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expressing HA-associated signals easily, but cells express-
ing Myc-associated signals were sparse (Fig. 5a). Most of
the HA- and Myc-associated signals were segregated
subcellularly, with those of HA-tagged hERG(WT) at the
periphery of cells, whereas those of Myc-tagged hERG(AAT)
remained intracellularly (Fig. 5b, c, d). These results suggest
that the Myc-tagged hERG(AAT) subunit was expressed at
lower levels compared with the HA-tagged hERG(WT)
subunit and that what little mutant protein was produced
remained localized within the cells.

Electrophysiological analysis of the hERG(AAT) subunit

To examine whether the hERG(AAT) subunit can form func-
tional channels in the absence or presence of the hERG(WT)
subunit, we compared whole cell currents from HEK-293 T
cells transfected with hERG(AAT) cDNA, both with and
without hERG(WT) cDNA. The transfected cells were stimu-
lated using a double-step voltage protocol (Fig. 6a, schematic).
In the first step (i.e., at a relatively high voltage), the hERG
channel underwent activation as well as inactivation. During

the second step (i.e., at a less positive voltage), the hERG

channel was relieved from inactivation and produced a large
“tail” current (Fig. 6a, hERG(WT) traces). The tail current
measured under these conditions included virtually no compo-
nent mediated by the HEK-293 T cell’s native voltage-
dependent current {18] because its amplitude did not differ
notably between cells transfected with AERG(WT) cDNA and
those transfected with GFP cDNA alone (Fig. 6b).
We presume that hERG(WT)-transfected cells displayed
* hERG channel-mediated tail current, given that its peak den-
sity at a first-step voltage of 60 mV (49.1£5.4 pA/pF [mean+
SEM, »=18]) was significantly (P<0.001, rank-sum test)
larger than that of GFP-transfected cells (3.0+0.6 pA/pF;
n=12; Fig. 6b). By contrast, the AZERG(AAT)-transfected cells
did not display similar hERG channel-mediated tail currents
because their peak density (3.7+0.6 pA/pF; n=14) did not
differ from that of the GFP-transfected cells (Fig. 6b). In
addition, the peak density of the tail current of the
hERG(AAT)-transfected cells was significantly (P<0.001,
rank-sum test) smaller than that of the AERG(WT)-transfected
cells. These results suggest that the hERG(AAT) subunits
- cannot form functional channels on their own.

The amplitude of the tail current produced by the HEK-
293 T cells transfected with a 1:1 mixture of RERG(AAT)
and hERG(WT) cDNAs (peak current density at a first-step
voltage of 60 mV, 50.4+7.9 pA/pF; n=14; Fig. 6b) was
comparable to that of the AERG(WT)-transfected cells. One
possibility suggested by this result is that hRERG(AAT) sub-
units might form functional channels with the aid of
hERG(WT) subunits. Alternatively, homomeric hERG(WT)
channels might account for a predominant portion of the tail
current, with the hERG(AAT) subunit-containing channels
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making only slight or no contribution to the tail current. To
assess these possibilities, we measured the tail current in
cells transfected with a 30:1 mixture of AERG(AAT) and
AERG(WT) cDNAs, in which the mutant subunits
outnumbered the wild-type subunits. In this case, the peak
current density (24.9+6.9 pA/pF, n=10) was significantly
(P<0.001, rank-sum test) less than that of cells transfected
with AERG(WT) only (Fig. 6b).

To quantify the voltage dependence of the activation
extent, the Boltzmann equation was fitted to the plot of the
normalized peak tail current amplitude against first-step
voltage (Fig. 6¢). The half-maximal activation voltage
(Vparp) and slope (K) of the cells transfected with the 30:1
mutant/WT mixture (—3.28+3.53 mV and 8.99+1.19, re-
spectively; n=10) were not significantly different from
those of AERG(WT)-transfected cells (—0.30£1.59 mV and
8.18+0.79, respectively; n=18). In addition, the activation
time-course depicted by plotting the peak tail current am-
plitude against the varied duration of the first-step voltage
did not differ notably between the AERG(WT)-transfected
cells (time constant 125.0+14.1 ms; n=17) and the 30:1-
transfected cells (121.7+15.5 ms; n=10; Fig. 6d). These
results suggest that the hERG(AAT) subunit does not influ-
ence the kinetic properties of the hRERG(WT) channels.

