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Abstract

Rationale: There is an intimate relationship between the endothelium and monocytes, and
activated endothelial cells promote monocyte transformation to macrophages and dendritic cells
(DCs). Recently, a subset of human DCs expressing the receptor tyrosine kinase, AxI and the
lectin Siglec-6 has been described and termed AS DCs.

Objective: We sought to determine if circulating AS DCs are increased in human hypertension
and to examine how AxI signaling contributes to this disease.

Methods And Results: We demonstrated that circulating AS DCs are increased in hypertensive
humans compared to normotensive controls. Pulse pressure in humans also correlated with plasma
levels of the AxI agonist growth arrest specific 6 (GAS6). Exposure of human endothelial cells

to 10% cyclical stretch increased release of the GAS6, promoted AxI signaling and caused

AS DC formation; events that were inhibited by blockade of Axl with R428 or by siRNA
knockdown of either endothelial GAS6 or Axl. GAS6/AxI signaling in human monocytes
potentiated interleukin 1-beta production through NLRP3/caspase-1 and caused accumulation of
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immunogenic isolevuglandin (isoLG)-protein adducts. In mice, the Axl inhibitor R428 or global
deletion of Axl attenuated hypertension and renal inflammation caused by angiotensin 1l (Ang II)
infusion. Bone marrow transplant studies demonstrated a role of both stromal and immunological
Axl in Ang ll-induced hypertension. Lastly, in freshly harvested human endothelial cells, a
striking correlation was observed between the degree of endothelial cell activation as reflected by
intracellular adhesion molecule 1 (ICAM-1), isoLG-adduct accumulation and intracellular GAS6

levels.

Conclusions: We define a previously unrecognized interaction of human endothelial cells and

monocytes that promote formation of AS DCs in hypertension and show a critical role of GAS6

and Axl signaling in both immune cells and endothelial cells. This pathway is potentially a novel
therapeutic target to reduce inflammation and end organ damage in hypertension.
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INTRODUCTION

Over the last decade, it has become increasingly evident that inflammation and immune
activation contribute to the genesis of systemic hypertension. In particular immune cells
including lymphocytes, monocytes and monocyte-derived dendritic cells (DCs) infiltrate the
vasculature, kidney and other organs and promote end organ damage during hypertension.
We and others have defined an important role of monocyte-derived cells in murine
hypertension. Deletion of monocytes in mice prevents the hypertension caused by Ang Il
and abrogates the vascular dysfunction that accompanies this disease.2 We have shown that
DCs of hypertensive mice potently drive T cell proliferation and produce increased amounts
of IL-1B, IL-6 and 1L-23. Adoptive transfer of DCs from hypertensive mice can prime
hypertension in recipient mice.3 We have also shown that DCs accumulate isolevuglandin
(isoLG)-modified proteins that seem to act as antigens to drive T cell proliferation, and that
the kidney is an important site of DC activation in hypertension.

In humans, DCs have been classified into three major subsets: myeloid/classical DC1
(cDC1), myeloid/classical DC2 (cDC2), and plasmacytoid DCs (pDCs).? cDC1 exhibit
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surface expression of CD141 while cDC2 express CD1c. Both of these cDCs subsets are
efficient professional antigen-presenting cells that stimulate CD4* and CD8* T cells, while
pDCs, which express CD123, produce type | interferons in response to viral infection.?
Recently, Villani et al used unbiased single-cell RNA sequencing to identify a new subset
of human DCs with surface expression of Axl, a tyrosine kinase receptor, and sialic
acid-binding immunoglobulin-type lectin 6 (Siglec-6).5 The AxI* Siglec-6* DCs (AS DCs)
exhibit varying surface expression profiles of CD11c, CD123 and CD1c. AS DCs were
described to be on a continuum of DC phenotypes with the potential for transition to cDC2.
Furthermore, Villani and colleagues demonstrated that AS DCs produce large amounts of
IL-1B, IL-6, and TNFa and promote both CD4* and CD8* T cell proliferation in response to
toll-like receptor (TLR) stimulation.®

A major question relates to the factors encountered in hypertension that can activate
monocytes and monocyte-derived cells. Prior studies have implicated signals derived from
the vascular endothelium in the transformation of monocytes to DCs and macrophages.’
Monocytes encounter the endothelium in the microcirculation, and endothelial cells that

are activated by bacterial products, cytokines and mechanical factors increase expression

of adhesion molecules and chemokines that promote adherence and transmigration of
monocytes’. During this, monocytes receive information from the endothelium that
influences their phenotype and function. In a recent study, we showed that increased
mechanical stretch of human endothelial cells led to release of factors including

hydrogen peroxide and IL-6, which in turn promoted transformation of classical (CD14**/
CD16!°%) monocytes to an intermediate (CD14**/CD16") phenotype with evidence of DC
transformation.8 These cells were found to produce copious quantities of IL-6, IL-1f, TNFa
and IL-23 and to potently drive autologous T cell proliferation, characteristics shared by the
AS DC subset described by Villani et al.

Axl is a member of the TAM tyrosine kinase receptor family and is potently activated

by growth arrest specific-6 (GAS6). Elevated levels of plasma GAS6 are found in

numerous pathological conditions including sepsis, obesity, chronic renal disease, cardiac
hypertrophy and systemic lupus erythematosus.®~13 Moreover, elevated plasma GAS6 levels
are associated with end organ damage and renal failure.1! Taken together, these studies led
us to test the hypothesis that the pro-inflammatory AS cells, endothelial cell activation,

and GAS6/AxI signaling contribute to the development of hypertension and end-organ
inflammation.

In this study we investigated the circulating levels of AS cells in human hypertension and
performed studies both in cell culture and in vivo in experimental murine hypertension to
examine mechanisms of GAS6/AXI in the formation and activation of AS cells, and the
subsequent development of hypertension and end-organ inflammation. Using bone marrow
transplant studies and siRNA mediated knockdown in cells in culture, we demonstrate that
AXxI/GASG signaling has profound effects on dendritic cells function and autocrine effects on
the endothelium to modulate inflammation and hypertension.
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ility.
The data that support the findings will be available from DGH upon reasonable request. An
expanded methods section is available in the Online Supplemental Material.

Human subjects.

In experiments to determine the presence of AS DCs in vivo, we studied normotensive
(n=23) and hypertensive (n=11) subjects between the ages of 23-67 (Online Table I).
Patients were considered hypertensive if they had a systolic blood pressure higher than 140
mmHg, a diastolic blood pressure higher than 90 mmHg or had a diagnosis of hypertension
and were currently treated with anti-hypertensive agents. Blood pressure was obtained as
the average of 3 determinations using an automatic device after 15 minutes rest with the
subject sitting upright with their back supported. Hypertensive subjects were defined as
those with systolic pressures greater than 135 mmHg while normotensive participants had
blood pressures between 120/80 — 135/80 mmHg.

In experiments to determine AS DC function in vitro, 65 additional subjects were

recruited between the ages of 23-67. Clinical and demographic characteristics are shown

in Online Table I1. In experiments to determine plasma GAS6 concentrations, 28 additional
subjects were recruited between the ages of 23-67. Clinical and demographic characteristic
are shown in Online Table I11. In additional experiments to determine isoLG-adduct
accumulation, ICAM-1 expression, and GAS6 production from human endothelial cells,
23 additional subjects were recruited between the ages of 18-50. Clinical and demographic
characteristics are shown in Online Table IV.

