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and IL-6R Induced Janus Kinase 2/Signal
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Signaling Early After Partial Hepatectomy
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BACKGROUND AND AIMS: Thrombocytopenia has been
described in most patients with acute and chronic liver fail-
ure. Decreased platelet production and decreased half-life of
platelets might be a consequence of low levels of thrombopoi-
etin (TPO) in these patients. Platelet production is tightly
regulated to avoid bleeding complications after vessel injury
and can be enhanced under elevated platelet destruction as
observed in liver disease. Thrombopoietin (TPO) is the pri-
mary regulator of platelet biogenesis and supports proliferation
and differentiation of megakaryocytes.

APPROACH AND RESULTS: Recent work provided evi-
dence for the control of TPO mRNA expression in liver
and bone marrow (BM) by scanning circulating platelets. The
Ashwell-Morell receptor (AMR) was identified to bind de-
sialylated platelets to regulate hepatic thrombopoietin (TPO)
production by Janus kinase (JAK2)/signal transducer and ac-
tivator of transcription (STAT3) activation. Two-thirds partial
hepatectomy (PHx) was performed in mice. Platelet activa-
tion and clearance by AMR/JAK2/STAT3 signaling and TPO
production were analyzed at different time points after PHx.
Here, we demonstrate that PHx in mice led to thrombo-
cytopenia and platelet activation defects leading to bleeding

complications, but unaltered arterial thrombosis, in these mice.
Platelet counts were rapidly restored by up-regulation and
crosstalk of the AMR and the IL-6 receptor (IL-6R) to in-
duce JAK2-STAT3-TPO activation in the liver, accompanied
by an increased number of megakaryocytes in spleen and BM
before liver was completely regenerated.

CONCLUSIONS: The AMR/IL-6R-STAT3-TPO signaling
pathway is an acute-phase response to liver injury to recon-
stitute hemostasis. Bleeding complications were attributable
to thrombocytopenia and platelet defects induced by elevated
PGI,, NO, and bile acid plasma levels early after PHx that
might also be causative for the high mortality in patients
with liver disease. (HepATOLOGY 2021;74:411-427).

n adequate supply of fully functional platelets

is necessary to achieve hemostasis after vascular

amage. Platelet production is tightly regulated

to avoid either bleeding or arterial thrombosis according
to low or high platelet counts. In humans, ~10™" plate-
lets are daily produced and removed. However, platelet
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production can be enhanced under conditions of plate-
let destruction (e.g., in response to acute infection). The
primary regulator of platelet production is thrombopoi-
etin (TPO) that supports the survival, proliferation, and
differentiation of megakaryocytes (MKs), the platelet
precursors.”) In general, the plasma concentration of
TPO is inversely related to the mass of platelets and
MKs. However, the mechanisms how circulating TPO
levels are controlled have been discussed for decades.
Whereas some researchers believe that TPO levels in
plasma are maintained by its uptake and metabolism
by myeloproliferative leukemia virus oncogene recep-
tors on platelets and MKs,*® others provided evidence
for sensing circulating platelet levels to control TPO
mRNA expression in liver and bone marrow (BM).4¥
Recently, Grozovsky et al. have highlighted the role
of sialic acid loss and platelet removal by the hepatic
Ashwell-Morell receptor (AMR). They found platelet
production to be regulated by the AMR that controls
hepatic TPO production by the Janus kinase 2 (JAK2)/
signal transducer and activator of transcription (STAT3)
signaling pathway.(6) Loss of sialic acid determines the
life span of platelets that triggers platelet removal by
hepatic AMR. Desialylated platelets bind to the AMR
to induce hepatic expression of TPO mRNA and pro-
tein to regulate platelet production.
Thrombocytopenia has been described in most
patients with acute and chronic liver failure that are
causative for bleeding problems in these patients.”
Decreased platelet production and decreased half-life
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of platelets might be a consequence of low levels of
TPO in these patients.®') Besides, platelet acti-
vation defects have been reported in experimental
mice™ and patients with cirrhosis. "3 In bile
duct ligated (BDL) mice, elevated nitric oxide
(NO) and prostacyclin levels induced phosphoryla-
tion of the platelet inhibitor, vasodilator-stimulated
phosphoprotein (VASP), leading to prolonged plate-
let activation defects and defective hemostasis in
BDL mice.1"1®

However, platelet production following activation
of the AMR and JAK2/STATS3 signaling was reported
in healthy persons. The consequences of cytokine sig-
naling and reduced platelet life span upon liver injury
are open for study. Moreover, regulation of plasma
TPO levels by hepatic AMR is also open for study in
mice with reduced liver tissue (e.g., after partial hepa-
tectomy [PHx]).

In this study, we provide evidence that enhanced
platelet turnover and cytokine signaling synergistically
control TPO homeostasis in the remaining liver tis-
sue by activation of the AMR and IL-6R to restore
platelet counts in the early phase after PHx in mice.
Platelet activation defects were moderate and occurred
early after PHX, resulting in bleeding complications at
days 1 and 3 after PHx, whereas arterial thrombosis

was not prevented.
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Materials and Methods

ANIMALS

Specific pathogen-free C57BL/6] mice were obtained
from Janvier Labs. IL-67"" and Asngf/f mice were
obtained from The Jackson Laboratory (Bar Harbor,
Maine) and the Animal Facility of the Heinrich-Heine-
University of Diisseldorf, Germany. Experiments were
performed with male mice at the age of 8-16 weeks.
All animal experiments were conducted according to
the Declaration of Helsinki and the guidelines from
Directive 2010/63/EU of the European Parliament
on the protection of animals. The protocol was
approved by the Heinrich-Heine-University Animal
Care Committee and by the State Agency for Nature,
Environment and Consumer Protection of North
Rhine-Westphalia (LANUV, NRW; Permit Nos. 84-
02.04.2015.A462, O 86/12, and 84-02.04.2016.A493).

