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Perivascular Macrophages Limit Permeability

Huanhuan He, Julia J. Mack, Esra Gii¢, Carmen M. Warren, Mario Leonardo Squadrito,
Witold W. Kilarski, Caroline Baer, Ryan D. Freshman, Austin I. McDonald, Safiyyah Ziyad,
Melody A. Swartz, Michele De Palma, M. Luisa Iruela-Arispe

Objective—Perivascular cells, including pericytes, macrophages, smooth muscle cells, and other specialized cell types, like
podocytes, participate in various aspects of vascular function. However, aside from the well-established roles of smooth
muscle cells and pericytes, the contributions of other vascular-associated cells are poorly understood. Our goal was to
ascertain the function of perivascular macrophages in adult tissues under nonpathological conditions.

Approach and Results—We combined confocal microscopy, in vivo cell depletion, and in vitro assays to investigate the
contribution of perivascular macrophages to vascular function. We found that resident perivascular macrophages are
associated with capillaries at a frequency similar to that of pericytes. Macrophage depletion using either clodronate
liposomes or antibodies unexpectedly resulted in hyperpermeability. This effect could be rescued when M2-like
macrophages, but not M1-like macrophages or dendritic cells, were reconstituted in vivo, suggesting subtype-specific
roles for macrophages in the regulation of vascular permeability. Furthermore, we found that permeability-promoting
agents elicit motility and eventual dissociation of macrophages from the vasculature. Finally, in vitro assays showed that
M2-like macrophages attenuate the phosphorylation of VE-cadherin upon exposure to permeability-promoting agents.

Conclusions—This study points to a direct contribution of macrophages to vessel barrier integrity and provides
evidence that heterotypic cell interactions with the endothelium, in addition to those of pericytes, control vascular
permeability. (Arterioscler Thromb Vasc Biol. 2016;36:2203-2212. DOI: 10.1161/ATVBAHA.116.307592.)
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Macrophages are versatile cells that function as scaven-
gers to eliminate cellular debris and contribute to the
innate immune response. Some macrophages are short-lived,
particularly those recruited during inflammation. In contrast,
resident macrophages are long-lived, specialized cells that are
part of almost every tissue and represent a phenotype wired
for repair.'? Importantly, macrophages also exist in different
activation states, whose extremes are referred to as M1 and
M2 in analogy to Thl and Th2 T cells.?

See cover image

The cross talk between macrophages and the vasculature
has been significantly explored in the context of cancer.’
Perivascular M2-like macrophages play a crucial role in tumor
angiogenesis, and depletion of these cells significantly inter-
feres with neovascularization, tumor growth, and cancer pro-
gression.®” In general, M2-like macrophages are considered
to be proangiogenic, whereas M1-like macrophages may be
angiostatic.’ Using in vitro Matrigel angiogenesis assays, it
has been shown that M2-like macrophages, and not M1-like

macrophages, promote endothelial tube formation and colo-
calize with endothelial branch points.!® These findings are
consistent with the notion that during development, macro-
phages coordinate fusion of adjacent vascular sprouts, as they
facilitate the bridging between filopodia and aid in vascular
anastomosis.!"'? Together, these functions portray macro-
phages as important regulators of angiogenesis.

Although well accepted, the M1 to M2 paradigm is proba-
bly oversimplified. There most likely exist a spectrum of mac-
rophage phenotypes in between the well-characterized M1
to M2 poles. Heterogeneous mixtures of macrophages with
diverse phenotypes populate specific microenvironments, and
the makeup of these populations is highly dependent on local
cytokines.'® In fact, recent macrophage transcriptome analy-
ses revealed functional polarization of macrophages based on
tissue-specific influences.'*'” These reports demonstrate the
importance of environmental cues for functional polarization
of macrophages. Moreover, macrophages have been described
as controllers of tissue homeostasis that can sense and respond
to environmental factors and perform accordingly.'®
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Nonstandard abbreviations and Acronyms

ECs endothelial cells
iBMMs immortalized bone marrow macrophages

From previous work, we have shown that endothelial cells
(ECs) provide a specific niche for the differentiation of macro-
phages in culture and that contact with the endothelium favors
M2-polarization."” Even in the absence of vascular pathology
in vivo, monocytes/macrophages have been shown to patrol
the inner surface of the endothelial wall and, in some cases,
associate externally with capillaries.”® These observations beg
the question of the role of these perivascular macrophages
under homeostatic conditions.

Perivascular cells are known to play roles in capillary sta-
bility, protection against antiangiogenic drugs, and vascular
constriction.?! Pericytes are the prototypical and best studied
perivascular cell type although smooth muscle cells, macro-
phages, and other tissue-specific cells such as podocytes and
microglia are also included in this category. Their overlapping
and distinctive functions, as well as tissue-specific contribu-
tions, are poorly understood.

In the current study, we sought to investigate the biologi-
cal relevance of perivascular macrophages under homeostatic
conditions. Real-time visualization of macrophage—endothe-
lial interactions, as well as depletion and reconstitution of
macrophages in vivo, revealed an unpredicted role for macro-
phages in the regulation of vascular barrier function.

Materials and Methods

Materials and Methods are available in the online-only Data
Supplement.

Results

Frequent Association of Macrophages With Blood
Vessels Under Nonpathological Conditions
Macrophages are common residents of tissues and can be
found in the vicinity of most blood vessels. To better char-
acterize the association between resident macrophages and
small-caliber vessels, we examined the distribution of mac-
rophages on mesenteric vessels by confocal microscopy. We
selected the mesentery because of its accessibility and relative
transparency. From 3-dimensional reconstruction of z-stack
confocal images, we noted that macrophages were frequently
associated with mesenteric vessels (Figure 1A; Figure IA and
IB in the online-only Data Supplement). These macrophages
were often located on the abluminal side of blood vessels but
were also found juxtaposed to the lumen and actively cross-
ing the endothelial wall (Figure IC in the online-only Data
Supplement). Using macrophage and myeloid-specific mark-
ers (F4/80 and Macl), we identified the population of peri-
vascular macrophages located on the abluminal aspect of
microvessels. This population comprised =20% of all cells
in the mesentery (Figure 1B through 1E). The majority of
these macrophages by flow cytometric analysis expressed the
M2-like macrophage marker, Mrc1 (or CD206; Figures ID and
ITA and IIB in the online-only Data Supplement). To be noted,
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the morphology and location of these macrophages were dis-
tinct from those of pericytes (Figure 1F and 1G) or smooth
muscle cells (Figure IIC in the online-only Data Supplement).
By intravital microscopy, we confirmed that this population
of perivascular macrophages (Mrcl* cells) was also present
in vessels of the dermis (Figure ID in the online-only Data
Supplement, white arrowheads). Importantly, perivascular
macrophages were morphologically elongated and character-
ized by Mrc1he" Mac1'¥, in contrast to Mac1"" macrophages
that were rounded and more broadly distributed in the tissue
(Figure 1H; Figure IID in the online-only Data Supplement).
These imaging experiments revealed that under nonpatho-
logical conditions, there was a direct and frequent association
between macrophages and blood vessels. Furthermore, these
perivascular macrophages expressed markers that indicated
M2-polarity.