Discussion

Since many arrhythmia patients present genetic anomalies,
cases of sudden unexpected deaths can be expected where
there are family histories of arrhythmias. Thus, molecular
biological analyses would be useful for exploring the cause
of such cases. Of course, careful ethics considerations are
essential. Our examination of the present case demonstrated
that the patient’s cause of death was ventricular arrhythmia
due to an unreported ion channel disorder. Such analyses
would be useful for not only exploring the cause of death,
but also in contributing to clinical and basic research on
arrhythmia.

This study investigated the molecular and electrophysio-
logical properties of the product of a novel AAT mutant
hERG we identified from a patient who died from SCD.
This mutation leads to the frameshift M579fs+75X and the
production of a truncated hERG subunit that lacks the C-
terminus. Although the patient was heterozygous for the
AAT mutation, she displayed mild symptoms of QTc pro-
longation on ECG, dilatation of the left ventricle at autopsy,
and histologically apparent interstitial fibrosis of the left
ventricle and atrioventricular conduction system.

More than 30 % of known AERG mutations are of the
nonsense or frameshift type that introduce premature termi-
nation codons [19, 20]. mRNAs containing a premature
termination codon more than 50-55 nucleotides upstream
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Fig. 6 Whole cell currents in HEK-293 T cells transfected with
hERG(WT) and/or hERG(AAT). a Sample current responses of HEK-
293 T cells transfected with the indicated genes. Currents mediated by
hERG channels became evident as “tail” currents during the second
step of the voltage stimulus protocol (arrow in schematic); n=18, 14,
14, 10, and 12 for cells transfected with hERG(WT), hERG(AAT), 1:1
and 30:1 mixtures of these genes, and the GFP gene alone (control),
respectively. b Mean peak density of the tail current as a function of the

of the last exon—exon junction often undergo nonsense-
mediated mRNA decay, which effectively reduces the
amount of abnormal mRNAs [21]. We found that the level
of transcripts from the ZERG(AAT) allele was much lower
than that for the hERG(WT) allele. One possibility
suggested from this result is that ZERG(AAT) mRNA might
be degraded via the nonsense-mediated decay pathway.
The immunoblot analysis using HEK-293 T cells showed
that hRERG(AAT) produced lower protein levels than
hERG(WT), regardless of whether the cells were co-
transfected with hRERG(WT) cDNA (Fig. 4). Confocal micros-
copy confirmed that the expression level of the RERG(AAT)
subunit was much lower than that of the hERG(WT) subunit
and showed that the slight amounts of mutant protein pro-
duced remained localized within the cells. One possibility
arising from these results is that the reduced surface expres-
sion of the hERG(AAT) subunit simply reflects decreased
protein production. Another possibility is that trafficking of
hERG(AAT) is impaired, leading to decreased surface expres-
sion. Truncated proteins are often trafficking deficient,
misfolded, misrouted, and consequently subjected to endo-
plasmic reticulum-associated degradation [22]. Therefore,
both production and trafficking of the hERG(AAT) subunit

First-step voltage (mV)

First-step duration {ms)

first-step voltages. #P<0.001 (rank-sum test) compared with GFP-
transfected cells; *P<0.001 (rank-sum test) compared with
hERG(WT)-transfected cells. ¢ Relative peak amplitude of the tail
current as a function of the first-step voltage. d Activation time-course
of hERG channels. Mean relative peak amplitude of the tail current
elicited by a double-voltage step stimulus plotted as a function of the
duration of the first-step voltage. In this experiment, the duration was
varied as shown schematically in the inset

may be impaired, but further study is required to gauge the
relative influence of these two mechanisms.

Nonsense or frameshift mutations are located more
frequently in the C-terminal region of hERG channel
subunits than in the transmembrane pore domain (S5-
loop—S6) [8]. The frameshift mutation we evaluated here
is located in the S5-pore. Immunoblotting or immunohis-
tochemistry experiments have confirmed that the Q725X
[17] frameshift mutation in the C-terminus disrupts the
tetrameric assembly of hERG and that E698X [23] and
R863X [23, 24] lead to defective protein trafficking.
Moreover, patch-clamp experiments have confirmed that
these mutant proteins fail to produce functional
homomeric channels and exert at most only a weak
dominant-negative effect on WT proteins. Minigene-
based experiments have demonstrated that hERG muta-
tions such as P926Afs+14X [25], R1014X [26],
R1005fs+50X, and Q1070X [27], all lead to degradation
of the mutant mRNAs via the nonsense-mediated decay
pathway. The functional consequence of the AAT frame-
shift mutation is therefore likely to be due to loss of
functional hERG channels on the plasma membrane
through multiple cellular mechanisms.

