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            Abstract
Non-alcoholic fatty liver disease ranges from steatosis to non-alcoholic
                steatohepatitis (NASH), potentially progressing to cirrhosis and hepatocellular
                carcinoma (HCC). Here, we show that platelet number, platelet activation and
                platelet aggregation are increased in NASH but not in steatosis or insulin
                resistance. Antiplatelet therapy (APT; aspirin/clopidogrel, ticagrelor) but not
                nonsteroidal anti-inflammatory drug (NSAID) treatment with sulindac prevented NASH
                and subsequent HCC development. Intravital microscopy showed that liver colonization
                by platelets depended primarily on Kupffer cells at early and late stages of NASH,
                involving hyaluronan-CD44 binding. APT reduced intrahepatic platelet accumulation
                and the frequency of platelet–immune cell interaction, thereby limiting
                hepatic immune cell trafficking. Consequently, intrahepatic cytokine and chemokine
                release, macrovesicular steatosis and liver damage were attenuated. Platelet cargo,
                platelet adhesion and platelet activation but not platelet aggregation were
                identified as pivotal for NASH and subsequent hepatocarcinogenesis. In particular,
                platelet-derived GPIbα proved critical for development of NASH and
                subsequent HCC, independent of its reported cognate ligands vWF, P-selectin or
                Mac-1, offering a potential target against NASH.
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                    Fig. 1: Increased platelet numbers and aggregates in liver
                                    sinusoids of murine and human NASH.[image: ]


Fig. 2: Asp-Clo treatment results in attenuation of steatosis,
                                    liver damage, NASH and NASH-associated conditions.[image: ]


Fig. 3: Antiplatelet treatment with Asp-Clo abrogates immune cell
                                    infiltration into the liver and prevents NASH-induced HCC
                                    development.[image: ]


Fig. 4: Platelets efficiently populate the liver early during fatty
                                    liver pathogenesis.[image: ]


Fig. 5: Intrahepatic platelet accumulation depends on Kupffer
                                    cells, hyaluronan and cargo function.[image: ]


Fig. 6: Anti-GPIbα antibody treatment as well as genetic
                                    dysfunction of GPIbα reduces NASH, fibrosis and HCC
                                    development.[image: ]
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Extended data

Extended Data Fig. 1 Transcriptional alterations in the course of NASH and
                                    physical interaction of immune cells, liver endothelium and
                                    platelets.
a. GSEA and expression
                                    analysis of genes related clusters of platelet activation,
                                    aggregation, degranulation and genes associated to TNFα
                                    family regulation, cytokine interaction and lymphocyte migration
                                    from 6 months ND-fed versus CD-HFD-fed mice. b–g, Gene expression alterations found in
                                    annotated genes of indicated clusters and mice shown in
                                        a. h, Gene expression alterations found in
                                    annotated genes of indicated cluster of cell chemotaxis (left)
                                    and GSEA and expression analysis of genes associated to the cell
                                    chemotaxis cluster from mice shown in a (right). i,
                                    Transcriptional alterations for genes associated with platelet
                                    activation/aggregation of the 7.5 month ND versus WD-HTF fed
                                    mice.


