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Abstract

Abnormal hematopoiesis advances cardiovascular disease by generating excess inflammatory
leukocytes that attack the arteries and the heart. The bone marrow niche regulates hematopoietic
stem cell proliferation and hence the systemic leukocyte pool, but whether cardiovascular disease
affects the hematopoietic organ’s microvasculature is unknown. Here we show that hypertension,
atherosclerosis and myocardial infarction (M) instigate endothelial dysfunction, leakage,
vascular fibrosis and angiogenesis in the bone marrow, altogether leading to overproduction of
inflammatory myeloid cells and systemic leukocytosis. Limiting angiogenesis with endothelial
deletion of Vegfr2 (encoding vascular endothelial growth factor (VEGF) receptor 2) curbed
emergency hematopoiesis after MI. We noted that bone marrow endothelial cells assumed
inflammatory transcriptional phenotypes in all examined stages of cardiovascular disease.
Endothelial deletion of //6 or Vcan (encoding versican), genes shown to be highly expressed

in mice with atherosclerosis or Ml, reduced hematopoiesis and systemic myeloid cell numbers
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in these conditions. Our findings establish that cardiovascular disease remodels the vascular bone
marrow niche, stimulating hematopoiesis and production of inflammatory leukocytes.

Myeloid cells, innate immune guardians against infection, become protagonists of
cardiovascular disease (CVD) in the presence of hyperlipidemial=3. Increased myeloid cell
abundance, that is, leukocytosis, is associated with worse cardiovascular outcomes in large
clinical cohorts#~7. Leukocytes exert well-documented disease-propelling inflammatory
functions in cardiovascular tissues—3. Specifically, bone marrow-derived monocytes and
neutrophils accumulate in atherosclerotic plaques in the arterial wall as well as in acutely
ischemic and the chronically failing myocardium. Once recruited, leukocytes release pro-
inflammatory cytokines and proteases that destabilize tissues and participate pivotally in
the pathogenesis of atherosclerosis=3 and heart failure89. Because myeloid cells such

as monocytes circulate for a mere day after release from the bone marrow?, examining
the pathways that instigate their overproduction in CVD may provide a key to curbing
cardiovascular inflammation and morbidity. We here examined how the bone marrow
vasculature adapts to three milestone conditions that typically develop consecutively in
patients with CVD: (1) arterial hypertension, (2) atherosclerosis and (3) acute MI. A
prototypical disease trajectory may begin with long-standing increased blood pressure and
hyperlipidemia, moving on to chronic formation of inflammatory atherosclerotic plaques
in the arteries’ intima and finally culminating in Ml as a thrombotic complication of
atherosclerosis, an acute event that is among the leading causes of death worldwide.

Myeloid cells derive from hematopoietic stem and progenitor cells (HSPCs) that reside

in the hematopoietic bone marrow niche near abluminal surfaces of the microvascular
endothelium!l. Bone marrow endothelial cells shape hematopoiesis via secreted and cell
surface-associated signals received by HSPCs!2-14, In addition, endothelial cells form a
barrier that regulates exchange with the blood pool and cell traffic in and out of the marrow.
Such vascular functions modulate the numbers and types of circulating leukocytes in the
steady state and during infection1>-17,

Given the importance of endothelial niche cells for regulation of hematopoiesis’-18, we

here investigated how CVD affects these cells. The bone marrow vasculature encounters the
same stimuli that instigate CVD elsewhere. Countless such factors emerged from vascular
biology research focusing on the heart and brain, for instance, (1) aberrant mechanical
forces, for example, increased blood pressure altering vascular diameter, cell activation
states, matrix deposition and vasomotor tone, (2) pathological metabolite blood content,

for example, hyperlipidemia resulting in lipid deposits in the arterial wall, (3) reduced

blood oxygen levels leading to angiogenesis or hypoxic cell death, (4) increased levels of
circulating hormones, for example, angiotensin Il (Ang-11), causing vasoconstriction, and (5)
higher blood cytokine levels, for example, interleukins changing endothelial phenotypes. We
examined whether these pathologies extend to the bone marrow, testing the hypothesis that
pathways active in hypertension, atherosclerosis and acute M1 affect vascular morphology
and endothelial cell phenotypes in this hematopoietic organ. We further postulated that

such alterations give rise to the overproduction of inflammatory myeloid cells and systemic
leukocytosis, which is well documented to promote CVD19-28 Testing these hypotheses, we
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observed profound morphological, functional and molecular adaptations of the bone marrow
vasculature to hypertension, atherosclerosis or MI. The variations were characteristic for
each examined condition but ultimately converged on expanding leukocytosis. Conceptually,
our data add a missing link to the vicious inflammatory cycle that propels CVDs by
identifying bone marrow vascular pathologies that augment the supply of leukocytes
implicated in these conditions.

HSPCs proliferate more in human CVD.

We formulated the overarching hypothesis that CVD affects key hematopoietic niche cells
(bone marrow endothelial cells) and their interactions with hematopoietic progenitors.
Given that endothelial cells and the vascular niche may increase progenitor proliferation

by changing the blood stem cells’ microenvironment, we reasoned that dysregulation of

the bone marrow vasculature would heighten leukocytosis. To determine which HSPCs are
affected, we examined HSPCs in patients with arterial hypertension only, both hypertension
and atherosclerosis or acute MI. Employing flow cytometry2® with intracellular staining

for Ki-67, we found increased proliferation rates of undifferentiated hematopoietic stem
cells (HSCs) in all three patient cohorts (Fig. 1). The fraction of actively cycling cells

also expanded in more downstream common myeloid progenitors (CMPs) and granulocyte-
monocyte progenitors (GMPs) (Fig. 1a,b). These results, which match recently obtained data
in atherosclerosis3?, indicated that the studied cardiovascular conditions affect the entire
hematopoietic hierarchy, ranging from upstream HSCs to downstream myeloid progenitors.
Going forward, we therefore examined how CVD-induced niche abnormalities influence
progenitor cells affected in patients with CVVD, using mice with the matching experimental
milestone conditions of CVD: hypertension, atherosclerosis and acute Ml.

HSCs expand in hypertension.

In contrast to hyperlipidemia22, atherosclerosis3! and acute M132, it was less clear whether
hypertension affected HSPC proliferation in mice. To test whether hypertension, a risk
factor preceding atherosclerosis and Ml in patients, alters hematopoiesis, we profiled mouse
HSPC numbers, their proliferation and the bone marrow’s myeloid cell output across

three different modes of hypertension induction. First, we generated hypertension with
Ang-11, which increased the number of bone marrow Lineage— c-kit+ Sca-1+ CD150+
CD48- (SLAM-LSK), CMPs and GMPs (Extended Data Fig. 1a,b). Competitive bone
marrow transplantation from normotensive or hypertensive donors revealed a higher blood
chimerism for leukocytes originating from hypertensive mice (Extended Data Fig. 1c,d).

In accordance with increased monocyte production in the bone marrow of mice implanted
with minipumps releasing Ang-11 (Extended Data Fig. 1e), we found increased inflammatory
Ly6CN monocytes and a trend toward more neutrophils in the blood (Extended Data Fig.
1f). Second, hypertension produced by aortic constriction between the brachiocephalic and
left common carotid arteries (Extended Data Fig. 1g) increased SLAM-LSK, CMP and
GMP numbers in the bone marrow of the hypertensive right humerus (Extended Data Fig.
1h,i) and numbers of Ly6CM monocytes and neutrophils in the blood (Extended Data Fig.
1j). Third, genetically induced neurogenic hypertension in BPH/2J mice33 produced similar

Nat Cardiovasc Res. Author manuscript; available in PMC 2022 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rohde et al.

Page 6

results (Extended Data Fig. 1k,l). We conclude that, similar to atherosclerosis and after Ml,
hematopoiesis increases in hypertensive humans and in mice. In our subsequent studies,
we therefore investigated how these three CVD milestones influence the vascular niche
phenotype and function in the bone marrow.

The hematopoietic niche during incipient disease.

The bone marrow stem cell niche is formed by different cell types organized around
arterioles and sinusoids. An ensemble of niche cells that, in addition to endothelial cells,
also includes mesenchymal stromal cells, osteoblasts and macrophages34:3° regulates HSPC
activity via signals known as niche factors17-36. We determined the expression of Cxc/12,
Viceam1, Scf (Kith and Angpt1, thus sampling the canonical factors supplied by various
niche cells to promote HSPC retention and quiescence in steady statel”:36 that decline after
acute MI37 in mice with hypertension or atherosclerosis. Whole-bone marrow expression of
retention and maintenance factors decreased 2 weeks after implantation of Ang-I1-releasing
minipumps and 2 weeks after switching Apoe™/~ mice to an atherogenic diet (Extended Data
Fig. 2a). At later time points after disease induction, specifically 2 months after the onset of
hypertension or the beginning of atherogenic diet consumption, levels of these niche factors
no longer differed from those of controls (Extended Data Fig. 2b), stimulating us to search
for other pathways that chronically augment leukocytosis in CVD.

Bone marrow vascular anatomy changes in CVD.

Structural and functional vascular changes, which are central to the pathogenesis

of hypertension, atherosclerosis and ischemia, occur system wide. Yet, how these
conditions affect bone marrow vasculature, which regulates HSPC activity and leukocyte
traffickingl2-14, is unknown. To test the hypothesis that CVD-related mechanisms induce
vascular changes in the bone marrow, we studied the femur and skull vasculature in

mice with hypertension, atherosclerosis and acute MI. We detected increased femoral
arteriolar wall thickness and collagen deposition after inducing the chronic conditions
hypertension or atherosclerosis but not acutely after Ml (Fig. 2a,b). Bone marrow arterioles
of hypertensive mice displayed elevated staining for collagens | and Il (Extended Data
Fig. 3a,b). In Apoe™~ mice with atherosclerosis, Oil Red O* lipid deposits accumulated
around bone marrow arterioles (Fig. 2c), reminiscent of fatty streaks that evolve into
atherosclerotic plaques in other vascular territories. These data document that prototypical
vascular pathologies induced by hypertension and atherosclerosis affect the vascular HSPC
niche in the bone marrow. Such changed anatomy may modulate leukocyte intravasation and
the molecular interactions of endothelial cells with HSPCs that regulate hematopoiesis.

In mice with hypertension or after MI, arteriolar and sinusoidal vessel density increased
in the bone marrow (Fig. 2d,e and Extended Data Fig. 3c,d). No angiogenesis occurred

in the skeletal muscle, which served as a control (Extended Data Fig. 3e—g). While

bone marrow angiogenesis has been reported in other settings38:39, it has not yet been
observed in cardiovascular pathologies. In mice with atherosclerosis, the density of bone
marrow arterioles, which are thought to harbor quiescent HSPCs0, was reduced (Fig.
2e). The angiogenesis phenotype was most prominent in mice with acute Ml (Fig. 2e).
Therefore, we focused on this acute condition, which rapidly induces robust leukocytosis,

Nat Cardiovasc Res. Author manuscript; available in PMC 2022 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rohde et al.

Page 7

in follow-up imaging experiments. Serial intravital microscopy documented increasing
marrow vascularity after Ml, although not in healthy controls (Fig. 2f-h). Next, we

used flow cytometry to enumerate bone marrow endothelial cells and to determine their
proliferation rates!3. Hypertensive mice had elevated bone marrow endothelial cell numbers
with higher proliferation rates (Fig. 3a,b), whereas Apoe™~ mice with atherosclerosis had
fewer bone marrow endothelial cells than age-matched wild-type controls (Fig. 3c). The
lower endothelial cell number in bones of mice with atherosclerosis could be caused by
insufficient endothelial cell renewal or premature death. In contrast to the bone marrow
decline, splenic endothelial cells expanded in mice with atherosclerosis (Extended Data Fig.
3h), a condition that leads to heightened leukocyte production in the spleen®!.

Bone marrow endothelial cells were most numerous on day 6 after acute MI with a
preceding proliferation peak (Fig. 3d). To verify bone marrow angiogenesis with an
orthogonal method, we induced MI in Ap/FTeER; Rosa2675G e+ reporter mice??, in which
sprouting endothelial cells and their progeny express ZsGreen (Extended Data Fig. 4a,b).
Using confocal imaging on day 6 after M1, we identified newly developed ZsGreen*

bone marrow vessels (Fig. 3e,f and Extended Data Fig. 4c). We separately quantified new
sinusoidal and arteriolar endothelial cells by flow cytometric staining for the sinusoidal
marker podoplaninl3, noting that ZsGreen™ endothelial cell numbers rose after Ml for both
vascular subtypes (Fig. 3g). New vessels were surrounded by CD11b* myeloid cell clusters
(Extended Data Fig. 4d,e) and by transplanted, labeled HSPCs that diluted their membrane
dye (Extended Data Fig. 4f,g), a sign of increased progenitor cell division. These data
support the notion that post-MI angiogenesis, which was also documented by a higher
number of vascular sprouts in the bone marrow (Fig. 3h), and emergency hematopoiesis
occur in similar bone marrow regions. None of the tested disease conditions significantly
altered mesenchymal stromal cell and fibroblast numbers in the femur (Extended Data Fig.
5a,b). We conclude that C\VVD profoundly affects structure of bone marrow vasculature and,
perhaps most importantly, expands the vascular niche after myocardial ischemia and during
hypertension.

CVD alters vascular function in the bone marrow.

Given how the marrow’s vasculature anatomically adapted to hypertension, atherosclerosis
and MlI, we reasoned that such changes could lead to altered vascular function. To address
this question, we employed imaging to examine functional changes, specifically integrin
activation, vascular leakage and blood flow in the three examined conditions. Intravital
microscopy indicated increased binding of a fluorescent RGD-containing probe with affinity
for integrin a VB3 (refs. 4344 in the skull of mice with hypertension or Ml (Fig. 4a—c). This
result may reflect integrin activation during the angiogenic response*®, which we observed
in mice with MI or hypertension.

