 633793

Foxp3 / Transcription Factor Staining Buffer Set Invitrogen 00-5523-00

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems 4368813

Deposited data

Single-cell RNA sequencing data This paper GEO: GSE274890

Experimental models: Cell lines

APTKA Provided by Florian Greten

(Georg-Speyer-Haus, Germany)

N/A

APTKA-luc This paper N/A

APTKA-mCherry This paper N/A

MC-38 Provided by Mark Smyth

(QIMR Berghofer Medical

Research Institute, Australia)

N/A

MC38-luc This paper N/A

Experimental models: Organisms/Strains

C57BL/6NRj Janvier Labs N/A

Cd1d -/-: B6.129S6-Del(3Cd1d2-Cd1d1)1Sbp/J The Jackson Laboratory RRID: IMSR_JAX:008881

Traj18 -/-: B6.Cg-Traj18<tm1.1Kro>/N Provided by Paolo

Dellabona (IRCCS, Italy)

N/A

Cxcr6 Gfp/Gfp: B6.129P2-Cxcr6<tm1Litt>/J The Jackson Laboratory RRID: IMSR_JAX:005693

R26R Ai14/Ai14: B6.Cg-Gt(ROSA)

26Sor<tm14(CAG-tdTomato)Hze>/J

The Jackson Laboratory RRID: IMSR_JAX:007914

Ncr1 Cre/wt R26R Ai14/wt:

B6.Cg-Ncr1<tm1.1(icre)Viv> x

B6.Cg-Gt(ROSA)26Sor<tm9(CAG-tdTomato)Hze>

Provided by Sonia Tugues

(UZH, Switzerland)

N/A

(Continued on next page)

iScience 28, 112364, May 16, 2025 e3

iScience
Article

ll
OPEN ACCESS



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Lrat Cre/wt R26R Ai14/Ai14:

B6.Cg-Tg(Lrat-cre)1Rshw/Mmjax x

B6.Cg-Gt(ROSA)26Sor<tm9(CAG-tdTomato)Hze>

Provided by Ingmar

Mederacke (MHH, Germany)

MGI:5545650

Il4ra fl/fl ll13 Smart13/Smart13 Arg1 Yfp/Yfp:

B6.C-Il4ra<tm2Fbb> x B6.129S4-Arg1<tm1Lky>/J x

B6.129S4(C)-Il13<tm2.1Lky>/J

Provided by Christoph

Schneider (UZH, Switzerland)

N/A

Rag1 -/-: B6.129S7-Rag1<tm1Mom>/J The Jackson Laboratory RRID: IMSR_JAX:002216

Il4 4Get/wt: B6.129-Il4<tm1Lky>/J Provided by Manfred

Kopf (ETHZ; Switzerland)

N/A

Oligonucleotides

Il4 (Mm00445259_m1) Thermo Fisher Scientific 4331182

Il13 (Mm00434204_m1) Thermo Fisher Scientific 4331182

mCherry (Mr07319438_mr) Thermo Fisher Scientific 4331182

Gapdh (Mm99999915_g1) Thermo Fisher Scientific 4331182

Ifng (Mm01168134_m1) Thermo Fisher Scientific 4331182

Tgfb1 (Mm01178820_m1) Thermo Fisher Scientific 4331182

Acta2_fw: AGCCATCTTTCATTGGGATGG This paper N/A

Acta2_rv: CCCCTGACAGGACGTTGTTA This paper N/A

Col1a1_fw: GCTCCTCTTAGGGGCCACT This paper N/A

Col1a1_rv: CCACGTCTCACCATTGGGG This paper N/A

Gapdh_fw: TCGTGGATCTGACGTGCCGCCTG This paper N/A

Gapdh_rv: CACCACCCTGTTGCTGTAGCCGTAT This paper N/A

Mult1_fw: CACCTGTGTTTATGCAGATTGAT This paper N/A

Mult1_rv: TCTGAGATGCTGTCGGAAATTCA This paper N/A

H60_fw: GAGCCACCAGCAAGAGCAA This paper N/A

H60_rv: CCAGTATGGTCCCCAGATAGCT This paper N/A

Recombinant DNA

pLenti PGK V5-LUC Neo (w623-2) Addgene 21471; RRID: Addgene_21471

pLV-mCherry Addgene 36084; RRID: Addgene_36084

pCMV-dR8.91 Provided by Christian

Münz (UZH, Switzerland)

