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Key Points

• VWF synthesis in liver
endothelial cells is regulated
by gut microbiota through
TLR2 signaling.

• Reduced plasma VWF levels
in GF and Tlr22/2 mice cause
reduced thrombus formation
at the ligation-injured carotid
artery.

The symbiotic gut microbiota play pivotal roles in host physiology and the development

of cardiovascular diseases, but the microbiota-triggered pattern recognition signaling

mechanisms that impact thrombosis arepoorlydefined. In this article,weshowthatgerm-

free (GF) and Toll-like receptor-2 (Tlr2)-deficient mice have reduced thrombus growth

after carotid artery injury relative to conventionally raised controls. GF Tlr22/2 and wild-

type (WT) mice were indistinguishable, but colonization with microbiota restored a

significant difference in thrombus growth between the genotypes. We identify reduced

plasma levels of vonWillebrand factor (VWF) and reduced VWF synthesis, specifically in

hepatic endothelial cells, as a critical factor that is regulated by gut microbiota and

determines thrombus growth in Tlr22/2 mice. Static platelet aggregate formation on

extracellular matrix was similarly reduced in GF WT, Tlr22/2, and heterozygous Vwf1/2

mice that are all characterized by a modest reduction in plasma VWF levels. Defective

platelet matrix interaction can be restored by exposure to WT plasma or to purified VWF

depending on the VWF integrin binding site. Moreover, administration of VWF rescues defective thrombus growth in Tlr22/2 mice in

vivo. These experiments delineate an unexpected pathway in which microbiota-triggered TLR2 signaling alters the synthesis of

proadhesive VWF by the liver endothelium and favors platelet integrin–dependent thrombus growth. (Blood. 2017;130(4):542-553)

Introduction

The commensal microbiota are an environmental factor that alters host
physiology. Even with intact gut barrier function, pathogen-associated
molecular patterns derived from gut microbial communities, such as
peptidoglycan (PG)1 and lipopolysaccharides2 constantly leak into
tissues and the portal circulation,3 triggering adaptive Toll-like receptor
(TLR) signaling in the host. Host-microbial symbiosis changes cellular
immune function in the gut, but also systemically.4,5 However, TLR
signaling is not restricted to the innate immune system,6 but also
involves cellular pathways relevant to hemostasis and thrombosis in
endothelial cells (TLR2, 4, and 9)7-9 and platelets (TLR1, 2, 4, 6, and
9).10-13 In addition, the fecal metagenome of symptomatic atheroscle-
rosis patients is characterized by enrichment of genes encoding PG
biosynthesis, thus triggering TLRs.14

Innate immune defense mechanisms prevent dissemination of
microbes and localize bacterial infection through the extrinsic tissue

factor coagulation pathway.15 Platelets also act as a central evolutionary
link between innate immune responses and hemostatic functions and
respond to TLR ligands.16 TLR2 and TLR4 are linked to platelet
activation and contribute to innate defense mechanisms by promoting
the generation of prothrombotic extracellular nucleosomes andhistones
associated with neutrophil extracellular traps.17 TLR2 stimulation
directly evokes platelet responses,17-21 mediates endothelial responses
to pathogen-associated molecular patterns, and can promote coagula-
tion by endothelial cells.22 However, it is not fully understood how
TLRs contribute to thrombosis in vivo13,18,21 andwhether TLR sensing
by the endothelium regulates thrombogenesis under steady-state or
challenge conditions.22

Endothelial cell vonWillebrand factor (VWF) release andP-selectin
externalization are triggered by TLR2/6.23 The multimeric protein
VWF plays a key role in hemostasis and thrombosis.24,25 VWF is
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released into blood and the subendothelium26 by endothelial cells27

and packaged into plateleta-granules28 bymegakaryocytes.29 At sites of
vascular injury, plasma VWF promotes platelet adhesion to the ex-
tracellular matrix and platelet aggregation,30 in particular as wall shear
rates increase.31 Subendothelial VWF supports platelet adhesion,32

whereas platelet-releasedVWF is not essential for hemostasis.33,34VWF
multimers vary in size from53105 to.53107Da, but are released on
the endothelial cell surface as larger fibrils35 that are rapidly cleaved
by the a disintegrin and metalloproteinase with thrombospondin motif
13 metalloproteinase (ADAMTS13).36 Plasma VWF can self-associate
into multimers by shear-dependent37 or -independent processes38

and contains binding sites for adhesion receptors and extracellular
matrix components. Platelet adhesion and aggregation aremediated
by coordinated shear- and activation-dependent binding of platelet
GPIba to theVWFA1domain39 and integrinaIIbb3 to theArg-Gly-
Asp (RGD) sequence40 in the VWF C4 domain, respectively.41-44

