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Abstract

Tissue-tissue communication by endocrine factors is a vital mechanism for physiologic
homeostasis. A systems genetics analysis of transcriptomic and functional data from a cohort of
diverse, inbred strains of mice predicted that coagulation factor XI (FXI), a liver-derived protein,
protects against diastolic dysfunction, a key trait of heart failure with preserved ejection fraction.
This was confirmed using gain- and loss-of-function studies, and FXI was found to activate the
bone morphogenetic protein (BMP)-SMAD1/5 pathway in the heart. The proteolytic activity of
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FXI is required for the cleavage and activation of extracellular matrix—associated BMP7 in the
heart, thus inhibiting genes involved in inflammation and fibrosis. Our results reveal a protective
role of FXI in heart injury that is distinct from its role in coagulation.

Tissue-tissue cross-talk by endocrine factors, including secreted proteins (1), is a vital
mechanism to maintain proper physiologic homeostasis. The heart and the liver display
multifaceted interactions (2), and in clinical practice it is common to observe heart diseases
affecting the liver and vice versa (3). For instance, nonalcoholic fatty liver disease increases
the risk for heart failure with diastolic and systolic dysfunction (4, 5). On the basis of

these observations, we hypothesized that secreted proteins may mediate communication
between liver and heart. We screened for such endocrine factors using a “systems genetics”
approach that integrates natural variation for physiological and clinical traits with global
transcriptomics data in cohorts of genetically diverse mice. In our studies, we used a
resource consisting of ~100 diverse, inbred strains of mice called the Hybrid Mouse
Diversity Panel (HMDP) (6). Among several candidates that were identified was coagulation
factor XI (FXI), a protein produced exclusively by liver.

We validated several of these factors in a mouse model of a common form of heart

failure, heart failure with preserved ejection fraction (HFpEF). We reasoned that we were
more likely to see an effect if the heart was stressed. HFpEF is characterized by diastolic
dysfunction and preserved ejection fraction, which is distinct from heart failure with reduced
ejection fraction (HFrEF) (7). HFpEF accounts for half of all cases of heart failure and

is associated with multiple comorbidities, including diabetes, hypertension, and restrictive
cardiomyopathies (8, 9). In HFpEF, chronic systemic inflammation and metabolic disorders
affect not only the myocardium, but also other organs such as the kidneys, lungs, and
skeletal muscles. However, little is known about the molecular mechanisms underlying
impaired cardiac relaxation and how other organs interact with the heart to regulate the
pathophysiology of HFpEF.

We chose to follow up on FXI, which was particularly interesting because not only did it
perturb gene expression in the heart, but it also affected diastolic function. In the mouse
model of HFpEF, mice overexpressing FXI in liver showed improved diastolic function,
whereas FXI-knockout mice were sensitized for diastolic dysfunction. We identified
potential pathways by which FX1 affects diastolic function by examining differential gene
expression in response to changes in FXI levels. FXI overexpression activated the bone
morphogenetic protein (BMP)-SMAD1/5 pathway in the heart. The action of FXI on the
heart requires proteolytic activity, because point mutations in its catalytic domain eliminated
the effects on BMP signaling and heart function. BMP7 is secreted as an inactive precursor
that binds to the extracellular matrix, and our results indicate that it is cleaved by FXI,
releasing the active growth factor from the prodomain. We also provide evidence that FXI
has a similar function in humans. Our results identify FXI as an endocrine factor that
influences heart function, and this is distinct from its role in coagulation.
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Systems genetics screening for potential regulators of liver-heart cross-talk

To identify endocrine circuits mediating liver-heart cross-talk (10), we took advantage

of a recently developed bioinformatics approach that uses natural variation to identify
correlations between tissues. For this, we used a panel of 100 diverse inbred mouse strains
in the HMDP (6, 11). Global transcriptomic data from the heart and the liver were generated
across all 100 inbred strains and used to detect the correlations between secreted proteins
from the liver and their downstream effects on the heart (Fig. 1A). By assessing the strength
of cross-tissue predictions, we generated a list of potential liver-heart mediators (Fig. 1B
and table S1). The top-ranked candidates included /gfbp7, Lipc, Emilinl, Lgals9, St6gall,
Ghr, Crlf2, Lcat, and F11. This list revealed several previously described mediators with
consistent functions. For instance, insulin-like growth factor-binding protein-7 (/gfbp7) has
been reported to be correlated with diastolic function in HFrEF and HFpEF patients (12).