Resident Macrophages Contribute to the

Regulation of the Endothelial Barrier

We next explored the biological relevance of the associa-
tion between macrophages and blood vessels by removing
macrophages in vivo and subsequently evaluating the effect
of macrophage removal on vascular function in real time.
Macrophages were depleted from the ear by intradermal clo-
dronate liposome injection (Figure 2A), whereas the contra-
lateral ear was injected with control (PBS-loaded) liposomes.
Clodronate liposome treatment resulted in a 70% reduction
of macrophages by flow cytometric analysis (Figure 2B). The
marked depletion of macrophages was not associated with any
obvious structural abnormalities in blood vessels, but caused
a significant decrease in barrier integrity and a hyperperme-
able vascular response in the absence of any permeability
mediator (Figure 2C and 2E). These findings indicate that
at baseline perivascular macrophages contribute to suppress
permeability. To further examine whether these effects were
in fact because of barrier dysfunction, we applied VEGFA
(Vascular Endothelial Growth Factor A), a strong vascular
permeability enhancer. Intravital imaging was initiated 5 min-
utes after VEGFA application and recorded for 20 minutes.
Macrophage-depleted vasculature exhibited a striking eleva-
tion in vascular leakage on VEGFA exposure, whereas the
control group showed only a modest increase in permeabil-
ity by comparison (Figure 2D and 2F). Note that the vascu-
lar dilatation induced by VEGFA in both the control group
and the clodronate-treated group was equivalent (Figure 2D).
In fact, vascular diameter increased by 1.254% (+0.04%) in
control and by 1.242% (+0.036%) on clodronate treatment in
equivalent-sized vessels (n=6, data not shown), indicating that
the vasodilation response was unaffected, but barrier integrity
was compromised.

To verify that the macrophage-mediated permeability
was not solely dependent on VEGFA, we tested another per-
meability factor, bradykinin. On bradykinin addition, mac-
rophage-depleted vessels also displayed a greater increase
in permeability compared with vehicle-exposed vessels
although the change was less drastic than that induced by
VEGFA exposure (Figure IITA and IIIB in the online-only
Data Supplement). This was not surprising because VEGF is
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Figure 1. Frequent association of mac-

rophages with blood vessels under non-
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the most potent inducer of vascular permeability and reported
to be 50000 x more potent than histamine or bradykinin.?>*
Importantly, exposure to clodronate did not have an effect on
the viability of ECs, pericytes, or smooth muscle (Figure IIIC
in the online-only Data Supplement).

Next, we tested vascular permeability in op/op mice,
which are deficient in Csfl—derived macrophages. The bone
marrow resident macrophage populations in control versus op/
op homozygous mice were characterized via flow cytometry
to reveal a significant reduction in F4/80-positive cells in the
total CD45* population (Figure IIID in the online-only Data
Supplement). Confocal imaging demonstrated an absence of
Macl-stained macrophages in the mesentery and a disordered
vascular architecture (Figure 2G). Baseline peritoneal perme-
ability after intravenous fluorescein isothiocyanate-ovalbumin
injection was higher in the op/op mice than in the controls

(Figure 2H). This result provides further evidence that macro-
phages participate in regulating vascular permeability in vivo.

Reconstitution of Macrophages in the

Peritoneum Rescues Vascular Permeability

To determine whether macrophages were primarily responsi-
ble for the changes in vascular permeability, we considered a
rescue approach. Macrophages were depleted from the peri-
toneum by intraperitoneal injection of clodronate liposomes
following the protocol shown in Figure 3A. Flow cytometric
analysis confirmed a major reduction of macrophages in the
peritoneal cavity (Figure 3B). Subsequently, we evaluated
the effect of macrophage depletion on peritoneal perme-
ability and detected a faster and greater vascular leakage
compared with control (Figure 3C). To determine whether
macrophages contributed to the observed differences in
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Figure 2. Resident macrophages contrib-
ute to the regulation of endothelial barrier.
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B, Quantification of resident macrophages
(Mrc1+) on the ear by flow cytometric analy-
sis. n=4 to 5. Statistics: Wilcoxon rank-sum
test, P=0.0159. C and D, Micrographs from
intravital imaging recording the tetramethyl-
rhodamine isothiocyanate (TRITC)-Dextran
leakage on the ear. Ears were injected with
either clodronate liposomes (Clod) or PBS-
liposomes (Ctrl) and injected intradermally
with vehicle (C) or VEGFA (Vascular Endo-
thelial Growth Factor A, 5 ug/mL; D). Note
the permeability (indicated by star) and the
decrease of Mrc1* cells on VEGFA treatment.
E and F, Quantification of TRITC-Dextran

in ears exposed to vehicle or VEGFA, n=3.
G and H, Analysis of control and op/op
mice. G, Three-dimensional reconstruction
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permeability, unpolarized macrophages derived from bone
marrow were reintroduced via intravenous injection 2 days
before measuring peritoneal permeability. A significant
reduction of permeability (58%) was detected on the recon-
stitution of macrophages (Figure 3D). This indicates that in
fact macrophages play an essential role in the regulation of
vascular permeability.

Effect of Different Subtypes of Macrophages

on Vascular Permeability

Although clodronate liposomes have been extensively used
to deplete macrophages, we could only eliminate 70% of
the population. Thus, we explored an alternative approach to
eliminate macrophages and further expand our initial findings.
Specifically, we used an antibody against CSFI1R,* which
exclusively blocks the CSF1 pathway necessary for macro-
phage survival (Figure 4A). After treatment with the antibody,
peritoneal macrophages were reduced by =90%, a higher per-
centage than the clodronate effect (Figure 4B through 4D).
Importantly, the antibody did not appear to have deleterious

disruption in blood vessels (Figure 4C). Furthermore, the anti-
body did not affect barrier function in vitro (transendothelial
resistance), or induced an inflammatory response in the endo-
thelium alone (Figure IVA and IVB in the online-only Data
Supplement).