@ Springer

_84_



114

Int J Legal Med (2014) 128:105-115

hERG(AAT)-transfected HEK-293 T cells were observed
to lack a tail current, suggesting that hERG(AAT) subunits
cannot form functional channels on their own. In contrast,
cells co-transfected with AERG(AAT) and AERG(WT) did
display a tail current. We surmise that this current is medi-
ated largely by homomeric hERG(WT) channels, for the
following reasons: First, the current amplitude decreased
with the amount of ZERG(WT) used in the transfection
(Fig. 6b). Second, the cells transfected with a 30:1 mixture
of hERG(AAT)YhERG(WT) displayed a tail current with
voltage and time dependencies of activation similar to those
of cells transfected with AERG(WT) only. The simplest
interpretation of these findings is that the hERG(AAT)
subunit contributes little to functional channel formation
even in the presence of the hERG(WT) subunit. We cannot
exclude the possibility that hERG(AAT) and hERG(WT)
subunits associate to form functional heteromeric channels
with small conductances. However, such heteromeric chan-
nels would most likely comprise only a small fraction of the
total hERG channel population because hRERG(WT) sub-
units appeared to greatly outnumber hERG(AAT) subunits
on the cell surface (Fig. 5). Therefore, heteromeric channels
would contribute little to whole cell electrical activity. This
scenario may explain the mild cardiac symptoms of our
patient, who was heterozygous for AERG(AAT). Further-
more, a homozygous 2ERG(AAT) carrier would most likely
display severe symptoms resulting from a lack of functional
hERG channels (Fig. 6a, b).

Our patient with the AERG(AAT) mutation displayed
only mild symptoms during her everyday life and was
categorized into an intermediate risk group in terms of her
QTc interval, genotype, and gender. Nevertheless, she died
from SCD 10 h after awakening from general anesthesia; her
postoperative course was uneventful otherwise. The loss-of-
function mutation in 2ERG identified in the current study
might underlie the pathogenesis of her SCD. Patients with
LQT?2 are highly vulnerable to alterations in their physical
and mental states that involve sympathetic surges [6]. For
example, emotional stress, exercise, and various drugs [28]
may trigger life-threatening arrhythmias in these patients.
Our findings provide deeper insight into the genotype—phe-
notype relationship underlying LQT2 and a better under-
standing of the variability of the clinical presentation and
subsequent risk stratification of LQTS in general.

Conclusion

We identified a novel 2ERG frameshift mutation
(hERG(AAT)) in a patient who died from SCD. The AAT
mutation decreased the number of functional hERG channels
presumably by impairing the posttranscriptional and post-
translational processing of the AERG(AAT) product. This
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decrease may explain, at least in part, the mild cardiac symp-
toms of our patient (who was heterozygous for AERG(AAT))
in everyday life and may have later contributed to her death.
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Inflammation-induced endothelial
cell-derived exiracellular vesicles
modulate the cellular status of pericytes
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Emerging lines of evidence have shown that extracellular vesicles (EVs) mediate cell-to-cell communication
by exporting encapsulated materials, such as microRNAs (miRNAs), to target cells. Endothelial cell-derived
EVs (E-EVs) are upregulated in circulating blood in different pathological conditions; however, the
characteristics and the role of these E-EVs are not yet well understood. In vitro studies were conducted to
determine the role of inflammation-induced E-EVs in the cell-to-cell communication between vascular
endothelial cells and pericytes/vySMCs. Stimulation with inflammatory cytokines and endotoxin
immediately induced release of shedding type E-EVs from the vascular endothelial cells, and flow cytometry
showed that the induction was dose dependent. MiRNA array analyses revealed that group of miRNAs were
specifically increased in the inflammation-induced E-EVs. E-EVs added to the culture media of
cerebrovascular pericytes were incorporated into the cells. The E-EV-supplemented cells showed highly
induced mRNA and protein expression of VEGF-B, which was assumed to be a downstream target of the
miRNA that was increased within the E-EVs after inflammatory stimulation. The results suggest that E-EVs
mediate inflammation-induced endothelial cell-pericyte/vSMC communication, and the miRNAs
encapsulated within the E-EVs may play a role in regulating target cell function. E-EVs may be new
therapeutic targets for the treatment of inflammatory diseases.