FXI protects against diastolic dysfunction, fibrosis, and inflammation in a mouse model of

HFpEF

On the basis of their specific expression in the liver, data from the literature, and

functional annotation, we selected Hgfac, C8g, and F11 as candidate mediators of liver-heart
communication (Fig. 1B). To determine whether these factors have clinically relevant effects
on the heart, we examined them in a mouse model of HFpEF, which is characterized by
diastolic dysfunction. We overexpressed these genes individually in the livers of C57BL/6J
male mice with an adeno-associated virus serotype 8 (AAV8) vector carrying target genes or
green fluorescent protein (GFP) control and directed by the liver-specific thyroid hormone-
binding globulin promoter (fig. SLA). After AAV8 injection, mice were subjected to a
“two-hit” HFpEF model induced by a combination of high-fat diet (HFD) and inhibition

of nitric oxide synthase using Nw-nitrol-arginine methyl ester (I-NAME) (13), followed

by assessment of cardiac functions (fig. S1B). After 7 weeks of HFD + I-NAME feeding,
mice developed heart failure phenotypes that recapitulated the clinical symptoms of HFpEF,
including diastolic dysfunction [increased E/A ratio, E/e” ratio, left ventricular (LV) mass,
heart weight, and lung weight], metabolic disorders (increased body weight, fat mass,
plasma lipids, and glucose intolerance), exercise intolerance (reduced running distance), and
preserved LV ejection fraction (LVEF) (fig. S1, C to N).

We observed that when overexpressed, liver-derived hepatocyte growth factor activator
(HGFAC) increased LV mass and complement C8 gamma chain (C8G) decreased heart
weight in the model of HFpEF (figs. S2 and S3). However, we focused on the other top
candidate, FXI, because it had additional effects on several HFpEF traits, including diastolic
function. FXI acts downstream of FXII (14, 15) and triggers the middle phase of the
intrinsic pathway of blood coagulation by activating FIX. Like HGFAC and C8G, FXI is
also exclusively expressed in the liver (Fig. 1C and fig. S4, A and B). Furthermore, on the
basis of associations with heart transcript levels in the HMDP, FXI was predicted to be
strongly correlated with critical pathways in the heart and a number of clinical traits related
to HFpEF (Fig. 1D and fig. S4C). In addition, human genome-wide association studies
(GWADS) revealed that genetic loci encompassing the F1.1 gene were associated with the total
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cholesterol and BMP7 levels (Fig. 1E and tables S2 and S3) (16). These data suggested a
potential role of FXI in heart failure.

We observed reduced plasma FXI in the mice on HFD + I-NAME relative to those given a
chow diet (fig. S4, D and E). We then induced the HFpEF model in 30 genetically diverse,
inbred strains of mice, a subset of HMDP, to examine the association between plasma FXI
and diastolic dysfunction in the context of naturally occurring variation. We found that FXI
levels were inversely correlated with diastolic dysfunction after feeding the HFpEF diet (Fig.
2A). Taken together, these results suggest that FX1 may protect against diastolic dysfunction.

We then directly validated the function of FXI in the HFpEF model using overexpression.
C57BL/6J male mice injected with AAV8-GFP or AAV8-F11 were subjected to chow diet or
HFD + I-NAME for 7 weeks (fig. S1B). After AAVS injection, F11 expression was elevated
in the liver and FXI protein was increased in the plasma (Fig. 2, B and C, and fig. S5,

A and B). We injected sufficient virus to increase FXI protein levels only modestly (about
1.4-fold) to avoid nonphysiological artifacts. Plasma alanine transaminase levels were not
significantly changed (P = 0.29) by FXI overexpression, suggesting no deleterious effects
on the liver from overexpression (fig. S5C). FXI protein was not detected in the heart,
confirming the specificity of AAV8 to target the liver and supporting the concept that FXI

is an endocrine factor produced by the liver that affects the heart (fig. S5D). Mice receiving
AAVS8-F11had lower body weight and fat mass after HFpEF compared with those receiving
AAVS8-GFP (fig. S5E). Blood pressure was not affected by FXI (fig. S5F). Consistent

with our genetic results in the HMDP, FXI overexpression decreased E/A ratio, E/e” ratio,
heart weight, and lung weight in the HFpEF model while preserving LVEF, indicating an
improvement in diastolic function (Fig. 2, D to I, and fig. S5G). Running distance was also
improved by FXI overexpression, indicating that FXI ameliorates exercise intolerance in
HFpEF (Fig. 2J). FXI overexpression also had beneficial metabolic effects on fat mass and
plasma lipid levels (fig. S6, A to D) but not on glucose tolerance (fig. S6, E to G).