All animals for the experiments underwent 2/3
partial hepatectomy, while sham or native (untreated)
animals were used as control groups. Therefore a mod-
ification of the method of Greene and Puder with
two separate ligatures and removal of the gallbladder
was used.*” General physiological parameters such
as total blood cell count and specific organ weight
were determined at different time points, accompa-
nied by analysis of liver tissue and platelets isolated
from the peripheral blood of the mice. In addition,
hisotological analysis of the bone marrow and spleen
were performed. All analyses and their standard pro-
cedures, as well as the antibodies or peptides used for
the experiments, are listed in detail in the supporting
information.

STATISTICAL ANALYSIS

Data are provided as arithmetic means + SEM,
statistical analysis was made by one-way or two-way
ANOVA and student’s t-test, where applicable using
GraphPad Prism, Version 7.02. If not stated differ-
ent, significant differences are indicated in the graphs,
while * specifies the difference between PHx versus
sham and wildtype versus knock-out, respectively, and
# specifies the difference between experimental time

points of one group.
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Results

PHx IN MICE IS ASSOCIATED
WITH THROMBOCYTOPENIA
AND ANEMIA AT EARLY TIME
POINTS

PHx was performed, and two thirds of liver in
wild-type (WT) mice was removed. Sham-operated
control mice underwent the same surgical procedure
without ligation and removal of liver tissue. Blood cell
counts and liver weight were analyzed in both groups.
Platelet counts were significantly reduced by 16.41%
1 day after surgery and fully restored 7 days after
PHx (Fig. 1A) whereas platelet size was enhanced
at 1 and 3 days after surgery (Fig. 1D) as compared
to platelets from sham controls. Likewise, red blood
cell (RBC) count was significantly reduced by 8.75%
1 day after PHx and restored 7 days after PHx (Fig.
1B) whereas no major alterations in white blood cell
(WBC) counts were detected (Fig. 1C). Liver weight
ratio to body weight was significantly reduced 1, 3,
and 7 days after PHx. In line with recent data, liver
was fully regenerated 14 days after PHx (Fig. 1E)."?

PHx PROVOKES PLATELET
ACTIVATION DEFECTS

AND REDUCED THROMBUS
FORMATION RESULTING IN
IMPAIRED HEMOSTASIS AT EARLY
PHASE AFTER PHx

A detailed analysis of platelets 1 day after PHx
revealed unaltered glycoprotein exposure at the sur-
face of platelets isolated from PHx mice (Fig. 1F).
Platelet activation was analyzed by antibody bind-
ing to activated integrin alIbp3 (fibrinogen receptor)
and determination of P-selectin exposure as a marker
for degranulation using flow cytometry (Fig. 1G-I).
Reduced integrin activation restricted to stimulation
of platelets with collagen-related peptide (CRP) that
activates the major collagen receptor, glycoprotein VI,
was detected (Fig. 1G) whereas the number of integrin
alIbp3 at the platelet surface was reduced in response
to CRP and thrombin (Fig. 1H). Degranulation of
platelets in hepatectomized mice was significantly
reduced in response to the second-wave mediators,
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FIG. 1. Reduced total blood cell count and platelet activation defects in thrombosis and hemostasis 1 day after PHx. (A) Platelet count,
(B) RBC count, and (C) WBC count of C57B16/] mice undergoing PHx. Sham operation served as control (n = 1 day: 22 sham, 30 PHx;
3 days: 22 sham, 26 PHx; 7 days: 16 sham, 20 PHx; 14 days: 8 sham, 12 PHx). (D) Platelet size of PHx and sham animals measured
by flow cytometry using the geometrical mean of GPIb-positive platelets. (n = 1 day: 10 sham, 14 PHx; 3/7/14 days: 6 sham, 8 PHXx).
(E) Calculated liver weight ratio (n = 5 sham, 8 PHx). (F) Expression of indicated glycoproteins on the surface of platelets measured by
mean fluorescence intensity (MFI) in flow cytometric analysis (n = 11 sham + 18 PHx). (G) Activation of aIIbp3 integrin on the platelet
surface with indicated agonists (n = 6 sham, 9 PHx). (H) Externalization of the p3 integrin subunit upon platelet stimulation (n = 6 sham,
8 PHx). (I) Externalization of P-selectin on the platelet surface with indicated agonists (n = 6 sham, 9 PHx). (J) Thrombus formation
on a collagen matrix under arterial shear rates with representative pictures (1.000 s7': n = 6 sham, 5 PHx; 1.700 s ': n = 5 sham, 9 PHx).
(K) In vivo analysis of hemostatic dysfunction by tail bleeding time (n = 8 sham, 9 PHx) and the Fe,Cl-induced injury of the carotid artery
(n = 6 sham, 9 PHx). Depicted are mean values + SEM; *P < 0.05; **P < 0.01; P < 0.001, using a paired Student # test. Abbreviations:
FSC, forward scatter; GEO, geometric; GPVI, glycoprotein VI.

ADP + U46619 (thromboxane A2 analog), intermedi-
ate and high concentrations of CRP, low and interme-
diate concentrations of the thrombin receptor activator,

protease-activated receptor 4 (PAR4), peptide, and low
dose of thrombin (Fig. 1I). To analyze platelet activa-
tion under more physiological conditions, flow chamber
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experiments were performed. Platelet adhesion and time experiments were conducted and time was
three-dimensional thrombus formation was analyzed recorded when bleeding stopped after cutting the
at arterial shear rates (1.000 sec™’, 1.700 sec’!) using tail tip of mice. Bleeding time was significantly pro-
collagen coated coverslips (Fig. 1J). Thrombus forma- longed 1 day after PHx compared to sham controls
tion was significantly reduced when we perfused whole  (Fig. 1K). In addition, we examined arterial throm-
blood isolated from hepatectomized mice through the bus formation in mice 1 day after PHx. Fe,Cl-
chamber compared to whole blood from sham controls. induced injury of the carotid artery led to occlusion