Concomitantly, we studied endothelial barrier function with intravital time-lapse imaging
after labeling the blood pool with fluorescent aloumin®4. In all three conditions, vascular
leakage accelerated (Fig. 4b,d and Extended Data Fig. 5¢). This impairment in barrier
function, in conjunction with the observed integrin activation, may facilitate trafficking of
cells and blood-borne signals across the bone marrow endothelium, potentially supporting
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HSPC activation by circulating alarmins and reactive oxygen species, processes that
augment leukocytosis.

One of the primary functions of the vasculature is to facilitate and regulate blood flow. We
therefore used intravital microscopy to assay blood velocity in the skull bone marrow (Fig.
4e), which increased in bone marrow arterioles of hypertensive mice (Extended Data Fig.
5d). These data agree with the notion that, during hypertension, fibrosis (Extended Data
Fig. 3b) and a higher myogenic tone systemically reduce the distensibility of vessels*6.
Blood flow remained unchanged in Apoe™~ mice with atherosclerosis and declined after Ml
(Extended Data Fig. 5d). We attribute the lower blood flow velocity after MI to a decrease
in cardiac output (Extended Data Fig. 5e). To probe for the CVD hallmark endothelial
dysfunction?’, that is, the reduced ability of arterial resistance blood vessels to dilate in
response to acetylcholine, we next quantified blood velocity in skull marrow microvessels
after intravenous (i.v.) injection of acetylcholine. Acetylcholine elicits nitric oxide release
from the healthy endothelium, which induces arterial vasodilation and increases flow in
downstream vascular beds*8:49. As expected for healthy vasculature, acetylcholine increased
velocity in bone marrow arterioles of control mice. In contrast, velocity decreased after
acetylcholine injection in mice with hypertension, atherosclerosis or Ml (Fig. 4e,f). This
impaired vasodilation response in the bone marrow of mice with CVD is typical for
endothelial vasomotor dysfunction. Using flow cytometry of bone marrow endothelial cells
collected from hypertensive, atherosclerotic and post-MI mice, we indeed found reduced
levels of endothelial nitric oxide (Extended Data Fig. 5f). The altered hemodynamics in the
bone marrow of mice with CVD also raise the question whether mechanosensing, which
influences lymphopoiesis®?, participates in regulating myelopoiesis during CVD.

Next, we complemented our intravital microscopy studies with non-invasive whole-mouse
imaging, enabling system-wide in vivo assessment of all hematopoietic sites. To this

end, an RGD-containing gallium-68 positron emission tomography (PET) reporter (°8Ga-
RGD) and a gadolinium-labeled albumin derivative were co-injected into mice with Ml,
followed by a previously validated PET-magnetic resonance imaging (MRI) protocol*4.
This multimodal dataset, which relied on imaging agents corresponding to the fluorescent
companions used for intravital microscopy, indicated increased integrin binding and higher
vascular permeability in the femur after MI (Fig. 5a—d). Autoradiography (Fig. 5¢) and
scintillation counting (Fig. 5f) confirmed greater 88Ga-RGD accumulation in the bones of
mice with acute MI. Analysis of 88Ga-RGD in various hematopoietic sites identified the
highest activity in the sternum (Fig. 5g), possibly due to its proximity to the infarcted
heart. Together, these cellular and whole-mouse imaging data indicate that hypertension,
atherosclerosis and Ml induce not only anatomical but also functional vascular changes in
the bone marrow.

Blocking VEGFR2 curbs bone marrow angiogenesis and emergency hematopoiesis after

MI.

Among the vascular changes induced by CVD, post-MI angiogenesis appeared the
most profound. Interestingly, this robust angiogenic phenotype occurred in synchrony
with the timeline of emergency hematopoiesis32 and leukocytosis?’ induced during M.
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As endothelial cells regulate HSPC proliferation!2, we wondered whether the observed
expansion of the vascular bone marrow niche influences post-MI leukocytosis. Specifically,
we hypothesized that post-MI angiogenesis in the bone marrow facilitates emergency
hematopoiesis, perhaps by expanding the vascular niche in which myelopoiesis occurs.
Motivated by a prior report that VEGFR2 is essential for vascular recovery after
irradiation38, we evaluated VEGF signaling after M1. VEGF protein levels were indeed
higher in the blood of mice with MI (Extended Data Fig. 6a), a result that matches
published data obtained in patients®. Inhibiting the cognate receptor VEGFR2 with a
neutralizing antibody abolished the post-MI increase in bone marrow arterioles, sinusoids
and endothelial cells (Fig. 6a—c). In line with these ex vivo data, intravital microscopy
detected reduced presence of integrins and less vascular leakage, which increase during
angiogenesis®®, in post-MI mice treated with VEGFR2-blocking antibody (Fig. 6d,e and
Supplementary Videos 1-3). More importantly, VEGFR2 inhibition also promoted HSPC
quiescence (Fig. 6f,g) and lowered the amount of circulating Ly6CM monocytes (Fig. 6h)
after MI. We reasoned that reduced myelopoiesis could either be secondary to inhibiting
bone marrow angiogenesis or alternatively could be caused by blocking VEGFR2 on
hematopoietic cells®2. To distinguish between these possibilities, we bred Cah5CeERTZ mice
with KarV mice for tamoxifen-inducible, endothelial cell-specific deletion of Vegfr2. In
these mice, in which baseline hematopoiesis was unaffected (Extended Data Fig. 6b—¢),
post-MI hematopoiesis and numbers of circulating Ly6CM monocytes (Fig. 6i-m) declined,
indicating that VEGF signaling affects leukocytosis via bone marrow endothelial cells.
Vegfr2 deletion from hematopoietic cells of VaviCr; Kalfl mice, the bone marrow of
which was transplanted into wild-type recipients, did not affect steady-state myeloid blood
numbers (Extended Data Fig. 6f,g) or post-MI hematopoiesis (Extended Data Fig. 6h—j),
ruling out that hematopoietic cell sensing of VEGF expands post-MI leukocyte production.

Comparable to mice treated with anti-VEGFR2 therapy, Cah5CeERT2; koiflifl animals, in
which endothelial cells lack expression of Vegrf2, showed no endothelial cell expansion

in response to Ml (Fig. 6n), along with diminished HSPC release from the bone marrow
(Extended Data Fig. 6k). In bone marrow endothelial cells sorted by flow cytometry, Cxc/12,
encoding a niche factor required for HSPC maintenancel2 and retention®3:54, was expressed
at higher levels in Cah5CeERT2; Kflfl mice than in Cah5CTeERT? [ittermate controls, both
with MI (Extended Data Fig. 61). Endothelial cell Vegfa expression was unaffected in these
mice (Extended Data Fig. 6m).

Evaluating potential sources of the receptor ligand VEGFA, we found that its expression
after Ml rose in the heart, kidney and spleen but not in whole bone marrow or bone
marrow endothelial cells (Extended Data Fig. 6n,0). These data indicate that the increased
VEGFA plasma levels in patients and mice with Ml originate outside the bone marrow,
perhaps in ischemic tissue with decreased oxygen tension®®. Indeed, 2 d after MI, Vegfa
expression rose in both stromal and myeloid infarct cells (Extended Data Fig. 6p). Vegfa
expression by bone marrow endothelial cells was also unchanged in mice with hypertension
or atherosclerosis (Extended Data Fig. 6q,r), and post-MI hematopoiesis in the spleen was
not significantly affected in Cah5CTeERT2; Kg/fl/fl mice (Extended Data Fig. 6s). Together,
these data show that post-MI emergency hematopoiesis is licensed by the expanding bone
marrow vasculature and requires VEGFR2 signaling in bone marrow endothelial cells.
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Bone marrow endothelium is activated in hypertension, atherosclerosis and M.

Thus far, our data document profound anatomic and functional vascular adaptions to

CVD, with relevance for leukocytosis. To explore how CVD affects the transcriptional
program of bone marrow endothelial cells, that is, the signaling that contributes to the
observed phenotypic adaptions in the bone marrow, we used RNA-seq to compare bone
marrow endothelial cells isolated by flow cytometry from naive controls to cells collected
from hypertensive mice, to Apoe”’~ mice with atherosclerosis and to mice 4 d after Ml
(Supplementary Table 1 and Fig. 7a—h). Hypertension led to enrichment of gene sets related
to cell proliferation and fibrosis (Fig. 7e), matching our observation of angiogenesis and
vascular fibrosis in the bone marrow in this condition. Gene set enrichment analysis (GSEA)
revealed inflammatory endothelial cell activation in mice with atherosclerosis and MI (Fig.
7f,9). In atherosclerosis, we observed enrichment of genes related to adhesion molecules,
interferon and Toll-like receptor signaling (Fig. 7f,h). These findings, which agree with

the observed anatomic and functional changes described above, align with our overarching
hypothesis that the inflammatory endothelial response to CVD%6-59 extends to the bone
marrow’s vascular niche.

To explore whether CVD-induced expression changes in bone marrow endothelial cells
influence the function of the vascular niche, its interaction with HSPCs and consequently
leukocytosis, we next deleted top-ranked genes identified by RNA-seq, one each in Apog'~
mice with atherosclerosis and mice with acute MI. We selected atherosclerosis and Ml
because in these conditions, the disease-promoting properties of leukocytes are documented
extensively519-22.25.27.28

IL-6 synthesized by endothelial cells boosts myelopoiesis and leukocytosis in
atherosclerosis.

Interleukin (IL)-6, a pro-inflammatory cytokine for which levels increase systemically

in atherosclerosis80-61 and that endothelial cells express in response to inflammatory
mediators62:63 was chosen for follow-up because its transcript was highly ranked by P
value among the upregulated transcripts in atherosclerosis (Fig. 7c and Supplementary
Table 1). While //6 expression was unchanged in hypertension or Ml, higher //6 expression
was confirmed by real-time PCR in bone marrow endothelial cells from Apoe™~ mice
(Extended Data Fig. 7a). IL-6 protein levels increased in the blood and bone marrow

of mice with atherosclerosis (Extended Data Fig. 7b,c). Further support for choosing /6
for a loss-of-function study consisted of the following: (1) HSPCs express the cognate
receptor for this cytokine (https://www.immgen.org); (2) the risk of Ml increases 2.3-

fold in patients with 1L-6 levels in the highest quartile®; and (3) a single-nucleotide
polymorphism (p.Asp358Ala) in the /L6R gene is linked to a reduced odds ratio for
coronary heart disease8®. To test whether the increase in endothelial 1L-6 production
during atherosclerosis contributes to the leukocytosis that fuels arterial inflammation19-22.25,
we induced atherosclerosis in Cah5C€ERT2; 16flIfl mice using an atherogenic diet and
adeno-associated virus (AAV)-mediated gene transfer of mutant human PCSK9. Compared
to Cah5CeERTZ Jittermate controls, endothelial cell-specific //6 deletion reduced HSPC
numbers and proliferation in the bone marrow and lowered systemic myeloid cell

numbers (Fig. 8a—c), while splenic hematopoiesis remained unchanged (Extended Data
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Fig. 7d,e). A competitive bone marrow-transplantation assay comparing Cah5CTeERTZ; /761l
to Cah5CTeERT2 hone marrow obtained from mice with atherosclerosis revealed a lower
blood leukocyte chimerism for cells originating from donors with endothelial deletion

of //6 (Fig. 8d,e). In Cah5CTeERTZ: 16/l mice, vascular leakage in the bone marrow

was unaffected (Extended Data Fig. 7f). In sum, these data indicate that, in mice with
atherosclerosis, endothelial 1L-6 production augments HSPC proliferation and leukocytosis
and, more generally, that endothelial cell interactions with HSPCs are pathologically altered
in atherosclerosis. While hyperlipidemia is a likely instigator of increased IL-6 expression
by bone marrow endothelial cells83, we cannot formally rule out that vascular beds outside
the bone marrow contributed to the observed phenotypes.

Endothelial cell-derived versican augments myelopoiesis and leukocytosis after MI.

Vcan (encoding versican) was chosen for a functional follow-up study because it ranked
highly among the genes expressed at higher levels in bone marrow endothelial cells after Ml
(Fig. 7d and Supplementary Table 1). The gene encodes a proteoglycan of the extracellular
matrix that localizes in the arterial intima and adventitia. Increased Vcanexpression

after M1 was confirmed by real-time PCR in bone marrow endothelial cells isolated by

flow cytometry but was unchanged in bone marrow endothelial cells from mice with
hypertension or atherosclerosis (Extended Data Fig. 7g). Generating functional networks
with hyaluronan®, versican regulates cell adhesion, proliferation and angiogenesis®’,
processes that we observed in the marrow after Ml (Fig. 2d and following). Therefore,

we deleted Vcanin endothelial cells to test whether versican affects hematopoiesis. In
Cah5CTeERTZ: \/earfifl mice, we detected reduced emergency hematopoiesis after Ml in the
bone marrow (Fig. 8f,g). The lower hematopoietic response dampened post-MI leukocytosis
in Cah5CeERT2: \earfifl mice (Fig. 8h). A competitive bone marrow-transplantation assay
yielded a lower leukocyte chimerism for cells derived from Cah5CTERTZ; \/earf/fl mice with
MI (Fig. 8i,j), confirming that endothelial cell-specific Vcan deletion reduced the abundance
of upstream HSCs after MI. Vcan deletion did not affect splenic hematopoiesis or the bone
marrow’s vascular permeability after M1 (Extended Data Fig. 7h—j).