To test whether FXI overexpression affects blood coagulation, we measured blood thrombin-
antithrombin complexes in mice with GFP or FXI overexpression and found that they were
not significantly changed (P= 0.79) in mice receiving AAV8-F11 versus AAV8-GFP (Fig.
2K), suggesting that the coagulation system was not affected by FXI overexpression. It

has been found that mean platelet volume, reflecting the size and activity of platelets,

is increased in decompensated heart failure patients and correlates with disease severity,
serving as an independent predictor of 6-month mortality after decompensation (17).

We observed a small but significant increase of mean platelet volume upon HFpEF
development (P < 0.05), and FXI overexpression reversed it (P < 0.01) (fig. S6H). FXI
overexpression significantly reduced circulating inflammatory cells (P < 0.05) and cytokine
levels [interleukin p (IL-B) and IL-6, < 0.05; interferon y, £< 0.01] in the HFpEF model
(fig. S6, I and J). Moreover, the expression of inflammatory genes in the heart was also
reduced by FXI overexpression (Fig. 2L and fig. S6K). When mice were maintained on a
chow diet, the number of blood immune cells was not changed by FXI overexpression (fig.
S6L).
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To further test whether the cardiac infiltration of inflammatory cells was attenuated by

FXI, we performed multiplex immunohistochemistry using antibodies against macrophages
(F4/80), T cells (CD3), monocytes (Ly6C), and granulocytes (Ly6G). We observed
significantly decreased inflammatory cells (F4/80, £< 0.0001; CD3, £< 0.05; Ly6C and
Ly6G, P< 0.01) in heart tissue from FXI-overexpressing mice versus GFP-overexpressing
mice (Fig. 2, M and N), suggesting that FXI overexpression reduced inflammation in heart
tissue in the HFpEF model. In addition, FXI overexpression also decreased fibrosis in the
heart (Fig. 2, O and P).

FXI activates the BMP-SMAD1/5 pathway in cardiomyocytes

To investigate the molecular mechanism underlying the impact of FXI on the heart, we
performed RNA sequencing (RNA-Seq) of the mice with FXI versus GFP overexpression in
heart and adipose. Compared with GFP controls, 124 genes in the heart were significantly
changed (adjusted £ < 0.05) by FXI overexpression (fig. S7, A to C). Differentially
expressed genes were enriched in pathways related to circadian rhythm, cardiac muscle
contraction, inflammation, focal adhesion, the phosphatidylinositol 3-kinase (PI3K)-Akt
pathway, and insulin signaling (fig. S7D). In contrast to the heart, only six genes in white
adipose tissue were significantly changed (adjusted P < 0.05) by FXI overexpression (fig.
STE). Tcap (Titin-cap), and Lrrc10 (Leucine-rich repeat-containing 10), two genes involved
in cardiac myofibril assembly and cardiac muscle tissue morphogenesis (2), were increased
in the heart tissue of FXI-overexpressing mice (fig. S7, F and G).

To identify pathways perturbed by FXI, we again turned to the HMDP. Because we had
performed global transcriptomics in the heart as well as the liver in all 100 strains, we could
identify heart genes in which expression was correlated with the expression of FXI in the
liver. On the basis of this, we examined the protein or RNA levels of the predicted pathways
(Fig. 1E) and RNA-Seq (fig. S7), including the PI3K-Akt, nuclear factor xB, SMAD,

and tumor necrosis factor-a (TNF-a) pathways (Fig. 3A and fig. S8A). We observed that
members of the BMP pathway were correlated with FXI expression, and the link to BMP
was supported by data from human GWAS (discussed below). Consistent with this, our
overexpression studies showed that FXI induced an increase in SMAD1/5 phosphorylation
and a decrease in TNF-a in the heart but not in other tissues (Fig. 3A and fig. S8, A to