Next, we investigated whether platelet activation of the vessel after 439 + 57 seconds in hepatecto-
defects are relevant in wvivo. To this end, bleeding mized mice and 409 + 29 seconds in sham controls
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FIG. 2. Platelet activation defects and reduced thrombus formation lead to bleeding complications 3 days after PHx. (A) Expression of
indicated glycoproteins on the surface of platelets measured by MFI in flow cytometric analysis (n = 13 sham, 18 PHx). (B) Externalization
of P-selectin on the platelet surface with indicated agonists (n = 9 sham, 12 PHx). (C) Externalization of the p3 integrin subunit upon
platelet stimulation (n = 8 sham, 9 PHx). (D) Activation of alIbp3 integrin on the platelet surface with indicated agonists (n = 9 sham,
12 PHx). (E) Thrombus formation on a collagen matrix under arterial shear rates with representative pictures (1.000 and 1.700 shn=3
sham, 4 PHx). (F) In vivo analysis of hemostatic dysfunction by tail bleeding time (n = 9 sham, 8 PHx). Depicted are mean values + SEM;
*P < 0.05; **P < 0.01, using paired Student # test. Abbreviations: a.u., arbitray units; MFI, mean fluorescence intensity; Thr., thrombin.
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(Fig. 1K), suggesting no major alterations in arte-
rial thrombosis after PHx in mice despite defective
hemostasis.

Further analysis of platelet activation and throm-
bus formation 3 days after PHx revealed significantly
enhanced the exposure of glycoprotein Ib (GPIb)a
and integrin B3 at the platelet surface of hepatecto-
mized mice in contrast to 1 day after PHx (Fig. 2A),
whereas integrin allbf3 activation was still signifi-
cantly reduced in response to intermediate and high
concentrations of CRP, but unaltered in response to
G-protein-coupled receptor activation such as throm-
bin and ADP/U46619 (Fig. 2B). In contrast to day
1 after PHx, the exposure of integrin 3 was sig-
nificantly enhanced in resting and ADP-stimulated
platelets from PHx mice compared to sham controls
(Fig. 2C). P-selectin exposure as a marker for degran-
ulation was only moderately, but still significantly,
reduced at the surface of platelets from PHx mice
when they were stimulated with CRP or thrombin
(Fig. 2D). Moderate platelet activation defects trans-
lated into impaired thrombus formation under flow
ex vivo using a shear rate of 1.000 sec™’, but not
at a shear rate of 1.700 sec™ (Fig. 2E). Moreover,
bleeding time was still significantly reduced, but to
a lesser extent, compared to 1 day after PHx (Fig.
2F). However, no differences in platelet activation
and thrombus formation were detected 7 (Supporting
Fig. SIA-E) and 14 days (Supporting Fig. S2A-E)
after PHx.

DEFECTIVE PLATELET
ACTIVATION AFTER PHx IS
CAUSED BY ELEVATED NITRIC
OXIDE, PROSTACYCLIN, AND BILE
ACID PLASMA LEVELS

To investigate the mechanisms responsible for
reduced platelet activation and thrombus formation
1 and 3 days after PHx, we analyzed the phosphor-
ylation of VASP, a negative regulator of platelet acti-
vation. VASP can be phosphorylated at serine 157
(Ser157) by protein kinase A, which is activated by
prostaglandin 12 (prostacyclin, PGIL,), and at serine
239 (Ser239) by protein kinase G, which is activated
by nitric oxide (NO).18202D We started to measure
the plasma concentration of PGI, by enzyme-linked
immunosorbent assay (ELISA). At day 1 after PHx,
PGI, plasma levels were significantly enhanced and
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returned to normal levels at day 3 after PHx com-
pared to sham controls (Fig. 3A). Furthermore, we
investigated the stable NO metabolites, nitrate and
nitrite, by ELISA. At 1 day after surgery, levels of
NO metabolites were enhanced whereas no major
alterations were observed 3 days after PHx (Fig.
3B). According to enhanced PGI, plasma levels,
we detected enhanced phosphorylation of VASP at
Ser157 in platelets of hepatectomized mice compared
to controls using western blotting analysis. However,
no major alterations in the phosphorylation of VASP
at Ser157 were detected 3 days after PHx (Fig. 3C,D
and Supporting Fig. S3A,B). In line with enhanced
NO metabolites, enhanced VASP phosphorylation
at Ser239 was detected in platelets from hepatecto-
mized mice stimulated with the corresponding NO
analog, sodium nitroprusside (SNP). However, no
alterations were detected 3 days after PHx (Fig. 3E,F
and Supporting Fig. S3A,B).