Discussion

The hematopoietic marrow is a richly vascularized organ: the marrow’s vascular volume
fraction is 21% in healthy mice, exceeding the heart’s fraction of 13% (ref. ). Endothelial
cells regulate HSPC proliferation and leukocyte transit!’ and are thus an essential
hematopoietic niche component. At the same time, endothelial cells are subject to and
centrally involved in CVD and its complications. Our study addresses how the heart
disease milestones hypertension, atherosclerosis and Ml affect the bone marrow’s vascular
health. Of note, these pathologies coexist in patients; for example, hypertension is a

risk factor for atherosclerosis and Ml rarely occurs without thrombotic complications of
atherosclerotic plaque. Studying these conditions separately in mice allowed us to decipher
their specific contributions to CVD-induced remodeling of the bone marrow’s vascular
niche (Extended Data Fig. 8 and Supplementary Table 2). Endothelial dysfunction and
microvascular leakage occurred in all three conditions, vascular fibrosis in hypertension and
atherosclerosis, and angiogenesis in mice with hypertension and MI. The above adaptions
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of the vascular bone marrow niche can influence the bone marrow’s leukocyte output!>-17,
Integrin activation supports leukocyte adhesion and migration®®, while a more permeable
vascular wall promotes intravasation of newly produced cells. In addition, increased vascular
leakage changes the hematopoietic niche’s microenvironment# through expanded niche
communication with circulating inflammatory or metabolic factors that may influence stem
cell activity. The regional association of newly formed vessels with proliferating HSPCs
suggests that post-MI angiogenesis expands vascular niche sites of leukocyte production, a
speculation that is supported by our observation of blunted emergency hematopoiesis when
angiogenesis is inhibited. Augmented levels of the canonical niche factor encoded by Cxc/12
in Cah5CTeERT2: (glfl mice with MI may also contribute to lower myelopoiesis.

All three conditions transformed transcriptional programs of bone marrow endothelial
cells, and the genetic manipulations that we induced to follow up on transcriptional
changes highlight the importance of such phenotypic changes for increased inflammatory
leukocyte supply. Whether IL-6 or versican, both of which have been shown to enhance
cell proliferation®.70, act directly on HSPCs or alternatively indirectly via niche cells,
remains to be formally investigated. Of note, HSPCs express the requisite receptors

for IL-6 (IL-6 receptor) and versican (CD44, https://www.immgen.org/). Other open
questions involve the specific molecular signals that induce endothelial cell phenotypes

in mice with CVD, whether the observed pathways interact at the protein level and

how non-endothelial hematopoietic niche cells respond to signals arising in the setting

of cardiovascular pathologies. In particular, bone marrow fibroblasts, adipocytes and their
mesenchymal progenitors are promising targets for future studies given that these cells are
(1) systemically affected by CVD and metabolic disorders and (2) influential hematopoietic
niche components.

While our work mostly focused on the anatomical and functional consequences of CVD

for the vascular hematopoietic niche, it is worthwhile to consider its clinical implications,
especially regarding therapeutic strategies aimed at reducing harmful leukocytosis and
cardiovascular inflammation. Our observations of mice with atherosclerosis support that
IL-6 receptor inhibition, which reduces inflammation in patients with atherosclerosis’l, may
act at least partially by reducing leukocyte production. Systemic inhibition of angiogenesis
may disrupt infarct healing and formation of collaterals. If inhibition of bone marrow
angiogenesis were to be harnessed therapeutically, organ-specific drug delivery could
circumvent this issue, for instance, by using bone marrow-specific RNA interference’2.

The traditional cardiovascular continuum connects known risk factors such as hypertension
and hypercholesterolemia to diseases of the myocardium and larger arteries. The current
data enlarge this concept to include major vascular alterations that influence the bone
marrow’s hematopoietic potential. These observations provide new mechanistic insight into
how crosstalk between common risk factors, the heart and vasculature link leukocytes to
cardiovascular conditions. At a conceptual level, these feedback loops indicate that studying
the bone marrow vasculature in CVD will identify new pathways to therapeutically target
escalating leukocytosis and systemic inflammation.
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Methods

Human participants.

Control and patient bone marrow samples were obtained from the sternum or iliac crest
following written informed consent in accordance with the Declaration of Helsinki and after
approval by the institutional review boards of the University Hospital Germans Trias i Pujol
(ICOR-2017-06, reference P1-17-176), the Amsterdam University Medical Center (NTR166,
ISRCTN95796863) and Massachusetts General Hospital (2013P002438, 2018P001465).
Patients in the atherosclerosis and hypertension cohort had coronary artery, cerebrovascular
and/or peripheral artery disease combined with arterial hypertension. Sample collection

in patients with MI was performed between day 3 and day 7 after ST-segment elevation

MI. Tissue samples were immersed in PBS with 0.5% BSA and passed through a

40-um cell strainer. Following centrifugation, the cell pellet was resuspended in 70%
DMEM (Sigma-Aldrich), 20% FCS and 10% DMSO, transferred to cryovials and frozen.
Additional cryopreserved bone marrow samples from healthy donors, obtained from iliac
crest puncture, were purchased from Stemcell Technologies and HemaCare. Age distribution
in controls and patient cohorts was as follows (mean + s.d.): controls, 55.3 £ 13.5 years;
hypertension, 69.8 + 15.9 years; atherosclerosis and hypertension, 64.75 + 7.4 years; Ml,
61.1 +11.1 years.

Flow cytometry of human bone marrow.

Cells were thawed at 37 °C, washed with sterile PBS and incubated with biotinylated
anti-human lineage antibodies directed against CD2 (clone RPA-2.10, BioLegend), CD3
(HIT3a, 300304, BioLegend), CD4 (RPA-T4, BioLegend), CD7 (124-1D1, eBioscience),
CD8a (RPA-T8, BioLegend), CD10 (SN5c, eBioscience), CD11b (ICRF44, BioLegend),
CD14 (HCD14, BioLegend), CD19 (HIB19, BioLegend), CD20 (2H7, eBioscience), CD56
(HCD56, BioLegend) and GPA (HIR2, BioLegend) and LIVE/DEAD Fixable Aqua Dead
Cell Stain (L-34957, Life Technologies). For gating on hematopoietic progenitor cells, this
was followed by secondary staining with anti-human CD34-APC (8G12, BD Biosciences),
anti-CD38-PE/Cy7 (HIT2, BioLegend), anti-CD90-FITC (5E10, BD Biosciences), anti-
CD45RA-PB (MEM-56, Thermo Fisher Scientific), anti-CD123-PE (7G3, BD Biosciences)
and streptavidin-APC/Cy7 (BioLegend). Intracellular staining with anti-human Ki-67-
BV605 antibody (BioLegend) was performed using the BD Cytofix/Cytoperm Fixation/
Permeabilization kit. Samples were run on an LSR Il flow cytometer (BD Biosciences),
and recorded events were analyzed with FlowJo 10 software (BD). Individual
fluorescence-minus-one controls were used to determine gating. HSCs were identified

as lineage"CD34*CD38~CD45RA!CD90* cells, CMPs as lineage”CD34*CD38!"CD45
RA~CD123" cells and GMPs as lineage"CD34*CD38"MCD45RAYCD123M cells.

Mouse models.

Wild-type C57BL/6J, Apod™Unc (Apoe-), BPN/3J,

BPH/2J, B6.Cg- G ROSA) 26S0/MB(CAG-ZsGrsenl)Hze/j ( ppsao67sCreeny B6.Cg-
Commd10"9(VavI-iCre)A2Kioy g (\y1Cre) | Kgtm2Sato)y ( KM and B6.SJL-Piorc® Pepc®l
BoyJ (CD45.1) mice were purchased from Jackson Laboratory. Cah5PAC)-CreERT2
(Cah5CTeERT2) mice were purchased from Taconic. VearfML-1Hwat (\/caifly mice were
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provided by H. Watanabe (Institute for Molecular Science of Medicine, Aichi Medical
University, Aichi, Japan)3. //6m1-13ho ( /6/Ty mice were provided by J. Hidalgo (Institute
of Neurosciences and Department of Cellular Biology, Physiology and Immunology,
Universitat Autonoma de Barcelona, Barcelona, Spain). Ap/im1-1(Cre/ERT2)Bzsh (A p/CreER)
mice were provided by B. Zhou (State Key Laboratory of Cell Biology, CAS Center

for Excellence in Molecular Cell Science, Institute of Biochemistry and Cell Biology,
Chinese Academic of Sciences, Shanghai, China)*2. Atherosclerotic Apoe™~ mice were fed
a western-type diet (TD.88137, Envigo) for 10 weeks. Atherosclerosis in Cah5°eERT2: 116/l
and Cah5CTeERT2 controls was induced by a single i.v. injection of 1012 genomic copies

of AAV 2/8 encoding hPCSK9 (ref. 74), as calculated by ITR primer titers. Mice were
placed on an atherogenic high-cholesterol diet for 12 weeks (Research Diets). The PCSK9
plasmid pAAV/D377Y-mPCSK9 was provided by Addgene’®. Hemizygous Cah5CreERT2
mice received intraperitoneal injections of 75 mg per kg tamoxifen dissolved in corn oil
(both from Sigma-Aldrich). A total of six injections were performed. Cre littermate controls
were subjected to the same injections. InVivoMADb anti-mouse VEGFR2 antibody (clone
DC101, Bio X Cell) was injected intraperitoneally 2 h before and 24 and 48 h after Ml

at a dose of 800 pg. When appropriate, animals were randomly assigned to experimental
groups. All protocols were approved by the Institutional Animal Care and Use Committee at
Massachusetts General Hospital, and all animal experiments were performed in compliance
with relevant ethical regulations.

Mouse surgical interventions.

For Ang-11 treatment, ALZET osmotic minipumps (Durect) were implanted subcutaneously
in mice under anesthesia with isoflurane. To maintain an application rate of Ang-11 at

490 ng min~1 per kg (A9525, Sigma-Aldrich) for 8 weeks, minipump model 1004 was
implanted first and then exchanged for model 2006 after 3 weeks’5:77. For PBS or

VEGFA (450-32, PeproTech) treatment, ALZET osmotic minipump model 1003D (Durect)
was implanted into the peritoneal cavity. Transverse aortic constriction was induced as
previously described’8. Sham-operated animals were subjected to the same procedure,
including aortic arch mobilization, but without ligation. Mice were analyzed 8 weeks

after surgery. Permanent coronary artery ligation to induce MI was performed as described
before3’. For all surgical interventions, animals were given buprenorphine (0.1 mg per kg
subcutaneously) before and every 12 h for the first 72 h after surgery.

Bone marrow transplantation.

To obtain bone marrow chimeric mice, C57BL/6J mice were lethally irradiated (970 cGy).
BMNCs were obtained from femora of VaviC' or VaviCe; Karfl mice. One day after
irradiation, 3-5 x 108 BMNCs were transplanted into the irradiated recipients via retro-
orbital injection.

Histology and immunostaining.

Femurs were dissected, fixed in 4% paraformaldehyde and decalcified in 0.5 M EDTA
at 4 °C for 2 weeks. Femurs were then transferred to 30% sucrose—PBS at 4 °C

for 2 d, incubated in equal-volume OCT-30% sucrose overnight and embedded in
OCT (Sakura Finetek). For collagen staining, sections were incubated with primary
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antibodies against collagen | (AB765P, Sigma-Aldrich), collagen type Il (ab7778, Abcam)
or collagen type IV (AB756P, Sigma-Aldrich), followed by treatment with peroxidase-
conjugated anti-rabbit antibody (ab205718, Abcam) and 3,3’-diaminobenzidine (D8001,
Sigma-Aldrich). Femur sections were stained with antibodies against EMCN (AF4666,
Novus Biologicals) and laminin (ab11575, Abcam, both at 1:200). Primary antibodies

were labeled with AF546-conjugated and AF680-conjugated secondary antibodies (Thermo
Fisher Scientific). Musculus quadriceps femoris samples were stained with anti-mouse
CD31 antibody (MEC13.3, BD Biosciences). Fluorescent images were acquired with a
Nikon 80i microscope (Nikon). Light microscopy images were captured using a digital slide
scanner, NanoZoomer 2.0RS (Hamamatsu), and analyzed using ImageJ software.

Flow cytometry and cell sorting of murine samples.

To assess bone marrow hematopoietic cells, mice were anesthetized and flushed with 20 ml
PBS. A single-cell suspension was created by passing the bone marrow through a 40-um
cell strainer. Spleen tissue was minced and plunged through a 40-um cell strainer before
red blood cell lysis was performed with RBC lysis buffer (BioLegend). Peripheral blood
was collected by retro-orbital bleeding using heparinized capillary tubes (BD). For bone
marrow stromal cells, bone marrow was flushed out and enzymatically digested with 1 mg
ml~1 collagenase type IV (Worthington Biochemical Corporation) and 2 mg ml~1 dispase 1
(Sigma-Aldrich).

Bone marrow and spleen endothelial cells were stained with anti-mouse TER-119-
BV605 (clone TER-119, BioLegend), anti-CD41-PerCP/Cy5.5 (MWReg30, BioLegend),
anti-CD45.2-FITC (104, BD Biosciences), anti-CD31-PE (MEC13.3, BioLegend) and
anti-SCA-1-PE/Cy7 (D7, BioLegend) antibodies and DAPI. To differentiate sinusoidal
and arteriolar endothelial cells, 30 pl anti-mouse podoplanin-APC antibody (8.1.1,
BioLegend) was injected i.v. 30 min before cell collection. To assess NO levels,

cell suspensions were pre-incubated with the NO sensor 4-amino-5-methylamino-2",7’-
difluorofluorescein diacetate (DAF-FM diacetate, Thermo Fisher Scientific). Following
antibody staining for bone marrow endothelial cells (anti-CD45-BV605 antibody,

clone 30-F11, BioLegend), DAF-FM fluorescence was detected in the FITC channel.