In this article, we identify an unexpected link by which gut
microbiota promote arterial thrombus formation through TLR2-
dependent regulation of endothelial VWF synthesis in the liver
endothelium.

Methods

Materials

Details on the sources of reagents, primer sequence, and mouse strains are given
in the supplemental Experimental Procedures, available on the BloodWeb site.

Mouse common carotid artery thrombosis model

Carotid injury was induced in anesthetized mice as previously described.45

Briefly, a polyethylene catheter (0.28 mm interior diameter, 0.61 mm outside
diameter; Smiths Medical Deutschland, Grasbrunn, Germany) was implanted
into the right jugular vein. The left common carotid artery was dissected free
and ligated vigorously (7.0 monofilament polypropylene, Prolene; Ethicon,
Norderstedt, Germany) near the carotid bifurcation for 5 minutes to induce
vascular injury. Before and after vascular injury, the fluorescent platelets were
visualized in situ by in vivo epifluorescence high-speed videomicroscopy of the
left commoncarotid artery.Micewithbleedingsor any injuryof the carotid artery
during surgery were excluded from further analysis. There was no difference in
the exclusion rate across the different experimental groups.All experimentswere
performed between 7 AM and 8 PM Mice were humanely sacrificed in end-point
experiments 30 min after ligation of the carotid artery. All groups of mice
were sex-, age-, and weight-matched and were free of clinical symptoms. All
procedures performed on mice were approved by the local committee on
legislation on protection of animals (Landesuntersuchungsamt Rheinland-Pfalz,
Koblenz, Germany; 23177-07/G11-1-018, 23177-07/G13-1-072, 23177-07/
G11-1-045, and 23177-07/G16-1-013).

Intravital high-speed video epifluorescence microscopy

Measurements were performed with a high-speed wide-field Olympus BX51WI
fluorescence microscope by using a long-distance condenser and a 310 (0.3
numerical aperture) water immersion objective with amonochromator (MT 20E;
OlympusDeutschland,Hamburg,Germany) andacharge-coupleddevice camera
(ORCA-R2; Hamamatsu Photonics, Hamamatsu, Japan). For image acquisition
and analysis, the real-time imaging systemXcellenceRT (OlympusDeutschland)
software was used. Cell recruitment was quantified in 1 field of view (100mm3
150mm)of the injury area.Adherent cells were defined as cells or aggregates that
did notmoveor detach from the endothelial liningwithin anobservationperiod of
20 seconds, and cell counts are presented per millimeter squared.

Static platelet aggregate formation on laminin and

adhesion assays

Laminin-coated coverslipswere purchased fromNeuvitro (ElMonte,CA).Glass
coverslips were degreased with 2 M hydrogen chloride in 50% ethanol for

30 minutes and coated with human VWF (Wilfactin, 12 IU/mL) or fibrinogen
(200mg/mL) overnight at 4°C and blockedwith 1%bovine serum albumin for
1 hour at room temperature (RT). Washed mouse platelets were added after
preparation and 5-(and 6) carboxy-29,79-dichlorofluorescein diacetate (DCF)
or Rhodamin B staining to the coverslips for 60 minutes at RT in the dark.
Where specified, stained, washed mouse platelets were incubated for 30
minutes in 200mLof the indicated plasma sources or the indicated substances:
human VWF Wilfactin (51 mIU/mL); anti-human VWF RGD sequence-
specific monoclonal antibody LJ-152B-6 (5 mg/mL)43; and anti-a6 (GoH3)
(10 mg/mL). The suspension was washed again and added to the coverslips
for 60 minutes at RT in the dark. Where specified, Wilfactin-coated
coverslips were preincubated with the anti-human VWF RGD monoclonal
antibody43 for 60 minutes. Prostaglandin E1 (Sigma-Aldrich, Taufkirchen,
Germany) was used throughout all washing and adhesion steps at a con-
centration of 7.5 mM. For removal of unbound platelets, coverslips were
washedwith phosphate-buffered saline (pH7.4), andmatrix-bound platelets
were visualized with the Olympus epifluorescence microscope BX51WI.
Four images were chosen at random per experiment, and the percentage of
covered surface area was quantified. For image acquisition and analysis, the
real-time imaging system Xcellence RT (Olympus Deutschland) software
was used.