Previously, we have shown that enhanced plasma
levels of bile acids account for platelet activation
defects in BDL mice.”) Therefore, we analyzed total
plasma levels of bile acids in hepatectomized mice.
Enhanced total bile acid plasma levels were detected
in mice at days 1 and 3 after PHx compared to
sham controls, consistent with published data (Fig.
3G).?? To provide evidence that bile acids induce
platelet activation defects, we incubated whole blood
with different tauro-conjugated endogenous bile
acids given that especially taurine-conjugated bile
acids are present in plasma of hepatectomized mice
(Supporting Fig. S4A) and analyzed platelet adhe-
sion and thrombus formation at arterial shear rates ex
vivo. Incubation of whole blood with the hydrophilic
bile acids, taurocholate (TC) or taurochenodeoxy-
cholate (TCDC), did not alter thrombus formation
under flow whereas the addition of hydrophobic tau-
rodeoxycholate (TDC) or taurolithocholate (TLC)
to whole blood led to significantly reduced throm-
bus formation under flow compared to controls (Fig.
3H). However, no alterations were detected when
platelets were incubated with 50 uM of TC, TCDC,
TDC, and TLC, respectively, and platelet aggre-
gation in response to PAR4 peptide and CRP was
analyzed under static conditions (Supporting Fig.
S4B-E). These results suggest that hydrophobic bile
acids affect platelet activation under dynamic con-
ditions besides high-plasma concentrations of PGI,
and NO.
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FIG. 4. Efficiently restored TPO production is mediated by desialylated platelet uptake into diseased liver by the AMR and JAK2-
STATS3 signaling. (A) Annexin V binding of GPIb-positive platelets stimulated with CRP in regard to control group of each time point
(n=1+3 days: 8 sham + 9 PHx; 7 + 14 days: 4 sham, 4 PHx). (B) Analysis of platelets positive for binding of the RCA-1 lectin at indicated
time points (n = 4 sham, 5 PHx). (C) Thiazol orange staining for RNA-rich, young GPIb-positive platelets measured by flow cytometry
(n =8 sham + PHx for 1 + 3 days; 4 sham, 5 PHx for 7 + 14 days). (D) Neu-1 expression at the platelet surface of sham and PHx-operated
mice was determined after Botrocetin (Botro.) and anti-GPIba treatment of platelets (n = 6). (E) Representative images showing staining
of paraffin-embedded liver tissue sections for GPIb-positive platelets at indicated time points. Nucleus staining performed with DAPI.
Merge with differential interference contrast (DIC) is shown (n = 4). (F-I) Gene expression of different target genes was analyzed using
the 2722 method (n = native animals 3; 0 hours: 4 animals; 3 hours to 14 days: 5-6 animals). (J) TPO level measured in plasma of mice
with (K) calculated plasma TPO levels in regard to measured liver weight of the same animals (n = control 3; 1 day = 6 sham, 7 PHx;
3/7/14 days = 4 mice per group). (L) Representative immunoblottings of total liver cell lysates using anti-pJAK2 and anti-JAK2 antibodies
and anti-pSTAT3 and anti-STAT3 monoclonal antibodies. GAPDH was used as a loading control. (IM,N) Densitometric analysis of
pJAK2 and pSTAT3 with regard to loading control (n = 4). Depicted are mean values + SEM; *P < 0.05; P < 0.01; **P < 0.001, using
ordinary two-way ANOVA with Bonferroni’s post hoc test, (D) was analyzed using three-way ANOVA with Bonferroni’s post boc test;
(F) to (I) were analyzed using ordinary one-way ANOVA with Dunnett’s posz hoc test. Abbreviations: ANOVA, analysis of variance; ctrl,
control; DAPI, 4’,6-diamidino-2-phenylindole; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MFI, mean fluorescence intensity;
pJAK2, phosphorylated JAK2; pSTAT3, phosphorylated STAT3; TO, thiazol orange.

EFFICIENTLY RESTORED TPO
PRODUCTION IS MEDIATED BY
DESIALYLATED PLATELET UPTAKE
INTO THE DISEASED LIVER BY
AMR AND JAK2-STAT3 SIGNALING

TPO, the major regulator of platelet production, is
primarily produced in the liver.** The paradox, early
restoration of platelet counts 3 days after PHx, a time
point where liver tissue is still strongly reduced in
hepatectomized mice, prompted us to analyze TPO
production in the remaining liver tissue in further
detail. Senescent desialylated platelets stimulate TPO
production.’”) Therefore, we first characterized circu-
lating platelets for phosphatidylserine (PS) exposure
at the platelet surface as a marker for procoagulant
activity, which might be also important for recogni-
tion and subsequent removal of senescent platelets.*¥
At early time points after surgery with enhanced lev-
els of PGI,, NO, and bile acids, no major alterations
in PS were detected between platelets from hepatec-
tomized mice and sham controls (Fig. 4A). However,
7 days after PHx, decreased PS exposure on the sur-
face of PHx platelets was detected following platelet
activation with CRP. Reduced PS returned to basal
levels 14 days after surgery when liver tissue regener-
ation was completed. Aging platelets lose sialic acid,
the terminal carbohydrate moiety that covers the
underlying galactose residues, a ligand for the hepatic
AMR. Desialylated aged platelets are removed from
the circulation by hepatic AMR to regulate TPO
production by JAK2-STAT3.%> We speculated that
platelets following PHx may be cleared in the liver by

glycan-dependent mechanisms. Thus, we next inves-
tigated the sialic acid content of circulating platelets
post PHx. The fraction of desialylated platelets was
examined by platelet lectin binding, such as Ricinus
communis agglutinin (RCA-1), a lectin that recog-
nizes terminal galactose residues (Fig. 4B). Reduced
lectin binding was detected 1 day after PHx, reflect-
ing a reduced percentage of desialylated platelets.
This suggests that desialylated platelet clearance is
accelerated at early time points after PHx (Fig. 4B).
In contrast, we detected enhanced lectin binding of
platelets from hepatectomized mice at day 7 after sur-
gery. Thiazole orange staining revealed an elevated
number of newly produced platelets 7 days after PHx,
but no alterations at any other time point (1, 3, and
14 days; Fig. 4C). These results suggest a recipro-
cal relationship between two clearance mechanisms
at early and late time points after PHx: (1) reduced
desialylated platelet clearance at early time points
(day 1) and (2) increased clearance of PS-positive
platelets at late time points (day 7), a notion that is
supported by galactose exposure at day 1 and reduced
PS exposure with increased RCA-1 binding of PHx
platelets at day 7. Enhanced numbers of RNA-rich,
newly produced platelets 7 days after PHx (Fig. 4A-
C) further support the notion. Platelet clearance can
also be induced by vWF binding to GPIb, leading to
the release of neuraminidase and subsequent platelet
desialylation.(26) Analysis of neuraminidase 1 (Neu-
1) expression after PHx revealed that platelets of
PHx mice have a higher Neu-1 expression on their
surface compared to sham controls (Supporting Fig.
S5A). In witro, von Willebrand factor (yWF) binding
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to GPIb induced by the snake venom botrocetin led
to increased Neu-1 expression in sham operated mice
whereas up-regulation of Neu-1 was almost inhib-
ited in PHx mice (Fig. 4D). At the same time, no
difference in plasma activity of Neu-1 was detected
(Supporting Fig. S5B). This effect of vWF-GPIb-
mediated increase of Neu-1 expression was confirmed
by blocking vWF binding to GPIb (Fig. 4D). In addi-
tion, Neu-1 expression was also reduced when plate-
lets from PHx mice were stimulated with 1 pg/mL of
CRP. However, Neu-1 activity was unaltered whereas
vWF plasma levels were enhanced in mice 24 hours
after PHx compared to sham controls (Supporting
Fig. S5A-C). Thus, reduced platelet activation early
after PHx probably leads to reduced neuraminidase
exposure that might account for the reduced number
of desialylated platelets in the circulation of PHx mice,
suggesting that shear-stress—induced vWF binding, at
least partially, contributes to the reduced number of
lectin-positive platelets that were detected after PHx.