= ell-to-cell communication is mediated by secreted bioactive molecules, such as short form peptides,
proteins, lipids, and nucleic acids. These small molecules are commonly released by cells and bind to
 specific receptors on target cells, which induces intracellular signaling and changes the target cell’s
pathophysiological state. Extracellular vesicles (EVs), which include microparticles, microvesicles, and exo-
somes'™, are released from different cell types, and emerging evidence suggests that EVs function as carriers
of these bioactive molecules™®, ‘
Clinically, EVs are found in circulating blood, and the number of EVs is elevated in acute and chronic
inflammatory diseases, such as sepsis, stroke, preeclampsia, atherosclerosis, diabetes mellitus, and metabolic
syndrome”'*, Vascular endothelial cells are thought to be one of the major cell types that release EVs into the
blood stream'®. The number of endothelial-derived EVs (E-EVs) circulating in the blood stream correlates with
the severity of disease; however, the pathophysiological significance of E-EVs is largely unknown'
MicroRNAs (miRNAs) are small, single-stranded, non-coding RNAs that are transcribed in the nucleus. They
are processed by the enzymes Drosha and Dicer, incorporated into RNA-induced silencing complexes, and
mediate the translational inhibition or degradation of target mRNAs'®"”. Many miRNAs have been shown to
play key roles in pathophysiological processes''. In particular, the inflammation-related miRNAs, miR-101,
miR-144, and miR-155, were reported to modulate protein biogenesis in lung epithelial and endothelial cells?*?,
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These miRNAs can be carried by E-EVs; however, their roles in E-
EV-mediated cell-to-cell communication are not yet known.

Vascular endothelial cells and pericytes/vascular smooth muscle
cells (vSMCs) are juxtapositioned to each other in blood vessels®.
The interactions between these two cell types are important for the
regulation of vascular integrity, and perturbation of their interaction
has been observed in many diseases, including inflammatory diseases
that cause vascular dysfunction, such as disturbance of the blood
brain barrier (BBB) in cerebral blood vessels™-*. Here, we aimed
to determine the involvement of EVs in cerebrovascular endothelial
cell-pericyte communication in inflammatory disease. We found
that the E-EVs induced by inflammatory stimuli carry numerous
specific miRNAs and can induce pericyte responses to endothelial
cells. These results suggest that E-EVs are an important mediator of
vascular cell communication in inflammatory conditions.

Results ,

Induction of inflammatory responses in cerebrovascular endothelial
cells. To analyze the pathobiology of E-EV's released in inflammatory
conditions, we developed a reproducible in vitro system to induce the
production of E-EV's from b.End5 cells, a cerebrovascular endothelial
cell line. First, we confirmed that b.End5 cells expressed the LPS
receptor TLR4/MD-2 complex under unstimulated conditions by
immunocytofluorescence (Fig. 1a). The mRNAs of the inflammatory
cytokine receptors Tnfr1 (for TNF-ar), Ilr (for IL-1B), and Ifngrl (for
IFEN-y) were detected in unstimulated b.End5 cells by conventional
RT-PCR (Fig. 1b). The gene expression levels were consistent up to
24 hours after stimulation with a high dose of CytoCombo + LPS (a
mixture of TNF-o, IL-1f3, IFN-y, and LPS; Supplementary Table 1).

As inflammatory stimuli have been reported to upregulate IL-6 and
ICAM-1 expression levels?”?®, we determined the inflammatory res-
ponses in b.End5 cells to inflammatory cytokine and endotoxin expo-
sure by measuring II6 and Icaml gene expression. In real-time PCR
analyses, a high dose of CytoCombo + LPS (Supplementary Table 1)
induced 116 and Icam] mRNA expression, which peaked after 3 hours
of stimulation (Fig. 1c and d). LPS alone also induced II6 and Icam1
mRNA expression, but at lower levels than CytoCombo + LPS
(Fig. 1c and d). In accordance with the Icaml mRNA expression
(Fig. 1d), the immunoreactivity of ICAM-1 in b.End5 cells was detect-
able at 3 hours and peaked at 6 to 12 hours after CytoCombo + LPS
stimulation (Fig. le).