Statistical analysis

Data are presented as themean6 the standard error of themean (SEM) andwere
analyzedwithGraphPad Prism 5 software (GraphPad Software, SanDiego, CA)
byusing the independent samplesStudent t test orMann-Whitney test to compare
2 groups and analysis of variance (ANOVA) with the Tukey post hoc test;
repeated measurement ANOVA (mixed model) or the Kruskal-Wallis test was
used for.2 groups.

Results

Germ-free mice show impaired platelet thrombus growth at the

injured carotid artery

We compared conventionally raised (CONV-R) and germ-free (GF)
C57BL/6mice in the arterial injurymodel induced by transient ligation
of the common carotid artery.45 Vascular injury in this model was
restricted to a defined area where platelets adhere and aggregate on
the exposed subendothelial matrix. Initial adhesion and thrombus
formationwas not significantly different in CONV-R andGFmice, but
progressiveplatelet accumulation at the injury sitewas significantly less
in GF mice (Figure 1A). Platelet counts and collagen-induced platelet
aggregation in platelet-rich plasmawere not different betweenGFmice
and CONV-R controls (supplemental Figure 1A-B).

Plasma VWF is required for normal platelet adhesion/aggregation
on extracellularmatrix components under arterialflowconditions.31As
a possible explanation for reduced thrombus growth, we found lower
levelsofVWFin theplasmaofGFmice comparedwithCONV-Rwild-
type (WT) mice (Figure 1B). This was accompanied by reduced factor
VIII (FVIII) antigen levels in plasma (Figure 1C). VWF multimer
patterns (supplemental Figure 1C) and ADAMTS13 antigen levels
(Figure 1D) were unchanged. Endothelial cells in lung46 and liver
microvasculature,47 as well as megakaryocytes,48 are known sites of
VWF synthesis. VWF transcripts were reduced in the livers and bone
marrow of GF mice compared with CONV-RWTmice, but not in the
lungs (Figure 1E) and the carotid artery (supplemental Figure 1D).
However, reduced VWF transcripts in the bone marrow of GF mice
did not translate into reduced platelet VWF content (supplemental
Figure 1E). Because FVIII transcripts were unchanged in the livers of
GF vs CONV-R mice (Figure 1F), the reduced FVIII plasma levels
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Figure 1. Reduced plasmatic VWF levels, hepatic synthesis, and platelet deposition in GF C57BL/6 mice. (A) Deposition of DCF, 5- (and 6) carboxy-29,79-

dichlorofluorescein diacetate (carboxy-DCFDA)-stained platelets (green) to the ligation-injured common carotid artery in CONV-R WT (top) and GF WT mice (bottom) 30 minutes

after transient ligation. Images of representative experiments are shown. Scale bar, 200 mm (10 mice per group). (B) VWF levels in PPP of CONV-RWT and GFWTmice (5-7 mice

per group). (C) FVIII levels in PPP of CONV-R WT and GF WT mice (5-8 mice per group). (D) ADAMTS13 levels in plasma of CONV-R WT and GF WT mice (3 mice per group).

(E) Relative VWF mRNA expression in the livers (4-5 mice per group), lungs (6 mice per group), and bone marrow (5 mice per group) of CONV-RWT compared with GF WT mice.

(F) Relative FVIII mRNA expression in the liver (7 mice per group). (G) Deposition of DCF-stained, washed platelets (green) from CONV-R WT or GF WT mice to laminin.