After determining clearance of the antibody from the
mouse circulation (by ELISA), we tested whether intravenous-
injected macrophages could extravasate into the mesentery. To
trace the injected cells, we used mCherry-labeled immortalized
bone marrow macrophages (iIBMMs, characterized in Figure
VA and VB in the online-only Data Supplement) for quanti-
fying extravasated peritoneal macrophages. Sixteen hours
after intravenous injection, 37% mCherry-positive cells were
detected in the peritoneal cavity, indicating the significant hom-
ing potential of macrophages to that site (Figure 4E and 4F).

To determine the role of different subtypes of macro-
phages in the control of permeability, we injected polarized
Mi1-like iBMMs, M2-like iBMMs, or bone marrow—derived
dendritic cells into macrophage-depleted animals. A detailed
characterization of iBMMs before and after polarization of
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Figure 3. Reconstitution of macrophages
in the peritoneum rescues vascular perme-
ability. A, Schematic experimental design
for the clodronate liposome injections.

B, Peritoneal macrophages were quanti-
fied by flow cytometry using Mrc1 expres-
sion after injection of clodronate liposomes
(Clod) or PBS-liposome (Ctrl), n=5. Statis-
tics: Wilcoxon rank-sum test, P=0.0159.
C, Kinetics of permeability were measured
by fluorescein isothiocyanate-ovalbumin
leakage into peritoneal cavity over time,
n=>5 for each time point. Statistics: Wil-
coxon rank-sum test, P=0.0159 (for

10, 30, and 60 min), P=0.0286 (for 3 h).

D, Evaluation of permeability after macro-
phage reconstitution (10° cells per animal)
and measured by tetramethylrhodamine
isothiocyanate-Dextran exit from the blood
stream into the peritoneal cavity after 60
min. n=3 for control group, n=8 for injected
macrophages. Statistics: Wilcoxon rank-
sum test, P=0.0079. i.p. indicates intraperi-
toneal injection.

vascular permeability, which points to the specific role of
M2-like macrophages in the protection from vascular perme-
ability (Figure 4G).

Figure 4. Effect of different subtypes of
macrophages on vascular permeability.

A, Schematic experimental design of anti-
CSF1R antibody injection protocol. B, Peritoneal
macrophages were depleted by anti-CSF1R
antibody and efficiency of depletion was
assessed by flow cytometry. C, Mesenteric
vessels were stained with isolectin and imaged
for Mac1 distribution. D, Quantification of
peritoneal macrophages using control (IgG)

or CSF1R antibodies. E, Extravasation of
mCherry-labeled macrophages in the peri-
toneum 16 h after intravenous injection was
evaluated by flow cytometry. F, Quantification
of macrophage extravasation detected by
mCherry expression. n=4 to 6. G, Peritoneal
permeability 72 h after injection of indicated
cells in the peritoneum. Ab indicates anti-
CSF1R antibody; DCs, dendritic cells derived
from bone marrow; Exp, evaluation of perme-
ability; iBMM, immortal bone marrow mac-
rophages; i.p., intraperitoneal injection; M1,
bone marrow—derived macrophages activated
by lipopolysaccharide (50 ng/mL). M2, bone
marrow—derived macrophages activated by
interleukin-4 (10 ng/mL). n=6 for each group.
***P<0.001 (unpaired Student t test for D, F;
Tukey’s multiple comparison for G).
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Macrophage Motility Is Increased on

Induction of Vascular Permeability

During intravital imaging, we observed an obvious increase
in macrophage motility when permeability was induced
(Figure 5A). We considered that this might be an impor-
tant component of the permeability response. To verify and
quantify this observation, we tracked macrophage motility at
an individual cell level and the combined change in macro-
phage motility in a field of view over time when tissues were
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exposed to VEGFA or vehicle control. Individual macrophages
(Figure 5B and 5D) were analyzed with a motility program as
described in the Materials and Methods in the online-only Data
Supplement. Briefly, the difference in pixel location between
distinct time frames was determined by changes in area occu-
pied by the cell and normalized to the average of the total area.
The approach revealed pixels that were different between 2
consecutive frames and could be visualized by different col-
ors. In this manner, we obtained a compressed readout of all
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Figure 5. Macrophage moatility is increased on induction of vascular permeability. A, Representative snapshots from intravital imaging of ear

vessels exposed to VEGFA (Vascular Endothelial Growth Factor A).

Two macrophages (in dashed box) were tracked and captured to detach

from the vessel. The macrophage identified by * became completely dissociated from vessel wall over the time course of imaging. B, Snap-
shots from intravital imaging video of ear vessels without VEGFA treatment. Leakage was tracked after the injection of tetramethylrhoda-
mine isothiocyanate-Dextran. Two individual cells are shown. C, Two macrophages, as boxed in B (1 and 2), were filmed for 20 min, and
their movement was recorded both as part of the image of the cell (top) and as a graphical representation (bottom). The movement index
is indicated in microns over time in minutes. D, Snapshots from intravital imaging of ear vessels after VEGFA (5 pg/mL) treatment. Two
individual cells are shown. E, Similarly, as in C, two macrophages, as boxed in D (1 and 2) were filmed for 20 min, and their movement was
recorded both as part of the image of the cell (top) and as a graphical representation (bottom). The movement index is indicated in microns
over time in minutes. Note that although both oscillate ~1 pm, the cell in position 2 is actually moving, as indicated by the color ghosts
remaining on the left side of the image. F, Quantification of the movement of macrophages recording over time (total of 20 min). Each data
point is the average of macrophages in 1 frame (about a hundred cells). Ten frames were evaluated in 3 animals for the no-VEGF condition,
and 12 frames were evaluated total within 4 animals in the VEGF condition. Statistics: Welch 2-sample t test P=0.0427.
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the locations occupied by the cell within a window of time
(Figure 5C and SE, top). In addition, cell motility was graphed
every 2 minutes and shown as a single image (Figure 5C and
SE, bottom). Using this approach, the motility and actual
migration of macrophages on VEGFA treatment was evident,
whereas movement was barely detectable in the absence of
VEGFA. To exclude the possibility of any arbitrary bias and to
gain a greater perspective on macrophage motility overall, we
also evaluated all perivascular macrophages located in a given
frame (60-150 cells) in a 20-minute interval. Ten frames were
evaluated across several different animals per group (with
VEGFA, n=4 or without VEGFA treatment, n=3; Figure 5F).
The data clearly demonstrate a strong positive correlation
between vascular permeability and macrophage motility.

Macrophage’s Binding to ECs Decreases

on Induction of Vascular Permeability

To investigate whether different subtypes of macrophages
would have different effects on vascular permeability, we first
examined their affinity to ECs in vitro. Surprisingly, M1-like
macrophages exhibited much less binding to ECs when com-
pared with M2-like macrophages (Figure 6A and 6B).