H), suggesting activation of the BMP-SMAD1/5 pathway and a decrease of inflammation
in the heart. To test whether nuclear p-SMAD1/5 was also increased, we isolated the
nuclear fraction from the same heart tissue and observed that it was significantly induced

in the FXI overexpression group relative to GFP controls (£ < 0.0001) (fig. S8I). We
injected C57BL/6J male mice with saline control or mouse FXI protein and, after 2 hours,
observed the phosphorylation of SMAD1/5 in the heart but not in other tissues, supporting
the tissue-specific activation of the BMP-SMAD1/5 pathway by FXI (fig. S8, J to M).
Plasminogen activator inhibitor-1 (PAI-1) was comparable in the hearts receiving AAV8-F11
relative to those receiving AAV8-GFP (fig. SBA). However, FXI overexpression reversed the
expression of the fibrotic and inflammatory genes Col5al, Col5a3, Adam19, IL1p, /L6, and
Tnfin the heart but not in other tissues examined, consistent with the observed decrease in
fibrosis and inflammation in the heart (Fig. 3B and fig. S8, N and O).
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To determine the localization of p-SMAD1/5, we stained p-SMAD1/5 and the markers of
cardiomyocytes (troponin 1), fibroblasts (vimentin), macrophages (CD68), and endothelial
cells (CD31) in the heart after FXI overexpression. p-SMAD1/5 was colocalized with
troponin |, but not with other markers (fig. S9), suggesting that p-SMAD1/5 was mainly
activated in cardiomyocytes. To directly test whether FXI protein activates the BMP-
SMAD1/5 pathway in cardiomyocytes, we incubated neonatal rat ventricular myocytes
(NRVMs), human embryonic stem cell-induced cardiomyocytes, and other cell lines with
control medium or medium containing human activated FXI protein (FXIa) in the presence
of phenylephrine for 24 hours. We observed that FXla increased the phosphorylation of
SMAD1/5 and decreased the expression of Njppa, Nppb, Col5a3, and Adam19in NRVMs
and human embryonic stem cell-induced cardiomyocytes but not in other cell types (Fig. 3,
C and D, and fig. S10).

The above experiments were performed with male mice and we were interested in
determining whether the results were similar with females. C57BL/6J female mice injected
with AAV8-GFP or AAV8-F11 were subjected to HFD + I-NAME for 7 weeks (fig.
S11A). After AAV8 injection, F11 expression was increased in the liver (fig. S11B).

We observed similar effects of FXI in female mice, including decreased body mass,
decreased inflammatory cells in the blood, reduced plasma lipids, increased SMAD1/5
phosphorylation, improved diastolic function, and reduced heart weight and lung weight
(fig. S11, C to N). By contrast, blood pressure was comparable between the FXI and GFP
groups (fig. S110).

To determine whether the effects of FXI that we observed were specific to the HFpEF
model, we examined a “multi-hit” HFpEF model induced by the combination of aging,
HFD, and angiotensin Il (18). Aged C57BL/6J male mice were injected with AAV8-GFP or
AAVS8-F£11and then fed a HFD for 12 weeks. After 8 weeks of HFD, mice were infused
with angiotensin 11 for 4 weeks (fig. S12A). £11 mRNA was increased in the liver by AAV8-
F11 compared with AAV8-GFP controls (fig. S12B). Similar to the beneficial effects in

the “two-hit” HFpEF model, we observed significant improvement in diastolic function and
related traits in FXI-overexpressing mice relative to GFP-overexpressing mice, including
reduced body mass (P< 0.05) (fig. S12C) and improved diastolic function as measured by
lower E/A ratio (P< 0.05), lower E/e” ratio (P< 0.001), and lower LV mass (P < 0.05)

(fig. S12, D to H). In addition, FXI-overexpressing mice exhibited reduced heart weight and
plasma total cholesterol, as well as increased p-SMAD1/5 relative to GFP controls (fig. S12,
I to K).

To confirm that FXI overexpression activates BMP signaling to protect against diastolic
dysfunction, we blocked the BMP receptor with the dorsomorphin homolog 1 (DMH1) (19).
DMHL1 is a selective inhibitor of activin receptor-like kinase 3, a type 1 BMP receptor. In
NRVMs, DMH1 treatment suppressed SMAD1/5 phosphorylation induction by FXla (fig.
S13A). We also examined the effect of DMHL1 in vivo. C57BL/6J mice were injected with
AAVS8-F11and fed with HFD + I-NAME for 7 weeks. Injection of DMH1 every other day to
block SMAD1/5 phosphorylation (20) suppressed the change of body mass induced by FXI
(fig. S13B), as well as the effect of FXI on p-SMAD1/5 levels, diastolic function, adipose
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weight, blood cell numbers, and plasma cholesterol (Fig. 3, E to H, and fig. S13, C to G).
These results confirmed that FXI protects against HFpEF by activating the BMP pathway.