Exclusion criteria included the following: 1) Autoimmune disease or history of
inflammatory diseases; 2) Vaccinations within the prior 3 months 3) Confirmed or
suspected causes of secondary hypertension; 4) Severe psychiatric disorder; 5) HIV/

AIDS; 6) Participants currently taking steroids or antihistamines; and 7) participants with
malignancies; 7) Morbid obesity (body mass index > 35). The protocol was approved by the
Vanderbilt Institutional Review Board and conformed to standards of the US Federal Policy
for the Protection of Human Subjects.

Animals and blood pressure measurements.

C57BL/6J, AxI*'~ mice were purchased from Jackson Laboratories (Bar Harbor, ME).
AxI*'~ were bred to produce wild type (AxI'*/*) and homozygotic AxI deficient (AxI~7)
mice. C57BL/6J, AxI*/*, and AxI~/~ male mice at 10 to 12 weeks of age were used for the
study. Mice were randomly selected in cages to the normotensive or the hypertensive study
group. Hypertension was induced by 14-day Ang Il infusion (490 ng/min) by subcutaneous
osmotic minipump. One group of mice was treated with daily gavage of the Axl inhibitor
R428 (25 mg/kg in DMSO) while another group as treated with the DMSO vehicle during
Ang Il infusion. In a separate study, 6-week-old male AxI*/* and AxI~/~ mice were
transferred to sterile cages and fed sterile chow and acidified water (pH 2.0) containing

1 mg/ml of sulfamethazine Na* and 0.2 mg/ml of trimethoprim for prophylaxis 1 week
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prior to bone marrow transplant (BMT). On the day of BMT, mice were irradiated with a
dose of 10 Gy using a 137Cs irradiator (J.L. Shepheard and Associates). Four hours later,
bone marrow cells from pooled femurs and tibias collected from 1 mouse were used to
reconstitute the marrows of 2 mice (20 x 106 cells for each mouse). Mice were allowed to
recover for 8 weeks before implantation of radiotelemeters and 66 days before implanting
osmotic minipumps. Mice were euthanized at the end of all experiments by CO» inhalation.
All experimental procedures were approved by the Vanderbilt University Institutional
Animal Care and Use Committee and were conducted in an AAALAC-accredited facility
in accordance with the Guide for the Care and Use of Laboratory Animals and the Public
Health Service Policy on Humane Care and Use of Laboratory Animals. Renal and aortic
single cell suspensions were prepared for flow cytometry as previously described.14

For all flow cytometric data, files were exported from the cytometer and were given a
random identifier so that the analysis was performed blinded in Flowjo. For all blood
pressure data, mice were given a blinded identifier until each experiment was completed
during analysis of the data. Graphpad Prism version 9 was used to perfrom all statistical
analysis. To assure values were not outliers, a Grubbs test was employed with an alpha set to
0.05. All data are expressed as mean = SEM. In this study no experiment-wide comparions
were made and only within experiment comarpisons were applied. One tailed-paired and
unpaired Student’s #tests were used to compare two groups. Normality and non-normality
distribution were determined by the Shapiro-Wilk test. In case of the non-normality, the
nonparametric test one-tailed Mann-Whitney U test or the Friedman test was used. For
studies comparing the effect of inhibition of caspase-1 and NLRP3 inflammasome, for
studies of the effect of GAS6 or Axl siRNA (1 uM) in HAECs on the formation AS

DCs, or the effect of GAS6 and cyclical stretch stimulation on HAECs co-treated with

AxI inhibitor, PEG-SOD, or 2-HOBA, one-way ANOVAs were employed, followed by a
Bonferroni post hoc test when significance indicated. For tail cuff and telemetry blood
pressure measurements over time, 2-way ANOVA with repeated measures was employed,
followed with a Bonferroni post hoc test when significance was indicated. Multiple linear
regression was used to analyze the association between hypertension and circulating AS
DCs with adjustment of other factors. Linear regression was used to analyze associated
between pulse pressure and GASS, systolic blood pressure and GASB6, diastolic blood
pressure and GAS6, endothelial cell GAS6 and isoLGs, endothelial cell GAS6 and ICAM-1,
and endothelial cell ICAM-1 and isoLGs. Precise p values are reported in the figures and
were considered significant when less than 0.05.

Hypertension is associated with increased circulating AS DCs.

In initial studies we examined the levels of circulating AS DCs in hypertensive and
normotensive subjects. Demographic and clinical characteristics for these subjects are
shown in Online Table I. Peripheral blood mononuclear cells (PBMCs) were isolated by
Ficoll-gradient and flow cytometric analysis was performed on live single CD3~, CD197,
CD567, and CD66b™ cells to exclude T lymphocytes, B cells, granulocytes, and natural
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killer cells and gates were determined by fluorescence minus one experiments and isotype
controls (Online Figure I A-B). Representative flow cytometric images from normotensive
and hypertensive human subjects are shown in Figures 1A and B. Hypertensive subjects
had a significantly greater CD1c* AS DCs (Figure 1C) and CD123* AS pDCs (Figure 1D).
This difference remained highly significant following adjustment for BMI and age using
multiple linear regression analysis (p=0.0005, Online Table I). No statistical differences
were observed in HLA-DR*, CD11c*, CD1c*, CD141*, and CD123* pDCs between
normotensive and hypertensive subjects (Online Figure IC-G).

Hypertensive endothelial mechanical stretch promotes formation of CD1c* AS DCs.

Endothelial cells activated by zymosan or lipopolysaccharide are capable of stimulating
transformation of human monocytes to DCs.” Recently, we demonstrated that endothelial
cells activated by mechanical cyclic stretch can also promote conversion of human classical
(CD14**/CD16™) monocytes an intermediate (CD14+*/CD16") phenotype and to CD14*
CD209* (DC-SIGN) cells.15 In the present study, we isolated human CD14" classical
monocytes and exposed them to endothelial cells undergoing 5% or 10% cyclical stretch for
48 hours (Figure 2A) and then assessed the presence of AS DCs using the gating strategy
shown in Figure 2B. We found that 10% endothelial cell stretch markedly enhanced the
formation of AS DCs and that this could be completely prevented by inhibition of AxI with
R428 (1 uM; DMSO; Figure 2D and Online Figure I1). promoted AxI phosporylatinD and
Online Figure 11). Likewise, 10% cyclical stretch of endothelial cells released factors that
promoted AxI phosphorylation as measured by flow cytometry and this was also prevented
bye-treatment with R428 prevented AxI phosphorylation (Figure 2E). Notably, AS DCs
formed from monocytes in response to 10% cyclical endothelial stretch predominately
co-localized within the intermediate (CD14**/CD16%) monocyte population (Figure 2F; red
cells and Online Figure I11).

The potential role of GAS6 in hypertension.