For identification of non-endothelial stromal cells, the following staining panel

was used: anti-mouse TER-119-APC/Cy7 (TER-119, BioLegend), anti-CD41-PerCP/
Cy5.5 (MWReg30, BioLegend), anti-CD45-BV605 (30-F11, BioLegend), anti-CD31-PE
(MEC13.3, BioLegend), anti-SCA-1-PE/Cy7 (D7, BioLegend) and anti-CD106-AF647
(429, BioLegend) antibodies. For identification of HSPCs, isolated bone marrow

cells were first stained with biotin-conjugated anti-mouse lineage antibodies directed
against CD3 (clone 145-2C11, BioLegend), CD4 (GK1.5, BioLegend), CD8a (53-6.7,
BiolLegend), CD49b (DX5, BioLegend), CD90.2 (30-H12, BioLegend), CD19 (6D5,
BioLegend), B220 (RA3-6B2, BioLegend), NK1.1 (PK136, BioLegend), TER-119
(TER-119, BioLegend), CD11b (M1/70, BioLegend), CD11c (N418, BioLegend) and
GR1 (RB6-8C5, BiolLegend). This was followed by a second staining with (1) anti-
CD16/32-BV711 (clone 93, BioLegend), anti-CD34-FITC (RAM34, BD Biosciences),
anti-CD48-AF700 (HM48-1, BioLegend), anti-CD115-BV421 (AFS98, BioLegend), anti-
CD150-PerCP/Cy5.5 (TC15-12F12.2, BioLegend), anti-c-Kit-PE/Cy7 (2B8, BioLegend),
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anti-SCA-1-BV605 (D7, BioLegend), anti-FIk2—PE (A2F10, eBioscience) and APC/Cy7-
streptavidin (405208, BioLegend) antibodies or (2) anti-c-Kit-PE/Cy7 (2B8, BioLegend),
anti-SCA-1-BV421 (D7, BioLegend), anti-FIk2—PE (A2F10, eBioscience), anti-CD48-
AF700 (HM48-1, BioLegend), anti-CD150-PerCP/Cy5.5 (TC15-12F12.2, BioLegend),
anti-CD34-FITC (RAM34, BD Biosciences), anti-CD16/32-APC/Cy7 (93, BioLegend),
anti-CD115-PerCP/eFlour710 (AFS98, eBioscience) and streptavidin-BV605 (BioLegend)
antibodies. For blood and bone marrow leukocyte staining, cells were stained with
anti-B220-PE/Cy7 (clone RA3-6B2, BioLegend), anti-CD19-PE/Cy7 (6D5, BioLegend),
anti-CD3-PE (17A2, BioLegend), anti-CD45-AF700 (30-F11, BioLegend), anti-Ly6C—
BV605 (HK1.4, BioLegend), anti-Ly6G—FITC (1A8, BioLegend), anti-CD11b—-APC
(M1/70, BioLegend), anti-NK1.1-APC/Cy7 (PK136, BioLegend) and anti-CD115-BV421
(AFS98, BioLegend) antibodies. Cells were further stained with the APC BrdU Flow

kit (BD Biosciences) or anti-Ki-67—eFluor660 antibody (SolA15, eBioscience). BrdU

was administered via intraperitoneal injection 24 h before killing mice. To assess blood
leukocyte CD45.1-CD45.2 chimerism, the following staining panel was used: anti-mouse
Ly6G-FITC (1A8, BioLegend), anti-CD11b—PE (M1/70, BioLegend), anti-CD3—-PerCP/
Cy5.5 (145-2C11, BD Biosciences), anti-CD115-BV421 (AFS98, BioLegend), anti-Ly6C—
BV605 (HK1.4, BioLegend), anti-CD8a-BV711 (53-6.7, BioLegend), anti-CD4-AF700
(GK1.5, BioLegend), anti-CD45.2-APC (104, BioLegend), anti-CD45.1-PE/Cy7 (A20,
BD Biosciences), anti-CD19-APC/Cy7 (6D5, BioLegend), anti-B220-APC/Cy7 (RA3-6B2,
BioLegend) and anti-NK1.1-APC/Cy7 (PK136, BioLegend) antibodies.

Bone marrow and spleen endothelial cells were identified as
TER-119"CD41-CD45-CD31MSCA-1* cells. Arteriolar endothelial cells were identified
as TER-119-CD41-CD45-CD31MSCA-1*PDPN™ cells, and sinusoidal endothelial cells
were identified as TER-119"CD41~CD45-CD31MNSCA-1*PDPN™ cells. Bone marrow
MSCs were identified as TER-119"CD41~CD45"CD31"SCA-1~"CD106" cells and
fibroblasts as TER-119"CD41~CD45-CD31-CD106~SCA-1* cells. Skeletal muscle
endothelial cells were identified as CD45-CD31* cells’®. LSK were identified

as Lin~c-Kit*SCA-1* cells and SLAM-LSK as Lin~c-Kit*SCA-1*CD1507CD48~
cells®081, CMPs were identified as Lin~c-Kit*'SCA-1"CD16/32i"MCD34* cells and

GMPs as Linc-Kit*SCA-1"CD16/32"MCD34" cells®2. Monocytes were identified as
CD45*NK1.1"CD3~CD19-B220~CD11b*SSC-Al’CD115*Ly6G™ cells and neutrophils as
CD45"NK1.1"CD3"CD197B220~CD11b*SSC-Al°CD115 Ly6G™ cells. Cell suspensions
were sorted with a FACSAria Il (BD Biosciences).

RNA isolation and real-time PCR.

RNA was isolated from tissue samples with the RNeasy Mini kit (Qiagen) following

the manufacturer’s instructions. RNA was extracted using the NucleoSpin RNA XS Kit
for RNA-seq (Takara Bio) or the ARCTURUS PicoPure RNA lIsolation kit (Thermo
Fisher Scientific). The High-Capacity RNA-to-cDNA kit (Applied Biosystems) was used
for reverse transcription. TagMan gene expression assays were used to quantify target
genes using TagMan Fast Universal PCR Master Mix (Applied Biosystems) and primers
for Cxcl12(Mm00445553_m1), Veam1 (Mm01320970_m1), Kit/(Mm00442972_m1),
Angptl (MmO00456503_m1), //6 (Mm00446190_m1), Vegfa (Mm00437306_m1) and
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Vean (Mm01283063_m1, all FAM-MGB, Thermo Fisher Scientific) as well as Gapadh
(Mm99999915 g1, VIC-MGB, Thermo Fisher Scientific). Samples were run on a 7500
Real-Time PCR system (Applied Biosystems), and target gene expression was normalized to
Gapdh expression.

Enzyme-linked immunosorbent assay.

Blood was centrifuged for 20 min at 3,000g, and plasma was gathered from the supernatant.
Bone marrow interstitial fluid was obtained from femora of mice perfused with 20 ml PBS.
Femora were cut with scissors and centrifuged at 16,000¢g for 2 min. The bone marrow

was then vortexed for 5 s and centrifuged at 5,000¢g for 5 min. Quantitative measurement

of VEGF was performed according to the manufacturer’s protocol using the Mouse VEGF
Quantikine ELISA kit (R&D Systems). The Mouse IL-6 Quantikine ELISA kit (R&D
Systems) was used for assessment of I1L-6 levels.

Colony-forming unit assay.

Colony-forming unit assays were performed using a semi-solid methylcellulose matrix
supplemented with cytokines and growth factors (MethoCult GF M3434, Stemcell
Technologies) following the manufacturer’s manual. Whole blood (50 pl) was processed,
and the cell-containing medium was subsequently plated into two 35-mm cell culture dishes
and incubated for 10-14 d.

Competitive bone marrow repopulation assay.

Donor mice were perfused with 20 ml PBS before one femur was excised. Bone marrow
was flushed out, and 5 x 10° BMNCs were obtained after plunging the tissue through a
40-um cell strainer. BMNCs from mice in the respective experimental conditions (CD45.2)
were mixed with BMNCs from naive CD45.1 animals before being injected into lethally
irradiated CD45.2 recipients (970 cGy).

Confocal microscopy.

Confocal microscopy of the skull and femur bone marrow was performed with an 1100
microscope (Olympus)**. The field of view at 4x magnification covers 2,290 um by 2,290
pum, and that at 20x covers 458 pum by 458 um with a resolution of 512 by 512 pixels.
z-stack images were acquired at 2-pm steps. In anesthetized mice, the calvarial bone was
exposed, and mice were positioned in a stereotactic holder. OsteoSense 750 was injected i.v.
24 h before imaging (4 nmol per mouse, PerkinElmer). IntegriSense 680 was administered
i.v. 24 h before imaging (2 nmol per mouse, PerkinElmer). To delineate blood vessels,

30 pl anti-mouse SCA-1-PE antibody (clone D7, BioLegend) and 30 ul anti-mouse CD31-
PE antibody (MEC13.3, BioLegend) were injected i.v. To investigate vascular leakage, we
followed a single plane through the center of the bone marrow cavity over 30 s with time-
lapse acquisition of 1.2 s per image before and after an i.v. bolus of 2.5 mg albumin-FITC
(2.5 mg per mouse, Sigma-Aldrich). During in vivo imaging of blood flow dynamics in
bone marrow microvessels, the injected albumin-FITC labels blood plasma yet is excluded
from blood cells, which appear as dark objects in bright fluorescent plasma®3. Line scans
of cell movement were performed in n= 26 arterioles per animal before and during
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i.v. infusion with 1076 M acetylcholine. LSK isolated by flow cytometry were labeled ex
vivo with Vybrant DiD Cell-Labeling Solution (Thermo Fisher Scientific) according to the
manufacturer’s protocol. Mice were injected i.v. with 75,000 DiD-labeled LSK. For ex vivo
confocal imaging of femoral bone marrow, mice were injected with OsteoSense 750 (4 nmol
per mouse, PerkinElmer) 24 h before imaging. Before collecting the femur (30 min), mice
were injected i.v. with 30 pl anti-mouse CD31-PE (MEC13.3, BioLegend), 30 ol anti-mouse
SCA-1-AF647 (D7, BioLegend) and 50 pl anti-mouse EMCN-FITC (V.7C7, Santa Cruz
Biotechnology) antibodies. Femurs were fixed in 4% paraformaldehyde, embedded in OCT
and stained with anti-mouse CD11b-APC antibody (M1/70, BioLegend) for 30 min at room
temperature and imaged by confocal microscopy.

Positron emission tomography-magnetic resonance imaging.

Dynamic contrast-enhanced MRI relied on BSA labeled with rhodamine B and gadopentetic
acid (RhoB—-albumin—-GdDTPA,; 82 kDa, SyMO-Chem). For PET imaging, NODAGA-RGD
trifluoroacetate (cyclo(-Arg—-Gly—Asp-o-Tyr-Lys(NODAGA)-)) was acquired from ABX
Advanced Biochemical Compounds. The 88GaCl; compound was obtained from a 68Ge/
68Ga generator (ITG) and eluted with 0.1 M HCI. NODAGA-RGD (30 ug, 30.7 pmol)

was dissolved with 0.1 M ammonium acetate buffer (100 pl, pH 6) and combined with
68GaCls. The labeling mixture was heated at 80 °C for 10 min on a thermomixer at 900
r.p.m. The mixture was loaded on a Sep-Pak C18 Plus cartridge (WAT020515, Waters), and
the labeled product was eluted with 1.5 ml ethanol followed by drying at 65 °C with a

gentle argon stream. Analytical radio-HPLC demonstrated >99% radiochemical purity using
a 1260 Infinity system (Agilent Technologies). Specific activity was ~8.02 GBq pmol~! with
a radiochemical yield of ~72%.

Magnetic resonance and PET-CT imaging were performed sequentially*4. Mice were
imaged in a 4.7-tesla PharmaScan (Bruker) with a mouse volume coil (Rapid Biomedical).
Tr-weighted MRI was followed by albumin-based dynamic contrast-enhanced (DCE)-MRI.
A RARE sequence was first acquired with the following parameters for 7,-weighted
imaging with fat suppression: TE, 40 ms; TR, 4,000 ms; echo spacing, 10 ms; RARE
factor, 10; averages, 8; FOV, 40 x 40 mm; matrix, 256 x 256; slice thickness, 1 mm;

20 axial slices; spatial resolution, 0.156 x 0.156 x 1 mm?3 per voxel; acquisition time,

13 min 20 s. For macromolecular DCE-MRI, a bolus of RhoB-albumin—-GdDTPA (10

mg per mouse, relaxivity of 145 mM s~1, SyMO-Chem) was injected i.v. Following a
series of variable flip-angle precontrast 7;-weighted fast low-angle shots to determine the
endogenous precontrast /; values, dynamics of labeled albumin were followed every 25

s for 4 min after contrast administration with 2D fast low-angle shot images covering the
entire femur. The following imaging parameters were used: precontrast flip angles, 2°, 6°,
9°, 15°, 25°, 50°, 70°; post-contrast flip angle, 50°; TR = 25 ms; TE = 2.748 ms; number of
averages, 2; FOV, 20 x 20 mm; 1 slice; slice thickness, 1.2 mm; spatial resolution, 0.078 x
0.078 x 1.2 mm3 per voxel; temporal resolution, 10 s 200 ms. After, mice were transferred
into an Inveon PET-CT (Siemens). The 58Ga-NODAGA-RGD tracer was injected i.v.

120 min before PET imaging**. PET acquisition time was 30 min. A 3D ordered subset
expectation maximization (OSEM) with maximum a posteriori (MAP) algorithm was used
with two OSEM iterations and 18 MAP iterations for PET reconstruction.
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Scintillation counting and autoradiography.

Direct gamma counting of various bones was performed using a gamma counter (1480
Wizard 3” Gamma Counter, PerkinElmer). For autoradiography, femurs from both controls
and mice with MI were exposed on a phosphoimager (Amersham Typhoon 9410, GE
Healthcare).

RNA sequencing.