N/A

pMD2.G Addgene 12259; RRID: Addgene_12259

Software and algorithms

R v4.2.2 The R Foundation for

Statistical Computing

https://www.r-project.org/

ImageJ2 v2.14.0 N/A https://imagej.net/software/imagej2/

Rstudio v2023.03.0 Posit PBC https://posit.co/download/rstudio-desktop/

Inform v2.6 PerkinElmer https://www.akoyabio.com/

phenoimager/inform-tissue-finder/

Phenochart v2.2.0 PerkinElmer https://www.akoyabio.com/

software-data-analysis/

FlowJo v10.9.0 FlowJo LLC https://www.flowjo.com/

Other

Injection syringe Hamilton 7656-01

Hopkins Telescope Karl Storz 64301AA

Intravascular catheter BD 381337

Mucosal injection needle

(33 gauge, small-hub RN

needle, 45◦, 400mm, point style 4)

Hamilton 7803-05

RN Nut Hamilton 30902

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

C57BL/6NRj mice were purchased from Janvier Labs. Cd1d -/- mice77 and Cxcr6 Gfp/Gfp mice78 were purchased from The Jackson

Laboratory. Traj18 -/- mice69 were provided by Paolo Dellabona (IRCCS, Italy). R26R Ai14/Ai14 mice79 were provided by Melanie Greter

(UZH, Switzerland). Ncr1 Cre/wt R26R Ai14/wt mice80 were provided by Sonia Tugues (UZH, Switzerland). Ncr1 Cre/wt R26R Ai14/wt were

crossed to Cxcr6 Gfp/Gfp mice to obtain Ncr1 Cre/wt R26R Ai14/wt Cxcr6 Gfp/wt (Ncr1 Tdtomato Cxcr6 Gfp) mice. Lrat Cre/wt R26R Ai14/Ai14

mice11 were provided by Ingmar Mederacke (MHH, Germany). Il4ra fl/fl ll13 Smart13/Smart13 Arg1 Yfp/Yfp mice53,81,82 were crossed to

Lrat Cre/wt R26R Ai14/Ai14 mice to obtain Lrat Cre/wt Il4ra fl/fl mice. Lrat Cre/wt Il4ra fl/fl mice were used for the selective deletion of Il4ra

in hepatic stellate cells. Cre-negative littermates were used as control. Rag1 -/- mice83 were provided by Burkhard Becher (UZH,

Switzerland). Il4 4Get/wt mice84 were provided by Manfred Kopf (ETHZ, Switzerland).

All strains have a C57BL/6 background. Eight-to-twelve-week-old mice of either sex were used with equal age- and sex-distribu-

tion among experimental groups. Breeding and experiments were performed under specific pathogen-free (SPF) conditions in facil-

ities of the Laboratory Animal Services Center (LASC) at the University of Zurich. Mice had access to food and water ad libitum and

were kept in a 12-hour light/dark cycle. All mouse experiments were performed according to Swiss cantonal and federal regulations

on animal protection and approved by the Swiss Cantonal Veterinary Office (license numbers 156/2018 and 031/2021).

Organoids and cancer cell lines

APTKA organoids were provided by Florian Greten (Georg-Speyer-Haus, Germany). The MC38 cell line was originally provided by

Mark Smyth (QIMR Berghofer Medical Research Institute, Australia). Cell lines were not authenticated. Cells were tested negative

for Mycoplasma ssp. by PCR analysis. Cells were also tested negative for 18 additional mouse pathogens by PCR (IMPACT II

Test, IDEXX Bioanalytics).