From intravital imaging analysis (Figure 5A), we were able
to capture macrophages detaching from a vessel after administra-
tion of VEGFA. However, detachment events were not frequent
in the 20-minute intravital imaging time window. Therefore, we
resorted to in vitro culture experiments to evaluate macrophage
dissociation on permeability induction in a longer time frame.
We treated macrophages (M1-like or M2-like) and mouse ECs
cocultures with the permeability factor, VEGFA, and observed
dissociation of macrophages, particularly M2-like, on treatment
(Figure 6C). To confirm this finding in vivo, we treated animals
with adenovirus-expressing VEGFA and examined macrophage
localization compared with animals injected with control ade-
noviral particles. We observed a similar detachment effect—not
only did macrophages lose association with vessels (Figure 6D;
Figure VIA in the online-only Data Supplement), but the total
area covered by macrophages relative to vessels was also
reduced (Figure VIB in the online-only Data Supplement).
Interestingly, the macrophages showed changes in morphology
as well (Figure 6D). Quantification of macrophage dissociation
from vessels was performed by flow cytometry on peritoneal
lavage for F4/80 and Mrc1 double-positive cells after a single
injection (1 pg of VEGFA intravenous; or vehicle control). We
found that it took =60 minutes to notice a significant detach-
ment of macrophages from vessels (Figure 6E).

Phosphorylation of VE-Cadherin Regulates
Macrophage-Mediated Permeability

To gain insight into the molecular mechanism underlying
the effect of M1-like versus M2-like macrophages on endo-
thelial barrier function, we used in vitro electric cell-sub-
strate impedance sensing to measure the current conduction
across a cellular layer. A confluent monolayer of immor-
talized ECs were plated on an electrode-embedded plate.
Macrophages (iBMMs) were then introduced to the culture.
When M2-polarized iBMMs were added to the endothelial
monolayer, the monolayer maintained resistance; however, the
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addition of M1-polarized iBMMs reduced the resistance, sug-
gesting an induction of endothelial permeability (Figure 6F
and 6G). When permeability factors, like VEGF and thrombin,
were added to this system, respectively, only M2-like macro-
phages were able to rescue the permeability induced by both
mediators (Figure 6H). Intriguingly, we noticed that macro-
phages tend to have more filopodia and bridge adjacent ECs
when the permeability factor was added (Figure 6I). In addi-
tion, the localization of B-catenin was redistributed from the
cell membrane to the cytosol (Figure 61). This finding led us
to speculate that cell adhesion molecules located upstream of
the B-catenin pathway might play a role in macrophage-medi-
ated regulation of endothelial permeability. In fact, Western
blots showed that ECs cocultured with M2-like macrophages
expressed less phosphorylated VE-cadherin when compared
with ECs cocultured with M1-like macrophages or cultured
alone (Figure 6J and 6K). These findings indicate that M2-like
macrophages control the endothelial barrier, at least in part,
through regulating VE-cadherin phosphorylation in ECs.

Discussion

Perivascular cells, such as smooth muscle and pericytes, tightly
associate with the endothelial wall and provide structural sup-
port and contractility to vessels. This well-established function
contrasts the poorly understood role of perivascular macro-
phages. Here, we sought to address the biological relevance of
endothelial-macrophage interactions under homeostatic con-
ditions. Stable associations of M2-like macrophages with ves-
sels were identified at high frequency in both mesentery and
dermis. Using real-time microscopy, we found that removal
of macrophages conveyed a hyperpermeable response to the
endothelium on challenge, through a process that required
increased macrophage motility and dissociation from the
vascular wall. Importantly, reconstitution of M2-like macro-
phages, but not of M1-like macrophages or dendritic cells, res-
cued a compromised vascular barrier in macrophage-depleted
tissues. To be noted, different subtypes of macrophages affili-
ate and contribute to the endothelial barrier in different ways.
The findings point to a significant role of macrophages in
mediating the homeostasis of vascular permeability.

The maintenance of vascular barrier function has been
extensively studied, albeit the majority of such studies have
focused on either transcellular or intercellular pathways. The
contribution of heterotypic cell interactions in vascular bar-
rier has only recently gained credence after a preponderance
of evidence that pericytes are essential contributors to barrier
integrity, particularly in the brain. The most direct proof came
from studies using a variety of platelet-derived growth fac-
tor signaling deficient mice that have significantly decreased
number of pericytes. Reduction of pericyte coverage in the
brain (Pdgfb*-, Pdgfb-F7) resulted in blood-brain barrier
breakdown and accumulation of plasma-derived proteins, ulti-
mately leading to learning and memory deficiencies.” Using a
slightly different model (Pdgfb™’ mice), Armulik et al*® also
showed that reduction in pericytes increased permeability and
altered the gene expression profile of both ECs and astrocytes.
These conclusions were supported by developmental studies
that demonstrated a direct correlation between permeability in
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Figure 6. Heterotypic endothelial-macrophage interactions contribute to regulate permeability. A, Fluorescent micrographs of macro-
phages (mCherry labeled) adherent to immortalized endothelial cells (IMECs). B, Quantification of the attachment of M1 and M2 mac-
rophages on IMECs after 6 h. n=4. Statistics: Wilcoxon rank-sum test, P=0.0286. C, Quantification of the adherence of M1 and M2
macrophages on IMECs on VEGFA (Vascular Endothelial Growth Factor A) treatment over time. VEGF, 100 ng/mL. n=3. Statistics: Data
were tested as Gaussian. D, Representative confocal z-stacks (3-dimensional reconstructed) of mesenteric vessels and macrophages
in an adeno-VEGFA-treated animal and control. E, Percentage of free macrophages in the mesentery after injection of a single bolus of
VEGF (1 ng). Statistics: Data were tested as Gaussian. **P<0.001 (unpaired Student t test). F, G, and H, Effect of different subtypes of
macrophages on endothelial barrier under homeostatic condition (F), or after challenge by VEGFA (200 ng/mL; G) or Thrombin (10 U/
mL; H). MO indicates macrophages without activation; M1, immortal bone marrow macrophages (iBMMs) polarized by lipopolysaccha-
ride (LPS; 50 ng/mL); and M2, iBMMs polarized by interleukin (IL)-4 (10 ng/mL). Data were tested as Gaussian. I, Confocal microscopy
showing the association of macrophages and IMECs. Macrophages (mCherry-labeled) bridge adjacent endothelial cells after exposure
to thrombin. J, Expression of phosphorylated VE-cadherin is decreased in endothelial cells (EC) that are cocultured with M2-like mac-
rophages. M1 indicates macrophages polarized by LPS (50 ng/mL); M2, macrophages polarized by IL-4 (10 ng/mL); and NT, nontreated
with thrombin. K, Quantification of phosphorylated VE-cadherin expression. n=3. Statistics: Wilcoxon rank-sum test, P=0.1143 (for EC vs
EC+M1), P=0.0286 (for EC vs EC+M2).
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the blood—brain barrier and pericyte loss, concluding that peri-
cyte number determines the relative leakiness of vessels in the
central nervous system during development.?”’ Mechanistically,
these studies and others have indicated that heterotypic inter-
actions between ECs and pericytes are essential for the devel-
opment of mature tight junctions between ECs, at least in the
brain.?’?® Our findings indicate that interactions of a subset of
macrophages with vessels also contribute to the maintenance
of endothelial barrier. Moreover, we have demonstrated both
in vitro and in vivo that M2-like macrophages contribute to
the protection of endothelial barrier, whereas M1-like mac-
rophages disrupt it. In addition, M 1-like and M2-like macro-
phages tend to have different levels of affiliation with ECs in
the absence of pathology. This indicates an interesting distinc-
tion between macrophage subtypes, and these differences are
consistent with the functionally opposite roles of M1-like and
M2-like macrophages in cancer and other pathological con-
ditions. Interestingly, under pathological conditions, tumor-
associated macrophages have been shown to promote, rather
than to suppress vascular permeability.” Real-time imaging
of a mouse mammary cancer model revealed synchronized
tumor cell intravasation and localized blood vessel permeabil-
ity with TIE2" macrophages mediating the permeability via
VEGFA destabilization of EC junctions.*® These findings are
in direct discordance with our results. However, we speculate
that M2-tumor-associated macrophages might be functionally
distinct from the M2-like resident macrophages that we stud-
ied under homeostatic conditions. An important consideration
could also be the embryonic origin of each subset, as recently
bone marrow and yolk sac origins have been attributed to dis-
tinct populations of macrophages.’® A comprehensive tran-
scriptional profile, rather than a handful of markers, would
clarify this point. Notwithstanding, information from recent
human trials might have already offered important insights.