To determine the optimal stimulatory conditions for inducing
inflammatory responses in b.End5 cells, the dose effects of the
inflammatory stimuli were determined by real-time PCR analyses
of 116 and Icam] mRNA at 3 hours after stimulation. The expression
of 116 and Icam] mRNA was significantly induced by CytoCombo +
LPS, CytoCombo (a mixture of TNF-a,, IL-1B, and IFN-y), and LPS
(Fig. 1fand g). However, the mRNA levels induced by CytoCombo +
LPS were significantly higher than those induced by the other stimuli
at all doses examined. The mRNA levels induced by the low and
middle doses of LPS were significantly higher than those induced
by the low and middle doses of CytoCombo, whereas the high doses
of both stimuli induced equivalent mRNA expression levels (Fig. 1f
and g). The induction of II6 and Icaml mRNA was not significant
when b.End5 cells were stimulated with either cytokine alone. As an
apoptotic cell death triggered by the inflammatory cytokines and
LPS*, has been reported to induce the release of apoptotic bodies®,
we examined apoptosis in b.End5 cells that were exposed to inflam-
matory stimuli. As compared with non-stimulated control, 3-hour
exposure to any kinds of stimulants did not significantly increase the
cleaved caspase 3-positive apoptotic cell. Twenty four-hour exposure
to the stimulants except for that of low and middle dose of
CytoCombo significantly increased cleaved caspase 3-positive apop-
totic cell (Supplementary Figure la and b). Based on these data, we
exposed b.End5 cells to CytoCombo + LPS, LPS, and CytoCombo
for 3 hours when induction of apoptosis is still not evident, and then

examined the inflammatory simulation-induced E-EV release from
these cells.

Inflammation induced E-EV release from cerebrovascular endothelial
cells. We next examined E-EV release from b.End5 cells that were
stimulated by CytoCombo + LPS. To identify the E-EVs released
from b.End5 cells, the plasma membranes of these cells were pre-
labeled with PKH26 and these cells were then exposed to the in-
flammatory stimuli. Three hours after exposure to a high dose of
CytoCombo + LPS, PKH26 fluorescence was detected on the plasma
membrane of b.End5 cells (Fig. 2a, upper row). Then, we identified
PKH26-positive objects of submicron to micron size within the E-EVs
fractionated from the culture medium of PKH26-positive b.End5 cells
after a 3-hour stimulation with the high dose of CytoCombo + LPS,
and confirmed that these fractionated materials were b.End5-derived
globules. We further characterized them using the extracellular vesi-
cle markers, such as vascular endothelial growth factor receptor 2
(VEGFR-2) and CD62E (E-selectin)®. These globular objects in E-
EV fraction were immunoreactive for VEGFR-2 and CD62E under
confocal microscopy (Supplementary Figure 2). In addition, immuno-
reactive bands of VEGFR-2 and CD62E were enriched in the E-EV
fraction than in b.End5 cell lysates by western blot analyses (Supple-
mentary Figure 3).

The surface of the plasma membrane of the inflamed endothelial
cells was examined by scanning electron microscopy (SEM). In most
of unstimulated b.End5 cells (Initial), we observed few cellular pro-
cesses like microvilli and limited number of sheddings on the surface
of the plasma membrane (Fig. 2b, upper), whereas small fraction of
unstimulated cells (2.38 = 5.83%) showed similar changes as seen in
those with stimulation. At 10 seconds after the addition of high dose
CytoCombo + LPS to the culture medium, many sheddings were
emerged on the surface of plasma membrane, and the microvilli
turned to be obscure in all stimulated cells (100%; Fig. 2b, upper
row). Higher magnification images further revealed the tiny and
dome-shaped swellings (Iess than 0.1 pm in diameter) on the surface
of plasma membrane, which structure may correspond to the early
phase of sheddings (Supplementary Figure 4a). The sheddings were
further increased at 10 minutes, and most of them ranged between
0.1 pm and 0.4 pm in diameter (Fig. 2b, upper row). At higher
magnification, sheddings of larger-size (=0.3 pm) and those of
aggregated form (up to 3 pm) were increased as compared with those
at 10-second of stimulation (Supplementary Figure 4b). In addition,
similar shedding-like structures were observed on the bottom surface
of the cells that were exposed to high-dose CytoCombo + LPS by
using the interference contrast microscopy (DIC) mode of a confocal
microscope (Fig. 2b, bottom row). These data strongly suggest that E-
EV production is mainly membrane-shedding type'*** and may be
partly from multivesicular bodies (MVBs)*, and the plasma mem-
brane shedding of E-EVs induced by inflammatory stimulants is very
acute. In addition, our findings may support the possibility that E-
EVs could be produced bilaterally, on both the luminal and ablum-
inal surfaces, from inflammation-stimulated endothelial cells in
cerebral blood vessels in vivo.