To identify pathways associated with bone marrow alterations in CVD, we performed
transcriptional profiling using whole-transcriptome sequencing (RNA-seq) in flow
cytometry-isolated endothelial cells (bone marrow endothelial cells) and hematopoietic
progenitor cells (LSK). Samples were lineage depleted by staining with PE-conjugated
anti-mouse antibodies directed against CD4, CD8, CD19, B220, NK1.1, TER-119, CD11b,
CD11c, Ly6G and CD127, followed by incubation with anti-PE microbeads (130-097-054,
Miltenyi Biotec) and subsequent magnetic separation using LD columns (130-042-90,
Miltenyi Biotec). RNA was isolated from sorted cells using the NucleoSpin RNA XS

kit (740902.50, Takara Bio). For bone marrow endothelial cells, total isolated RNA was
subjected to polyA selection, followed by NGS library construction using the NEBNext
Ultra Directional RNA Library Prep kit for Illumina (New England Biolabs). For LSK, NGS
library construction was performed using the Clontech SMARTer Ultra Low Input RNA kit
for Illumina (634936, Takara Bio USA). Sequencing was performed on an Illumina HiSeq
2500 instrument (lllumina), resulting in 29-39 million single-end 50-bp reads per sample.
Library preparation and sequencing were performed by the MGH NextGen Sequencing
Core.

Evans Blue assay.

To assess blood vessel permeability by short-term protein extravasation in the bone marrow,
a modified Evans Blue assay was used. Mice received i.v. 100 pl Evans Blue (10 mg ml~1
in 0.9% sodium chloride). After 5 min, animals were perfused with 20 ml PBS. One femur
was collected and cut, and the bone marrow was isolated by centrifugation at 16,000g

for 2 min. The bone marrow was then homogenized in 100 ul PBS and centrifuged at
5,000¢ for 5 min. Bone marrow interstitial fluid was collected from the supernatant, and
absorbance was assessed at 620 nm on a Spark microplate reader (Tecan). Absolute Evans
Blue concentrations were calculated from a standard curve.

Confocal imaging analysis.

Images were processed and analyzed using AngioTool 0.5, ImageJ version1.51r and
MATLAB R2015b (MathWorks). To quantify the number of vessel branch points in the
calvarial bone marrow, maximum intensity projections from zstacks containing 21 images
(total depth of 40 um) were analyzed with AngioTool 0.5, applying the same parameters for
all datasets without correcting for potential blood vessel superimposition®4. For IntegriSense
(on zstacks) and vascular leak (on single slices) analyses, a bone marrow ROI was selected
according to the OsteoSense signal, and an ROI for the background was picked within

an osseous region*4. For IntegriSense, maximum intensity projections of zstacks with 16
slices were used to obtain target-to-background ratios. Calculating vascular leakage relied
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on the signal intensity derived from the first image after albumin-FITC injection, which
was used to generate a thresholded image of the bone marrow vasculature. The thresholded
area was used to segment the signal intensity derived from albumin ‘in’ and ‘out’ of the
vasculature. The ratio between these two intensities (/i 4n) per time unit denotes vascular
leakiness at the given location*4. To quantify blood flow velocity and endothelial function,
line scan analyses were performed to trace red blood cell displacement and to calculate the
velocity of erythrocytes based on the distance they were displaced per time unit483, Using
the difference in blood flow velocities measured before and during acetylcholine injection,
Avelocity was calculated8®. Analyzing vessel proximity to CD11b* myeloid cells relied on
three to four images of an identified vessel of interest in a zstack. Images were thresholded
for CD11b-APC™ pixels, and distances to the nearest CD31* SCA-1* and ZsGreen* blood
vessel were calculated excluding osseous areas86. ROI for sprout analysis were analyzed in
femoral bone marrow views of 100 um x 100 um. To quantify the number of sprouts from
a maximal intensity projection with 13-17 slices, sprouts protruding >8 um from a blood
vessel were manually counted.

MRI and PET data analysis.

For albumin-based DCE-MRI, femoral MRI data were analyzed on a pixel-by-pixel basis
with MATLAB R2015b software (MathWorks). Calculation of RhoB-albumin—-GdDTPA
signal for the selected slice in dynamic datasets was based on the relaxivity of RhoB—
albumin-GdDTPA as described previously#4%8. ROI were drawn for the entire femur.
RhoB-albumin-GdDTPA concentrations in the ROl were normalized to the concentration
in blood (calculated from ROI in the vena cava). Precontrast and post-contrast mean
femoral R, values were calculated using variable flip-angle (a) data by nonlinear best

fit. The fractional blood volume was derived by extrapolating the linear regression of

the normalized concentrations to the time of contrast administration. Fractional blood
volume was 20.8% =* 4.4% for healthy bone marrow (7= 6 mice). From the slope of
normalized concentration values, the rate of contrast accumulation or permeability x surface
area product (permeability, min~1) was derived from a linear regression of the normalized
concentrations over time. The permeability quantified with RhoB-albumin—-GdDTPA shows
albumin extravasation from blood vessels and its accumulation in the tissue. Femoral
parametric permeability maps were projected to indicate mean values. PET standardized
uptake values were obtained as described previously®’. Image co-registration of PET and
MRI datasets was carried out as described previously®’.

RNA-seq analysis.

The STAR aligner 2.7.3a8 was used to align sequencing reads to the mouse reference
genome GRCm38.p6. Read counts per gene were obtained from STAR’s ‘quantMode’ with
the ‘GeneCounts’ option using mouse genome annotations from Ensembl database release
98 (ref. 89). Differential gene expression was tested with likelihood-ratio tests based on the
generalized linear model implementation of edgeR 3.28.0 (ref. 90). GSEA was performed
with the Preranked tool from GSEA 4.0.3 (refs. 91.92) using gene set collections in the
Molecular Signatures Database release 7.0. The log, (fold change) values obtained from
differential expression analysis were used as the ranking metric, with the ‘weighted’ option
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for the enrichment score. Enriched gene ontology biological processes were obtained with
clusterProfiler93,

Statistical tests.

Statistical analyses were performed using GraphPad Prism 8 (GraphPad Software). Results
are reported as mean * s.e.m. Normality was assessed using D’ Agostino—Pearson omnibus
normality test. For a two-group comparison, normally distributed datasets underwent a
parametric two-tailed Welch’s £test, whereas non-normally distributed data were evaluated
with a nonparametric two-tailed Mann-Whitney test.

Reporting Summary.

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.
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Extended Data
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Extended Data Fig. 1 |. Arterial hypertension activates murine hematopoiesis.
a, b, Flow plots (a) and numbers (b) of SLAM-LSK, CMP and GMP per femur in mice with

saline or Angiotensin Il (Ang-I1) minipumps (saline n=15 mice, Ang-1l n=14, two-tailed
Welch’s t-test). ¢, Experimental outline for (d). 5x10° bone marrow mononuclear cells
(BMNC) were isolated from wild type mice (CD45.2) treated with saline or Angiotensin |1
(Ang-11) minipumps for 8 weeks and mixed with equal numbers of cells isolated from naive
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CD45.1 mice before transplantation into lethally irradiated CD45.2 recipients. d, Blood
leukocyte chimerism after bone marrow transplantation (n=10 recipient mice per group,
two-tailed Welch’s t-test for %CD45.2 in week 16). e, Flow plots and quantification of
BrdU™* bone marrow monocytes (saline n=8 mice, Ang-I1 n=9, two-tailed Welch’s t-test).

f, Ly6Chigh monocytes and neutrophil numbers in the blood (saline n=22, Ang-11 n=20, two-
tailed Welch’s t-test). g, In vivo 3D computed tomography (CT) angiography. Arrowheads
indicate transverse aortic constriction (TAC). h, i, Flow plots (h) and quantification (i) of
SLAM-LSK, CMP and GMP in the right hypertensive humerus of sham- or TAC-operated
animals 4 weeks after surgery (sham n=8 mice, TAC n=10, two-tailed Mann-Whitney test).
j, Ly6CNigh monocytes and neutrophils in blood (sham n=9, TAC n=10, two-tailed Welch’s
t-test). k, Flow plots and quantification of SLAM-LSK in the femur of normotensive BPN/3J
(NT) or hypertensive BPH/2J (HT) mice (NT n=13, HT n=10, two-tailed Welch’s t-test). I,
Enumeration of blood Ly6Chi9" monocytes and neutrophils (NT n=9, HT n=7, two-tailed
Mann-Whitney test). Data are displayed as mean+=SEM.
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Extended Data Fig. 2 |. Bone marrow niche factor expression in mice with arterial hypertension

and atherosclerosis.

a, Quantification of niche factor expression in whole bone marrow of mice 2 weeks after
initiating Ang-11 treatment or starting atherogenic diet in Apoe'~ mice (saline n=11 mice,
Ang-11 n=11, wild type n=8, Apoe~'~ n=8, two-tailed Welch’s t-test). b, Quantification

of niche factor expression in whole bone marrow of mice 8 weeks after initiating Ang-II
treatment or starting atherogenic diet in Apoe™~ mice (n=7 mice per group, two-tailed
Mann-Whitney test). Data are displayed as mean+=SEM.
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Extended Data Fig. 3 |. Cardiovascular disease-induced structural changesin bone marrow
vasculature.
a, b, Immunohistochemical staining for collagen 111 (a) and quantification of collagen

I (Coll-1) and collagen 111 (Coll-I11) (b) in hypertensive Ang-11-treated mice (Coll-I:
saline n=15, Ang-11 n=18; Coll-Ill: saline n=15, Ang-Il n=16; two-tailed Welch’s t-test).
¢, Representative confocal immunofluorescence microcopy (tile scans) displaying the
distribution of CD31*Sca-1* blood vessels across the distal femoral bone marrow of naive
controls, mice with Angiotensin Il induced arterial hypertension (HTN), atherosclerotic
Apoe™'~ mice on Western diet (Athero), and mice 6 days after myocardial infarction
(MI).d, Quantification of blood vessel area (n=6 fields of view from n=6 controls

and n=4 HTN/Athero/MI mice, one-way ANOVA with Dunnett’s T3 post-test).e, CD31
immunohistochemistry obtained in M. quadriceps femoris from naive controls, mice
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with Angiotensin Il-induced arterial hypertension (Ang-11) and mice on day 6 after M.
Arrowheads indicate CD31* capillaries. g, Flow plots and quantification of endothelial cells
in the M. quadriceps femoris of controls and mice 6 days post myocardial infarction (n=8
mice per group, two-tailed Welch’s t-test). h, Quantification of endothelial cells in the spleen
of WT and Apoe™~ mice with atherosclerosis by flow cytometry (n=10 WT mice, n=8
Apoe~ two-tailed Welch’s t-test). Data are displayed as mean+SEM.
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Extended Data Fig. 4 |. Bone marrow angiogenesisin response to myocardial infarction.
a, Experimental outline. b, Image of the heart’s infarct border zone showing the

formation of new ZsGreen* blood vessels after MI (n=3 animals). ¢, Serial intravital
immunofluorescence imaging of Tamoxifen-treated Ap/nC"eER, Rosa2675Green* mice 1 day
before and 6 days after MI, showing newly formed ZsGreen-labelled blood vessels (arrows;
n=3 animals per group). d, Images of the femur 6 days after MI, showing CD31*Sca-1*
vasculature, newly formed ZsGreen* blood vessels and CD11b* myeloid cells (n=5
animals). e, Distances from leukocyte-containing CD11b* pixels to CD31*Sca-1* and to
newly formed ZsGreen* vasculature in femora of control and mice after MI (n=17 regions
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of n=5 animals 6 days post MI, multiple two-tailed t-tests). f, In vivo calvarial bone marrow
imaging after transplantation of DiD-labelled hematopoietic progenitor cells (LSK, Lin~
Sca-1* c-kit*) in Tamoxifen-treated Ap/nCeER -Rosa2675Green* mice (naive controls and day
6 after MI). Circles indicate individual DiD-labelled cells (n=3 animals per group). g, Mean
target-to-background ratios (TBR) of individual DiD-labelled cells at a distance of either
<40um or >40um to the closest ZsGreen-labelled new blood vessel in controls and mice
after MI (control <40um: n=92 cells analyzed; control >40pum: n=163; MI <40um: n=98;

MI >40um: n=90; n=3 mice per group; two-way ANOVA with Sidak’s post-test). Data are
displayed as mean+SEM.
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Extended Data Fig. 5 |. Bone marrow stroma cell composition, vascular leakage, blood flow, and
endothelial function in cardiovascular disease.

a, Flow plots showing the gating strategy for bone marrow mesenchymal stromal cells
(MSC) and fibroblasts (Fibro). b, Flow cytometry enumeration of bone marrow MSC

and fibroblasts (n=6 control mice, n=4 Ang-11 induced hypertension (HTN), n=5 Apoe™/~
with atherosclerosis (Athero) and M, two-tailed Kruskal-Wallis test). ¢, Quantification of
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vascular albumin leakage for each time frame acquired by intravital microscopy of the skull
bone marrow (n=7 wild type control animals, n=6 Angiotensin Il (HTN), n=5 Apoe '~
(Athero), n=6 controls for myocardial infarction (MlI), n=5 MI). d, Mean blood flow velocity
in bone marrow arterioles at baseline (n=8 controls, n=8 HTN, n=6 Athero, n=8 controls

for MI, n=12 M, two-tailed Mann-Whitney test). e, Cardiac output in controls and mice

3 weeks after MI. Stroke volumes were measured by magnetic resonance imaging (n=6
controls, n=8 MI mice, two-tailed Welch’s ftest). f, Quantification of nitric oxide (NO) in
bone marrow endothelial cells by flow cytometry (n=6 saline control, n=5 Ang-11 (HTN);
n=6 wild type controls, n=6 Apoe™~ (Athero); n=8 controls, n=6 MI day 2; two-tailed
Mann-Whitney test). Data are displayed as mean+SEM.
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Extended Data Fig. 6 |. Endothelial Vegf receptor 2 (Vegfr2) signaling in myocardial infarction.

a, Vegf in blood plasma of controls and 3 days post myocardial infarction (MI) by