Organoids and cancer cells were cultured at 37◦C in a humid atmosphere with 5% CO2. APTKA organoids were embedded in

Basement Matrix Extract type 2 (BME, Bio-Techne) and cultured with organoid medium, consisting of Advanced DMEM/F-12

(Gibco), supplemented with 10 mM HEPES (Gibco), 100 U/ml Penicillin, 100 μg/ml Streptomycin (Sigma-Aldrich), 2 mM

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Camera control unit IMAGE1 S CONNECT Karl Storz TC200

Monitor Karl Storz 9826NB

Camera Head Karl Storz TH102

Light cable Karl Storz 495 FS

Light source Karl Storz 20133720-1

Operating sheath Karl Storz 61029D

Coated VICRYL Polyglactin 910 Ethicon V303H

Wound clips 9 mm Clay Adams 427631

Wound clip applier Fine Science tools 12020-09

Lacryvisc ophtalmic ointment Alcon 1857926

Insulin syringe 0.5 ml B Braun 9151125S

70 μm Cell Strainers Biologix 15-1070-2

UltraComp eBeads Plus

Compensation Beads

Invitrogen 01-3333-42

FastPrep-24 homogenizer MP Biomedicals 116004500

Zirconium oxide beads Labgene Scientific BER103BK

BD FACSAria III cell sorter BD N/A

BD FACSymphony S6 5L cell sorter BD N/A

Cytek Aurora 5L Cytek Biosciences N/A

LightCycler 480 II Roche 05015278001

Vectra 3 Automated Quantitative

Pathology Imaging System

PerkinElmer N/A

IVIS Imaging System 200 PerkinElmer N/A

Cryostar NX70 Cryostat Epredia 15380755
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L-Glutamine (Gibco), 1.25 mM N-Acetyl-L-cysteine (Sigma-Aldrich), 1% N-2 and 2% B-27 supplements (Gibco). MC38 cells were

cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum (Gibco), 100 U/ml Penicillin, 100 μg/ml Streptomycin

(Sigma-Aldrich) and 2 mM L-Glutamine (Gibco).

mCherry-expressing APTKA (APTKA-mCherry), luciferase-expressing MC38 (MC38-luc), and luciferase-expressing APTKA

(APTKA-luc) organoids were generated by lentiviral transduction using 8 μg/ml polybrene (Sigma-Aldrich). Lentiviruses were pro-

duced by co-transfection of the respective lentiviral expression vector pLV-mCherry (Addgene #36084) and pLenti PGK V5-LUC

Neo (Addgene #21471) and the viral packaging envelope plasmids pMD2g (Addgene #12259) and pCMV-dR8.91 (provided by Chris-

tian Münz, UZH, Switzerland) into 293T cells (ATCC, CRL-3216). A DNA:polyethylenimine (Polysciences) μg ratio of 1:3 was used for

transfection. mCherry+ cells were sorted by Fluorescence-Activated Cell Sorting (FACS). Luciferase-expressing MC38 and APTKA

cells were selected with 500 μg/ml G418 (InvivoGen) for 10 days. Clonal selection was then performed for all cell and organoid lines.

METHOD DETAILS

Collection and expansion of APTKA organoids

Cryopreserved organoids were thawed and seeded in 4 domes of BME (75 μl each) on 6-well plates and transferred to a 37◦C cell

culture incubator. Once the BME was polymerized, 3 ml of organoid medium were added to each well. To collect organoids for

passaging or injection, the medium was aspirated. One ml of ice-cold PBS was added per seeded well. The domes from each

well were mechanically disrupted using a bent 1-ml pipette tip, and organoids were transferred into a 15-ml tube containing 10 ml

of ice-cold PBS. The organoids were then centrifuged for 5 minutes at 290 g, and the supernatant was aspirated. The cell pellet

was resuspended with a 200-μl bent pipette tip in 0.5 ml of ice-cold PBS to dissociate the organoids. Ten ml of ice-cold PBS was

then added. The cells were centrifuged for 5 minutes at 290 g and the supernatant was aspirated. For further culture, dissociated

APTKA organoids were resuspended in BME.