Clinical trials conducted by Roche using CSFIR mono-
clonal antibody (RG7155) therapy were successful in deplet-
ing tumor-associated macrophages from the tumor tissue.?**
Importantly, targeting tumor-associated macrophages via the
CSF1/CSFIR axis was efficacious and resulted in improvement
of patients. However, several side effects were noted, with facial
edema being the most common.*** Because delivery of CSFIR
inhibitor was applied via intravenous infusion, edema was
likely caused by the systemic depletion of macrophages and in
areas away from the tumor (ie, face). These findings support
the concept put forward by the present study that perivascular
macrophages in the dermis offer stability to vascular networks
by enhancing barrier function in sites that are disease free.

In this study, the effects on vascular permeability were
more clearly detected on challenge with an agonist, perhaps
because our depletion was short lived. We used two common
permeability agents, VEGF and bradykinin, and inquired as
to the potential role of macrophages in each setting. These
molecules change permeability through distinct mechanisms
and also vary in the time of induced endothelial response.
VEGF targets receptors located on the abluminal side of
endothelium, whereas bradykinin works through the lumi-
nal side. Because of differences in these two permeability
mediators, one could expect a distinct protective response by
macrophages. It is interesting, however, that in both cases,
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permeability was augmented by the depletion of macro-
phages from the tissue.

Furthermore, we noted that application of permeability
mediators promoted movement of macrophages on vessels
with progressive detachment. Vessel-associated macrophage
movement has only been reported in a handful of cases.
Al-Roubaie et al* claimed that most macrophages are station-
ary, which is in line with our observations. Gray et al*® dem-
onstrated that macrophages in contact with the endothelium
migrated faster than the ones in the tissue. Interestingly, we
noticed that on long-term exposure to permeability factors,
macrophages exhibited higher motility, consistent with the
fact that macrophages express receptors for these mediators.
This may offer a possible mechanism of how macrophages
dynamically regulate permeability. Nonetheless, whether such
motility is the cause or the consequence of vascular leakage
is still unknown. In fact, the present study did not delve into
the mechanism by which macrophages limit vascular perme-
ability. Additional investigations will be necessary to depict
the array of heterotypic interactions between endothelial—
macrophages and identify cell surface and secreted molecules
involved in the regulation of barrier function. Also, questions
related to the molecular toolkit that enables some macro-
phages to navigate and interact with the vasculature are pend-
ing. Additional efforts are also needed to clarify the nature of
the multiple heterotypic interactions between different subsets
of macrophages and the endothelium in vivo. Nonetheless, the
findings presented here offer novel information on the func-
tional nature of endothelia—macrophage heterotypic interac-
tions in the context of vascular homeostasis.
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Mice

Wild type (C57BL/6J) mice, nude mice and B6C3Fe-a/a-Csf1op/J mice were obtained
from the Jackson Laboratory (Bar Harbor, ME). Animal protocols were reviewed and
approved by the UCLA Institutional Animal Care and Use Committee.

Cell culture

Bone marrow cells were isolated from wild type animals by flushing the bone marrow,
dissociating the cells with a mild trypsin solution and followed by lysis of red blood cells
for 5min using the ACK lysing buffer (Thermo Fisher). Cells were then suspended in
macrophage medium (alpha-MEM (Gibco) with 10% fetal bovine serum (Omega
Scientific Inc.) and M-CSF (PeproTech) and plated for seven days with medium change
on day three. Bone marrow macrophages were then used for experiments. For dendritic
cell isolation, bone marrow was flushed from the tibia and femur and cells were cultured
in RPMI 1640 medium supplemented with 10% fetal bovine serum (Gibco), 50uM beta-
mercaptoethanol (Sigma-Aldrich) and 20 ng/ml GM-CSF. Medium was changed every
2-3 days and cells were cultured for 6-7 days. Immortal bone marrow macrophages
(iBMMs) (Suppl. Fig. 4A-C) were generated using an immortalizing lentiviral vector and
confirmed to express macrophage-specific markers'. Immortalized mouse ECs (IMECs)
were cultured as previously described?.