ELISA (control n=12, MI n=13, two-tailed Welch’s #test). b-e, Blood leukocyte (b), bone
marrow HSPC numbers (c, d), and proliferation (€) obtained in naive Cah5¢"€ERTZ gnd
Cah5CTERTZ Kaff mice. Both groups were treated with Tamoxifen (B, n=8 mice per
group; C-E, n=6 mice per group; two-tailed Mann-Whitney test). f, Experimental outline.
Bone marrow mononuclear cells (BMNC) were isolated from Vavi¢€and VaviCe:Kar?
mice and transplanted into lethally irradiated wild type recipients. 8 weeks after bone
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marrow transplantation (BMT), baseline blood data were obtained by flow cytometry. Both
groups were then subjected to MI.g, Blood monocyte and neutrophil numbers 8 weeks post
BMT (n=13 VavIC recipients, n=15 Vavi¢:Kar’ recipients, two-tailed Welch’s £test).
h, Blood myeloid cell numbers 3 days post MI (n=8 mice per group, two-tailed Welch’s
t-test). i, j, Bone marrow Lin~ Sca-1* c-kit* (LSK), common myeloid progenitor (CMP)
and granulocyte/monocyte progenitor (GMP) numbers (i) (n=8 Vav¢" recipients, n=7
VaviCre:Karf recipients, two-tailed Mann-Whitney test) and proliferation (j) 3 days post
MI (n=6 mice per group, two-tailed Mann-Whitney test). k, Image and analysis of colony
forming units (CFU) for hematopoietic progenitor cells in blood taken 3 days after MI (n=6
mice pre group, two-tailed Mann-Whitney test). |, Cxc/12 expression in flow-sorted bone
marrow endothelial cells on day 2 after MI (n=7 Cah5C"€ERTZ n=10 Cah5CeERT2- K
two-tailed Mann-Whitney test). m, Relative expression of V&egfain flow sorted BMEC
isolated from Cah5CTeERTZ and Cah5CTeERT2:Karf mice 3 days post MI by qPCR (n=4
mice per group, two-tailed Mann-Whitney test). n, Wegfa expression in different organs

in controls and 48hrs post MI (n=5 mice per group, individual two-tailed Mann-Whitney
tests comparing control and MI for each organ). o, mMRNA levels of Vegfa (in relation to
Gapdh) in FACS-isolated bone marrow cell populations from controls and mice 48hrs after
MI (n=5 mice per group, individual two-tailed Mann-Whitney tests comparing control and
MI for each cell type). p, Vegfa gene expression on day 2 after myocardial infarction.
Relative gene expression of V&gfain cell populations flow-sorted from leftventricular
healthy (Control) and infarct tissue (M) in relation to Gapdh, as measured by gPCR (n=6
mice per group, two-sided Mann-Whitney test for all).q, Relative Vegfa mRNA assessed
by gPCR in bone marrow endothelial cells (BMEC) FACS-isolated from mice with saline
or Angiotensin Il (HTN) minipumps for 8 weeks (n=5 mice per group, two-tailed Mann-
Whitney test). r, Vegfaexpression in BMEC from wild type (Control) and Apoe™~ mice
on a Western Diet for 12 weeks (Athero) (n=6 mice per group, two-tailed Mann-Whitney
test). s, Flow cytometry of splenic LSK and myeloid cells in Cah5¢™ERTZ controls and
Cah5CERTZ K mice 3 days post M1 (n=4 mice per group, two-tailed Mann-Whitney
test). Data are displayed as mean+SEM.
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Extended Data Fig. 7 |. Gene deletion in bone marrow endothelial cells.
a, Relative //6 mRNA levels assessed by gPCR in bone marrow endothelial cells (BMEC)

FACS-isolated from mice with saline or Angiotensin Il (HTN) for 8 weeks (n=5 mice per
group), from wild type (Control) and Apoe’~ mice on a Western Diet for 10 weeks (Athero,
n=6 mice per group), and from controls and mice on day 4 after MI (n=6 mice per group,
two-tailed Mann-Whitney test). b, ¢, Concentration of 116 in blood plasma (b) and bone
marrow interstitial fluid (c) in wild type (Control) and Apoe™~ mice on a Western Diet

for 10 weeks (Athero) by ELISA (n=5 controls, n=7 Apoe™'~, two-tailed Mann-Whitney
test). d, Experimental outline. e, Flow cytometry enumeration of splenic LSK and myeloid
cells in Cah5CTeERTZ and Cah5CERTZ, 1167/ mice 12 weeks after PCSK9-AAV injection
and start of an atherogenic diet in order to induce atherosclerosis (n=6 Cah5<"eERTZ,

n=5 Cah5CeEBTZ: 1167 mice, two-tailed Mann-Whitney test). f, Vascular permeability
measured by Evans Blue extravasation in the femoral bone marrow of Cah5¢eERTZ angd
Cah5CTeERTZ 1167/ mice with atherosclerosis (n=6 per group, two-tailed Mann-Whitney
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test). g, Versican (Vcan) expression in flow-sorted bone marrow endothelial cells from mice
with saline or Angiotensin Il (HTN) for 8 weeks (n=5 mice per group), from wild type
(Control) and Apoe™'~ mice on a Western Diet for 10 weeks (n=6 mice per group) and from
controls and mice 4 days after MI (n=6 mice per group, two-tailed Mann-Whitney tests).

h, Experimental outline. i, Flow cytometry enumeration of splenic LSK and myeloid cells
in Cah5CTeERTZ and Cah5CeERTZ:\/can™f mice 3 days after M1 (n=4 mice per group, two-
tailed Mann-Whitney test). j, Vascular permeability measured by Evans Blue extravasation
in the femoral bone marrow of Cah5¢"eERTZ and Cah5CERTZ:\/can™ mice on day 2 after
MI (n=5 mice per group, two-tailed Mann-Whitney test). Data are displayed as mean+SEM.

Nat Cardiovasc Res. Author manuscript; available in PMC 2022 June 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rohde et al.

monocytes

neutrophils .
;'.“f'.." ::

A HSPC
: mysopoles el proliferation T

@

' —

collagen ré e endothelial dysfunction leakiness T

b atherosclerosis =
monocytes ‘ bl

i L6
neutrophlls__f_,{;l_,rf__,

bone
\ marrow

endothelial dysfunction

c
monocytes % bone
neutrophilﬁw‘ _ —_— marrow

)
,;_%7’:’.’. i BTt .1, O VOO
7 o<l HSPC ~ © Vegf «
; myelgg;):esmT proliferation 1 2 o’
@- T — @D Vegfr2

'ersican 1

| () (=)

vascular stem cell niche

Extended Data Fig. 8 |. Summary cartoons, depicting the distinct bone marrow vascular

Page 33

phenotypesfound in mice with arterial hypertension, atherosclerosis and myocardial infarction.
a, In the bone marrow of mice with hypertension, we observed angiogenesis, increased

perivascular collagen deposition and higher integrin expression. Functionally, bone marrow

vessels were more leaky and the vasodilation response to acetylcholine was impaired,

indicating endothelial dysfunction. These changes in the vascular niche were associated

with increased hematopoietic progenitor proliferation and higher systemic numbers of innate
immune cells. b, In the bone marrow of mice with atherosclerosis, we observed perivascular
lipid deposition, vascular fibrosis, vascular leakiness, endothelial dysfunction, inflammatory
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endothelial cell activation, including increased 116 expression. 116 deletion from endothelial
cells reduced hematopoiesis, indicating that the inflamed endothelium increases the
production of immune cells in atherosclerosis. ¢, Mice with acute myocardial infarction
exhibit Vegfa/Vefr2 dependent angiogenesis, which licensed emergency myelopoiesis
(endothelial cell-specific Vegfr2 deletion dampened post-MI leukocytosis). In addition, bone
marrow endothelial cells expressed more Versican, and deletion of the gene indicated that
Versican also contributed to increased proliferation of hematopoietic stem and progenitor
cells after MI. In the bone marrow of mice with acute M1 we also observed endothelial
dysfunction, vascular leakiness and inflammatory endothelial cell activation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We thank R.S. Fujinami (University of Utah School of Medicine) for sharing mouse strains, the MGH Mouse
Imaging Program for assistance with imaging, H.-Y. Kim for radiolabeling imaging tracers, the Center for
Skeletal Research Core (NIH P30 AR066261) for histological processing, the HSCI-CRM Flow Cytometry Core
for assistance with cell sorting and K. Joyes for editing the manuscript. We acknowledge Servier Medical Art
for cartoon components (https://smart.servier.com/). This work was funded in part by US federal funds from

the National Institutes of Health (HL142494, HL139598, HL128264, HL131478, HL125428 and HL 131495

to M.N.; HL135752 to F.K.S.), the MGH Research Scholar Program (to M.N. and F.K.S.), the Deutsche
Forschungsgemeinschaft (RO5071/1-1 to D.R., HO 5279/1-2 to F.F.H.), the Israel Science Foundation (ISF
446/21 to K.V.), and the Ministerio de Economia y Competitividad y Fondo Europeo de Desarrollo Regional
(SAF2014-56546-R and RT12018-101105-B-100 to J.H.).

Competing interests

M.N. has received funds or material research support from Alnylam, Biotronik, CSL Behring, GlycoMimetics,
GSK, Medtronic, Novartis and Pfizer, as well as consulting fees from Biogen, Gimv, IFM Therapeutics, Molecular
Imaging, Sigilon, Lilly and Verseau Therapeutics. The authors declare no competing interests.

Data availability

Data were deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO
series accession number GSE144498 (bone marrow endothelial cell RNA-seq).

References

1. Moore KJ & Tabas | Macrophages in the pathogenesis of atherosclerosis. Cell 145, 341-355 (2011).
[PubMed: 21529710]

2. Murphy AJ & Tall AR Disordered haematopoiesis and atherothrombosis. Eur. Heart J 37, 1113-
1121 (2016). [PubMed: 26869607]

3. Weber C & Noels H Atherosclerosis: current pathogenesis and therapeutic options. Nat. Med 17,
1410-1422 (2011). [PubMed: 22064431]

4. Grimm RHJ, Neaton JD & Ludwig W Prognostic importance of the white blood cell count for
coronary, cancer, and all-cause mortality. JAMA 254, 1932-1937 (1985). [PubMed: 4046122]

5. Madjid M, Awan |, Willerson JT & Casscells SW Leukocyte count and coronary heart disease:
implications for risk assessment. J. Am. Coll. Cardiol 44, 1945-1956 (2004). [PubMed: 15542275]

6. Zalokar JB, Richard JL & Claude JR Leukocyte count, smoking, and myocardial infarction. N. Engl.
J. Med 304, 465-468 (1981). [PubMed: 7453772]

7. Coller BS Leukocytosis and ischemic vascular disease morbidity and mortality: is it time to
intervene. Arterioscler. Thromb. Vasc. Biol 25, 658-670 (2005). [PubMed: 15662026]

Nat Cardiovasc Res. Author manuscript; available in PMC 2022 June 22.


https://smart.servier.com/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144498

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rohde et al.

Page 35

8. Lavine KJ et al. The macrophage in cardiac homeostasis and disease: JACC Macrophage in CVD

Series (Part 4). J. Am. Coll. Cardiol 72, 2213-2230 (2018). [PubMed: 30360829]

9. Swirski FK & Nahrendorf M Cardioimmunology: the immune system in cardiac homeostasis and

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

disease. Nat. Rev. Immunol 18, 733-744 (2018). [PubMed: 30228378]
10.

Patel AA etal. The fate and lifespan of human monocyte subsets in steady state and systemic
inflammation. J. Exp. Med 214, 1913-1923 (2017). [PubMed: 28606987]

Chen JY et al. Hoxb5 marks long-term haematopoietic stem cells and reveals a homogenous
perivascular niche. Nature 530, 223-227 (2016). [PubMed: 26863982]

Ding L, Saunders TL, Enikolopov G & Morrison SJ Endothelial and perivascular cells maintain
haematopoietic stem cells. Nature 481, 457-462 (2012). [PubMed: 22281595]

Xu C et al. Stem cell factor is selectively secreted by arterial endothelial cells in bone marrow. Nat.
Commun 9, 2449 (2018). [PubMed: 29934585]

Itkin T et al. Distinct bone marrow blood vessels differentially regulate haematopoiesis. Nature
532, 323-328 (2016). [PubMed: 27074509]

Mendelson A & Frenette PS Hematopoietic stem cell niche maintenance during homeostasis and
regeneration. Nat. Med 20, 833-846 (2014). [PubMed: 25100529]

Crane GM, Jeffery E & Morrison SJ Adult haematopoietic stem cell niches. Nat. Rev. Immunol 17,
573-590 (2017). [PubMed: 28604734]

Morrison SJ & Scadden DT The bone marrow niche for haematopoietic stem cells. Nature 505,
327-334 (2014). [PubMed: 24429631]

Pinho S & Frenette PS Haematopoietic stem cell activity and interactions with the niche. Nat. Rev.
Mol. Cell Biol 20, 303—-320 (2019). [PubMed: 30745579]

Boring L, Gosling J, Cleary M & Charo IF Decreased lesion formation in CCRZ™'~ mice reveals

a role for chemokines in the initiation of atherosclerosis. Nature 394, 894-897 (1998). [PubMed:
9732872]

Swirski FK et al. Ly-GCh' monocytes dominate hypercholesterolemia-associated monocytosis and
give rise to macrophages in atheromata. J. Clin. Invest 117, 195-205 (2007). [PubMed: 17200719]

Combadiere C et al. Combined inhibition of CCL2, CX3CR1, and CCR5 abrogates Ly6Chi
and Ly6CI0 monocytosis and almost abolishes atherosclerosis in hypercholesterolemic mice.
Circulation 117, 1649-1657 (2008). [PubMed: 18347211]

Yvan-Charvet L et al. ATP-binding cassette transporters and HDL suppress hematopoietic stem
cell proliferation. Science 328, 1689-1693 (2010). [PubMed: 20488992]

Heidt T et al. Chronic variable stress activates hematopoietic stem cells. Nat. Med 20, 754-758
(2014). [PubMed: 24952646]

McAlpine CS et al. Sleep modulates haematopoiesis and protects against atherosclerosis. Nature
566, 383-387 (2019). [PubMed: 30760925]

Tacke F et al. Monocyte subsets differentially employ CCR2, CCR5, and CX3CRL1 to accumulate
within atherosclerotic plaques. J. Clin. Invest 117, 185-194 (2007). [PubMed: 17200718]

Leuschner F et al. Therapeutic siRNA silencing in inflammatory monocytes in mice. Nat.
Biotechnol 29, 1005-1010 (2011). [PubMed: 21983520]

Nahrendorf M et al. The healing myocardium sequentially mobilizes two monocyte subsets

with divergent and complementary functions. J. Exp. Med 204, 3037-3047 (2007). [PubMed:
18025128]

Panizzi P et al. Impaired infarct healing in atherosclerotic mice with Ly-6Ch' monocytosis. J. Am.
Coll. Cardiol 55, 1629-1638 (2010). [PubMed: 20378083]

Pang WW et al. Hematopoietic stem cell and progenitor cell mechanisms i n myelodysplastic
syndromes. Proc. Natl Acad. Sci. USA 110, 3011-3016 (2013). [PubMed: 23388639]

Heyde A et al. Increased stem cell proliferation in atherosclerosis accelerates clonal hematopoiesis.
Cell 184, 1348-1361 (2021). [PubMed: 33636128]

Murphy AJ et al. ApoE regulates hematopoietic stem cell proliferation, monocytosis, and
monocyte accumulation in atherosclerotic lesions in mice. J. Clin. Invest 121, 4138-4149 (2011).
[PubMed: 21968112]

Nat Cardiovasc Res. Author manuscript; available in PMC 2022 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rohde et al.