AxI is a member of the TAM tyrosine kinase receptor family and is uniquely activated by
GAS6. We therefore sought to determine if GAS6 was increased by hypertensive stretch.
We found that 10% stretch caused a 50% increase in the release of GAS6 from human
aortic endothelial cells compared to 5% stretch as determined by ELISA (Figure 2G). We
next used small interfering RNA (siRNA) against GAS6 (1 uM; Dharmacon) in HAECS to
achieve knockdown GAS6 in HAECs exposed to both 5% and 10% cyclical stretch (Figure
2H). When monocytes were co-cultured with HAECs exposed to either scrambled or GAS6
siRNA, we found that knockdown of GAS6 in HAECs led to a significant reduction in the
formation of AS DCs (Figure 21).

We next sought to determine if plasma GAS6 levels in humans correlate with blood
pressure. In a separate cohort of human subjects, we found positive associations between
plasma GAS6 and systolic blood pressure (Figure 2J; R2=0.19, p=0.0025) and pulse
pressure (Figure 2J; R2=0.25, p=0.0079). These relationship remained significant when
corrected for age and sex using multivariate analysis (Online Table I11). No statistical
association was observed between diastolic blood pressure and plasma GAS6 (Online Figure
IV; R2=0.005, p=0.7167.
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Based on these in vitro and in vivo findings, we sought to determine if GAS6 potentiates
formation of AS DCs. We treated CD14* monocytes with or without GAS6 (80 nM; R&D
Systems) for 48 hours (Figure 3A). We found that the concentration of GAS6 achieved
when endothelial cells are exposed to 10% stretch caused a portion of CD14* monocytes

to acquire the conventional DC marker CD1c (Figure 3B and Online Figure V). GAS6
exposure also enhanced surface expression of Axl and Siglec-6, indicating that the formation
of AS DCs is promoted by GAS6 (Figure 3B). Flow cytometric analysis demonstrated that
GAS6 markedly increased formation of AS DCs, AxI™ DCs, and Siglec-6" DCs (Figure
3C). Moreover, GAS6 treatment significantly increased the activation markers CD83 and
CD86 and these effects of GAS6 were prevented by inhibition of Axl with R428 (Figure
3D). We also found that a portion of CD14* monocytes exposed to GAS6 acquire dendritic
morphology (Figure 3E). To determine AS DCs formed in this fashion can present antigen,
we exposed CD14* monocytes from 3 additional volunteers and exposed these to GAS6 for
24 hours. AS DCs were isolated from these by flow sorting and mixed with T cells from the
same subject at a ratio of one AS DC to 10 T cells and then exposed to varicella zoster virus.
As controls, T cells without AS DCs were exposed to VZV antigen. As evident in Online
Figure VI A-B, VZV induced T cell activation as reflected by ELISPOT quantification of
IFNg production only when AS DCs were present. Thus GAS6/AxI signaling promotes
formation of monocyte-derived AS DCs even in the absence of other hypertensive stimuli.
We considered the hypothesis that GAS6 might signal through other TAM receptors,
however found that MerTK and Tyro3 receptors were virtually absent in human monocytes
and did not change with GAS6/AxI signaling (Online Figure VII A-C).

GASG6 stimulates IL-1p production through NLRP3 inflammasome and caspase-1 activation

in AS DCs.

We previously observed that DCs of hypertensive mice produce large amounts of I1L-18.
3.4.16 | jkewise, Villani et al demonstrated that AS DCs are capable of producing this
cytokine.® Because inflammasome activation is required for mature IL-1p production

we sought to determine if GAS6 stimulates this is human monocytes. We found that
exposure to endothelial cells undergoing 10% hypertensive stretch markedly increased the
transformation of human monocytes to IL-18* AxI* DCs, and this could be prevented by
the Axl inhibitor R428 (Figure 4A and B). Moreover, exposure of human CD14" monocytes
to GASG for 48 hours, using concentrations we observed to be released from endothelial
cells, markedly enhanced IL-1f production (Figure 4C and D). The production of IL-1p

in response to GAS6 was prevented by either inhibition of the NLRP3 inflammasome
(MCC950; 1 pM) or caspase-1(Ac-YVAD-cmk; 1 uM) (Figure 4D). IL-1p production
requires transcriptional activation of pro-IL-1p and subsequent cleavage to mature 1L-1p.
We found no significant difference in the mRNA levels of pro-IL-18, pro-1L-1f, and casp-1
in GAS6 stimulated monocytes (Figure 4E-G), indicating that the major action of GAS6 is
likely mediated via NLRP3 activation of caspase-1 cleavage of pro-IL-1b.

GAS6 promotes isoLG-protein adduct formation in AS DCs.

Oxidative events are well established to contribute to hypertension and affect the
vasculature, the kidney and central neural control. Our group has also demonstrated reactive
oxygen species (ROS) formation is increased in myeloid cells in hypertension, and that this
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leads to formation of isoLGs that rapidly bind to self-proteins and seem to act as neoantigens
that stimulate T cell activation and progression of hypertension.3 4 We sought to determine
if GAS6/AxI signaling in AS DCs leads to the formation of isoLG-protein adducts. We
found that GAS6 stimulated isoLG-adduct formation predominantly in Siglec-6* cells
(Figure 5A and B). Given that isoLG formation is usually due to non-enzymatic oxidation
of fatty acids,1’ this suggests that ROS are involved formation of AS cells. To examine the
role of ROS, and isoLG-adducts in AS cell formation we treated human monocytes with
polyethylene glycol (PEG)-catalase (500 U/mL) or the isoLG-adduct scavenger 2-HOBA
(10 uM) prior to GAS6 (80 nM) exposure. PEG-catalase prevented formation of isoLGs,
suggesting a critical role of hydrogen peroxide in formation of these oxidation products.

In addition, PEG-catalase exposure prevented surface expression of both Axl and Siglec-6
while scavenging of isoLGs with 2-HOBA had minimal effect on AxI* cells, but completely
suppressed Siglec-6 positive cells, and thus the formation of AS DCs (Figure 5C-E). In
subsequent experiments, we tested if inhibition of AxI would prevent the formation of
iSoLGs in AS DCs under GAS6 stimulation. We found that co-treatment with R428 (1 uM)
completely prevented the accumulation of isoLGs (Figure 5F). These findings suggest a
pathway whereby oxidants like hydrogen peroxide stimulate formation of Axl and isoLGs
and that isoLGs are upstream of Siglec-6 expression.

Axl inhibition prevents Ang ll-induced hypertension and renal and aortic inflammation.

Using ELISA, we found that plasma GAS6 levels were increased in mice made hypertensive
by a 2-week infusion of Ang Il compared to sham infused mice (Figure 6A). We therefore
sought to examine the role of Axl signaling in murine hypertension. During Ang Il infusion,
we found that Axl inhibition by gavage administration R428 (25 mg/kg daily; DMSO)
reduced the increase in systolic blood pressure caused by Ang Il by approximately 30
mmHg (Figure 6B). Furthermore, inhibition of AxI had no effect on blood pressure in mice
not receiving Ang Il or on body weight (Figure 6B and 6C).

Next we assessed renal and aortic inflammation by analzying single cell suspensions

by flow cytometry using the gating strategy shown in Online Figure VIII A and B.