Orthotopic injection of APTKA organoids

Orthotopic injection of organoids was performed as described.31 Following harvesting as outlined above, two domes (approximately

1.5 x 105 cells) of APTKA or APTKA-mCherry organoids were resuspended in 70 μl PBS. Mice were anesthetized and transferred onto

a warming pad set at 37◦C. Ophthalmic ointment (Alcon) was applied to the eyes to prevent drying. The colon was cleaned with a

rapid enema with 5-10 ml PBS pre-warmed to 30◦C using the plastic tubing of a 20G x 48 mm intravascular catheter (BD) attached

to a 20-ml syringe (B Braun). Organoids were injected into the distal colon mucosa by colonoscopy-guided mucosal injection with a

custom injection needle (Hamilton).

MC38 cells were not used in the orthotopic model due to the failure to form a primary colon tumor. Metastatic nodules were

counted using a stereotactic microscope.

Intrasplenic injection of APTKA organoids or MC38 cells

Intrasplenic injection of APTKA organoids or MC38 cells was performed as described.85,86 1.5 x 105 cells from dissociated APTKA-

luc or APTKA-mCherry organoids or 5 x 105 MC38-luc cells were resuspended in 50 μl PBS. Pre-emptive analgesia (0.04 mg/kg fen-

tanyl and 0.1 mg/kg buprenorphine) was administered by intraperitoneal injection. Mice were anesthetized and transferred onto a

warming pad set at 37◦C. Ophthalmic ointment (Alcon) was applied to the eyes to prevent drying. The mice were placed in a lateral

position on the right side. The fur along the torso was shaved, and the skin was scrubbed with a sterile pad wetted with 70% ethanol.

A single 1-cm incision was made in the left upper abdominal wall to access the peritoneal cavity, and the spleen was exposed on a

sterile gaze using surgical forceps. APTKA organoids or MC38 cells were injected into the spleen using a 0.5-ml U-100 insulin syringe

with a 30G x 8 mm needle. After 15 seconds, the needle was retracted, and the injection site was compressed using a sterile gauze.

After 3 minutes, the splenic artery and vein were ligated near the hilum with 2 stitches each using a surgical needle holder and absorb-

able coated polyglactin sutures (Ethicon). Immediately thereafter, the spleen was resected. The peritoneal wall was sutured with 3

stitches and the skin was closed with wound clips (Clay Adams). Mice received buprenorphine (0.01 mg/ml) ad libitum for 48 hours

after surgery. Metastases were visualized and quantified using an IVIS 200 imaging system (PerkinElmer).

Ex vivo bioluminescence

APTKA-luc- and MC38-luc-derived metastases were visualized and quantified using an IVIS 200 imaging system (PerkinElmer) 20 mi-

nutes after intraperitoneal injection (i.p.) of 150 mg/kg D-Luciferin in PBS (Promega).

Injection of monoclonal antibodies

To block CD1d, mice were injected i.p. with anti-mouse CD1d (100 μg/mouse; BioXCell) in 100 μL of PBS immediately after organoid

injection and then twice weekly. Control mice received 100 μL of PBS on the same schedule. For cytokine blockade, anti-mouse IL-4

(500 μg/mouse; BioXCell) or anti-mouse IL-13 (200 μg/mouse; Invitrogen) was injected i.p. in 100 μL or 200 μL of PBS, respectively, 1

hour before organoid injection. To block NKG2D, mice were injected i.p. with anti-mouse NKG2D (500 μg/mouse; BioXCell) in 100 μL

of PBS, 1 hour before organoid injection. Anti-HRPN (500 μg/mouse; BioXCell) served as the isotype control for IL-4, IL-13, and

NKG2D blockade.
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Sorting of NKT cells