Concomitant with reduced lectin binding of circu-
lating platelets, we identified platelets invading into
the liver at day 1 and to a lesser extent at day 3 (Fig.
4E). This might be attributable to the binding of
desialylated platelets to the AMR inducing hepatic
TPO gene transcription and translation to regulate
platelet production® in the remaining liver tissue
early after PHx. Therefore, gene expression of both
subunits of the AMR, asialoglycoprotein receptor 1
(Asgr1) and asialoglycoprotein receptor 2 (Asgr2),
were examined in the remaining liver tissue at differ-
ent time points after surgery. Expression of the Asgr1
was enhanced with a peak at 6 hours and a smaller
peak at 3 days whereas Asgr2 expression was enhanced
only at 3 days after PHx (Fig. 4F,G). Different reports
demonstrated that IL-6 could stimulate thrombo-
poiesis through TPO in an inflammatory environ-
(27.28) Here, the expression of the IL-6R in the
remaining liver tissue was measured. In line with
increased Asgr1/2 expression in the remaining liver,
expression of I/-6r was elevated in liver of hepatecto-
mized mice with a similar expression pattern observed
in Asgrl expression (Fig. 4H). Enhanced expression
of Asgr1/2 and I/-6r was accompanied by enhanced
Tpo expression 6 hours and 3 days after PHx (Fig.
41), despite a significant reduction in liver weight to
body weight observed at 1-3 days after PHx (Fig. 1E).
In plasma, enhanced TPO levels were detected at day
1 after PHx compared to sham controls (Fig. 4]). A

ment.

420

HEPATOLOGY, July2021

significant elevation of synthesized and released TPO
was also evident at day 3, when relative TPO levels
were measured in comparison to total liver mass (Fig.
4K). AMR signals through JAK2 and the acute-phase
response STAT3.) Thus, phosphorylation of JAK2
and STAT3 at different time points after PHx was
examined (Fig. 4L). In line with enhanced plasma
TPO levels, phosphorylation of JAK2 and STAT3
was enhanced 1 day after PHx using western blottings
(Fig. 4L-N and Supporting Fig. S6A,B). Hence, the
data show that glycan-dependent clearance of plate-
lets is occurring in the liver followed by up-regulation
of AMR-dependent JAK2-STAT3 regulated TPO

production.

ENHANCED AMR-JAK2-TPO
SIGNALING AFTER PHx
PROVOKES ELEVATED
MEGAKARYOPOIESIS IN SPLEEN
AND BM

Megakaryopoiesis is mainly controlled by TPO. To
investigate whether increased AMR-JAK2-TPO sig-
naling affects megakaryopoiesis in spleen and BM to
restore platelet counts, spleen weight to body weight
ratio was measured at different time points after PHx.
The ration was significantly increased 3 and 7 days
after PHx compared to sham controls (Fig. 5A,B).
Accordingly, the number of MKs in spleen and BM
was enhanced 3 and 7 days after PHx (Fig. SE-H).
In line with splenomegaly, clearance of platelets was
observed by an increased fraction of platelets in spleen
of mice 7 days after PHx compared to sham controls,
suggesting clearance of PS-positive platelets at this
time point by splenic macrophage scavenger recep-
tors (Fig. 5C,D). This accelerated platelet sequestra-
tion into spleen may explain the increase in spleen
size at later time points. Taken together, the increase
in MKs in spleen and BM supports the increased
number of produced platelets. The data further sug-
gest that enhanced clearance of PS-positive platelets
in the spleen either allows platelets to circulate with
enhanced RCA binding to platelets at day 7 after
PHx or young platelet express more terminal galac-
tose that is not recognized by galactose receptors such

as the AMR (Fig. 4B,C).



HEPATOLOGY, Vol. 74, No.1, 2021 REUSSWIG ET AL.

A . c D a-GPIX Ab + DAPI

Em sham

B PHx W sham [ PHx sham PHX

*
40- =

©
|
3

o

N

30+

spleen weight ratio
[mg (organ) / g (body)]
IS

-
a
@
a

7d 14d

204

s G
- |

(2]

3 0-

o
IF 5o % of red pulp

1d 3d
6 BN sham [ PHx Bl sham PHx
Hkk
_— 6 >k *

»
*

*
bone marrow
megacaryocytes/visual field

IS

N
N

spleenic
megacaryocytes/visual field

spleen

bone marrow

421



REUSSWIG ET AL. HEPATOLOGY, July2021

FIG.5. Elevated megakaryopoiesis is responsible for moderate splenomegaly after PHx. (A) Calculated spleen weight ratio (n = 1 day:
10 sham, 14 PHx; 3 days: 9 sham, 9 PHx; 7 days: 8 sham, 10 PHx, 14 days: 5 sham, 5 PHx) with (B) representative images of spleen
tissue 7 days after operation. (C) Platelet sequestration in spleen sections of sham and PHx-operated mice. A platelet-specific marker
(GPIX) was combined with DAPI staining to distinguish between red and white pulp of the spleen. Total GPIX-positive fluorescence
area [IF py/ pmz] of the red pulp of spleen sections was determined with (D) representative IF staining of splenic sequestration (n = 4).
(E) Counted megakaryocytes in paraffin-embedded spleen tissue (n = 5 sham, 5 PHx) and (F) BM of the femur (n = 4 sham, 4 PHx). (G)
Representative images from spleen tissue and (H) BM tissue of HE staining. Arrowheads indicate MKs. Depicted are mean values + SEM;
*P < 0.05; P < 0.01, using ordinary two-way ANOVA with Bonferroni’s post hoc test. Abbreviations: Ab, antibody; ANOVA, analysis of
variance; DAPI, 4,6-diamidino-2-phenylindole; GPIX, glycoprotein IX; IF, immunofluorescence.