FXI protease activity is required for the activation of BMP signaling

The FXI protein is conserved in human, mouse, rat, and other species and consists of

four apple domains and one catalytic domain (fig. S14A). It is present in that plasma as

a zymogen, which exists as a homodimer consisting of two identical polypeptide chains
linked by disulfide bonds (fig. S14B) (21). During FXI activation, an internal peptide bond
is cleaved by FXIla (or XII) in each of the two chains, resulting in activated FXla, a serine
protease composed of two heavy and two light chains held together by disulfide bonds (fig.
S14B). To test whether the catalytic domain is required for the function of FXI on the heart,
we introduced two missense mutations in human and mouse FXI catalytic domains (fig. S14,
A to E). These mutations were predicted to be exposed at the surface of the FXI molecule
and to cause functional defects (type 1l mutation) (22). Next, we tested their function in
vitro using a co-culture system. Huh7 human liver cells and AML12 mouse liver cells were
transfected with respective human or mouse plasmids containing GFP control, wild-type
(WT) F11, or F11with mutations. Then, cells were placed in co-cultures with NRVMs

or 3T3-L1 adipocytes (fig. S15A). Twenty-four hours after transfection, FXI was highly
induced in both Huh7 cells and AML12 cells (fig. S15B). In NRVMs, phosphorylation of
SMAD1/5 was induced by WT FXI overexpression from both human and mouse liver cells,
whereas mutant FXI did not exhibit a comparable effect (fig. S15C). By contrast, SMAD1/5
phosphorylation was not significantly (P = 0.84) induced by FXI in 3T3-L1 adipocytes,
suggesting a heart-specific effect (fig. S15D). Consistent with phosphorylated SMAD1/5,
Col5a3was decreased by WT FXI but not mutant FXI in NRVMs, indicating that the
catalytic activity is required for its effect (fig. S15E).

To test the effect of missense mutation in vivo, we produced AAV8 with the mouse WT
and mutant £77 coding sequences. AAV8 containing GFP control, WT F11, and mutant
F11 (mF11-Mut2) was injected into C57BL/6J male mice followed by HFD + I-NAME for
7 weeks, after which plasma FXI was increased in FXI group and was comparable to the
mutant FXI1 group (Fig. 31 and fig. S15F). Body weight and fat mass were decreased by
WT FXI overexpression, but there was no significant difference (P> 0.05) between groups
of mutant FXI and GFP controls (fig. S15, G to 1), suggesting functional defects of mutant
FXI. Consistently, the effects of FXI on p-SMAD1/5, heart weight, E/A ratio, E/e’ ratio,
adipose weight, plasma cholesterol, and blood immune cells were not observed in mice
carrying mutant FXI, demonstrating that catalytic activity is essential for the function of FXI
in protecting against deleterious phenotypes in HFpEF (Fig. 3, J to M, and fig. S15, J to P).

FXI cleaves the BMP7 proprotein, activating the resulting growth factor fragment

As a serine protease, FXla catalyzes the proteolysis of its substrates. BMP7 is synthesized
as a large precursor molecule (inactive) that is cleaved to growth factor dimer or monomer
(active) by proteolytic enzymes (23). We found that the cleavage site of the full-length
BMP7 protein, at an arginine, is a common FXla cleavage site (fig. S16, A and B) (24). We
therefore hypothesized that BMP7 is a substrate of FXla that mediates SMAD1/5 activation.
FXI overexpression increased BMP7 growth factor dimer and monomer in the heart (Fig.
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3N). Moreover, incubation of FXla with BMP7 protein resulted in the cleavage of BMP7
(fig. S16C). Knocking down BMP7 or treatment with BMP7 antibody in NRVMs greatly
reduced the activation of SMAD1/5 by FXla (Fig. 3, O and P). The BMP7 protein is
considerably enriched in heart tissue and cardiomyocytes (fig. S17), which may explain the
preferential effect of FXI on the heart. The prodomain of BMP7 appears to bind to the
extracellular matrix (23), suggesting that FXI cleaves the precursor BMP7 bound to the
extracellular matrix in the heart; this then releases the dimer and monomer growth factors
from the matrix to bind to the BMP receptor and activate SMAD1/5.