Representative images, scale bar, 100 mm; quadruplicate determination (4 mice per group). (H) Deposition of washed platelets from CONV-R WT and GFWT mice to laminin after

30 minutes of incubation with WT or Vwf2/2 plasma; quadruplicate measurements (4 mice per group). (I) Deposition of washed platelets from Vwf1/1 and homozygous Vwf2/2mice

to laminin after 30 minutes of incubation with Wilfactin 6 a-RGD; quadruplicate determination (4 mice per group); scale bar, 100 mm. Mean 6 SEM, repeated measurement

ANOVA (mixed model); independent-sample Student t tests or ANOVA with Tukey post hoc test, *P , .05. n.s., not significant.
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likely result from reduced VWF-dependent stabilization of FVIII in
plasma.

Reduced VWF plasma levels in GF mice did not result from
increased VWF clearance rates, because injection of human VWF
(Wilfactin) into GF and CONV-R mice did not reveal differences
in VWF plasma clearance after 1 hour and 6 hours (supplemental
Figure 1F). Differences in VWF clearance were further excluded by
determination of theVWF-propeptide/VWF-antigen ratio (supplemen-
tal Figure 1G).49 Because endothelial cell–derived plasma VWF is
crucial for ferric chloride–induced carotid artery thrombosis,34 we
hypothesized that decreased VWF synthesis in the liver endothelium
caused the smaller thrombus size after arterial injury in GF mice. Ac-
cordingly,we found that heterozygousVwf1/2mice,with plasmaVWF
levels 50% lower than littermate Vwf1/1 controls, exhibited reduced
platelet accumulation on the ligation-injured carotid artery wall (sup-
plemental Figure 2A).

We then used a no-flow ex vivo assay and found that platelets
isolated from GF mice exhibited lower aggregate formation than
platelets from CONV-R controls on immobilized laminin, a matrix
component known to interact with VWF (Figure 1G). However, after
washed GF platelets were exposed toWT, but not Vwf2/2 platelet-poor
plasma (PPP), their ability to adhere/aggregate on laminin was com-
parable to that of similarly treated CONV-R platelets (Figure 1H).
Inhibiting activation with prostaglandin E1 markedly impaired platelet
accumulation on laminin and the observed rescue of GF platelets
exposed to normal plasma (supplemental Figure 2B). As previously
documented under static50 as well as flow conditions,30,31,51 such
an effect of prostaglandin E1 implies a role of VWF interaction
with platelet aIIbb3 in thrombus growth. In contrast, the presence
of hirudin did not reduce adhesion of WT platelets (supplemental
Figure 2B), demonstrating that activation was not dependent on
thrombin generation.

To test the role of theVWFRGDmotif, we incubated platelets from
Vwf2/2 mice with human VWF (Wilfactin) and demonstrated the
recovery of markedly decreased laminin coverage to levels seen inWT
controls (Figure 1I). This effect was prevented by the monoclonal
antibody LJ-152B6 selectively blocking the RGD integrin binding site
in the human VWFC4 domain.43,44 Collectively, our results show that
absence of the commensal microbiota impairs VWF synthesis in the
liver, resulting in reduced platelet function involving VWF interaction
with integrin aIIbb3.

TLR2 specifically regulates expression of VWF in liver

endothelial cells

Gutbacterial products trigger innate immune signalingand alter cellular
immunehomeostasis in thehost,1,4,5but also reach theportal circulation
and induce remote effects.2,3 To identify a potential signaling pathway
responsible for the regulation of hepaticVWFexpression,we evaluated
VWF messenger RNA (mRNA) levels in the livers and the lungs of
Tlr22/2 andTlr42/2mice. Importantly,we found thatVWF transcripts
were reduced specifically in the livers, but were unchanged in the lungs
ofTlr22/2mice (Figure 2A).Nochanges inVWFexpressionwere seen
in Tlr42/2 mice compared with WT mice.