Page 36

32. Dutta P et al. Myocardial infarction activates CCR2" hematopoietic stem and progenitor cells. Cell
Stem Cell 16, 477-487 (2015). [PubMed: 25957903]

33. Jackson KL et al. Mechanisms responsible for genetic hypertension in Schlager BPH/2 mice.
Front. Physiol 10, 1311 (2019). [PubMed: 31681017]

34. Tikhonova AN et al. The bone marrow microenvironment at single-cell resolution. Nature 569,
222-228 (2019). [PubMed: 30971824]

35. Baryawno N et al. A cellular taxonomy of the bone marrow stroma in homeostasis and leukemia.
Cell 177, 1915-1932 (2019). [PubMed: 31130381]

36. Asada N, Takeishi S & Frenette PS Complexity of bone marrow hematopoietic stem cell niche. Int.
J. Hematol 106, 45-54 (2017). [PubMed: 28534115]

37. Dutta P et al. Myocardial infarction accelerates atherosclerosis. Nature 487, 325-329 (2012).
[PubMed: 22763456]

38. Hooper AT et al. Engraftment and reconstitution of hematopoiesis is dependent on VEGFR2-
mediated regeneration of sinusoidal endothelial cells. Cell Stem Cell 4, 263-274 (2009). [PubMed:
19265665]

39. Vacca A & Ribatti D Bone marrow angiogenesis in multiple myeloma. Leukemia 20, 193-199
(2006). [PubMed: 16357836]

40. Kunisaki Y et al. Arteriolar niches maintain haematopoietic stem cell quiescence. Nature 502,
637—643 (2013). [PubMed: 24107994]

41. Robbins CS et al. Extramedullary hematopoiesis generates Ly-GChigh monocytes that infiltrate
atherosclerotic lesions. Circulation 125, 364-374 (2012). [PubMed: 22144566]

42. Liu Q et al. Genetic targeting of sprouting angiogenesis using ApIin-CreER. Nat. Commun 6, 6020
(2015). [PubMed: 25597280]

43. Kossodo S et al. Dual in vivo quantification of integrin-targeted and protease-activated agents in
cancer using fluorescence molecular tomography (FMT). Mol. Imaging Biol 12, 488-499 (2010).
[PubMed: 19960268]

44. Vandoorne K et al. Imaging the vascular bone marrow niche during inflammatory stress. Circ. Res
123, 415-427 (2018). [PubMed: 29980569]

45. Weis SM & Cheresh DA aV integrins in angiogenesis and cancer. Cold Spring Harb. Perspect.
Med 1, a006478 (2011). [PubMed: 22229119]

46. Laurent S & Boutouyrie P The structural factor of hypertension: large and small artery alterations.
Circ. Res 116, 1007-1021 (2015). [PubMed: 25767286]

47. Gimbrone MAJ & Garcia-Cardena G Endothelial cell dysfunction and the pathobiology of
atherosclerosis. Circ. Res 118, 620-636 (2016). [PubMed: 26892962]

48. Prasad A, Andrews NP, Padder FA, Husain M & Quyyumi AA Glutathione reverses endothelial
dysfunction and improves nitric oxide bioavailability. J. Am. Coll. Cardiol 34, 507-514 (1999).
[PubMed: 10440166]

49. Flammer AJ et al. The assessment of endothelial function: from research into clinical practice.
Circulation 126, 753-767 (2012). [PubMed: 22869857]

50. Shen B et al. A mechanosensitive peri-arteriolar niche for osteogenesis and lymphopoiesis. Nature
591, 438-444 (2021). [PubMed: 33627868]

51. Kranz A, Rau C, Kochs M & Waltenberger J Elevation of vascular endothelial growth factor-

A serum levels following acute myocardial infarction. Evidence for its origin and functional
significance. J. Mol. Cell. Cardiol 32, 65-72 (2000). [PubMed: 10652191]

52. Gerber HP et al. VEGF regulates haematopoietic stem cell survival by an internal autocrine loop
mechanism. Nature 417, 954-958 (2002). [PubMed: 12087404]

53. Petit | et al. G-CSF induces stem cell mobilization by decreasing bone marrow SDF-1 and
up-regulating CXCR4. Nat. Immunol 3, 687-694 (2002). [PubMed: 12068293]

54. Mendez-Ferrer S, Lucas D, Battista M & Frenette PS Haematopoietic stem cell release is regulated
by circadian oscillations. Nature 452, 442-447 (2008). [PubMed: 18256599]

55. Ferrara N, Gerber HP & LeCouter J The biology of VEGF and its receptors. Nat. Med 9, 669-676
(2003). [PubMed: 12778165]

Nat Cardiovasc Res. Author manuscript; available in PMC 2022 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rohde et al.

Page 37

56. Boshuizen MC & de Winther MP Interferons as essential modulators of atherosclerosis.
Avrterioscler. Thromb. Vasc. Biol 35, 1579-1588 (2015). [PubMed: 25953648]

57. Curtiss LK & Tobias PS Emerging role of Toll-like receptors in atherosclerosis. J. Lipid Res 50,
S340-S345 (2009). [PubMed: 18980945]

58. Tellides G et al. Interferon-+y elicits arteriosclerosis in the absence of leukocytes. Nature 403,
207-211 (2000). [PubMed: 10646607]

59. Hoffmann J et al. Post-myocardial infarction heart failure dysregulates the bone vascular niche.
Nat. Commun 12, 3964 (2021). [PubMed: 34172720]

60. Huber SA, Sakkinen P, Conze D, Hardin N & Tracy R Interleukin-6 exacerbates early
atherosclerosis in mice. Arterioscler. Thromb. Vasc. Biol 19, 2364-2367 (1999). [PubMed:
10521365]

61. Schieffer B et al. Impact of interleukin-6 on plaque development and morphology in experimental
atherosclerosis. Circulation 110, 3493-3500 (2004). [PubMed: 15557373]

62. Loppnow H & Libby P Adult human vascular endothelial cells express the /L6 gene differentially
in response to LPS or IL1. Cell. Immunol 122, 493-503 (1989). [PubMed: 2788520]

63. Lubrano V, Gabriele M, Puntoni MR, Longo V & Pucci L Relationship among IL-6, LDL
cholesterol and lipid peroxidation. Cell. Mol. Biol. Lett 20, 310-322 (2015). [PubMed: 26204410]

64. Ridker PM, Rifai N, Stampfer MJ & Hennekens CH Plasma concentration of interleukin-6 and the
risk of future myocardial infarction among apparently healthy men. Circulation 101, 1767-1772
(2000). [PubMed: 10769275]

65. Sarwar N et al. Interleukin-6 receptor pathways in coronary heart disease: a collaborative meta-
analysis of 82 studies. Lancet 379, 1205-1213 (2012). [PubMed: 22421339]

66. Petrey AC & de la Motte CA Hyaluronan, a crucial regulator of inflammation. Front. Immunol 5,
101 (2014). [PubMed: 24653726]

67. Wight TN, Kinsella MG, Evanko SP, Potter-Perigo S & Merrilees MJ Versican and the regulation
of cell phenotype in disease. Biochim. Biophys. Acta 1840, 2441-2451 (2014). [PubMed:
24401530]

68. Vandoorne K et al. Noninvasive mapping of endothelial dysfunction in myocardial ischemia by
magnetic resonance imaging using an albumin-based contrast agent. NMR Biomed. 29, 1500-
1510 (2016). [PubMed: 27604064]

69. Bernad A et al. Interleukin-6 is required in vivo for the regulation of stem cells and committed
progenitors of the hematopoietic system. Immunity 1, 725-731 (1994). [PubMed: 7895162]

70. Islam S et al. Accumulation of versican facilitates wound healing: implication of its initial
ADAMTS-cleavage site. Matrix Biol. 87, 77-93 (2020). [PubMed: 31669737]

71. Ridker PM et al. IL-6 inhibition with ziltivekimab in patients at high atherosclerotic risk
(RESCUE): a double-blind, randomised, placebo-controlled, phase 2 trial. Lancet 397, 2060-2069
(2021). [PubMed: 34015342]

72. Krohn-Grimberghe M et al. Nanoparticle-encapsulated siRNAs for gene silencing in the
haematopoietic stem-cell niche. Nat. Biomed. Eng 4, 1076-1089 (2020). [PubMed: 33020600]

73. Choocheep K et al. Versican facilitates chondrocyte differentiation and regulates joint
morphogenesis. J. Biol. Chem 285, 21114-21125 (2010). [PubMed: 20404343]

74. Roche-Molina M et al. Induction of sustained hypercholesterolemia by single adeno-associated
virus-mediated gene transfer of mutant hPCSK9. Arterioscler. Thromb. Vasc. Biol 35, 50-59
(2015). [PubMed: 25341796]

75. Bjgrklund MM et al. Induction of atherosclerosis in mice and hamsters without germline genetic
engineering. Circ. Res 114, 1684-1689 (2014). [PubMed: 24677271]

76. deAlmeida AC, van Oort RJ & Wehrens XH Transverse aortic constriction in mice. J. Vis. Exp
https://doi.org/10.3791%2F1729 1729 (2010). [PubMed: 20410870]

77. Vecchione C et al. Protection from angiotensin I1-mediated vasculotoxic and hypertensive response
in mice lacking PI13Ky. J. Exp. Med 201, 1217-1228 (2005). [PubMed: 15824082]

78. Buys ES et al. Cardiomyocyte-restricted restoration of nitric oxide synthase 3 attenuates left
ventricular remodeling after chronic pressure overload. Am. J. Physiol. Heart Circ. Physiol 293,
H620-H627 (2007). [PubMed: 17416602]

Nat Cardiovasc Res. Author manuscript; available in PMC 2022 June 22.


https://doi.org/10.3791%2F1729

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rohde et al.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

Page 38

Pinto AR et al. Revisiting cardiac cellular composition. Circ. Res 118, 400-409 (2016). [PubMed:
26635390]

Spangrude GJ, Heimfeld S & Weissman IL Purification and characterization of mouse
hematopoietic stem cells. Science 241, 58-62 (1988). [PubMed: 2898810]

Oguro H, Ding L & Morrison SJ SLAM family markers resolve functionally distinct
subpopulations of hematopoietic stem cells and multipotent progenitors. Cell Stem Cell 13, 102—
116 (2013). [PubMed: 23827712]

Akashi K, Traver D, Miyamoto T & Weissman IL A clonogenic common myeloid progenitor that
gives rise to all myeloid lineages. Nature 404, 193-197 (2000). [PubMed: 10724173]

Bixel MG et al. Flow dynamics and HSPC homing in bone marrow microvessels. Cell Rep. 18,
1804-1816 (2017). [PubMed: 28199850]

Zudaire E, Gambardella L, Kurcz C & Vermeren S A computational tool for quantitative analysis
of vascular networks. PLoS ONE 6, 27385 (2011). [PubMed: 22110636]

Wang HT et al. Guidelines for assessing mouse endothelial function via ultrasound imaging: a
report from the International Society of Cardiovascular Translational Research. J. Cardiovasc.
Transl. Res 8, 89-95 (2015). [PubMed: 25701375]

Nombela-Arrieta C et al. Quantitative imaging of haematopoietic stem and progenitor cell
localization and hypoxic status in the bone marrow microenvironment. Nat. Cell Biol 15, 533-543
(2013). [PubMed: 23624405]

Lee WW et al. PET/MRI of inflammation in myocardial infarction. J. Am. Coll. Cardiol 59,
153-163 (2012). [PubMed: 22222080]

Dobin A et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21 (2013).
[PubMed: 23104886]

Cunningham F et al. Ensembl 2019. Nucleic Acids Res. 47, D745-D751 (2019). [PubMed:
30407521]

Robinson MD, McCarthy DJ & Smyth GK edgeR: a Bioconductor package for differential
expression analysis of digital gene expression data. Bioinformatics 26, 139-140 (2010). [PubMed:
19910308]

Subramanian A et al. Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc. Natl Acad. Sci. USA 102, 15545-15550 (2005). [PubMed:
16199517]

Mootha VK et al. PGC-1a-responsive genes involved in oxidative phosphorylation are
coordinately downregulated in human diabetes. Nat. Genet 34, 267-273 (2003). [PubMed:
12808457]

Yu G, Wang LG, Han Y & He QY clusterProfiler: an R package for comparing biological themes
among gene clusters. OMICS 16, 284-287 (2012). [PubMed: 22455463]

Dafni H, Landsman L, Schechter B, Kohen F & Neeman M MRI and fluorescence microscopy of
the acute vascular response to VEGF165: vasodilation, hyper-permeability and lymphatic uptake,
followed by rapid inactivation of the growth factor. NMR Biomed. 15, 120-131 (2002). [PubMed:
11870908]

Nat Cardiovasc Res. Author manuscript; available in PMC 2022 June 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Rohde et al.