FXI knockout mice have reduced p-SMADL1/5 levels and increased diastolic dysfunction

We sought to further examine the cardioprotective effect of FXI using FXI knockout male
mice in which the F11 gene was disrupted by a PGK-neo cassette (25). F11 transcripts in
the liver of heterozygous null mice (FZ1-Het) were reduced by ~50% compared with WT
littermates (Fig. 4A). FXI was either absent or barely detectable in other tissues (Fig. 4A and
fig. S4, A and B). Adult WT and FZ1-Het mice were then subjected to HFD + I-NAME for
7 weeks to induce HFpEF phenotypes. Compared with WT littermates on the HFpEF diet,
p-SMAD1/5 was reduced in the hearts of £Z7-Het mice (Fig. 4B). Consistent with reduced
p-SMAD1/5, F11-Het mice exhibited more severe diastolic dysfunction, as evidenced by the
increased E/A ratio, E/e” ratio, and LV mass but preserved ejection fraction (Fig. 4, C to

G). Moreover, heart weight and lung weight were higher in F71-Het mice relative to WT
controls, suggesting cardiac hypertrophy and lung congestion in FXI-deficient mice (Fig.

4, H and I). Exercise tolerance was also decreased in FZ1-Het mice compared with WT
mice (Fig. 4J). By contrast, blood pressure was not significantly changed (P> 0.05) by FXI
deficiency (fig. S18), indicating that FXI does not influence heart function through effects
on blood pressure. These results collectively demonstrated the increased severity of diastolic
dysfunction in FXI-deficient mice. We observed consistent effects of FXI in female mice
with FXI heterozygous knockout (fig. S19).

FXI levels correlate with diastolic function in human cohorts

To determine the clinical relevance of FXI, we quantified plasma FXI in human patients
with HFpEF and in normal participants. Plasma FXI protein was not significantly different
(P=0.91) between non-heart failure controls and HFpEF patients (Fig. 4K). However,
plasma FXI was inversely correlated with E/e” ratio in all participants (Fig. 4L), including
HFpEF patients (Fig. 4M), supporting the conclusion that FXI protects against diastolic
dysfunction in HFpEF.

Discussion

Our results indicate that liver-derived FXI specifically regulates cardiomyocytes through the
BMP-SMAD1/5 pathway, resulting in attenuation of fibrosis, inflammation, and diastolic
dysfunction in the context of an HFpEF model (Fig. 4N). Our analysis of diastolic function
in a cohort of heart failure patients indicates the relevance of the pathway in humans and in
mouse models, and the human GWAS results are consistent with that conclusion.
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Prior studies have implicated the BMP and SMAD pathways in traits relevant to heart
failure. It has been reported that the BMP pathway is enriched for HFpEF but not

HFrEF (26). BMP2 has been found to alleviate heart failure with type 2 diabetes by
inhibiting inflammasome formation (27), and is inversely correlated with the concentrations
of atrial natriuretic peptide and brain natriuretic peptide in chronic heart failure patients
with diabetes. Another study observed increased BMP6 in chronic heart failure patients,
suggesting that BMP6 may be involved in the pathophysiology of systolic heart failure (28).
In addition, SMADL1 protein was differentially expressed in a high-salt diet-induced HFpEF
model (29).

FXI is a component of the intrinsic pathway of blood coagulation, acting downstream of
FXI1 and functioning as a protease to activate FIX (14, 15, 21, 30, 31). Our data indicate that
FXI overexpression also influences various systemic aspects of metabolism, and we cannot
rule out the possibility that it may also affect organs other than the heart. FXI-deficient
patients generally do not have spontaneous bleeding, because FXI is not required for the
initial thrombin generation step (32), consistent with the possibility that it exhibits other
previously unknown functions. Inactivating mutations of ~17 are relatively common among
Ashkenazi Jews (33). A number of studies investigated the relationship between FXI and
incident coronary heart disease, stroke, and ischemic cardiomyopathy (34, 35). FXI was
reported to improve or protect against the inflammatory responses and cytokine responses to
infections independently of its intrinsic coagulation activity (36-40).