In line with our observation of reduced VWF levels in GF mice
(Figure 1B),VWFplasma levelswere reduced by 30% inTlr22/2mice
compared with WT controls (Figure 2B). As found in GF mice, the
reducedVWFplasma levels ofTlr22/2mice could not be explained by
differences inVWFclearance (supplemental Figure 3A-B). Therewere
no apparent alterations in VWF multimer composition (Figure 2C),36

an important determinant for platelet adhesion.52 Furthermore, plasma
levels of ADAMTS13, which is expressed in stellate cells in the liver

and considered the major regulator of VWF multimer size,53 were
unchanged (supplemental Figure 3C).

To show the precise location of liver synthesis of VWF,we isolated
primary liver endothelial cells that also synthesize the antihemophilic
cofactor FVIII. Although FVIII liver endothelial cell transcripts
(Figure 2D) and plasma FVIII antigen levels (supplemental Figure 3D)
were unchanged, VWF liver endothelial cell transcript levels were
markedly reduced in Tlr22/2 mice compared with WT controls
(Figure 2E). These differences in VWF transcript levels were not due
to differences in vascularization, because PECAM-1 expression in
the liver did not show changes in the hepatic microvasculature
(supplemental Figure 3E-F).

We next analyzedwhether the reducedVWF levels in Tlr22/2mice
result in diminished platelet deposition. Similar to GF platelets, Tlr22/2

platelets showed defective deposition on laminin (Figure 2F), but
not the fibrinogen matrix (supplemental Figure 4A). Importantly, in-
cubation with WT plasma restored Tlr22/2 platelet deposition on
laminin (Figure 2F). Control experiments excluded that platelet TLR2
regulated the laminin-binding integrin a6 (supplemental Figure 4B).54

Thus, VWF synthesis in the liver and plasma levels are regulated by
TLR2 and are a critical determinant for platelet deposition in this static
assay.

Moderate changes in VWF influence platelet deposition on the

extracellular matrix

We further characterized the effects of varying VWF levels on Tlr22/2

platelets in vitro. VWF levels in washed Tlr22/2 platelets were
increased after 30 minutes of incubation with WT plasma, but were
unchanged inWT platelets subjected to the same procedure, indicating
an association of plasma VWF with Tlr22/2 platelets (Figure 3A).
Importantly, incubation of Tlr22/2 platelets with Vwf1/2 plasma was
insufficient to recover platelet deposition on laminin, as seen on expo-
sure to WT plasma (Figure 3B). Conversely, the incubation of Vwf1/2

platelets with Tlr22/2 plasma also did not promote increased platelet
deposition (data not shown), demonstrating that Vwf1/2 and Tlr22/2

mice are defective in a common factor in their plasma.
Incubation of Tlr22/2 platelets with purified VWF, to achieve

an estimated 30% increase in total VWF levels, increased platelet
deposition on laminin that was prevented by the monoclonal antibody
LJ-152B6 blocking the RGD integrin binding site of human VWF
(Figure 3C), demonstrating rescue of matrix interaction by VWF in-
teracting with platelet integrins. This conclusion was further sub-
stantiated by platelet adhesion studies to immobilized VWF that, under
our experimental conditions, was sensitive to antibody blockade of the
VWF integrin binding site (Figure 3D). Intriguingly, Tlr22/2 platelets
and platelets isolated from Vwf2/2mice showed reduced deposition to
surface-coated VWF as compared with platelets fromWT controls, but
preincubation of Tlr22/2 or Vwf2/2 platelets with WT plasma fully
restored defective deposition. Blockade of the human VWF RGD
integrinbinding sitewith the antibodyLJ-152B-643,44 preventedplasma
exposure–stimulated adhesion of both knockout platelets, further con-
firming the common defect in the plasma leading to defective matrix
interaction of platelets. Thus, reduced plasma VWF levels in GF and
Tlr22/2mice diminish platelet integrin reactivity with VWF.

Thrombus growth in Tlr2-deficient mice is dependent on the

plasma milieu

Consistent with the reduced VWF levels, CONV-R Tlr22/2 mice
showed decreased platelet thrombus growth in the carotid artery
ligationmodel (Figure 4A; supplemental Videos 1 and 2). Importantly,
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platelet deposition did not differ at early time points (5 minutes)
(Figure 4B). We performed a series of control experiments to identify
alternative explanations for the reduced platelet thrombus formation.