CYTOKINE SIGNALING BY THE
IL-6R AND STAT SIGNALING
PLAYS A CRUCIAL ROLE IN TPO
HOMEOSTASIS AFTER PHx

IL-6R expression is significantly increased 6 hours
after PHx (Fig. 4G). To investigate, in further detail,
how IL-6R signaling is involved in TPO homeostasis
and restoration of platelet counts after PHx, we ana-
lyzed IL-6r"" mice at steady state (native) and after
PHx (up to 24 hours after surgery because of high
mortality of IL-6r"" mice). IL-67"" mice showed sig-
nificantly enhanced platelet counts under native con-
ditions compared to wild-type (WT) mice. However,
platelet counts were strongly reduced in IZ-67"" mice
as well as in WT mice 1 day after PHx (Fig. 6A).
Platelets from IL-6R-deficient mice showed enhanced
size under native conditions and after PHx compared to
WT controls, as measured by flow cytometry (Fig. 6B).
Thiazole orange staining revealed an elevated number
of young platelets in IL-6R-deficient mice after PHx
compared to native conditions as well as to WT mice
after PHx (Fig. 6C). A significantly reduced number
of desialylated platelets in IL-6R-deficient mice under
native conditions provided evidence for an enhanced
platelet clearance of desialylated platelets (Fig. 6D).
Expression of the AMR subunits, Asgr and Asgr2,
was significantly up-regulated in IL-6R-deficient mice
under native conditions. Early after PHx, expression
of the subunit, AsgrZ, was enhanced as well, support-
ing the notion of increased desialylated platelet uptake
by the AMR (Fig. 6E). No difference was detected in
expression of Asgr2 at any time point after PHx (Fig.
6F). Interestingly, I/-6r was likewise up-regulated in
liver of native Asng_/_ mice (Supporting Fig. S7F).
Accordingly, 7po expression in liver of native mice and
in the remaining tissue after PHx was significantly
enhanced in IL-6R-deficient mice (Fig. 6G). We next
analyzed the downstream signaling pathway following
AMR activation in the liver. Phosphorylation of JAK2
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and signal transducer and activator of transcription 5
(STATS) was indistinguishable between WT and IL-
6R-deficient mice under native conditions whereas
phosphorylation of STAT3 was significantly reduced
in IL-6R-deficient mice (Fig. 6H,L. and Supporting
Fig. S7A). However, 1 day after PHx, phosphory-
lation of STAT3 was up-regulated in both groups
whereas STATS seemed not to be regulated after PHx.
However, phosphorylation of JAK2 was significantly
enhanced in liver of W'T, but only by trend, in IL-6R-
deficient mice (Fig. 6H,I and Supporting Fig. S7B).
In line with enhanced 7po expression in liver of IL-
6R knockout mice, enhanced TPO protein levels were
observed in livers of WT and IL-6R-deficient mice
isolated 1 day after PHx in (Fig. 6] and Supporting Fig.
S7B). Accordingly, TPO plasma levels were enhanced
in IL-6R knockout mice under native conditions and
1 day after PHx. However, plasma levels of TPO were
significantly lower 12 hours after PHx compared to
WT controls, suggesting attenuated release of TPO
from the liver into the circulation (Fig. 6K).
Subsequently, we analyzed whether accelerated
desialylated platelet clearance affects the number of
MKs in the BM and spleen of IL-6R-deficient mice
1 day after PHx, as suggested by decreased number
of RCA-1 binding platelets at early time points after
PHx (Fig. 4C). An increased number of MKs was
observed in BM and spleen of IL-6R-deficient mice
under native conditions compared to WT controls
(Fig. 6L,M). After PHx, the number of MKs was
significantly enhanced in spleen, but not in BM, of
IL-6R-deficient mice (Fig. 6L,M). In line with unal-
tered counts of MKs in BM and spleen between sham
controls and PHx mice 1 day after PHx (Fig. 5C-F),
no differences were observed in native W'T mice com-
pared to 1 day after PHx. Increase in BM MKs in
response to TPO stimulation was only overserved at
3-7 days after PHx. Spleen weight was comparable
between WT and IL-6R knockout mice under native
conditions and after PHx (Supporting Fig. S7E).
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FIG. 6. Elevated cytokine signaling controls TPO homeostasis in the remaining liver tissue thyrough IL-6R and STAT signaling in
vivo. (A) Platelet count and (B) platelet size measured by geometrical mean and (C) thiazol orange staining of GPIb-positive platelets of
WT and IL-6R™" mice before and 24 hours after PHx (n = native: 8 WT, 8 IL-6R”"; PHx: 5 WT, 7 IL-6R™"). (D) Analysis of platelets
positive for binding of RCA-1 lectin (n = native: 8 WT, 8 IL-6R”"; PHx: 5 WT, 7 IL-6R™"). (E-G) Gene expression was analyzed using
the 2722C method (n = 4-5 WT per time point + 5 IL-6R™" per time point). (H) Representative immunoblottings of total liver cell
lysates using anti-pJAK2 + anti-JAK2 antibodies, anti-pSTATS5 + STATS, and anti-pSTAT3 + anti-STAT3 monoclonal antibodies. TPO
polyclonal antibody was used with GAPDH as a loading control (n = 5 for each group). (I) Densitometric analysis of immunoblottings
for JAK2, STATS, and STAT3 and their phospho-variant calculated with GAPDH as a loading control. (J) Densitometric analysis of
immunoblottings for TPO. (K) Serum concentration of TPO in WT and IL-6R™" mice (n = 4 WT + 5 IL-6R™"). (L) Counted MKs in
paraffin-embedded BM of femur tissue (n = 4 WT, 4 IL-6R”") and spleen tissue (n =5 WT, 5 IL-6R7"). (M) Representative images from
BM and spleen tissue of HE staining. Arrows indicate MKs. Depicted are mean values + SEM; special characters indicate for difference
between time points (#) or WT and IL-6R™" (*); #*P < 0.05; #*Pp < 0.01; #*+p < 0.001, using paired Student # test; multiple # tests
with the Holm-Sidak method (E-G) or two-way ANOVA with Sidak’s pos hoc (K,L). Abbreviations: ANOVA, analysis of variance; FSC,
forward scatter; GEO, geometric; pJAK2, phosphorylated JAK2; pSTAT3, phosphorylated STAT3; pSTATS, phosphorylated STATS;
TO, thiazol orange.