Next, E-EV release from b.End5 cells prelabeled with PKH26 was
quantitatively analyzed by flow cytometry. Based on the above men-
tioned SEM study, we focused on particles between 0.3 um and
3.0 pm in diameter, which corresponds to the diameter of the E-
EVs released in membrane-shedding mode******, The preculture
medium containing CytoCombo + LPS included many particles
between 0.3 pm and 3.0 pm in diameter that were negative for
PKH26, such as FBS-derived EVs, and EVs from MVBs (Fig. 3a,
upper graphs). In contrast, after 3 hours of culture with high dose
CytoCombo + LPS, the culture medium contained a significant
number of PKH26-positive particles between 0.3 pum and 3.0 pm
in diameter (Fig. 3a, bottom graphs). These findings indicated that
the plasma membrane-intercalating nature of PKH26, with which
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Figure 1| Inflammation-related receptor gene and protein expression levels in cerebrovascular endothelial cells. (a) Expression of the TLR4/MD-2
protein complex was confirmed by immunocytofluorescence (Green). Unstimulated b.End5 cells constitutively express the TLR4/MD-2 protein
complex. Nuclei are stained with Hoechst (Blue). Scale bar, 10 pm. (b) Analysis of Tnfrl, IlIr, and Ifngrl expression by conventional RT-PCR.
Unstimulated b.End5 cells constitutively express Tnfrl, IlIr, and Ifngrl, and these genes are continuously expressed after 24 hours of stimulation with
CytoCombo + LPS. (cand d) Inflammatory gene expression levels in b.End5 cells. Il6 (c) and Icam1 (d) are markers of inflammatory responsive genes (n
= 4 for each time point). Both genes peaked at 3 hours after stimulation. (e) ICAM-1 protein expression levels were confirmed by
immunocytofluorescence. ICAM-1 protein expression levels were well correlated with the Jcaml mRNA expression pattern. Scale bars, 50 pm. (fand g)
Inflammatory gene expression levels in b.End5 cells incubated with various stimulants. The inflammatory responsive genes 16 (f) and Icam1 (g) were
measured at 3 hours after stimulation (n = 4 for each time point). Cells stimulated with CytoCombo + LPS showed the most intensive inflammation.
Non-stimulated control indicates basal expression level of marker genes. **** P < 0.0001, and *** P < 0.001, CytoCombo + LPS vs. LPS; **P < 0.0001,
CytoCombo + LPS vs. CytoCombo; **P < 0.0001, ***P < 0.001, and *P < 0.01, LPS vs. CytoCombo.
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Figure 2 | Inflamed cerebrovascular endothelial cells produce shedding-type E-EVs, (a) Treatment of inflamed cells with PK¥26, a plasma membrane-
intercalating fluorescent reagent, clearly demonstrates that E-EVs are released from the inflamed endothelial cell membranes. Suspended b.End5 cells
stained with PKH26 emit red fluorescence (Upper row). Azure-blue n indicates nucleus. PKH26-positive E-EVs are present in the culture medium
(Bottom row). Red fluorescence is colocalized to the micron-sized vesicles as observed by differential interference contrast microscopy (DIC). The azure-
blue arrowhead shows an E-EV. Scale bar, 10 pm. (b) Scanning electron microscopy (SEM) images showing that E-EVs are shed from the cell surface”
immediately after stimulation by CytoCombo + LPS (Upper row). The acute response implies that E-EV production is a non-genomic reaction. DIC
image showing E-EVs present on the adhered cell surface (Bottom row), suggesting that E-EVs are bilaterally produced on both the luminal and abluminal
surfaces of endothelial cells in the tube formed by the blood vessels in inflammatory conditions in vivo. Scale bar, 10 pm (a and b lower), and 1 pm

(b upper).

the b.End5 cells were prelabeled, allowed us to discriminate foreign
substances in the medium from E-EV's and to precisely measure the
release of E-EV's. In a comparative assay, the three types of stimulants
significantly induced the release of PKH26-positive E-EV's compared
to that released from the non-stimulated control (stimulant, P-value
vs. the control; CytoCombo + LPS, P < 0.0001; CytoCombo, P <
0.01; LPS, P < 0.05; Fig. 3b). CytoCombo + LPS induced the release
of E-EVs in a dose-dependent manner up to the high dose, and the
release induced by CytoCombo + LPS was significantly higher than
that induced by the other stimuli at the high dose (Fig. 3b). At the
high doses, CytoCombo and LPS individually induced the release of
E-EVs to similar extents. These changes of E-EV production were
well correlated with those of Il6 and IcamI mRNA induction, both of

which were induced by different inflammatory stimuli. Accordingly,
these data suggested that E-EV production was correlated with the level
of cellular inflammation. At the low and middle doses, CytoCombo
induced E-EV release (P < 0.01 and P < 0.001, respectively, vs. the
control) but not 1l6 and Icaml mRNA (both n.s. vs. the control;
Fig. 1fand g). Thus, E-EV production in cerebrovascular endothelial
cells appears to be a more sensitive cellular response than cytokine
production based on relative induction by inflammatory stimulants.