R428 administration reduced renal infiltration of CD11c*, CD11c* AxI*, and CD11c*
AxI* CD86* cells compared to Ang 1 alone (Figure 6D). Moreover, R428 reduced renal
accumulation of CD11b*, CD11b* Ly6c*, and CD11b* Ly6c* AxI* cells compared to Ang
I1 alone (Figure 6E). Axl inhibition also reduced renal infiltration of CD3* T lymphocytes,
accompanied by a trend in reduction in CD4* and CD8* T lymphocytes (Figure 6f),

and suppressed renal accumulation of effector memory CD4* T cells (CD4* CD44high
CD62L!'%W) T cells but had no significant effect on effector memory CD8" cells during Ang
Il infusion (Figure 6G). We also found that inhibition of Axl markedly reduced the aortic
infiltration of CD11c*, CD11c* AxI*, CD11c™ AxI* CD86™, and CD11b* Ly6c* AxI* cells
compared to Ang Il alone (Online Figure VIII A-F). Inhibition of AxI had no significant
effect on aortic infiltrating CD11b*, CD11b* Ly6c*, CD3*, CD4* or CD8* T lymphocytes
or CD4", CD8* effector memory T cells compared to Ang Il alone (Online Figure 1X D-K).
Thus, Axl activation contributes to both renal and aortic immune cell infiltration and the
genesis of Ang ll-induced hypertension.
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In accord with our pharmacological inhibition of Axl signaling in vivo, we found that AxI™/~
mice exhibited markedly reduced systolic, diastolic, and mean blood pressure compared

to AxI*'* controls during Ang Il infusion, as measured by radiotelemetry (Figure 7A). As
AxI™'~ mice exhibited a lower baseline blood compared to AxI*/* mice, we compared the
change in systolic blood pressure and found that Axl™/~ mice had significantly less increase
in systolic blood pressure in response to Ang Il infusion as compared to AxI*/* mice

(Figure 7B). Cytokines produced by renal infiltrating immune cells can affect renal sodium
transporters.12 To determine the role of Axl signaling in this process, we infused Ang 1 for
2 weeks in AxI** and AxI~/~ mice and then challenged these animals with an injection of
normal saline equal to 10% body weight and monitored urine volume, sodium and chloride
excretion over the ensuing 4 hours as previously described.1® As shown in Figure 7C, AxI™/~
mice had a marked preservation in their ability to maintain sodium and volume excretion
compared to AxI** mice.

Deficiency in both Stromal and Immunological Axl Prevent the Development of
Hypertension.

Axl is present on hematopoietic cells, endothelial cells, and various stromal cells. To
examine the cellular source of AxI that underlies the development of hypertension, we
performed BMT experiments. BM (20 x 106 cells) from AxI*/* or AxI~/~ donor mice

were transplanted into irradiated AxI*/* or AxI~/~ mice to create chimeric mice that have
Axl deficiency in their stromal cells only (AxI*/* AxI~") or hematopoietic cells only
(AxI™= AxI*"*: Figure 7D). Irradiated AxI*"* transplanted with AxI*/* BM and irradiated
AxI~/~ transplanted with AxI~/~ BM served as controls. After 8 weeks of BM engraftment,
radiotelemeters were implanted to measure blood pressures during infusion of Ang 1. We
found that baseline blood pressures were significantly lower in AxI*/* AxI~/~ and a trend for
reduction in AxI/~ AxI*"* and AxI™/~ AxI~/~ compared to AxI** AxI*/* controls (Online
Figure X). Furthermore, we found that loss of hematopoietic cells only (AxI~/~ AxI*/*)

and stromal cells (AxI*"* AxI™/=) completely prevented the augmentation of systolic blood
pressure, diastolic blood pressure, and mean arterial pressure similar to AxlI™/~ AxI~/~ mice
(Figure 7E). Moreover, we assessed the change in systolic blood pressure and found that
AxI7= AxI7/=, AxI*"* AxI/=, and AxI~/~ AxI*/* had a significant reduction in the rise

in systolic blood pressure compared to wild type mice transplanted with wild type bone
marrow (Figure 7F). In keeping with the finding that stromal AxI plays a role in the
development of hypertension, we treated HAECs with either scrambled or Axl siRNA and
demonstrated effective knockdown of Axl gene expression (Online Figure XI A). We found
that when monocytes were co-cultured with HAECs following AxI knockdown, there was a
significant decrease in the formation of AS DCs compared to HAECs exposed to scrambled
SiRNA (Figure 7G). Taken together, these data demonstrated a critical interplay and role of
both immunological and stromal Axl signaling in the development hypertension.

Given the above studies showing a role of endothelial Axl, we performed in vitro cell
culture experiments where we exposed HAECs treated with vehicle (DMSQO) or R428 (1
uUM; DMSO) to either 5% or 10% cyclical stretch. We found that 10% cyclical stretch
siginificantly increased ICAM-1. GASS, isoLG-adduct accumulation, and class Il MHC
compared to 5% stretch. Moreover, inhibition of Axl with R428 significantly reduced

Circ Res. Author manuscript; available in PMC 2022 November 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Van Beusecum et al.

Page 10

ICAM-1, GASG6, accumulation of isoLG-adducts, and the expression of MHC Il compared
to vehicle, indicating that GAS6/AXI signaling leads to upregulation of activation and injury
markers during hypertensive stimuli. (Online Figure X1 B-E). To determine if GAS6/AxI
signaling promotes oxidant signaling in endothelial cells, we exposed HAECs to either
vehicle (control), GAS6 (80 nM), GAS6 + 2-HOBA (1 uM), or GAS6 + PEG-SOD

(100 U/mL) for 48 hours. We found that GAS6 exposure significantly upregulated the
adhesion molecule ICAM-1, the accumulation of isoLG-adducts, and MHC Il. Treatment
with the isoLG-adduct scavenger, 2-HOBA, prevented the increase in ICAM-1 and isoLG-
adduct accumulation. Moreover, co-treatment with PEG-SOD prevented ICAM-1, GAS6,
and isoLG-adduct accumulation in endothelial cells, but not MHC Il (Online Figure

X1 F-1). Taken together with our BMT studies, these data demonstrate that GAS6/AxI
signaling coordinates activation of both the endothelium and immune cells to promote an
inflammatory environment and the development of hypertension.

GASG6 production is associated with vascular dysfunction and isoLG-adduct accumulation
in human endothelial cells.

As shown in Figure 2G, we found that human endothelial cells undergoing hypertensive
stretch markedly increase secretion of GAS6. Based on these findings, we sought

to determine if GASG is associated with parameters of endothelial dysfunction and
accumulation of isoLG-adducts in human volunteers. We recruited an additional 23
volunteers whose demographic and clinical characteristics are provided in Online Table

IV. Endothelial cells were harvested by J-wire insertion into the brachial vein and subjected
to flow cytometric analysis (Figure 8A). Using the gating strategy as shown in Figure 8B we
found a positive significant association between GAS6 and ICAM-1, which is produced by
activated endothelial cells (Figure 8C R2 = 0.39, p=0.0012). Moreover, we found a strong
positive association between endothelial cell isoLG-adduct accumulation and ICAM-1
(Figure 8D; R?=.36, p=0.0026). Interestingly, we found a strikingly positive association
between endothelial cell expression of GAS6 and the accumulation of isoLG-adducted
proteins (Figure 8E; R2=0.87, p=0.0001), suggesting that activated and dysfunctional
endothelial cells are a major source of GAS6 production in humans.