Mesentery preparation, immunostaining and confocal microscopy

Intestine and mesentery was dissociated from animals and fixed with 2%
paraformaldehyde (PFA) for six hours. Samples were washed thoroughly with PBS and
the mesentery was then cut into 0.2-0.5 cm fragments and stored in 1X PBS before
staining. Immunofluorescence was performed using standard procedures. Briefly,
segments from the mesentery in between larger vessels and poor in adipocytes
(mesenteric windows) were dissected and permeabilized in 0.3% Triton-X (Sigma) in 1X
PBS for five minutes and then blocked in 1X PBST (0.05% Tween20 in 1X PBS) with
3% normal donkey serum for 20 minutes. Primary antibodies were applied for 60
minutes, including Isolectin GS-IB4 Alexa Fluor® 594 Conjugate (Life Technologies),
anti-mouse F4/80 (Serotech), biotin-CD206 (Biolegend), anti-mouse Mrc1 (Santa Cruz),
anti-mouse CD11b (BD Biosciences) and anti-mouse NG2 (Millipore). DAPI (Invitrogen)
was used to stain nuclei. A confocal microscope (LSM710, Carl Zeiss) equipped with
Zeiss EC Plan-Neofluar 40X/1.3 oil objective was used for image acquisition at room
temperature.

For 3D reconstructions, confocal z-stacks were imported into Imaris software
version 7.7.1 (Bitplane). Multi-color 3D visualization was achieved by iso-surface
rendering of each channel.

Flow cytometry

Mesenteric cells were dissociated using collagenase (Gibco) and incubated at 37°C for
45 minutes. The digested tissue solution was passed through 40 um filter (BD
Biosciences) and spun down at 250xg for five minutes. Single cells were then re-
suspended in FACS buffer (1X HBSS (CellGro) with 2% FBS (Omega Scientific Inc.)
and 10mM HEPES (Gibco)). Antibodies used were APC-eFluor780-F4/80
(eBioscience), FITC-Mac1 (eBioscience), biotin-CD206 (Biolegend) and mouse anti-
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NG2 (Millipore). Secondary antibodies used were 488-Streptoavidin (Invitrogen) and
488-anti mouse (Invitrogen). For endogenous Fc blocking, cell suspensions were
preincubated with Mouse BD Fc Block™ (BD Biosciences) purified anti-mouse
CD16/CD32 mAb 2.4G2 (< 1 ug/million cells in 100 ul, i.e., 1:50 with 0.5mg/ml) at 4°C
for 10 minutes. For FACS experiment the following controls were included: primary
antibody control, isotype controls, compensations controls for each fluorochrome, cell
viability controls (Pl staining), and specificity controls. In specificity controls, a ten-fold
excess unlabeled primary antibody was used together with the standard amount of the
primary antibody.

LSRII Analytic Flow Cytometer (BD Biosciences) was used for acquisition. Data was
analyzed with FlowJo (Tree Star Inc.).

Vessel permeability assay on macrophage-depleted skin

8-12 weeks old nude male mice were used in all experiments. Two days prior to
imaging, dorsal skin of mouse ears received two injections, 5yl each of either
clodronate liposomes (5 mg/ml; Clodronate Liposomes) or PBS (control) liposomes
(Clodronate Liposomes). Surgical procedures and live imaging were performed using a
fluorescence stereomicroscope with a motorized stage (M250 FA, Leica Microsystems
CMS GmbH) equipped with a 1x lens (linear system magnification from 7.5x to 160x) or
2x lens (linear system magnification from 15.6x to 320x), with a resolution range
between 7.89 pm (at 15.6x magnification) and 0.95 um (at 320x magnification)
respectively. Images were collected using a DFC 350 FX camera controlled by LAS AF
software (Leica). Animal temperature was monitored and controlled throughout the
experiment with the DC Temperature Control System (FHC Inc.).

Mice were anesthetized with ketamine/Dorbene (75mg/kg/1mg/kg) and dorsal
ear skin was surgically exposed as described®*. Briefly, the ventral skin of the ear was
cut along the antihelix of the mouse pinna, followed by separation of cartilage and
muscle using the blunt edge of a scalpel. Two additional 1 mm cuts were made at the
edge of the ear to prime the separation of the ventral and dorsal parts. The ventral skin
and cartilage were then gently pulled apart with curved forceps to separate the ventral
and dorsal skin, exposing the dermis at the posterior and midsections of the ear and the
hypodermis at the anterior side. The side corners of the exposed dorsal ear dermis
were glued to the supporting glass slide and ears were stained for 15 minutes with
biotinylated rabbit anti-collagen type IV (Abcam) and CD206-APC (Biolegend)
antibodies, washed briefly with Ringer’s buffer (102 mM NaCl, 5 mM KCI, 2 mM CacCl2,
28 mM sodium lactate) and incubated for additional 15 minutes with streptavidin-Pacific
Blue (Invitrogen). Primary antibodies and streptavidin-Pacific Blue were mixed in
Ringer’'s buffer supplemented with 125 [U/ml (2.5 mg/ml) aprotinin and kept at 4°C
before being pipetted onto the exposed ear dermis. Then, 200 pl of 10 mg/ml 155 kDa
TRITC-Dextran (Invitrogen) was injected intravenously and 6 to 8 fields in the area
where liposomes had been injected were imaged every 1 minute for up to 30 minutes.
Subsequently, blood vessel leakage was stimulated either with topical application of 40
pl of 5 ug/ml VEGF-165 (Peprotech) in PBS or intravenous injection of 50 pl of 4 mg/ml
of bradykinin in PBS and the same fields were imaged for an additional 30 minutes.



Quantification of the leakage was analyzed using Leica LAS AF software. The
experiments were repeated with six mice per experimental group.

Vessel permeability after peritoneal macrophage depletion and reconstitution

Clodronate and control liposomes (described in ‘Vessel permeability assay on
macrophage-depleted skin’) were injected via intraperitoneal injection (i.p.) with
200ul/mouse on day 1. On day 3, liposomes were injected again following the same
method. Bone marrow derived macrophages (10° cells in 100pl PBS) were delivered via
intravenous injection (i.v.). Three to five mice were used for each experimental group.
Two days later, 100ul FITC-ovalbumin or TRITC-dextran (Invitrogen) were injected i.v.
in each mouse. After specific time intervals, animals were euthanized and 1ml of PBS
was injected i.p. to recover the peritoneal macrophages and liquid in the peritoneal
cavity. The solution was then spun down, from which the supernatant was taken for
fluorescence intensity quantification and the cell pellet was re-suspended in FACS
buffer for flow cytometric analysis (see ‘Flow cytometry’ section). The fluorescence
intensity was read by SAFIRE Il (V4.62n). In the case of antibody depletion, 30mg/kg
anti-CSF-1R antibody (clone 2G2)° was applied i.p. weekly for four consecutive weeks.
Animals were then euthanized for permeability analysis as described above or used for
reconstitution experiments. For these experiments, clearance of anti-CSF1-R antibody
from the circulation was first evaluated by ELISA. In general 7-10 days were necessary
after the last injection, at which time no increase in the number of endogenous
macrophages was detected.