Extended Data Fig. 2 Sulindac treatment does not prevent NASH
                                    pathology.
a, Left, mouse weight
                                    development in 12 months ND-, CD-HFD- or CD-HFD/sulindac-fed
                                    mice (n = 5
                                    mice/group). Statistics: ND vs CD-HFD (black asterisks), ND vs
                                    CD-HFD/sulindac (red asterisks). Middle, liver/body weight (6
                                    months: n = 5
                                    mice/group; 12 months: ND n = 3 mice; CD-HFD
                                        n = 8
                                    mice; CD-HFD/sulindac n = 7 mice) and (right) ALT levels of 6 and 12 months
                                    ND-, CD-HFD- or CD-HFD/sulindac-fed mice (6 months: ND n = 3 mice; CD-HFD
                                        n = 4
                                    mice; CD-HFD/sulindac n = 5 mice; 12 months: ND n = 7 mice; CD-HFD
                                        n = 12
                                    mice; CD-HFD/sulindac = 5 mice). b, (left) Liver triglycerides and (middle) serum
                                    cholesterol levels in 6 and 12 months ND-, CD-HFD- or
                                    CD-HFD/sulindac-fed mice (liver TGs 6 months: ND = 7
                                    mice; CD-HFD n = 11 mice; CD-HFD/sulindac
                                        n = 4
                                    mice; Liver TGs 12 months: ND n= 4 mice; CD-HFD n = 9 mice;
                                    CD-HFD/sulindac n = 10 mice; cholesterol 6 months:
                                    ND n = 4
                                    mice; CD-HFD n = 4 mice; CD-HFD/sulindac
                                        n = 5
                                    mice; cholesterol 12 months: ND n = 6 mice; CD-HFD n = 10 mice;
                                    CD-HFD/sulindac n = 10 mice). (right) IPGTT
                                    performed with 6 months ND-, CD-HFD- or CD-HFD/sulindac-fed mice
                                    (n = 5 mice/group). Statistics: ND vs CD-HFD
                                    (black asterisks). (c) MRI
                                    analyses of livers of 6 months ND-, CD-HFD- or
                                    CD-HFD/sulindac-fed mice (n = 3 mice/group). d, (left) Analysis by H&E
                                    indicate damaged hepatocytes (asterisk) and (right) evaluation
                                    by NAS in livers of 6 months CD-HFD- or CD-HFD/sulindac-fed mice
                                    (ND n = 9
                                    mice; CD-HFD n = 9 mice; CD-HFD/sulindac
                                        n = 10
                                    mice), scale bars: 100 µm in 10×,
                                    50 µm in 20×. e, Real-time qPCR analysis for mRNA of genes
                                    involved in lipid metabolism in liver of 6 months ND-, CD-HFD-
                                    or CD-HFD/sulindac-fed mice (ND n = 4 mice; CD-HFD n = 5 mice;
                                    CD-HFD/sulindac n = 3 mice). Comparison between
                                    CD-HFD vs CD-HFD/sulindac. f,
                                    Sudan red staining and quantification for fat accumulation of 6
                                    months ND-, CD-HFD- or CD-HFD/sulindac-fed mice (ND n = 5; CD-HFD
                                        n = 4;
                                    CD-HFD/sulindac n = 5). Scale bar:
                                    100 µm. All data are shown as
                                    mean ± s.e.m. Data in a (left) and b (right) were analyzed by two-way analysis of
                                    variance with post hoc Tukey’s multiple comparison test.
                                    Data in a (middle and right),
                                        b (left and middle),
                                        d and f were analyzed by one-way analysis of variance
                                    with post hoc Tukey’s multiple comparison test. Data in
                                        e were analyzed by
                                    two-tailed Mann-Whitney t
                                    test. *P < 0.05,
                                        **P < 0.01,
                                        ***P < 0.001,
                                        ****P < 0.0001.