DISCUSSION

In this study, we defined a previously unknown role of GAS6/AxI signaling in human
monocyte activation and show that the endothelium can serve as a source of GAS6. Human
subjects with hypertension had a significant increase in the presence of circulating AS

DCs compared to normotensive subjects and circulating levels of GAS6 correlate with both
pulse pressure and systolic blood pressure. In vitro, we found that endothelial cell stretch
markedly enhances release of GAS6 which in turn seems to stimulate the formation of
human monocyte derived AS DCs. These events are completely abolished by inhibition

of Axl and knockdown of endothelial-derived GAS6 and Axl. Stimulation of human
monocytes by GAS6 promotes their transformation to AS DCs and markedly enhances
IL-1pB production through a NLRP3/caspase-1-dependent mechanism. In in vitro studies,
we show that exposure of monocytes to GAS6 promotes the formation of immunogenic
isoLG-protein adducts in both CD1c* AxI* DCs and CD1c* AS DCs. Moreover, in

Circ Res. Author manuscript; available in PMC 2022 November 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Van Beusecum et al.

Page 11

vivo inhibition of AxI by pharmacological and genetic deletion (AxI™~ mice) markedly
reduced systolic blood pressure and renal immune cell infiltration following Ang Il-induced
hypertension. Our BMT studies demonstrated that both stromal and immunological Axl are
required for the development of hypertension following Ang Il-infusion. In keeping with
this, knockdown of AxI in endothelial cells prevented the ability of stretch to release GAS6
and to activate monocytes, suggesting a feed-forward autocrine role of GAS6 to promote its
own release. Lastly, we found that in human endothelial cells there is a positive correlation
between GAS6, ICAM-1, and isoLG-adduct formation.

In hypertension, the interaction of monocytes with the vascular endothelium likely leads

to formation of monocyte-derived DCs and is at least one source of AS DCs. In keeping
with this, Randolph et al showed that monocytes cultured with endothelial cells that

had been stimulated with IL-1p, lipopolysaccharide or zymosan differentiate into either
DCs or macrophages.’ Furthermore, Randolph et al demonstrated that a subpopulation

of monocytes with upregulation of CD86 and HLA-DR potently drive allogenic T-cell
proliferation.1® We recently showed that endothelial cells undergoing hypertensive cyclical
stretch release factors that cause differentiation into CD14** CD16* intermediate monocytes
that robustly express IL-1p, IL-6, IL-23 and TNF-a.. We also observed that monocytes
exposed to endothelial cells undergoing 10% stretch exhibit increased surface CD209, a
surface marker of DCs and activated macrophages.® An important finding in the current
study is that endothelial cell hypertensive stretch, which promotes monocyte differentiation
also promotes the formation of AS DCs.

The definition of monocyte-derived cells and related myeloid cells is evolving, and it is

now clear that these cells exhibit division of duty, serving both pro-and anti-inflammatory
roles.> 20 Increasing evidence has demonstrated that myeloid cells play a critical role in

the development and maintenance of hypertension.2: 22 Wenzel et al. showed that ablation
of myeloid cells expressing lysozyme M in mice completely abrogated the increase in
systolic blood pressure in response to Ang Il-induced hypertension and that adoptive transfer
of monocytes to these mice reestablished Ang I1-induced hypertension.2 Kirabo et al.
demonstrated that monocyte derived DCs present immunogenic isoLG-modified proteins
that lead to T cell activation and the development of hypertension. Adoptive transfer of DCs
from hypertensive mice primed hypertension in recipient mice. Mice lacking Macrophage
Colony-Stimulating Factor (Op/Op mice), that lack macrophages and related myeloid cells,
are protected from vascular injury and inflammation during both Ang Il-induced and
DOCA-salt induced hypertension.23 24 Shah et al. showed that a subpopulation of inhibitory
myeloid cells, myeloid-derived suppressor cells, limit the increase in blood pressure and
inflammation.2> While our data suggest that AS DCs play a critical role in the development
of human hypertension, it is likely that other myeloid cells, including monocytes and
macrophages also contribute.

An important finding in the current study is that hypertensive stretch of human endothelial
cells induces GAS6 secretion and that GASG6 levels are increased in experimental
hypertension. Likewise, pulse pressure, which affects vascular stretch in vivo, correlated
with GAS6 plasma levels in humans. GASG is the ligand for the tyrosine kinase receptor
Ax1.26 Elevated GAS6 plasma levels have been observed in various human disease
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states including sepsis, cardiac hypertrophy, chronic renal disease, and systemic lupus
erythematosus.911: 13 |_ee et al. demonstrated that plasma GAS6 levels increase with the
severity of chronic kidney disease.1! Zhao and colleagues demonstrated that transgenic
mice over-expressing GAS6 developed cardiac hypertrophy, and that genetic deletion of
GAS6 prevented cardiac hypertrophy in response to transaortic constriction.13 Moreover,
nephrotoxic nephritis is associated with increased GAS6 production by glomerular
capillaries, further suggesting that endothelial cells produce this mediator. Adipocytes have
also been shown to produce GAS6 in mice fed a high fat diet and seems to contribute to
hypertrophy of these cells. Our data further suggest that endothelial production of GAS6
could promote monocyte transformation, as exposure to this mediator upregulates surface
expression of the classical DC marker CD1c and promotes dendrite-like projections by these
cells.

Recently the NLRP3 inflammasome has been shown to play an important role in the
progression and development of salt-sensitive hypertension. Krishnan et al. demonstrated
that in vivo inhibition of the NLRP3 inflammasome with MCC950 reduces blood

pressure, renal inflammation, fibrosis, and dysfunction and this was associated with a
reduction in pro-inflammatory and injury markers (IL-1beta, IL-17A, ICAM-1, VCAM-1).2
IL-1b is commonly increased in DCs of hypertensive animals, and inhibition of IL-1b
signaling abrogates Ang Il-induced hypertension.28 Likewise, inhibition of IL-1b reduced
cardiovascular events most significantly in humans with the highest quartile of blood
pressure in the recent CANTOS trial.2® An important finding of this study is that GAS6
released from endothelial cells undergoing hypertensive stretch promote IL-1p production
through a NLRP3/capase-1-dependent mechanism in AS DCs. In keeping with this,
macrophage Axl signaling has been demonstrated to promote NLRP3/caspase-1 dependent
IL-1p secretion in a model of myocardial infraction.3C It is generally accepted that the
synthesis of inflammasome products involves a priming step, in which pro-IL-1b and
pro-1L-18 and components of the inflammasome are transcribed, often in response to
NFkB activation, and a triggering phase requiring inflammasome assembly and subsequent
cleavage of pro-cytokines to mature forms.3! We did not observe an increase in mRNA for
caspase 1, pro-1L-1b or IL-18, indicating that GAS6/AXxI signaling does not activate the
priming step of inflammasome activation, but likely the triggering phase. In keeping with
this, we found that caspase inhibition completely abrogated IL-1b production of human
monocytes in response to GAS6. The precise mechanisms by which GAS6/AxI signaling
leads to inflammasome triggering requires further investigation.