Single live cells, lineage™

a
T'. 4 > [ i
] 2 E e
o w i i -
~— s o
o1 > o &l
(5] [=7] - 3
a A 3 o)
O ' O ) e
CD34 (AF647) —> CD45RA (PB) —>
i 10.6% i 1 [3] s2.0%
ﬁiﬁl HSCs i| amPs
1
] F ]l ]
Control .
1 11.1% ] 33.5% 3 50.8%
' HSCs CMPs i | GMPs
f 13 3 :
Hypertension 1 1 - 3
3 11.3% i 34.9% 3 49.3%
HSCs CMPs GMPs
Atherosclerosis 3 E . 3
+ hypertension 3 3 i
3 17.2% ] 33.7% ] 54.8%
! HSCs CMPs GMPs
D 3 E E :
3 i ] ]
Mi > i £
e. H - - H
= ;
0
¥ . - oy . - . - -
SSC-H

Fig. 1|. Increased bone marrow myelopoiesisin human CVD.

a, Gating on human bone marrow HSPCs and their proliferative state by Ki-67 staining.
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Flow cytometry gating was defined by the use of fluorescence-minus-one controls for each

sample. b, Quantification of Ki-67* proliferation rates in phenotypic HSCs, CMPs and

GMPs (n = 6 healthy control participants, 7= 6 patients with arterial hypertension, 7= 8

patients with atherosclerosis and arterial hypertension, /7= 8 patients on day 3 to day 7 after
acute MI; two-tailed Mann-Whitney tests between controls and each patient cohort without
multiple-comparison correction). Data are displayed as mean = s.e.m.
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Fig. 2|. Arterial hypertension, atherosclerosisand M| alter the bone marrow vasculature.
a, Experimental outline for mouse models of Ang-1l-induced arterial hypertension (HTN),

atherosclerosis (athero) and acute MI. b, Immunohistochemical staining for collagen 1V and
wall-to-lumen ratios of femoral bone marrow arterioles (7= 12 saline-treated mice, 7= 16
with Ang-11 (hypertension); 7= 12 wild-type mice, 7= 13 Apoe”~ mice on a western diet
(atherosclerosis); n=10 controls, n= 10 with MI (day 6); two-tailed Mann-Whitney test). c,
Staining and quantification of Oil Red O* bone marrow blood vessels in wild-type (control)
and Apoe™'~ mice (atherosclerosis, 7= 8 mice per group, two-tailed Mann-Whitney test).

Nat Cardiovasc Res. Author manuscript; available in PMC 2022 June 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Rohde et al.

Page 41

Images (d) and quantification (€) of endomucin (EMCN) immunofluorescence for sinusoids
and laminin a1 (LAMAZ1) for arterioles in the femur metaphysis (7= 13 mice per group

for hypertension, n =12 for atherosclerosis, 7= 11 controls and 7= 13 for MI; two-

tailed Mann-Whitney test). DAPI, 4’,6-diamidino-2-phenylindole. Experimental outline (f),
images (g) and quantification (h) of vascular branch points by serial intravital microscopy of
the skull bone marrow 1 d before and 6d after M1 (r7= 8 mice per group, two-tailed paired
Etest). SCA-1, stem cell antigen 1. Data are displayed as mean + s.e.m.
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Fig. 3|. Bone marrow angiogenesisin mice with CVD.
a, Experimental outline for mouse models of arterial hypertension, atherosclerosis and M.

b-d, Flow plots and quantification of bone marrow endothelial cells (BMECSs) and their
proliferation in the femur of mice with hypertension (b), atherosclerosis (c) and Ml (d) (n
= 9 mice per group for hypertension, n=7 for atherosclerosis; two-tailed Welch’s #test;
n=20 controls, n= 10 for each day after MI for bone marrow endothelial cell (EC)
numbers, 7= 16 controls, 7= 8 for each day after Ml for Ki-67, two-tailed Kruskal-Wallis
test with Dunn’s post-test). e, Experimental outline. f, Immunofluorescence of femurs in

Nat Cardiovasc Res. Author manuscript; available in PMC 2022 June 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Rohde et al.

Page 43

APIFTeER: Rosa267sGreen+ mice displaying ZsGreen-positive arterioles (arrowheads) and
sinusoids (arrows) on day 6 after MI (control, 7= 214 images of 7= 10 mice; MI, n= 316
images of 7= 17 mice, two-tailed Mann-Whitney test). g, Flow cytometry quantification

of new arteriolar (aECs) and sinusoidal endothelial cells (SECs) in the bone marrow of
APIrFTeER: Rosa267sGreen+ mice (n=5 control mice, 7= 7 with MI, two-tailed Mann-
Whitney test). PDPN, podoplanin. h, Enumeration of bone marrow blood vessel sprouts
(arrows) per region of interest (ROI) in controls and mice 6 d after Ml (7= 13 ROI from n
= 6 controls, 7= 17 ROI from n=5 mice after MI; two-tailed Mann-Whitney test). Data are
displayed as mean + s.e.m.
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Fig. 4|. CVD increasesintegrin abundance, compromises barrier function and leadsto
endothelial dysfunction in the bone marrow.

a, Experimental outline. Intravital microscopy images (b), quantification of integrin binding
(c) and albumin extravasation (d) in the skull bone marrow (IntegriSense, 7= 6 control

mice for hypertension and atherosclerosis, hypertension (7= 6), atherosclerosis (n=7), n

= 6 controls for MI, Ml (n=5); vascular leakage, /7= 7 controls for hypertension and
atherosclerosis, hypertension (/7= 6), atherosclerosis (n7=15), n= 6 controls for MI, Ml
(n=15); two-tailed Mann-Whitney test). AU, arbitrary units; TBR, target-to-background
ratio; lraiio = signal intensity outside/inside vessels. Intravital microscopy (e) and analysis

(f) of arteriolar blood flow velocity by line scanning in skull marrow (n= 7 controls for
hypertension and atherosclerosis, hypertension (7= 8), atherosclerosis (n7=6); 7= 6 controls
for MI, MI (7= 12); two-tailed Mann-Whitney test). RBC, red blood cell. Data are displayed
as mean £ s.e.m.
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Fig. 5|. MI leadsto integrin activation and vascular permeability in the bone marrow.
a, In vivo precontrast 7-weighted rapid acquisition with refocused echoes (RARE)

MRI (left), post-contrast parametric map of the permeability surface area product (MRI
permeability, middle) and three-dimensional (3D) PET-computed tomography (CT) of
68Ga-RGD uptake in the femur (right). b, %8Ga-RGD PET-CT fused with MRI parametric
permeability maps. In vivo mean permeability (c) and PET standardized uptake value (SUV)
(d) (7= 6 control mice, 7= 4 with MI, two-tailed Mann-Whitney test). e, 58Ga-RGD
autoradiography of femora. f, Scintillation counting of femora yielding percent injection
dose per g tissue (IDGT) (n =7 control mice, 7= 10 for MI, two-tailed Mann-Whitney

test). g, Post-MI 8Ga-RGD uptake in different bone marrow locations normalized to that

in the control (7= 9 mice for all, two-sided Friedman test with Dunn’s post-test). Data are
displayed as mean + s.e.m.
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Fig. 6 |. VEGF signaling expands angiogenesis and enables emergency hematopoiesis after M1.
a, Experimental outline. b, Immunofluorescence of EMCN-positive sinusoids and LAMAL*
arterioles (arrowheads) in the femur of controls, 6 d after M1 and 6 d after MI with anti-
VEGFR?2 treatment (/7= 8 controls, 7= 9 with MI, n=9 with MI and anti-VEGFR2; two-
tailed Kruskal-Wallis test with Dunn’s post-test). ¢, Flow plots and bone marrow endothelial
cell numbers in the femur (n7= 7 controls, n= 6 with MI, n= 8 with MI and anti-VEGFR2
treatment; two-tailed Kruskal-Wallis test with Dunn’s post-test). Intravital microscopy (d)
and analysis of integrin binding and vascular permeability (€) in skull bone marrow 2 d
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after MI (IntegriSense, Ml (7= 9 mice), MI with anti-VEGFR2 treatment (= 8); vascular
leakage, MI (7= 7), MI with anti-VEGFR2 treatment (/7= 8); two-tailed Mann-Whitney
test). Frequency (f) and proliferation (g) of SLAM-LSK and GMPs in the femur (numbers,
n=8 controls, 7=9 with MI (day 3), 7= 11 with Ml and anti-VEGFR2 treatment;
proliferation, 7= 8 controls, 7= 9 with Ml (day 3), 7n=8 with MI and anti-VEGFR2
treatment; one-way ANOVA with Holm-Sidak’s post-test). BrdU, bromodeoxyuridine. h,
Blood monocyte (mono) and neutrophil numbers by flow cytometry (7= 11 controls, 7= 10
with Ml (day 3), 7= 11 with MI and anti-VEGFR2 treatment; one-way ANOVA with Holm-
Sidak’s post-test). i, Experimental outline. Flow plots (j), numbers (k) and proliferation (1)
of HSPCs in the femora of Cah5C®ERT2 controls and Cah5CeERTZ; KVt mice 3 d after
MI (n=9 Cah5C®ERT2 mice, n=8 Cah5CeERTZ: kgl mice; two-tailed Welch’s test).
Both groups received tamoxifen injections 2 weeks before Ml surgery. m, Blood monocytes
and neutrophils 3 d after MI (7= 9 Cah5C®ERT2 mice, n=8 Cah5CeERTZ: kTl mice;
two-tailed Welch’s #test). n, Bone marrow endothelial cells per femur on day 7 after Ml (n
=5 mice per group, two-tailed Mann-Whitney test). Data are displayed as mean + s.e.m.
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Fig. 7|. CVD induces inflammatory bone marrow endothelial cell gene expression.
a, Experimental outline. WD, western diet. b—d, Differential gene expression in bone

marrow endothelial cells assessed by RNA-seq (1= 3 mice per group). e-g, GSEA plots
of gene sets related to inflammation. NES, normalized enrichment score; FDR, false
discovery rate; GO, gene ontology; IFN-v; interferon-y; KEGG, Kyoto Encyclopedia of
Genes and Genomes; LPS, lipopolysaccharide. h, Plot of gene set enrichment in Apoe ™/~
mice compared to controls. Neg., negative; posit., positive; reg., regulation; TLR, Toll-like

receptor.
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Fig. 8. IL-6 and versican derived from bone marrow endothelial cells boost leukocytosisin
atherosclerosisand M1.

a, Experimental outline. Atherosclerosis was induced in Cah5°eERTZ and

Cah5CTeERTZ: j16flifl mice by injecting PCSK9-AAV and administering a high-cholesterol
diet (HCD) for 12 weeks. Both groups received tamoxifen injections 2 weeks before AAV
injection and the start of the high-cholesterol diet. b, Flow plots, frequency and proliferation
of SLAM-LSK in Cah5CeERT2 and Cah5CeERT2: /61Tl mice with atherosclerosis (7= 10
Cah5CERT2 mice, n=8 Cah5CERTZ; j/6flIfl mice for numbers; 7= 8 mice per group

Nat Cardiovasc Res. Author manuscript; available in PMC 2022 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rohde et al.

Page 50

for BrdU; two-tailed Welch’s £test). ¢, Blood monocyte and neutrophil numbers (n=9
Cah5CTeERT2 mice, n=7 Cah5CeERT2; 1/61fl mice; two-tailed Mann-Whitney test). d,e,
Competitive bone marrow-transplantation assay. Bone marrow mononuclear cells (BMNCs)
were isolated from Cah5CeERT2 and Cah5CeERTZ: 116/l mice with atherosclerosis and
mixed with BMNCs from naive CD45.1 mice in equal proportions before transplantation
into lethally irradiated CD45.2 recipients. Flow plot (d) and time course (e) of blood
leukocyte chimerism, showing reduced contribution from Cah5°eERT2: 116/l donors (7=

8 recipient mice per group, two-tailed Welch’s #test for percent CD45.2 at week 16).

f, Experimental outline. Cah5C®ERT2 and Cah5CTeERT2: \/carfifl mice received tamoxifen
injections 2 weeks before MI. g,h, Flow plots, numbers and proliferation of bone

marrow SLAM-LSK (g) and blood myeloid cells (h) in Cah5C™ERT2 controls and
Cah5CeERT2: \/earfifl mice, all 3 d after MI (7= 8 mice per group, two-tailed Mann-
Whitney test). i,j, Competitive bone marrow-transplantation assay. BMNCs were taken from
Cdh5CeERT2 and Cah5CTeERT2; \/carf/fl mice, both 3 d after MI, and mixed with BMNCs
from naive CD45.1 mice in equal proportions before transplantation into lethally irradiated
CD45.2 recipients. Flow plot (i) and time course (j) of blood leukocyte chimerism, showing
reduced contribution from Cah5CeERT2; \/carfl/fl donors (/7= 8 recipient mice per group,
two-tailed Welch’s £test for percent CD45.2 at week 16). Data are displayed as mean +
s.e.m.
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