Extended Data Fig. 3 Ticagrelor treatment attenuates CD-HFD-induced NASH and
                                    NASH-associated conditions, and prevents HCC.
a, CD42b staining and
                                    quantification in 6 months CD-HFD or CD-HFD/Ticagrelor fed mice
                                    (CD-HFD n = 4 mice;
                                    CD-HFD/Ticagrelor n = 8
                                    mice), scale bar: 50 µm. b, 3D confocal images of platelet (green)/liver
                                    endothelium (grey) interaction in livers of 6 months ND, CD-HFD
                                    and CD-HFD/Ticagrelor fed mice (n = 4 mice/group), scale bar: 20 μm.
                                    Quantification of platelet (PLT) aggregate size, overall PLT
                                    surface and quantification of platelet/liver endothelium
                                    coverage in focus of view (n
                                    = 4 mice/group). For visualization of intravascular events, the
                                    transparency of the sinusoidal rendering was set to 50%.
                                        c, Body weight development
                                    in 12 months ND, CD-HFD or CD-HFD/Ticagrelor fed mice (ND
                                        n = 4 mice; CD-HFD
                                        n = 6 mice;
                                    CD-HFD/Ticagrelor n = 4
                                    mice). Statistics: ND vs CD-HFD (black asterisks), ND vs
                                    CD-HFD/Ticagrelor (green asterisks). d–h ALT
                                        (d), Liver triglyceride
                                        (e), serum cholesterol
                                    levels (f), VLDL secretion in
                                    serum (g) and IPGTT (h) of 6 months ND, CD-HFD or
                                    CD-HFD/Ticagrelor fed mice (ALT: ND n = 8 mice; CD-HFD n = 5 mice; CD-HFD/Ticagrelor n = 10 mice; liver triglycerides:
                                    ND n = 7 mice; CD-HFD
                                        n = 11 mice;
                                    CD-HFD/Ticagrelor n = 6 mice;
                                    serum cholesterol: n = 8
                                    mice/group; liver triglycerides: ND n = 8 mice; CD-HFD n = 11 mice; CD-HFD/Ticagrelor n = 8 mice; IPGTT: ND n = 5 mice; CD-HFD n = 3 mice; CD-HFD/Ticagrelor
                                        n = 3 mice). i,j,
                                    Real-time qPCR analysis of hepatic genes associated to catabolic
                                        (i) and anabolic processes
                                        (j) of lipid metabolism of
                                    6 months ND, CD-HFD or CD-HFD/Ticagrelor fed mice (RT-qPCR for
                                    catabolic genes: ND n = 2
                                    mice; CD-HFD n = 6 mice;
                                    CD-HFD/Ticagrelor n = 6 mice;
                                    RT-qPCR for anabolic genes: ND n = 2 mice; CD-HFD n = 3 mice; CD-HFD/Ticagrelor n = 3 mice). All data are shown as
                                    mean ± s.e.m. Data in a were analyzed by two-tailed
                                    Student's t test.
                                    Data in b, d, e, f, g and j were analyzed by one way ANOVA with the post
                                    hoc Tukey’s multiple comparison test. Data in c and h were analyzed by two way ANOVA with the post
                                    hoc Tukey’s multiple comparison test. Data in i were analyzed by two-tailed
                                    Mann–Whitney test, N.s.: not significant
                                        *P <
                                    0.05. **P
                                    < 0.01. ***P < 0.001.
                                        ****P < 0.0001.


Extended Data Fig. 4 Mice with non-functional platelet aggregation are not
                                    protected from NASH development.
a, CD42b staining and
                                    quantification of 6 months CD-HFD- or CD-HFD/Itg2b−/−-fed mice
                                    (CD-HFD n = 5
                                    mice, CD-HFD/Itg2b–/–n = 4 mice).
                                        b, Body weight development
                                    of 6 months CD-HFD or CD-HFD/Itg2b−/−-fed mice (n = 5/group).
                                    Statistics: ND vs CD-HFD (black asterisks), ND vs
                                        CD-HFD/Itg2b–/– (blue asterisks).
                                        c, ALT (ND n = 4 mice, CD-HFD
                                        n = 3
                                    mice, CD-HFD/Itg2b–/–n = 3 mice), AST
                                    (ND n = 5
                                    mice, CD-HFD n = 3 mice, CD-HFD/Itg2b–/–n = 3 mice),
                                        (d) liver triglycerides (ND
                                        n = 7
                                    mice, CD-HFD n = 8 mice, CD-HFD/Itg2b–/–n = 3 mice), and
                                    serum cholesterol levels (ND n = 7 mice, CD-HFD
                                        n= 3 mice,
                                        CD-HFD/Itg2b–/–n = 3 mice), (e)
                                    IPGTT from mice shown in a
                                        (n = 3–4 field/mouse, ND
                                        n = 4
                                    mice, CD-HFD n= 4
                                    mice, CD-HFD/Itg2b–/–n = 10 mice)
                                    Statistics: ND vs CD-HFD (black asterisks), ND vs
                                        CD-HFD/Itg2b–/– (blue asterisks).
                                        (f) Real-time qPCR analysis
                                    for genes involved in lipid metabolism/β-oxidation (ND
                                        n = 2
                                    mice, CD-HFD n = 4 mice, CD-HFD/Itg2b–/–n = 3 mice).
                                    Statistics: CD-HFD vs CD-HFD/tg2b–/– (blue asterisks).
                                        (g) NAS evaluation (CD-HFD
                                        n = 9
                                    mice, CD-HFD/tg2b–/–n = 7 mice) and
                                        (h) quantification of fat
                                    by Sudan red staining of mice shown in a (n = 5 mice/group), scale bar:
                                    100 µm in 10×, 50 µm in
                                    20×. All data are shown as
                                    mean ± s.e.m. Data shown in a and g were analyzed by two-tailed Student’s
                                        t test. Data in b,e
                                    were analyzed by two-way analysis of variance with the post hoc
                                    Bonferroni multiple comparison test. Data in c,d,h were
                                    analyzed by one-way analysis of variance with the post hoc
                                    Tukey’s multiple comparison test. Data in f were analyzed by two-tailed
                                    Mann-Whitney test; n.s., not significant, *P < 0.05,
                                        **P < 0.01,
                                        ***P < 0.001,
                                        ****P < 0.0001.