An important finding of the current study is that surface expression of both Axl and Siglec-6
increase in response to GAS6 stimulation while R428 decreased AxI and Siglec-6 surface
levels in response to GAS6. These data suggest that Axl ligation by GAS6 signals formation
of additional AxI receptors and likewise stimulates Siglec-6 formation. Thus, the interaction
of GAS6 with AxI leads to a feed-forward formation of AS cells. We considered the
possibility that GAS6 might activate other monocyte receptors including MerTK or Tyro3,
however found these receptors to be very low in circulating human monocytes.

The formation of isoLG-adducts, and AS cells in response to GAS6 was also prevented
by hydrogen peroxide scavenging, indicating that redox signaling is downstream of AxI
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activation. While the oxidation of arachidonic acid by hydrogen peroxide is energetically
favorable,32 other oxidants that are formed from or act in concert with hydrogen peroxide
could also contribute. Indeed both catalase and superoxide dismutase can prevent lipid
peroxidation caused by xanthine oxidase, suggesting both superoxide and hydrogen peroxide
are involved.33 Peroxidases like myeloperoxidase could also use hydrogen peroxide as

a co-substrate to catalyze formation of isoLGs. The precise mechanism by which Axl
stimulation induces ROS formation in monocytes requires further investigation however we
have previously shown an indispensable role of the NADPH oxidase in formation of isoLGs
in response to other stimuli.16

AxI activation has been associated with various cardiovascular disease states including
atherosclerosis, myocardial infarction, hypertension, and chronic kidney disease.30: 34-37
Batchu and colleagues demonstrated that deletion of Axl in RAG-17/~ mice caused a
profound reduction in systolic blood pressure, renal inflammation and renal dysfunction
after the first week of DOCA-salt hypertension.3® Recently, DeBerge et al. demonstrated
that AxI activation of macrophages promotes secretion of IL-1f and intramyocardial
inflammation. Administration of the selective molecule Axl inhibitor, R428, improved
cardiac healing and a reduction in intramyocardial inflammation.39 In accord with this,

we found that treatment with R428 and or global AxI deletion reduced hypertension by
approximately 20 mmHg. Moreover, R428 reduced AxI™ DCs in both the aorta and kidney
with a decreased in renal T lymphocyte immune cell infiltration during Ang Il infusion. An
important mechanism of hypertension is impaired pressure natriuresis. Data from our group
and others have implicated several inflammatory cytokines in modulation of renal sodium
transporters.18: 38. 39 |n keeping with this, we found that AxI-deficient mice exhibited a
preserved ability to excrete a volume challenge during ang Il infusion. This is compatible
with the scenario that the decrease in renal immune cell infiltration preserved renal excretory
capacity.

In keeping with the above, studies have demonstrated that both immunological and stromal
AxI play a role in the development of cardiovascular disease. In this study, we found

that deletion of either stromal or hematological AxI reduced hypertension in response to
Ang Il. These data demonstrate the critical and novel GAS6/AxI signaling mechanisms

on both immunological and stromal AxI in the development of hypertension. As Axl is
ubiquitously expressed in stromal and immunological cells, our data supports additional
lines of investigation into this critical signaling mechanism. Moreover, these in vivo data are
supported by the knockdown of either GAS6 or AxI in vitro in human aortic endothelial
cells on the formation of pro-inflammatory AS DCs. Therefore, one could speculate

that therapies targeting GAS6/AXI signaling could favorable impact cardiovascular disease
development and progression.

With regard to the importance of GAS6/AxI signaling in vivo, we found a profound
positive correlation with endothelial GAS6 production, isoLG-adduct accumulation, and
endothelial cell dysfunction, as evidenced by ICAM-1 expression, in human subjects

with cardiometabolic disease. A limitation of our study is that we harvested venous
endothelial cells for this analysis and thus cannot make conclusions regarding the direct
effect of hypertension on arterial cells. Indeed, only 4 of our subjects with cardiometabolic
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syndrome had overt hypertension and did not exhibit greater GAS6 expression than the
non-hypertensive subjects in their venous endothelial cells. Nevertheless, our data indicate
that human endothelial cells in vivo can exhibit a coordinated increase in an important
adhesion molecule, oxidatively modified proteins and GAS6 production. Of interest, mice
with global deletion of GAS6 fail to upregulate endothelial ICAM-1 and VCAM-1 when
treated with TNF-a both in vitro and in vivo compared to wildtype controls.*0 Moreover,
GAS6 stimulation of human umbilical vein endothelial cells leads to upregulation of both
ICAM-1 and VCAM-1 through a Mer-dependent mechanism.?! Taken together, out data

are comparable with a scenario in which exposure to hypertensive pressures or increased
cyclical stretch causes endothelial cells to simultaneously upregulate expression of adhesion
molecules like ICAM-1 that enhance the interaction of monocytes with the endothelium and
GASG, which signals formation of the pro-inflammatory AS DCs.

In summary, our current study provides new insight how the endothelium can promote
immune activation in hypertension and show a potential new role for AS DCs and Axl
signaling via GASG activation in this disease. AS DCs may not only be a biomarker

of inflammation in hypertension but can serve as a source of IL-1p and downstream
cytokines such as IL-6. Importantly, production of such cytokines and presentation of
isoLG-adducts can drive T cell polarization and the production of cytokines like IL-17A,
which are pathogenic in hypertension. It is therefore likely that the activated endothelium,
in addition to expressing chemokines and adhesion molecules, can promote formation
monocyte-derived DCs leading to end organ dysfunction and worsening blood pressure
elevation in hypertension.
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Ang 1l angiotensin 11

AS DC AxI* Siglec-6* dendritic cell
BM Bone marrow

BMT Bone marrow transplant

cDC1 myeloid/classical dendritic cell 1
cDC2 myeloid/classical dendritic cell 2
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DC dendritic cell

FMO fluorescence minus one

GAS6 growth arrest specific 6

HAEC human aortic endothelial cell

IL-1B interleukin 1-beta

ICAM-1 intracellular adhesion molecule 1

IsoLG isolevuglandin

pDC plasmacytoid dendritic cell

PEG polyethylene glycol

PBMC peripheral blood mononuclear cell

ROS reactive oxygen species

Siglec-6 sialic acid-binding immunoglobulin-type lectin 6

TLR toll-like receptor

\WAY) varicella zoster virus
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NOVELTY AND SIGNIFICANCE
What Is Known?

. Inflammation and immune activation have been observed in human and
experimental hypertension for more than 50 years.

. The interaction with the activated endothelium leads monocytes to transform
to dendritic cells and macrophages by mechanisms that have been poorly
defined.

. Recently dendritic cells with the surface markers Axl and Siglec 6 (AS cells)

have been described as similar to cells observed in hypertension.
What New Information Does This Article Contribute?

. Circulating AS cells are increased in hypertensive humans compared to non-
hypertensive subjects.

. The ligand for Axl, GAS6 is also increased in hypertensive humans and
correlates with the level of systolic pressure and pulse pressure.