Evaluation of VWF expression in sham-operated and ligation-injured
carotid arteries was indistinguishable between CONV-R WT and
CONV-R Tlr22/2 mice (supplemental Figure 5A-B). Furthermore,
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deposition of DCF-stained, washed platelets (green) of WT or Tlr22/2 mice after 30 minutes of incubation with WT or Tlr22/2 plasma. Representative images (left) and

quantification (right); quadruplicate measurements (3 mice per group). Scale bar, 100 mm; mean 6 SEM; independent-sample Student t tests or ANOVA with Tukey post hoc

test or Kruskal-Wallis test, *P , .05. EC, endothelial cell; n.s., not significant.
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Weibel Palade body secretion was apparently not affected in Tlr22/2

and GF mice, because plasma levels of soluble P-selectin were un-
changed (supplemental Figure 5C-D). We also analyzed whether
Kupffer cells, the major cell type involved in VWF clearance in the
liver,55 were influenced by Tlr2 deficiency. By immunohistochemistry
(supplemental Figure 6A), the numbers of CD681 Kupffer cells were
unchanged inTlr22/2mice comparedwithWTcontrols, irrespective of
whether the carotid artery was ligated or not. Thus, increased VWF
clearance by Kupffer cells was an unlikely cause for decreased VWF
plasma levels in Tlr22/2mice and for the changes in thrombus growth.

Confirming the integrity of the intestinal barrier during experi-
mental procedures,nobacterial 16S ribosomalDNAcouldbe amplified
from the livers of sham-operated or ligated WT and Tlr22/2 mice
(supplemental Figure 6B). Chronic liver damage ofTlr22/2versusWT
mice was excluded by quantification of aspartate aminotransferase
activity (supplemental Figure 6C). Furthermore, hepatic inflammation
of Tlr22/2 versus WT mice was excluded by quantifying mRNA
expression levels of tumor necrosis factor-a (supplemental Figure 6D).

In addition, leukocyte deposition at the vascular injury site was a rare
event (supplemental Figure 6E), supporting the overall conclusion that
TLR2 primarily influences plasma composition and the interaction of
VWF with platelets. Additional control experiments addressed the
function of Tlr2-deficient platelets. Tlr2 deficiency had no effect on
platelet counts, tail bleeding time, platelet volume, granularity, shape,
or white blood cell counts (supplemental Figure 6F-K). A platelet
autonomous signaling defect was also unlikely because of unaltered
platelet agonist responses of Tlr22/2 platelets compared with WT
control platelets (supplemental Figure 7A-H).

To further exclude that the reduced platelet thrombus growth
observed in Tlr22/2mice was caused by platelet TLR2 signaling, we
reconstituted platelet-depleted WT mice with Tlr22/2 platelets. We
used human GPIba-transgenic mice that were depleted with an anti-
human GPIba antibody nonreactive with mouse GPIba.56 Depleted
mice were reconstituted with platelets from WT or Tlr22/2 mice
and analyzed for thrombus formation in the ligation injury model.
Consistent with the normalization of defective adhesion by WT
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plasma exposure in vitro, the number of Tlr22/2 platelets deposited at
the injury site was indistinguishable fromWT platelets after infusion
into WT blood (Figure 4C).

To confirm in vivo that a quantitative deficiency of VWF was
responsible for reduced platelet deposition inTlr22/2mice after carotid
artery ligation injury, we increased VWF plasma levels by a calculated
30% through infusion of VWF. Supplementation of VWF increased
platelet deposition inTlr22/2mice to levels seen inWTmice (Figure4D).
Therefore, our results support the conclusion that the moderate
quantitative differences in plasma VWF between WT and Tlr22/2

mice influence VWF interaction with platelets and that VWF was
the primary determinant for reduced thrombus formation of Tlr22/2

platelets at sites of vessel injury.