For reconstitution, iBMMs were polarized into different subtypes as previously
described? and characterized for M1 and M2 markers as shown in Suppl. Figure 5. Cells
were then delivered by i.v. injection into animals (10° per animal). After three days,
animals were subjected to permeability assessment.

For macrophage extravasation assay, mCherry labeled iBMMs (10° per animal)
were injected i.v.. After 16 hours, peritoneal macrophages were recovered as previously
described. The cells were then stained with FITC-Mac1 (eBioscience) antibody for flow
cytometric analysis (see ‘Flow cytometry’ section).

In vivo macrophage motility analysis

Time-stacks were acquired as described under ‘Vessel permeability assays on
macrophage-depleted skin’. This allowed the recording of blood vessels and cells in two
distinct fluorescent channels (the two channels will be referred to as “vessel-channel”
and “cell-channel”’). An automatic registration of each time-stack was performed using
the Imaged plugin “StackReg” to correct for drift due to animal movement during the
acquisition®. The image was cropped in order to avoid “edge effects” (black area) due to
registration. Two different analysis methods were applied, “global” and “frame by
frame.”

For the “global” analysis, projections of time-stacks were made to identify the
vessel vicinity and measure the cell movement in this area. The vessel boundaries were
marked by performing a projection calculating the sum of the time-stack (“Sum-
projection”). A threshold was then applied by using an automatic algorithm to create a
binary mask (“AutoTh”). Briefly, (1) apply “Kittler and lllingworth's Minimum Error
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thresholding method” (1986; Fiji, “MinError” auto threshold) on the entire image; (2)
obtain the corresponding “Area”; (3) apply “MinError” to the image restricted to the
previously detected “Area”; (4) determine the “Area_t+1"; (5) calculate the difference
(Area_t — Area_t+1). This recursive processing continues until the difference in “Area”
is below a specific value (here, 20%). Then, the last threshold image is saved, “AutoTh.”

Alternatively, in cases of a weak signal to noise ratio, the contours of the vessel
were drawn manually. The mask was then enlarged by 40 pixels (“Enlarge”) and the
area between the original and the enlarged mask was created using the XOR operation
(“Xor(AutoTh, Enlarge)”). To measure the cell movement, an average “AVG” and a
standard deviation “STD” projection of the cell-channel were created. The “STD”
displays pixels changing over time and at first approximation this can be linked to the
movement of cells. For comparison of stacks with different absolute intensities, the
coefficient of variation “CV” can be calculated by dividing the “STD” projection by the
‘AVG” projection (“STD/AVG(cells)”). The multiplication of the “CV” with the mask
defining the area around the vessel gives a measure of mobile cells.

For the “frame by frame” analysis, a threshold was applied to each frame using
“Tsai's method” (1985; Fiji, “Moments” auto threshold). Next, for each frame, XOR
images were created (“XOR of Frame t and t+1”) and the area was measured (“Area
(XOR of Frame t and t+1)"). The “Area (XOR of Frame t and t+1)” can then be
normalized by the average of the areas of each frame (“Average (Area (Frame t), Area
(Frame t+1))”). This displays the pixels changing between two consecutives frames.

Macrophage binding assays

Different subtypes of mCherry-iBMMs (50,000 per well in 6-well plate) were
seeded onto a confluent layer of IMECs. After six hours, wells were washed and then
cells trypsinized, then re-suspended in FACS buffer (see ‘Flow cytometry’) and the
percentage of mCherry cells was determined. This percentage was then divided by the
original percentage of mCherry cells/IMECs.

For detachment assay, VEGF (100 ng/ml) or LPS (50 ng/ml) was introduced into
the co-culture of mCherry-iBMMs/IMECs for the time indicated. The percentage of
mCherry positive cells was obtained through flow cytometric analysis and normalized to
t=0 before treatment.

Macrophage and vessel co-localization analysis in the presence of permeability
mediators

Evaluation of the effect of permeability mediators on macrophages binding to
capillaries was assessed using two approaches:

(1) Adenovirus-mediated approach. Adenoviral (Ad)-mediated gene transfer into liver
cells was accomplished by single bolus injection of 10'" Ad particles (corresponding to
5X10° PFU as determined on 293 cells) in 200 ul of PBS by tail vein injection. An
adenvirus without VEGF (empty vector) was used as control. Prior to injection, the virus
preparations were tested to confirmed to be free of endotoxin contamination. Animals
were injected with adenovirus expressing VEGF-A or empty adenoviral particles
(controls) 16 hours prior to experiments to allow for a robust increase in circulating
levels of VEGF, but sufficiently short to prevent other events associated with this robust
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VEGF increase. The induced levels of VEGF ranged between 20ng to 150ng/ml. This
increase was in contrast to control mice with 12-50pg/ml VEGF levels. All experimental
procedures were conducted in accordance with institutional guidelines and following
approved protocols.

(2) Bolus injection of protein — For these experiments, we simply injected 1ug of VEGF
protein (Peproteck) into 200ul of PBS and waited 6 hours for evaluation.

Mesentery sections were fixed and vessels imaged as described in ‘Mesentery
preparation, immunostaining and confocal microscopy.” Confocal z-stack images from
each group were converted into images using maximum intensity projection. The
images were then analyzed for co-localization of the green and red channels using Zen
software (Carl Zeiss). Background was corrected in Auto mode. Overlap (Pearson's
coefficient) value was used for quantification of co-localization.

Macrophage and IMEC co-culture

IMECs were grown to confluent layer before iBMMs (10° per 35mm dish) were added to
the culture. Co-cultures were incubated at 37°C overnight. The next day, thrombin (15
U/ml) was added to the co-culture. One hour later, cells were fixed with 1% PFA,
permeabilized with 0.01% Triton-X and subject to immunostaining. Primary antibody
applied was anti-p-catenin (Sigma). For image acquisition, confocal microscope
(LSM710, Carl Zeiss) was used at room temperature.

In vitro permeability assay

Electric cell substrate impedance sensing (ECIS) was performed to measure endothelial
barrier function. ECIS array (8W10E+, Applied Biophysics) was calibrated before IMECs
were added. The cells were grown at 33°C until confluent. The impedance of the cell
culture was then monitored at 37°C. Macrophages (20,000 cells) were added to each
well of an ECIS array. For VEGF or thrombin treatment, IMECs were serum starved for
six hours before treatment with VEGF (150 ng/ml) or thrombin (30 U/ml). The monolayer
was measured for 15-20 minutes and data acquired and analyzed using ECIS software
(Applied Biophysics). For the experiments shown in Supplemental Figure IV A, ECIS
was also performed using human aortic endothelial cells.