However, platelet sequestration into spleen of I-6r7""
mice was enhanced under native conditions and 1 day
after PHx compared to WT controls (Supporting
Fig. S7C,D). The unaltered spleen weight in IL-6R-
deficient mice points to enhanced platelet destruction
in IL-6R-deficient mice, as suggested by a signifi-
cantly reduced number of desialylated platelets in IL-
6R-deficient mice under native conditions (Fig. 6D).

To analyze whether recombinant IL-6 is able to
stimulate thrombopoiesis after PHx, we treated mice
with recombinant hyper-IL6 (hIL-6) because hIL-6
has a 10 times higher bioactivity than IL-6 alone and
a longer bioavailability in vivo. %) Although no differ-
ences in platelet counts could be observed after hIL6
treatment, enhanced platelet size was measured in
hIL-6-treated mice compared to controls (Supporting
Fig. S8A,B). Additionally, hIL-6 application induced
enhanced TPO plasma levels, which was accompanied
by an enhanced number of MKs in spleen, but not in
BM, of hIL-6-treated mice 24 hours after the oper-
ation (Supporting Fig. S8C-G). These results give
an indication that treatment with recombinant IL-6
induces thrombopoiesis after PHx. However, further
experiments in the near future are needed to clarify
the role of IL-6 signaling for thrombopoiesis.

Discussion

Here, we report that platelet counts were rapidly
restored after PHx by the AMR/IL-6R/JAK2-STAT
signaling pathway, leading to elevated TPO expres-
sion and release from the remaining liver tissue to
reconstitute hemostasis at early time points when liver
tissue had not been fully regenerated. This strongly
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suggests that enhanced platelet turnover and cytokine
signaling synergistically control TPO homeostasis in
the remaining liver tissue. In addition, we provide evi-
dence that platelet activation defects were moderate
because of elevated plasma levels of NO, PGI,, and
bile acids early after PHx, leading to defective hemo-
stasis at days 1 and 3 after surgery.

This report shows how TPO homeostasis and res-
toration of platelet counts is regulated in mice with
significantly reduced liver tissue. Thrombocytopenia
in liver disease develops as a consequence of decreased
platelet production, increased destruction/platelet
turnover, and increased consumption or splenic seques-
tration,”*” all markers that were also found in mice
after PHx. Depressed TPO levels in chronic liver dis-
eases result in a reduced rate of platelet production given
that TPO regulates both platelet production and mat-
uration, which is impaired in chronic liver disease.®”
Thus, regulation of TPO is a long-known factor in
liver disease. Given that the liver is the major site of
TPO production,m) it is reasonable to expect decreased
plasma levels in patients with liver disease. Indeed,
TPO mRNA levels in liver were slightly decreased in
cirrhosis®? and/or chronic hepatitis®>> and normal-
ized after liver transplantation. 3637) However, increased
serum TPO levels in hepatitis C and patients with cir-
rhosis have also been published.1® This might be
attributable to the time point of the TPO measure-
ments given that we observed a biphasic up-regulation
of TPO expression at early time points after PHx with
increased cytokine signaling that might be different
(e.g., in chronic liver failure with chronic inflammation).

In liver disease, thrombocytopenia is an indicator
of advanced disease and poor prognosis. However,
thrombocytopenia is often accompanied by platelet
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activation defects, and this all together might con-
tribute to bleeding diathesis in liver failure. 3%
Enhanced bleeding risk is described in patients with
liver transplantation.(39) However, high platelet counts
are beneficial for outcome after liver resection and liver
transplantation not only with regard to bleeding com-
plications, but also because of their ability to promote
liver regeneration.*”” Here, we report that bleeding
complications in mice are related to decreased plate-
let counts and platelet activation defects at days 1 and
3 after PHx, but probably also because of a reduction
of coagulation factors that are produced in the liver.
However, the remaining liver tissue can rescue platelet
counts by up-regulation of the AMR/IL-6R/JAK2-
STAT signaling pathway already 6 hours after surgi-
cal treatment, at least in mice (Fig. 4E-H). Given that
PGI,, NO, and bile acid levels normalize already at 3
(NO and PGI,; Fig. 3A,B) and 7 days (bile acids; Fig.
3G) after PHx, platelet counts and platelet activation
are already rehabilitated 7 days after PHx when liver
regeneration is not fully completed (Fig. 1E). This
might be different in chronic liver disease in patients or
experimental mice (e.g., in BDL mice) where bile acids
circulate in plasma for weeks, and platelet activation
defects, including defective hemostasis, were detected
until 21 days after bile duct ligation.(17) Interestingly,
arterial thrombosis was not prevented by concomitant
low platelet counts and platelet defects 1 day after PHx
(Fig. 1K). However, thrombosis has been also described
in patients with liver failure despite reduced synthesis
of procoagulant proteins, platelet defects, and bleed-
ing complications.®** There are reports about plate-
let defects in knockout mice, which do protect these
mice against thrombosis but do not alter hemostasis,
for example, in phospholipase D1-deficient mice, *?
suggesting that there might be coexisting processes of
hemostasis that may not cause thrombosis and vessel
occlusion and the other way around.