The commensal gut microbiota regulate plasma VWF levels

through TLR2

To confirm that the thrombosis phenotype of Tlr22/2mice was due to
microbial colonization, we rederived GF Tlr22/2mice by aseptic hys-
terectomy.Toexcludegenetic drift,Tlr22/2andWTmicewere crossed
under GF conditions, and littermates from heterozygous breeding were

compared. The reduction in VWF plasma levels and hepatic VWF
transcripts seen in conventionally raised Tlr22/2 mice (Figure 2A-B)
were no longer observed in GF Tlr22/2 mice compared with GF WT
mice (Figure 5A,C). Accordingly, VWF multimers and VWF mRNA
levels in liver and lung tissue were indistinguishable between WT
and Tlr22/2mice under GF conditions (Figure 5B-C). Importantly, the
marked difference in platelet deposition at the carotid artery ligation
injury site observed between WT and Tlr22/2 mice under CONV-R
conditions was no longer seen in littermates ofGFWT andGF Tlr22/2

mice (Figure 5D; supplemental Videos 3 and 4).

Colonization of GFWT and GF Tlr22/2 mice restores differences

in platelet deposition

Next, we recolonized strain-matchedGF Tlr22/2 andGF Tlr21/1mice
with cecal microbiota from CONV-R donor mice and analyzed lit-
ters from recolonized mice in the carotid artery ligation injury model.
Confirming the involvement of gutmicrobial communities, conventional-
derived (CONV-D) progeny showed that colonization was sufficient
to restore the platelet deposition differences betweenTlr22/2mice and
WT controls in vivo (Figure 6A).
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We confirmed in a series of independent experiments that re-
colonization was sufficient to restore the difference in reactivity
of WT versus Tlr22/2 platelets. GF Tlr21/1 and GF Tlr22/2

littermates from several pregnancies were colonized with micro-
biota from the sameCONV-RWTdonormouse atweaning for 4weeks
and then analyzed for platelet interaction with the extracellular matrix
in vitro (Figure 6B). Importantly, a consistent difference in platelet
deposition was restored, and hepatic VWF transcript levels were
increased in the samecolonizedTlr21/1micecomparedwith colonized
Tlr22/2 littermates (Figure 6C).

We further analyzed the intestinal microbiome of these convention-
alizedmice and found that community diversity and composition in the
gut lumen was largely unchanged between Tlr22/2 and WT mice
(supplemental Figures 8A-F and 9A-D). Interestingly and in contrast,
the Tlr2 genotype does appear to influence the mucosa-associated
microbial communities, which is consistent with previous hypotheses
predicting a greater host genetic influence in the mucosa.57 To directly
test whether stimulationwith bacterial ligands can augment endothelial
VWF transcript levels, we treated cultured endothelial cells with PG.
This increased VWF transcript levels (Figure 6D). We then fed GFWT
mice the TLR2 agonist LTA in the drinking water under isolator
conditions for 7days. Indeed, providing thisTLR2agonistwas sufficient
to increase hepatic VWF expression under these conditions (Figure 6E),

demonstrating that TLR agonists derived from the gastrointestinal tract
regulate hepatic VWF synthesis.

Discussion

The commensal microbiota are an environmental factor whose
metabolic functions have been linked to cardiovascular disease,14,58

the leading cause ofmorbidity andmortality in industrialized countries.
Our study identifies a novel connection in which microbiota in-
fluence platelet function not directly, but indirectly through hepatic
TLR2 signaling. The delineated innate immune signaling pathway
links intestinal microbiota to liver endothelial function that fosters
prothrombotic VWF-integrin interaction on platelets (Figure 7).

As shown in this study,microbiotamodulate hepaticVWFexpression
and plasmatic VWF levels, a major risk factor of arterial thrombosis
and stroke,34,59,60 through TLR2. In heterozygous Vwf1/2 mice, a 50%
reduction in plasma VWF levels is sufficient to substantially reduce
platelet deposition at arterial ligation injury sites.We find that diminished
VWF plasma levels are decisive for reduced platelet deposition in GF
and Tlr22/2 mice. Importantly, GF Tlr22/2 and GF WT mice were
indistinguishable in VWF plasma levels, hepatic synthesis, and platelet
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deposition to the ligation-injured carotid artery. Conventionalization of
GF WT and GF Tlr22/2 mice restored the differences in platelet de-
position on matrix coatings in vitro and in the carotid artery ligation
model. Colonization of GF littermates was sufficient to cause a
difference in hepaticVWFexpression betweenWTandTlr22/2mice.