Extended Data Fig. 5 Gp6 mice display severe steatosis, NASH and NASH-associated
                                    conditions.
a, CD42b staining and
                                    quantification of 6 months CD-HFD or CD-HFD/Gp6–/–-fed
                                    mice (CD-HFD n = 5 mice, CD-HFD/Gp6-–/–n = 4 mice), scale
                                    bar: 50 µm. b,
                                    Body weight (n = 6
                                    mice/group), (c) ALT, liver
                                    triglycerides and cholesterol levels of 6 months mice (ND
                                        n = 4
                                    mice, CD-HFD n = 4 mice, CD-HFD/Gp6–/–n = 3 mice).
                                    Statistics: ND vs CD-HFD (black asterisks), ND vs
                                        CD-HFD/Gp6 (orange
                                    asterisks). d, IPGTT (ND
                                        n = 5
                                    mice, CD-HFD n = 5 mice, CD-HFD/Gp6–/–n = 3 mice).
                                    Statistics: ND vs CD-HFD (black asterisks), ND vs
                                        CD-HFD/Gp6–/– (orange
                                    asterisks). e, Real-time qPCR
                                    analysis for genes involved in lipid
                                    metabolism/β-oxidation (ND n = 2 mice, CD-HFD n = 4 mice,
                                        CD-HFD/Gp6–/–n = 3 mice).
                                        f, NAS evaluation of mice
                                    shown in a, damaged hepatocytes
                                    are indicated by asterisks (CD-HFD n = 9 mice, CD-HFD/Gp6–/–
                                    n = 8 mice), scale
                                    bar: 100 µm in 10× and
                                    50 µm in 20×. g, Quantification of fat by Sudan red staining
                                    in mice shown in b (n = 3–4
                                    fields/mouse, ND n = 4 mice, CD-HFD n = 4 mice,
                                        CD-HFD/Gp6–/–n = 9 mice). All
                                    data are shown as mean ± s.e.m. Data in
                                        b,d were analyzed by two-way analysis of variance
                                    with the post hoc Bonferroni multiple comparison test. Data in
                                        c,g were analyzed by one-way analysis of variance
                                    with the post hoc Tukey’s multiple comparison test. Data
                                    in e were analyzed by
                                    two-tailed Mann Whitney’s test, data in f were analyzed by two-tailed
                                    Student’s t test.
                                    n.s., not significant, *P < 0.05,
                                        **P < 0.01,
                                        ***P < 0.001,
                                        ****P < 0.0001.


Extended Data Fig. 6 Genetic inactivation of Clec-2 or podoplanin does not
                                    protect from CD-HFD-induced NASH.