The fact that FXI is a direct mediator of liver-heart communication suggests the possibility
of using it in therapeutic applications for heart failure. It is important to note that elevated
FXI is associated with various thromboses and ischemic stroke (41-43), so elevating FXI
would be problematic as a therapeutic goal. However, the downstream BMP pathway could
provide potential therapeutic targets.
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Fig. 1. Systems genetics analysis of cross-tissue correlationsidentifies proteins mediating liver-
heart cross-talk.

(A) Schematic illustrating the identification of the liver-heart interaction using 100 inbred
strains of mice (HMDP). The correlation between the secreted factors (from the liver) and
cardiac gene expression (RNA-Seq) was used for liver-heart predictions. This framework
identified peptides secreted by the liver and strongly associated with the cardiac gene
network. 7= 4 to 20 mice for each strain. (B) Distribution of significance score for all
liver genes across all heart gene expression in 100 strains (left). List shows the top 20
genes potentially mediating liver-heart communication (right). (C) Quantitative reverse
transcription polymerase chain reaction (QRT-PCR) analysis of F11 expression across
indicated tissues in C57BL/6J mice (n7=4). All data are presented as means + SEM.

(D) Pathway enrichment derived from heart genes correlated with liver 11 expression.
(E) GWAS loci for indicated clinical traits in human populations. The GWAS catalog and
PhenoScanner databases consist of human genotype-phenotype associations from publicly
available genetic association studies.
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Fig. 2. FXI overexpression rever ses HFpEF-induced diastolic dysfunction, inflammation, and
fibrosis.

(A) Thirty inbred strains of male mice were subjected to HFD + I-NAME to induce HFpEF.
Plasma FXI concentrations and diastolic function (E/e” ratio) were assessed after 7 weeks
of feeding. Plasma FXI concentrations were inversely correlated with diastolic dysfunction.
(B to L) C57BL/6J male mice were injected with AAV8 containing the cDNA sequence for
GFPor F11and then fed with HFD + I-NAME for 7 weeks. Western blotting shows liver
FXI protein (B), plasma FXI concentrations (C), E/A ratio (D), E/e” ratio (E), representative
images of echocardiography (F), LVEF (G), heart weight/tibia length ratio (H), lung weight
[wet/dry ratio (1)], running distance (J), thrombin-antithrombin complexes [TAT (K)], and
relative mRNA expression of indicated genes in the heart (L). 7= 4 for chow in (D) to

(H); in other panels, n=81t0 10. (M and N) C57BL/6J male mice injected with AAV8-
GFPor AAVS-F11were on HFD + I-NAME for 7 weeks (/7= 5). Representative images

of immunohistochemistry staining (M) and quantification of positive cells (N) showing
inflammatory cell infiltration in the heart tissue. (O and P) C57BL/6J male mice injected
with AAV8-GFPor AAVS-F11were given a chow diet or HFD + I-NAME for 7 weeks (7
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=5). Representative images of Masson’s trichrome staining (O) and quantification (P) show
fibrosis in the heart tissue. Each point represents a mouse. All data are presented as means
+ SEM. ns, not significant. *£< 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by
two-way ANOVA [(D) to (J) and (P)] or by Student’s #test [(B) and (C) and (K) to (N)]. For
(A) to (C) and (K) to (N), all mice were on HFD + I-NAME. LYM, lymphocytes; MONO,
monocytes; GRAN, granulocytes.
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Fig. 3. FXI activatesBMP-SM ADL/5 pathway in the heart.
(A) Western blotting and quantification showing protein levels in heart tissue from

C57BL/6J male mice injected with AAV8-GFP or AAV8-F11 and fed with 7 weeks of
HFD + I-NAME. Actin served as the loading control. 7=5. (B) gRT-PCR analysis showing
the MRNA levels of Co/5a3in the indicated tissue from C57BL/6J male mice injected

with AAV8-GFPor AAV8-F11and fed HFD + I-NAME for 7 weeks. Heart, < 0.001;
others, not significant. 7= 8. (C and D) NRVMs were treated with control or human FXla
protein (1 pg/ml) with medium containing control or phenylephrine (PE, 100 uM) for 24
hours. p-SMAD1/5 (C) and the indicated genes (D) were examined. Actin served as the
loading control. n=6. (E to H) C57BL/6J male mice were injected with AAV8-GFP or
AAV8-F11with DMH1 and fed with HFD + I-NAME for 7 weeks. Heart p-SMAD1/5 level
(E), heart weight/tibia length ratio (F), E/e’ ratio (G), and LVEF (H) were determined. 7