The gut metagenomes of patients with stenotic atherosclerotic
plaques in the carotid artery are enriched in genes encoding the
synthesis of the TLR2 agonist PG.14 Microbiota-derived metabolites
and nutrition are additional factors that affect experimental thrombus
formation and thrombosis risk.14,59,61 The gut commensal–derived
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metabolite trimethylamine N-oxide or microbiota-triggered seroto-
nin synthesis by colonic enterochromaffin cells were recently
identified as regulators of platelet function.61,62 Carboxyalkylpyrrole-
phosphadidylethanolamine derivatives in hyperlipidemic atheroscle-
rotic mice enhance platelet TLR2-induced thrombus formation,21

and trimethylamine N-oxide, a commensal metabolite with increased
synthesis under a choline-enriched diet, promotes ferric chloride–
induced occlusive thrombus formation.61 Because diets were strictly
controlled in our experimental settings, the demonstrated role of com-
mensalmicrobiota on platelet deposition to the carotid artery is notably
independent of dietary intervention.

Under noninfectious conditions, intestinal gut microbes typi-
cally do not access the liver, but it has been demonstrated that
fluorescein isothiocyanate-dextran of 4 kDa freely diffuses through
the intestinal endothelial barrier63 and that the hepatic endothelium
is exposed to products of the commensal gut microbiota, triggering
innate immune receptor signaling.1-3 Because TLR2 agonists can
induce canonical TLR signaling responses in platelets, we initially
attributed the platelet adhesion defect of Tlr22/2 platelets to
platelet autonomous signaling. However, extensive characteriza-
tion in platelet function assays did not uncover abnormalities of
Tlr22/2 platelets themselves, but rather of their ligand VWF. We
show that delivery of the TLR2 agonist LTA via drinking water is
sufficient to increase hepatic VWF transcript levels, supporting a
role of gastrointestinal bacterial ligands in the regulation of hepatic
VWF expression.

We propose that TLR2 acts as the key sensor for gut microbial
ligands1-3 that can induce remote signaling in the liver endothelium, thus
leading to adaptive changes in plasmatic clotting factor levels after
microbial colonization of the host. VWF and FVIII mRNA expression
in endothelial cells varies strongly in different vascular beds, and the
expression levels of these factors do not necessarily correlate with each
other.64 Although TLR2 signaling is known to promote Weibel-Palade
body exocytosis and VWF release of aortic endothelial cells,23 VWF
mRNA and protein expression in the carotid arteries was unchanged in
sham-operated or ligation-injured Tlr22/2 and GF mice, thus, excluding
that alteredVWF levels in the injured vessels caused the observed platelet

adhesion defect. Moreover, reduced VWF plasma levels in Tlr22/2

mice cannot be explained by altered Kupffer cell numbers in the
liver, representing the primary clearance route of VWF,55 or differ-
ences in VWF clearance. Altogether, our experiments demonstrate
that decreased VWF plasma levels in Tlr22/2 mice are caused by
decreased hepatic synthesis.

The synergistic engagement of redundant adhesion receptors for VWF
mediated platelet deposition to the extracellular matrix is shear stress
dependent.31 Our results position the microbiota- and TLR2-dependent
increase in plasma VWF and the effects on VWF binding to platelet
integrins as centralprothromboticmechanisms that fosterplatelet thrombus
growth after ligation injury of the carotid artery. Our finding of the
prothrombotic role of the microbiota should foster translational research
into the interdependence of VWF plasma levels and increased thrombosis
risk.34,59,60 It will be of interest to determine whether nutrition
(eg, lipid-rich diets) combined with the metabolic function of the
commensal gut microbiota61,62 can impact the gut-vascular barrier,63

affecting levels of bacterial TLR ligands in the portal circulation,1-3

and thus amplify VWF synthesis in the liver endothelium and the risk
for thrombosis. Our study demonstrates that the hepatic microvascu-
lature is not only the site for the control of acute infection in
immunothrombosis,15,47 but is also a homeostatic regulator of plasma
components that affect the reactivity of platelets and remote vascular
thrombosis.
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