Inflammation-induced E-EVs may target cerebrovascular pericytes.
Endothelial cells and pericytes are juxtapositioned and functionally
correlated in the vasculature®*. Next, we determined if the miRNAs
in E-EVs could mediate the inflammatory signaling between cere-
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Figure 3 | Quantitative analysis of E-EVs by flow cytometry, (a) PKH26-positive E-EVs were detected and measured quantitatively by flow cytometry.
The upper graphs show the pre-culture medium with CytoCombo + LPS. The lower graphs show the culture medium from b.End5 cells stained with
PKH26 stimulated by CytoCombo + LPS for 3 hours. Vesicles gated from submicron to micron size (0.3 pm to 3.0 pm in diameter, magenta) are shown
in the graph on the left. In the graphs on the right, PKH26-positive E-EVs are gated (red). The pre-culture medium contains many FBS-derived vesicles
that are negative for PKH26. E-EVs can be observed in the 3-hour culture medium as the PKH26-positive fraction. (b) E-EV production is significantly
upregulated after 3 hours of exposure to the high dose of CytoCombo + LPS. In contrast, a lower number of E-EVs are observed in the LPS and
CytoCombo groups (reported as the number of PKH26-positive E-EVs in 100 pL of medium, n = 4 for each). Non-stimulated control mdlcates basal
production level of E-EVs. * P < 0.05, CytoCombo + LPS vs. LPS; “P < 0.05, CytoCombo + LPS vs. CytoCombo.

brovascular endothelial cells and pericytes. To this end, we first
assessed whether E-EVs could be incorporated into pericytes. To
rule out the effect of modification to the E-EV surface by the plasma
membrane-intercalating dye PKH26, we constructed a membrane-
localized EGFP (M-EGFP)-coding vector. M-EGFP-positive E-EVs
were fractionated from the culture medium of M-EGFP express-
ing b.End5 cells after a 3-hour stimulation with the high dose of

CytoCombo + LPS. The E-EV fractions obtained were washed 3
times with PBS, and then added to the culture medium of human
brain pericytes (HBPCs). After a 24-hour incubation, immunocyto-
fluorescence showed that many M-EGFP-positive E-EVs were
incorporated into the cytoplasmic region of HBPCs (Fig. 4). Some
of the M-EGFP-positive E-EVs were localized near the nucleus,
as confirmed by the Y-Z cross-sectional image and single-plane
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Figure 4 | E-EVs are incorporated into cerebrovascular pericytes. Plasma membrane-localized EGFP (M-EGFP)-positive E-EV's were fractionated from
M-EGFP-expressing b.End5 cells. When the M-EGFP-positive E-EVs were incubated with cerebrovascular pericytes, the E-EVs were taken up by the cells
as confirmed by immunocytofluorescence of EGFP. Incorporation of the E-EVs by the cells was precisely confirmed by a Y-Z cross-sectional image
(adjacent to the 3D projection merged image) and by 1-pm, sequential, single Z-plane images (bottom row). Scale bar, 10 pm.

sequential Z images (Fig. 4, upper right and bottom row). These
findings suggest that the bioactive molecules encapsulated in the
E-EVs were transferred into HBPCs.

To examine the bioactive molecules encapsulated in the E-EVs, we
examined the molecules in the E-EV fractions from b.End5 cells with
an miRNA array. Many miRNAs were upregulated in the E-EV's from
cells stimulated by a high dose of CytoCombo + LPS compared to

those in the E-EVs from non-stimulated control cells (Fig. 5a). Some

of them were also upregulated in the E-EVs from cells stimulated with
a high dose of CytoCombo, which induced an inflammatory response
in b.End5 cells, although to a lesser extent than CytoCombo + LPS
(Fig. 5a). These miRNAs sorted into the E-EVs were classified by
Ingenuity Pathway Analysis (IPA). A significant proportion of the
miRNAs were approved to be related to Inflammatory Disease and
Inflammatory Response (bright red) in Disease and Disorders of the
IPA (Supplementary Figure 5). Moreover, the miRNAs were abund-
ant in those related to Organismal Injury and Abnormalities, which
may associate with inflammation, over-represented (dark red). These
data suggest that inflammatory stimuli are able to sort the inflam-
mation-related miRNAs into E-EVs.