                                    a,b, Body weight (a) and ALT levels (b) (ND n = 5 mice, CD-HFD n = 10,
                                        CD-HFD/Clec-2
                                    n = 9 or
                                        CD-HFD/Pdpn–/–n= 3). (c) H&E staining and
                                        (d) NAS evaluation (ND
                                        n = 5
                                    mice, CD-HFD n = 4, CD-HFD/Clec-2–/–n= 4 or CD-HFD/Pdpn–/–n= 3), scale bar:
                                    100 µm. All data are shown as
                                    mean ± s.e.m. and analyzed by one-way
                                    analysis of variance with the post hoc Tukey’s multiple
                                    comparison test.


Extended Data Fig. 7 MAdCAM-1 has an important role in the platelets recruitment
                                    to the liver during NASH development.
a, H&E, CD42b
                                    (ND n = 12
                                    mice, WD-HTF n = 17 mice, WD-HTF/MAdCAM-1–/–
                                    n = 6 mice,
                                        WD-HTF/L-sel–/–
                                    n = 11 mice,
                                        WD-HTF/Beta7–/–
                                    n = 8 mice,
                                        WD-HTF/L-sel–/–/Beta7–/–
                                    n = 11 mice),
                                    CD3 (ND n = 5
                                    mice, WD-HTF n = 8 mice, WD-HTF/MAdCAM-1–/–
                                    n = 6 mice,
                                        WD-HTF/L-sel–/–
                                    n = 5 mice,
                                        WD-HTF/Beta7–/–
                                    n = 4 mice,
                                        WD-HTF/L-sel–/–Beta7–/–
                                    n = 4 mice)
                                    and F4/80 (ND n = 4 mice, WD-HTF n = 5 mice,
                                        WD-HTF/MAdCAM-1–/–
                                    n = 5 mice,
                                        WD-HTF/-sel–/–
                                    n = 4 mice,
                                        WD-HTF/Beta7–/–
                                    n = 6 mice,
                                        WD-HTF/L-sel–/–/Beta7–/–
                                    n = 4MAdCAM-1–/– mice)
                                    stains and (b) quantification
                                    of IHC of livers of mice mentioned in a, scale bar: 50 µm. All data
                                    are shown as mean ± s.e.m. Data in
                                        b were analyzed by one-way
                                    analysis of variance with the post hoc Tukey’s multiple
                                    comparison test.


Extended Data Fig. 8 Genetic inactivation of P-selectin does not prevent NASH
                                    development.
a,b, Body weight development (ND n = 4 mice, CD-HFD
                                        n = 3
                                    mice, CD-HFD/P-sel–/–n = 7 mice)
                                        (a) and ALT and AST levels
                                    of 6 months ND, CD-HFD or CD-HFD/P-sel–/– mice (ND n = 4 mice, CD-HFD
                                        n = 5
                                    mice, CD-HFD/P-sel
                                    –/–n = 9 mice).
                                    Statistics: ND vs CD-HFD (black asterisks), ND vs
                                        CD-HFD/P-sel–/– (violet asterisks).
                                        c, IPGTT (ND n = 4 mice, CD-HFD
                                        n = 5
                                    mice, CD-HFD/ n = 5 mice). Statistics: ND vs
                                    CD-HFD (black asterisks), CD-HFD vs CD-HFD/P-sel–/– (violet
                                    asterisks). d, NAS evaluation
                                    (CD-HFD n = 8
                                    mice, CD-HFD/ P-sel–/–n = 4 mice). scale
                                    bar: 100 µm in 10×,
                                    50 µm in 20× . e, Representative CD3, F4/80, MHCII
                                    and Ly6G stainings (CD-HFD n = 8 mice, CD-HFD/P-sel–/–n = 4 mice), scale bar:
                                    50 µm. All data are shown as
                                    mean ± s.e.m. Data in a and c were analyzed by two-way analysis of variance
                                    with the post hoc Bonferroni multiple comparison test. Data in
                                        b were analyzed by one-way
                                    analysis of variance with the post hoc Tukey’s multiple
                                    comparison test. Data in d were
                                    analyzed by two-tailed Student’s t test. n.s., not significant *P < 0.05,
                                        **P < 0.01,
                                        ***P < 0.001,
                                        ****P < 0.0001.