Livers were digested into a single-cell suspension. Lymphocyte enrichment was performed using a density gradient centrifugation

step (Percoll, Sigma-Aldrich). The gating strategy did not include staining for TCR-β or the use of CD1d tetramer loaded with PBS57

(an α-GalCer analog) to prevent potential transcriptional changes induced by the interaction of the TCR. Instead, NKT cells were

sorted as single, live, CD45+, Ly6G-, CD19-, CD115-, F4/80-, CXCR6+, CD8-, NK1.1+ NKp46- cells using a FACSAria III (BD) or a

FACSymphony S6 5L (BD) cell sorter.

qRT-PCR

Fifty mg of liver tissue was homogenized in GENEzol Reagent (Geneaid) using zirconium oxide beads (Labgene Scientific) and a

FastPrep tissue homogenizer (MP Biomedicals). Total RNA was isolated by phenol-chloroform extraction following the manufac-

turer’s instructions. 2 units of DNAse I (Thermo Fisher Scientific) per 10 μg of template RNA were used to digest genomic DNA.

RNA was extracted from sorted NKT cells using a Quick-RNA Microprep Kit (Zymo Research) following the manufacturer’s

instructions.

Total RNA was reverse transcribed using a high-capacity cDNA reverse transcription kit (Applied Biosystems). Real-time quanti-

tative PCR was performed using PowerUp SYBR Green (Applied Biosystems) or TaqMan Fast Advanced Master Mix (Applied Bio-

systems). Gapdh was used as an internal reference gene, and the relative expression of target genes was calculated as 2− ΔCt.

Flow cytometry

Livers were harvested in RPMI supplemented with 10% FCS and digested with collagenase IV (1 mg/ml, Thermo Fisher Scientific)

and DNase I (50 μg/ml, Roche) for 45 minutes at 37◦C on a rotating device. Cells were washed with PBS containing 2 mM EDTA

and filtered through a 70-μm strainer (Biologix). Red blood cells were lysed using a red blood cell lysis buffer (17 mM Tris pH 7.2,

144 mM NH4Cl) for 2 minutes and cells were washed with PBS. Following 10 minutes of incubation with anti-CD16/32 in PBS con-

taining 2 mM EDTA, single-cell suspensions were stained for surface molecules in 50 μl antibody mix in PBS containing 2 mM EDTA

for 30 minutes at 4◦C. For CD1d tetramer staining, CD1d-PBS57 or CD1d-unloaded was added to the surface antibody mix and cells

were stained for 15 minutes at room temperature and then 30 minutes at 4◦C. For intracellular staining, cells were fixed and permea-

bilized for 40 minutes at 4◦C using the Foxp3/Transcription Factor Staining Buffer Set (Invitrogen). Single-cell suspensions were then

stained for intracellular molecules in permeabilization buffer overnight at 4◦C. Samples were washed once with permeabilization

buffer and once with PBS 2mM EDTA and were acquired using a Cytek Aurora spectral flow cytometer 5L.

Immunofluorescence

Livers were fixed in 4% formaldehyde (Carl Roth) for 4 hours at room temperature and subsequently dehydrated in 15%, followed by

30% sucrose (Carl Roth) in PBS for 24 hours in each solution at 4 ◦C. Livers were then embedded and frozen in O.C.T. (Sakura), and

10-μm cryosections were cut using a cryotome. Sections were dried for 30 minutes at 37 ◦C, washed with PBS, and then blocked and

permeabilized with PBS containing 4% bovine serum albumin (Carl Roth) and 0.1% Triton X-100 (Sigma-Aldrich) at room temperature

for 10 minutes. Slides were then washed with PBS containing 0.05% Tween 20 (Sigma-Aldrich) and stained with a primary antibody in

PBS containing 1% BSA at 4 ◦C overnight. Next, slides were washed and stained with a secondary antibody mix in PBS 1% BSA.