. Human endothelial cells undergoing hypertensive cyclical stretch release of
GAS6 and promote the transformation of co-cultured monocytes to AS cells
that produce IL-1p and present antigen to autologous T cells.

. Axl signaling in both hematopoietic and stromal cells contributes to Ang
I1-induced hypertension in mice, and AxI blockade with R428 reduced blood
pressure and renal inflammation.

. Axl signaling in the endothelium also leads to endothelial activation in an
autocrine fashion, promoting the expression of reactive oxygen species and
the intracellular adhesion molecule ICAM-1.

This study shows that the activated endothelium in hypertension releases GAS6,

which potently activates nearby monocytes to transform into proinflammatory antigen
presenting cells. This is a novel example of vascular/immune cross-talk likely relevant
to many cardiovascular disorders. Furthermore, we show that either pharmacological or
genetic blockade of this pathway in vivo lowers blood pressure and reduces end-organ
damage. Our findings improve understanding of immune activation in hypertension and
identify a potential therapeutic target to treat this devastating chronic disease.
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Figure 1: Hypertension is associated with increased circulating AS DCs.
(A) Flow cytometry gating strategy to identify AS DCs from human PBMCs. (B)

Representative flow cytometric images of CD1c* AS DCs from normotensive and
hypertensive human subjects. Summary data for (C) CD1c* AS DCs and (D) AS pDCs
from normotensive and hypertensive subjects. Data were analyzed using the Mann-Whitney
non-parametric test; n=23 normotensive and 11 hypertensive subjects and expressed as a
mean £ SEM. SSC-A indicates side scatter area. FSC-A indicates forward scatter area.
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Figure 2: Hypertensive endothelial mechanical stretch promotes the formation of AS DCs.
(A)Total PBMCs were isolated from normotensive human subjects and co-cultured with

human aortic endothelial cells (HAECS) undergoing 5% and 10% cyclical stretch. (B)
Flow cytometry gating strategy to identify AxI* Siglec-6" DCs. (C) Representative

flow cytometry images for the relation of AS DCs to monocyte subpopulations. (D)
Representative flow cytometry images for AS DC formation under co-culture conditions
of 5% HAEC stretch, 10% HAEC stretch, and 10% stretch + R428 (1uM; Axl inhibitor;
DSMO) for 48 hours. (E) Summary data of CD1c* AxI* Siglec-6* cells and CD1c* AxI*
Siglec-6* cells undergoing 5% and 10% stretch compared using the Mann Whitney test
(n=8). (F) Summary data of CD1c* p-AxI* cells undergoing 10% or 10% + R428 (1uM;
DMSO) compared using the Student’s t test (n=6). (G) Summary data of GAS6 secretion
from human aortic endothelial cells undergoing normotensive (5%) or hypertensive (10%)
stretch. Student’s t-test (n=8 for 5% stretch and n=7 for 10% stretch). (H) Summary data
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of GASG6 secretion from human aortic endothelial cells from 5% + scrambled siRNA, 5%

+ GAS6 siRNA, 10% + scrambled siRNA, and 10% + GAS6 siRNA. Kruskal-Wallis non-
parameteric test (n=10 for 5% control SIRNA, n=6 5% GAS6 SiRNA, n=10 10% control
SiRNA, and n=6 10% GAS6 SiRNA). (I) Effect of GAS6 knockdown on the formation of
AS DCs during co-culture of normotensive CD14* monocytes and human aortic endothelial
cells from 5% + scrambled siRNA (1 uM), 5% + GAS6 siRNA (1 uM), 10% + scrambled
SIRNA (1 pM, and 10% + GAS6 siRNA (1 pM). Friedman non-parameteric test (n=7). (J)
Association between plasma GAS6 and systolic blood pressure and plasma GAS6 and pulse
pressure. Linear regression and Spearman r correlation using Student’s t-test (h=16). SSC-A
indicates side scatter area. FSC-A indicates forward scatter area. EC indicates endothelial
cell. All data are represented as mean £ SEM.
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Figure 3: GAS6 exposure promotes the formation of monocyte derived AS DCs.
(A) Human CD14* monocytes from normotensive human subjects were cultured in control

media or control media + GAS6 (80nM) for 48 hours. (B) Representative flow cytometry
data for surface expression of CD1c and AS DCs under control and GAS6 stimulation (80
nM). (C) Summary data for CD1c* AxI* cells, CD1c* Siglec-6* Cells, and CD1ct AxI*
Siglec-6* cells compared using a Paired Student’s t-test (n=6). (D) Summary data for the
formation of AS DCs, CD83* AS DCs, and CD86™ AS DCs upon GAS6 stimulation (80
nM) with or without AxI inhibition with R428 (1 uM; DMSO) analyzed using the Wilcoxon
non-parametric test (n=8). (E) Representative Wright-Stained images for dendritic cell
morphology in control monocytes and GAS6 treated monocytes from the same normotensive
human subject. All data are represented as mean + SEM.
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Figure 4: GASG6 stimulates IL-1p production through NLRP3 inflammasome and caspase-1
activation in AS DCs.

Human CD14* monocytes were isolated by magnetic sorting from the buffy coat of
normotensive human subjects and were co-cultured with HAECs undergoing either 5%
or 10% stretch for 48 hours or human monocytes were cultured in control media, GAS6
media (80 nM), GAS6 + caspase-1 inhibitor (Ac-YVAD-cmk; 1uM) or GAS6 + NLRP3
inflammasome inhibitor (MCC950; 1 uM) for 48 hours. Summary data for (A) IL-1p* AxI*
CD1c* cells undergoing 5% and 10% endothelial cell stretch and (B) Summary data for
IL-18* AxI* CD1c* cells undergoing 10% or 10% + R428 (1uM; DMSO). Significance
was analyzed using the Paired Student’s t-test (n=7 per group). (C) Representative flow
cytometry plots showing intracellular IL-1p staining in monocytes treated with control,
GASB, or GAS6 + Ac-YVAD-cmk. (D) Summary data for showing the effect of NLRP3
inflammasome (MCC950) and capase-1 (Ac-YVAD-cmk) inhibition in AS DCs (n=8 per
group). Summary data showing the effect of GAS6 exposure on mRNA levels for (E)
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pro-1L-18 (n=4 control and n=7 GASS), (F) pro-I1L-1p (n=7 control and n=8 GAS6), and
(G) caspase-1 (casp-1). All data are represented as mean + SEM. Panels C and D were
analyzed using the Freidman non-parametric test and panels E-G were analyzed using the
Mann Whitney test.
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Figure 5: GAS6 promotes isoLG-protein adduct formation in AS DCs.
Human monocytes were isolated from total PBMCs of normotensive subjects by magnetic