Extended Data Fig. 9 vWF–/– mice show
                                    steatosis, liver damage and conditions associated with
                                    NASH.

                                    a, Body weight development of 6
                                    months ND-, CD-HFD- or CD-HFD/vWF-fed mice. Statistics: (n = 6 mice/group).
                                    Statistics: ND vs CD-HFD (black asterisks), ND vs
                                        CD-HFD/vWF–/– (red
                                    asterisks). b, ALT (ND
                                        n = 4
                                    mice, CD-HFD n = 3 mice, CD-HFD/vWF–/–n = 3 mice), liver triglycerides
                                    (ND n = 5
                                    mice, CD-HFD n = 4 mice, CD-HFD/vWF–/–n = 5 mice) and
                                    serum cholesterol levels (ND n = 4 mice, CD-HFD n = 4 mice,
                                        CD-HFD/vWF–/–n= 3 mice). c, IPGTT (ND n = 5 mice, CD-HFD n = 5 mice,
                                        CD-HFD/vWF–/–
                                    = 3 mice). Statistics: ND vs CD-HFD (black asterisks),
                                    ND vs CD-HFD/vWF–/– (red
                                    asterisks). d, Real-time qPCR
                                    analysis for genes involved in lipid
                                    metabolism/β-oxidation (ND n = 2 mice,
                                    CD-HFD n = 4
                                    mice, CD-HFD/ vWF–/–n= 4 mice). e, H&E with enlarged
                                    hepatocytes (asterisks) and (f)
                                    evaluation of NAS (CD-HFD n = 9 mice, CD-HFD/ vWF–/–n= 4 mice) scale bar:
                                    100 µm in 10X and 50 µm in
                                    20×. g, Sudan red
                                    staining and quantification of mice shown in a (n = 2–3 fields/mouse:
                                        n = 3
                                    mice/group), scale bar: 100 µm. All data are
                                    shown as mean ± s.e.m. Data in a,c
                                    were analyzed by two-way analysis of variance with the post hoc
                                    Bonferroni multiple comparison test. Data in b,g
                                    were analyzed by one-way analysis of variance with the post hoc
                                    Tukey’s multiple comparison test. Data in d were analyzed by two-tailed
                                    Mann-Whitney test. Data in f
                                    were analyzed by two-tailed Student’s t test. n.s., not significant,
                                        *P < 0.05,
                                        **P < 0.01,
                                        ***P < 0.001,
                                        ****P < 0.0001.


Extended Data Fig. 10 Mice lacking Mac-1 show signs of liver injury and develop
                                    NASH upon feeding CD-HFD.
a, CD42b staining and
                                    quantification of 6 months CD-HFD or CD-HFD/Mac-1–/–-fed mice
                                    (CD-HFD n = 5
                                    mice, Mac-1/CD-HFD n = 4 mice), scale
                                    bar: 50 µm (b)
                                    Body weight (ND n = 5 mice, CD-HFD n = 8 mice,
                                        CD-HFD/Mac-1–/–n = 11 mice),
                                        (c) ALT, and AST of 6
                                    months ND, CD-HFD or CD-HFD/Mac-1–/–-fed mice (CD-HFD
                                        n = 5
                                    mice, CD-HFD/Mac-1–/–n = 12 mice)
                                        (d) NAS evaluation of mice
                                    shown in a (CD-HFD n = 9 mice,
                                            CD-HFD/-Mac-1–/–n = 11 mice) scale
                                    bar: 100 µm in 10× and
                                    50 µm in 20×. e, Representative
                                        CD3+,
                                        F4/80+,
                                        MHCII+ and
                                        Ly6G+ staining (ND
                                        n = 5
                                    mice, CD-HFD n = 8 mice, CD-HFD/Mac-1–/–n = 11 mice) and
                                    arrows indicate cell/cell aggregates, scale bar:
                                    50 µm. All data are shown as
                                    mean ± s.e.m. Data in a,d
                                    were analyzed by two-tailed Student’s t test. Data in b,c
                                    were analyzed by one-way analysis of variance with the post hoc
                                    Tukey’s multiple comparison test.
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