To date, recognition of circulating desialylated plate-
lets by hepatic AMR and regulation of TPO mRNA
expression and secretion by JAK2-STAT3 signaling
were shown under steady-state conditions.® Recently,
Kupffer cells were identified as the main trigger of
platelet clearance. The researchers described a mech-
anism that includes the collaboration of the macro-
phage galactose lectin with the AMR on Kupffer cells
to remove desialylated platelets from the circulation
in native mice.” Regulatory feedback mechanisms
in liver disease with enhanced cytokine signaling are
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still open for study. Thus, the underlying mechanisms
are crucial for the understanding of enhanced plate-
let turnover/destruction and reduced platelet counts
in disease. However, our data do not clearly show
whether hepatocytes and/or Kupffer cells are respon-
sible for platelet clearance and TPO production after
PHx. Thus, further experiments are needed in the near
future to identify the cell population in the liver that
can efficiently restore platelet counts after PHx.
Enhanced destruction of platelets has been
described in liver disease and therefore is a com-
mon feature in chronic and acute liver failure.®**
To date, how the AMR-JAK2-STAT3 signaling
pathway is regulated in liver disease remains open
tor study. Our study shows that IL-6R signaling in
the liver is involved in TPO hemostasis and mega-
karyopoiesis upon elevated cytokine signaling as it
occurs after PHx. Thus, elevated cytokine plasma lev-
els account for the regulation of platelet counts upon
accelerated platelet clearance. Different reports sug-
gested that IL-6 is able to stimulate thrombopoiesis
through TPO in an inflammatory environment.?”*®
This, together with the fact that the AMR signaling
pathway shares similarities with that of the IL-6R,
prompted us to investigate the role of IL-6R in TPO
homeostasis in more detail. First, we detected ele-
vated IL-6R mRNA in the liver after PHx as already
observed for the AMR (Fig. 4G). IL-6R knockout
mice exhibited reduced platelet counts after PHx like
WT mice, but their platelets were increased in size
and they had significantly more young platelets in the
circulation, suggesting an enhanced platelet turnover
compared to WT mice. Loss of the IL-6R in liver
tissue was compensated by an increase of AMR sub-
units Asgrl and Asgr2 mRNA, the latter only under
native conditions (Fig. 6E,F). This compensation led
to excessive TPO mRNA levels in liver and plasma
under native conditions and at different time points
after PHx (Fig. 6G). However, the increase in TPO
was not able to restore platelet counts 1 day after
PHx compared to WT controls (Fig. 6A). This might
be attributable to the dysregulation of platelet counts
and enhanced platelet turnover under native condi-
tions, reflected by an enhanced number of MKs in
BM and spleen (Fig. 6L.,M), enhanced platelet size,
and reduced desialylation of platelets leading to
enhanced expression of AMR and TPO (Fig. 6B-D).
Taken together, this provides evidence for an involve-
ment of IL-6R signaling in TPO homeostasis and
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platelet count regulation in mice with reduced liver
tissue under inflaimmatory conditions. The fact that
loss of IL-6R is compensated by enhanced expression
of Asgr1/2 provides evidence for a crosstalk between
the AMR and IL-6R to regulate TPO levels and
megakaryopoiesis in BM and spleen. This conclusion
is strengthened by enhanced IL-6R mRNA levels
in liver of ASGR2 knockout mice (Supporting Fig.
S5D). IL-6 is critically involved in hepatoc(yte ro-
liferation and liver regeneration after PHx.*** To
investigate whether IL-6 is able to stimulate throm-
bopoiesis, we treated mice with recombinant hIL-6.
Elevated TPO plasma levels and an enhanced num-
ber of MKs in spleen of hIL-6-treated mice 24 hours
after PHx gave a first indication that treatment with
recombinant IL-6 induces thrombopoiesis after PHx.
Given that recent studies revealed that IL-6 trans-
signaling through the soluble IL-6/IL-6R complex
controls liver regeneration besides the classical IL-6
signaling,*® we used the recombinant fusion protein,
hIL-6, which consists of soluble IL-6R and IL-6,
which mimics IL-6 trans—signaling.(47) In the study
of Behnke et al., it was already shown that adminis-
tration of hIL-6 results in improved liver regeneration
by Ki67 and phospho-H3 staining in liver tissue after
PHx.“® Taken together, it will be of great interest
to investigate the effects of recombinant IL-6 on the
restoration of platelet counts and megakaryopoiesis
in further detail. Therefore, the analysis of different
models of IL-6 signaling, such as IL-6R knockout,
recombinant hIL-6, or glycoprotein 130 transgenic
mice, could be helpful to shed light on the impact of
IL-6 (trans-) signaling on thrombopoiesis after PHx
or other inflammatory diseases that are accompanied
by thrombocytopenia.

Of note, we here used I1L-6R-deficient mice until
24 hours after PHx as the high mortality rate in these
mice because of the important role of the IL-6 signal-
ing pathway after PHx.

In conclusion, our study identifies the AMR/
IL-6R/STAT3/TPO signaling pathway as a highly
efficient and acute-phase response to liver injury,
cytokine signaling, and loss of liver tissue to restore
platelet count and function. TPO and platelet activa-
tion defects induced by enhanced PGI,, NO, and bile
acid plasma levels are responsible for bleeding com-
plications early after PHx that might also be causative
for bleeding problems and high mortality in patients

with liver disease.
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