Western blot for VE-cadherin

Human peripheral blood mononucleated cells (PBMCs, provided by Dr. Robert Modlin)
were plated in RPMI with 1% FBS for 2 hours at 37°C. Non-adherent cells were washed
off and adherent monocytes were cultured in RPMI with 10% FBS and 100ng M-CSF for
six days to differentiate into MO macrophages, then for two days with 50ng/ml IFNg and
10ng/ml LPS to further differentiate into M1-like macrophages, or 20n%/ml IL-4 to
differentiate into M2-like macrophages. M1-like or M2-like macrophages (10° cells) were
seeded on top of a confluent monolayer of human umbilical vein endothellal cells
(HUVECs; 2x10° cells) and co-cultured for 24 hours. Co-cultures were then serum
starved for six hours and then challenged with 5U/ml thrombin for 15 minutes at 37°C.
Co-cultures were washed with PBS then lysed in modified RIPA (mRIPA) buffer (50 mM
Tris, pH 7.4, 150 mM NacCl, 1% NP-40, 0.25% sodium deoxycolate, 1 mM EDTA, 1 mM
NasVO4, 10 mM B-glycerophosphate, and protease inhibitor cocktail (Roche)). Lysates
were agitated at 4°C for 30 minutes and then centrifuged for 10 minutes at 4°C to
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remove debris. Proteins were separated by SDS-PAGE gradient (4-20%) gel and
immunoblot analysis was performed with antibodies against y-tubulin (Abcam) and
phospho-VE-cadherin Y658 (provided by Dr. Elisabetta Dejana).

Statistics

Statistical analyses were performed in most experiments with the exceptions of
qualitative imaging analysis. Drs. Danield Hercz and Dr. David Elashoff (biostatistics
core at UCLA) provided oversight and re-evaluated all of the statistics. For every
dataset it was first determined whether parametric or non-parametric analysis was
appropriate and the use of either t-test or Mann Whitney to assess significance. In some
cases one was chose over the other and the selection was clearly noted in the Figure
Legends. For figures 2E and 2F there was the option to analyze the data using a "mixed
model" approach which would yield a single result (and p-value) comparing the two
curves, instead of pairwise comparisons. Both clearly yield significant results. Mixed
modeling is typically a more powerful, however, the difference between the curves is
quite strong and keeping the pairwise nature of the analysis was selected to be more
consistent with the other figures.
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Suppl. Fig.l Macrophages associate with the endothelium in the lumen
and in the extravascular space.
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(A-C) Imaging of mesenteric vessels reveals association of macrophages with blood
vessels using 3D reconstruction (magnified in boxes) of confocal z-stacks. Images are
representative of n=12 mice analyzed. A) Anterior and B) posterior views of the vessel
network show macrophages in direct contact with vessel (arrows) and inside vessel wall
(asterisk). C) Tilted posterior view and magnified sliced sections (boxes) confirm
macrophages in contact with the vessel wall- both inside and outside. Mac1 (CD11b)
was used to identify macrophages (green). Isolectin was used to identify vessels (red).
DAPI labeled nuclei. D) Intravital imaging of the skin using TRITC-Dextran to label blood
vessels and Mrc1 to label macrophages in vivo (green). White arrowheads highlight
series of Mrc1+*cells lining the blood vessel wall. Single channel image for Mrc1 staining
is displayed on right.



Suppl. Fig.ll Majority of resident macrophages are M2-like.
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A) Maximum intensity projection of confocal z-stack (magnified on right) of M2-like
macrophages (MRC1+) in contact with vessels (labeled by Isolectin). B) Quantification of
M2-like macrophages on mesentery. Note that the majority of F4/80* cells (19.2%, shown
in Fig. 1C) are MRC1+*. C) Localization of SMA* (arrow) and MRC1+ (arrowhead) cells on
mesentery vessels using maximum intensity projection of confocal z-stacks. D)
Evaluation of Mac1(CD11b) and CD206 in perivascular macrophages. Note that
macrophages juxtaposed to blood vessels are either Mrc1 (CD206) or double positive for
Mrc1 and Mac1 low (arrows). In contrast macrophages that are only Mac1 positive were
most frequently not associated with vessels (arrowheads).



Suppl. Fig.lll Depletion of resident macrophages enhances vascular permeability.
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A,B) Quantification of TRITC-Dextran intensity on the ear with (B) or without (A)
bradykinin in 20 minutes time course. n=3 for each group. Mixed model analysis was
performed and samples were statistically different after 10 min in A and after 6min in B.
C) Assessment of viability in different cell populations after treatment with Clodronate
(2w) and anti-CSFR (3w). Endothelial cells were identified by CD31 and Cdh5
expression; pericytes were identified by NG2; smooth muscle cells by calponin



Suppl. Fig.lV In the absence of macrophages, anti-CSFR1 does not affect
endothelial barrier in vitro or endothelial inflammatory response.
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A) Evaluation of IgG (control) and anti-CSF1R antibody on endothelial permeability.
Transendothelial resistance was assessed continuously over 50hrs. Shown is a representative
experiment from 4 independent evaluations. B) Quantification of E-selectin expression after 8h
exposure to control liposomes, clodronate liposomes and anti-CSF1R in the presence or
absence of LPS (1ng/ml). n= 3 per experimental treatment.



Suppl. Fig.V Characterization of iBMM (immortal bone marrow macrophages).
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A) Micrograph of iBMMs in culture. B) Characterization of iBMMs by surface markers expression
using flow cytometry. Note that most iBMMs express high level of CD11b (or Mac1), F4/80, but
not Gr1. C) mRNA expression of indicated markers by polarized iBMMs. Arg1 and Mrc1 (M2-like
macrophage markers) were up regulated in iBMMs when polarized by IL-4 and Ccl2, Cd86, Cxcl9,
110, 116, Tnfa and iNos (M1-like macrophage marker) expression was increased when exposed to
LPS + IFNg. Normalized to Hprt, n=3, ***, p<0.001, **, p<0.01, *, p<0.01 (unpaired Student’s t-test
on dCt values with Bonferroni’s correction for multiple comparisons). D) Characterization of



Suppl. Fig.VlI Permeability agents promote dissociation of perivascular
macrophages.
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A) Quantification of macrophage and vessel co-localization using confocal images of
mesenteric vessels in adeno-VEGF treated versus control animals, injected with empty
adenoviral particles at similar titers. n= 3-4. **, p<0.01 (unpaired Student’s t-test). B)
Quantification of macrophage versus vessel by the occupied area. n= 3-4. **, p<0.01 (unpaired
Student’s t-test).