sorting and cultured in control media or media containing GAS6 (80nM) for 48 hours. (A)
Representative flow cytometry plots illustrating isoLG-protein adduct formation in AS DCs.
(B) Summary data demonstrating the effect of GAS6 exposure on 1soLG-protein adduct
accumulation in AxI* Siglec-6~ DCs and AxI* Siglec-6" DCs by intracellular D-11 antibody
staining (n=6 per group). (C) Representative flow cytometry plots illustrating the effects of
GAS6, PEG-catalase (500 U/mL), and 2-HOBA (10 uM) on AS DC formation. Summary
data demonstrating the effect of PEG-catalase and 2-HOBA during GAS6 exposure on (D)
AS DC formation and (E) isoLG-protein adduct accumulation in AS DCs (n=5 per group).
(F) Summary data for the accumulation of isoLG-adducts in AS DCs under GAS6 (80 nM)
stimulation with and without R428 (n=8 per group). All data are represented as mean +
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SEM. Data in panels B and E were analyzed using a Paired Student’s t test, and panel F by a
Wilcoxon non-parametric test.
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Figure 6: Axl inhibition prevents Ang Il-induced hypertension and renal inflammation.
Male C57BL/6 mice received infusion of Ang Il (490 ng/min; s.q.) or a sham infusion via

osmotic minipumps for 14 days. One group of sham and Ang I mice were treated with the
AxI inhibitor R428 (25 mg/kg; p.o.; DMSO) throughout the infusion. (A) Summary data of
plasma GAS6 levels in mice subjected to Ang Il-induced hypertension or control (n=5 per
group). (B) Summary data for blood pressure measurements by tail cuff plethysmography
of mice receiving vehicle (black circles; n=5), vehicle + R428 (green squares; n=9), Ang

Il (red circles; n=5) and Ang Il + R428 (blue squares; n=9). (C) Summary data for body
weight measurements of vehicle (black bars; n=5), vehicle + R428 (green bars; n=9), Ang Il
(red bars; n=5) and Ang Il +R428 (blue bars; n=9). Flow cytometry summary data for (D)
CD11c" cells, CD11c* AxI* Cells (n=9 for Ang Il and n=8 for Ang Il + R428), and CD11c*
AxI* CD86* Cells (n=4 for Ang Il and n=5 for Ang Il + R428), (E) CD11b"* cells CD11b™*
Ly6c* cells, and CD11b* Ly6c* AxI* cells (n=10 for Ang 1l and n=8 for Ang Il + R428),
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(F) T lymphocytes (CD45* CD3* cells), CD4 T lymphocytes (CD3* CD4* cells), and CD8
T lymphocytes (CD3* CD8* cells; n=9 for Ang Il and n=8 for Ang Il + R428), and (G)
effector memory CD4 lymphocytes (CD4* CD44high CD62L!°%) and effector memory CD8
lymphocytes (CD8* CD44Mgh CD62L!oW; (n=4 for Ang Il and n=>5 for Ang Il + R428) from
single-cell suspensions from the kidney of Ang Il and Ang Il + R428 treated mice. All data
are represented as mean £ SEM. Panels A, D-G were analyzed using a Student’s t-test, and
panel B was analyzed by a two-way ANOVA with repeated measures with Bonferonni’s post
hoc test.

Circ Res. Author manuscript; available in PMC 2022 November 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Van Beusecum et al.

Page 30
A 180 & AXWTWT (n=5) D 20x 10° cells
— & A’ (n=5)
- P ~A 006y, X
8 JE: 160 % p=0.0027 / % X @
o QO w=p
@ E 14 B ha e .
g £ AXIWTWT Axl- AXIWTNT > Axt
O 35 120 X10¢ cells A deficiency only in
® 3 106Gy stromal cells
>
@ 2 100
* 0
AN RN bR Axt- AW A3 At
Axl deficiency only in
Day of Treament E immunological cells
~ 180
- 160 - :‘”
B 140 g E 160 o
SE mE 0.0271| P> | o B%
@ E 420 EM lp=a4o137 'ﬂ = 140 < 0.0200( 0.0105
Lo Lo 4
25 100 sl 83120
3
28 . VYN & 8 100
o o
60 80
SHNVNN KRN e SV SINRE e
Day of Treament Day of Treatment
® 160 _ 140
H] - O
3 oI
3 __140 m p=0.0014 © E 120
[ o HE\H o=
o E W o ]n.azss
S E 120 2 o 100 Tl
SE S5 Uagh B us
o= » 0 ' b
c 100 S8 80 ¥
m o - 11
Q o x
2 g 60 L
VRN KRN e FLHVANS SINRS Bt
Day of Treament Day of Treatment
T 700
g 5 160
2 =X
g 650 S E 140
[}
o 600 t g W p= | e -
£ g g 120 r 1l i *]‘“’”9 0.0210| 0.0192
(4 S a N & A Ns
550 o9 L7
£ = g 100
2 o

80
AN O RN
SNOSNRPENRYLH RS TS SRS B
Day of Treament
Day of Treatment
B c F p=0.0067 G p=0.0195
p=0.0065 p=0.0004 " 4004 Pp=0.0039
45 B c 60- p=0.0001 =5
— % © 300
% =) 40 E S g —_ & p=0.0104 8 .,‘,)
2 :IE: 35 S o 2o _ o' 200
ZE 30 o 2 SE < % 100
o~ 25 3 8= 0 —
> FF I
3 S
& & Qtf’ 5 é’(’ N
& St ¥
E e"’o "a“@ N
o\ o
& 3 K

Figure 7: Genetic deletion of Axl prevents Ang Il induced hypertension and end organ
inflammation.

Male AxI WT and AxI~~ (Axl KO) mice were implanted with radiotelemeters and osmotic
minipumps delivering Ang Il (490 ng/min) for 14 days. Summary data of radiotelemetry
for (A) systolic blood pressure, diastolic blood pressure, mean arterial pressure, and heart
rate in AxI** and AxI™/~ mice (n=6 per group). (B) Summary data of the delta in systolic
blood pressure from baseline to last week of Ang Il infusion in AxI*/* and AxI~~ mice.

(C) Four-hour saline challenge in AxI WT and Axl KO mice (n=10 for AxI WT and n=9
for Axl KO). (D) Experimental design of BMT studies for the development of bone marrow
chimeras. (E) Summary of radiotelemetry data for the BMT mouse experiment (n=5 per
group). (F) Summary data of the delta in systolic blood pressure from baseline to last week
of Ang Il infusion in BMT mice (n=5 per group). (G) Summary data of the formation of AS
DCs co-cultured with human aortic endothelial cells from 5% + scrambled siRNA (1 uM),
5% + Axl siRNA (1 pM), 10% + scrambled siRNA (1 uM), and 10% + AxI siRNA (1 pM).
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(n=9). All data are represented as mean + SEM. Panels A, B and E-G were analyzed using
two-way ANOVA with repeated measures with Bonferroni’s post hoc test and panel C by a
Student’s t test.
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Figure 8: Association of GAS6 production with endothelial dysfunction and accumulation of
isoLG-adducts in humans.

(A) Human venous endothelial cells were harvested by J-wire biopsy and prepared for
flow cytometric analysis. (B) Flow cytometry gating strategy to identify human endothelial
cells and their production of ICAM-1, isoLG-adducts, and GAS6. (C) Association between
GAS6 and ICAM-1 (n=21), (D) ICAM-1 and isoLG-adducts (n=23), and (E) GAS6 and
isoLG-adducts (n=21) in endothelial cells from human subjects. Data were analyzed using
linear regression and significance computed using two tailed Spearman’s test.
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