= 3 for (E) and n= 8 for (F) to (H). (I to M) C57BL/6J male mice were injected with
AAVE-GFP, AAVS-F11, or AAVS-F11-Mut (mF1I-Mut2) and fed with HFD + I-NAME
for 7 weeks. Plasma FXI levels (l), heart p-SMAD1/5 protein level (J), heart weight/tibia
length ratio (K), E/e’ ratio (L), and LVEF (M) were measured. n=5 for (1), n= 6 for

monomer

dimer

monomer
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(J), and n= 10 to 20 for (K) to (M). (N) C57BL/6J male mice were injected with either
AAV8-GFPor AAV8-F11and then fed with HFD + I-NAME for 7 weeks. BMP7 proteins

in unprocessed monomer, growth factor dimer, and monomer under nonreducing condition
were determined. (O) NRVMs were treated with control or human FXla protein (1 ug/ml)
plus negative control or Bmp7 siRNA with medium containing PE (100 uM) for 24 hours.
p-SMAD1/5 and Tcap proteins were examined. Actin served as the loading control. n= 3.
(P) NRVMs were treated with control or human FXla protein (1 ug/ml), BMP7 antibody (no
antibody control, 1:100 and 1:50), with medium containing PE (100 uM) for 2 hours, and
the p-SMAD1/5 level was determined. Actin served as the loading control. 7= 4. Each point
represents a mouse. All data are presented as means = SEM. ns, not significant. *£< 0.05,
**pP<0.01, and ***P< 0.001 by two-way ANOVA [(D) to (H)], one-way ANOVA [(I) to
(M)], or Student’s ftest [(A) to (C)].
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Fig. 4. Reduced FXI concentrations are associated with diastolic dysfunction in mice and
humans.

Heterozygous B6.129X1-F11tM1Cib/j (£71-Het) mice and WT littermates at 8 weeks of age
were subjected to HFD + I-NAME for 7 weeks. 7= 8 for WT and n= 6 for F11-Het.

(A) gRT-PCR showing £211 mRNA in the indicated tissues from WT and FZ1-Het mice.
n= 4. (B) Western blotting showing p-SMAD1/5 in the hearts of WT mice fed with

chow diet (Chow), WT, and FZ1-Het mice fed with HFD + I-NAME for 7 weeks. n=

5. (C to G) Representative images of echocardiography (C), E/A ratio (D), E/e’ ratio

(E), LV mass (F), and LVEF (G) were examined at baseline (BSL) and after 7 weeks

of HFD + I-NAME feeding (HFpEF). n= 8 for WT and n= 6 for F1Z-Het. (H to J)

Heart weight/tibia length ratio (H), lung weight [wet/dry ratio (1)], and running distance

(J) were examined after 7 weeks of HFD + I-NAME feeding (HFpEF). n= 8 for WT

Science. Author manuscript; available in PMC 2022 November 07.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caoetal.

Page 17

and n= 6 for F11-Het. (K) Plasma FXI protein in non-HFpEF controls (NHF, 7= 20)

and HFpEF patients (7= 21). (L and M) Plasma FXI protein was inversely correlated

with E/e’ ratio in all participants (L), including HFpEF patients (M). (N) Illustration
summarizing FXI-mediated liver-heart cross-talk in protecting against heart failure. Using a
bioinformatic framework that integrates global liver-heart transcriptome and cardiometabolic
trait data from the HMDP, we found that coagulation FXI, secreted by the liver, exhibits
cardioprotective effects on the progression of HFpEF. FXI overexpression in the liver
mitigates the diastolic dysfunction, inflammation, and fibrosis induced by HFpEF. FXla
cleaves the BMP7 precursor and activates the BMP7-SMAD1/5 pathway in the heart to
mediate the anti-inflammatory and anti-fibrotic effects. Each point represents a mouse. All
data are presented as means = SEM. ns, not significant. *~< 0.05, **£< 0.01, and ***P<
0.001 by two-way ANOVA [(D) to (G)], one-way ANOVA (B), or Student’s ftest [(A) and
(H) to (K)].
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