Finally, slides were washed and incubated with 0.5 μg/ml DAPI (Invitrogen) for 5 minutes and mounted with Prolong Diamond medium

(Invitrogen). Stained slides were scanned using the automated multispectral microscopy system Vectra 3.0 (PerkinElmer). Spectral

unmixing was performed using inForm software v2.6 (PerkinElmer).

Sirius red staining

Livers were fixed, dehydrated, frozen, and sectioned as previously described in the ‘‘immunofluorescence’’ section. Frozen liver sec-

tions were dried for 30 minutes at 37◦C and fixed in Kahle fixative (4% Formaldehyde, 0.02% acetic acid, and 28% ethanol in distilled

H2O) for 10 minutes at room temperature. The fixed sections were washed in distilled H2O and then incubated in 0.04% Fast Green

(Sigma-Aldrich) for 15 minutes at room temperature. The sections were then washed in distilled H2O and stained with 0.1% Fast

Green and 0.04% Sirius Red (Sigma-Aldrich) in saturated picric acid (Sigma-Aldrich) for 30 minutes at room temperature. Sections

were washed 2 times for 5 minutes in 0.5% glacial acetic acid (Sigma-Aldrich). Tissue sections were dehydrated through an ethanol

series (70%, 80%, 96%, and 100% ethanol, 30 seconds each) and cleared in Ultraclear (Biosystems) for 2 minutes. Slides were

mounted with Eukitt mounting medium (Sigma-Aldrich) and stored at room temperature protected from light. Stained slides were

scanned using the automated multispectral microscopy system Vectra 3.0 (PerkinElmer). Tissue segmentation and quantification

of Sirius red-positive area was performed on twenty images (20 x magnification) per liver and analyzed using inForm software

v2.6 (PerkinElmer).

Single-cell RNA sequencing

Single-cell suspensions were prepared from individual liver samples (n = 5 per condition). Cells were labeled using the BD Single-Cell

Multiplexing Kit and pooled according to their respective conditions. Liver NKT cells were isolated using a BD FACSAria III cell sorter

as single, live, CD45+, CD115− , F4/80− , CD19− , Ly6G− , CXCR6+, CD8− , NK1.1+, NKp46− cells. 40’000 cells were loaded onto a BD

Rhapsody cartridge and processed for cDNA synthesis according to the BD Rhapsody Single-Cell Capture and cDNA Synthesis
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protocol (Doc ID: 23-22951(01)). Library amplification was then carried out following the BD Rhapsody System mRNA Whole Tran-

scriptome Analysis (WTA) and Sample Tag Library Preparation Protocol (Doc ID: 23-24119 (02)). Sequencing was conducted on an

Illumina NovaSeq X Plus platform using 150 bp paired-end reads (R1 = 51 cycles, R2 = 71 cycles), achieving an average sequencing

depth of approximately 50,000 reads per cell. Read alignment, cell barcode demultiplexing, deduplication of reads, generation of

expression matrices, and quality report were performed using the Rhapsody Sequence Analysis Pipeline v2.0.

The expression matrices were further analyzed in R v4.2.2. Cells were filtered to exclude those with more than 10% mitochondrial

content and less than 2% ribosomal protein content. Duplicate cells were removed using scDblFinder.87 The Seurat pipeline v5 was

employed for normalization, dimensionality reduction, and clustering of the expression data.88 Gene set enrichment analysis was

conducted using the UCell algorithm via the escape R package v1.99.43,44

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was calculated with one-way analysis of variance (ANOVA) with Dunn’s multiple comparisons correction when

comparing the means of three or more independent groups. Two-way ANOVA was employed to examine the interaction between two

independent variables on a dependent variable. Fisher’s Least Significant Difference (LSD) post-hoc test was used for pairwise com-

parisons between group means. Mann-Whitney two-tailed U tests were applied to compare the medians of two independent groups.

p < 0.05 was considered significant (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). Statistical analysis was performed using

GraphPad statistical software v10.2.0 (GraphPad Software Inc.).
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