Among the various inflammation-related mlRNAs detected
(Fig. 5a), we focused on two, miR-328-3p and let-7d-3p, because

these miRNAs were extensively induced after stimulation with -

CytoCombo + LPS, and were significantly induced, but to a lesser
extent, after CytoCombo stimulation. Real-time PCR showed that
the cultured HBPCs expressed Yin and yang 1 (YY1), which is a
target mRNA of let-7d-3p and is an orthologue of mouse YyI that
was identified through in silico analysis (Figure 5b), but not the
target mRNAs of miR-328-3p including Proviral integration site
for Moloney murine leukemia virus 1 (PIMI), Testis-specific kinase
2 (TESK2), and Ataxin-2 binding protein 1 (A2BPI1) (data not
shown). The well-conserved, mature let-7d-3p sequences in mice
and humans are identical (Fig. 5c) and were shown to target YY1
mRNA through in silico analyses (Fig. 5d). VEGF family proteins
are synthesized in pericytes/ySMCs*** and are believed to be the
downstream targets of YY1, since YY1 knockdown upregulates their

expression levels, in which the upregulation of VEGF-B was most .

striking among VEGF family proteins®, Therefore, we investigated
whether inflammation-induced E-EVs modulated the expression of
VEGF family mRNAs and proteins. We observed that VEGF-B
mRNA and protein levels were low in the controls, but were exten-
sively induced in the E-EV-supplemented group (Fig. 6b, ¢, f). In
contrast, E-EV supplementation did not affect VEGFA, VEGFC, or

PLGF mRNA levels (Fig. 6a, ¢, d). The miRNAs carried by E-EVs
may mediate the inflammatory responses of endothelial cells by
regulating gene expression profiles in pericytes/vSMCs, especially
in cerebrovascular pericytes.

Discussion

Emerging evidence has suggested the importance of EVs in cell-to-
cell communication as carriers of small molecules such as peptides,
proteins, lipids, mRNAs, and miRNAs***. The bioactive molecules
encapsulated in EVs can be transferred to and function in target
recipient cells®*>-*, In addition, miRNAs act as regulatory molecules
of diverse biological phenomena, such as immune responses, inflam-
mation, and tumor growth'". However, our knowledge of EV- and
encapsulated miRNA-mediated cell-to-cell communication is
mainly limited to tumor cell biology. Although it is known that the
proinflammatory agent TNF-a induces the release of E-EVs*, the
significance of these E-EVs remains to be elucidated. To the best of
our knowledge, we demonstrated here, for the first time, that the
inflammation-related miRNAs carried by the E-EVs from endothe-
lial cells mediated inflammatory responses in pericytes. The induc-
tion of E-EV shedding was very acute and sensitive compared to
previously established inflammation markers like IL-6 and ICAM-
1?7%, and it may be useful as a very sensitive marker for inflammatory
diseases.

In recent years, a variety of pathogens and disease states have been
shown to affect the composition and function of these EVs. In vitro
studies demonstrated that environmental stresses such as heat, hyp-
oxia, irradiation, and changing of conditioned medium, differentially
modified the composition of EVs**. Specific coding and non-cod-
ing RNAs, retrotransposon RNAs, Alu transposable elements, and
chromosomal and mitochondrial DNA have been reported to be
enriched in tumor cell-derived EVs*~>*. The results of our present
study showed that when exposed to inflammatory stimuli, cerebro-
vascular endothelial cells could sort many inflammation-related
miRNAs into E-EVs ad initium. Moreover, the type and amount of
miRNAs that were sorted into the E-EV's was strongly correlated with
the severity of endothelial inflammation.

EVs from tumor cells could educate the bone marrow progenitor
cells to mobilize out from their niche. Vascular endothelial cells in
tumors could be “educated” by EV's derived from tumor cells to exhibit
a highly proliferative phenotype and karyotype abnormalities™®.
Along these same lines, our results show that the molecules in the
inflammation-induced E-EVs function in target pericytes to increase
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a
Without stimulant (control) CytoCombo CytoComb+LPS miRanda miRDB
Systematic_pame Raw Systematic_name Raw Fold change Systematic_name Raw Fold change
-~ \s. control vs. control
mmu-miR-328-3p 0.100 mmu-miR-328-3p 10.857 106.566 | | mmu-miR-328-3p 148.389 1483.887
mmu-miR-211-5p 0.100 | | mmu-miR-211-5p 0.100 1.000 | | mmu-miR-211-5p 108.716 1087.158
mmu-let-7d-3p 0.100 | | mmu-et-7d-3p 6.358 63.576 | | mmu-let-7d-3p 63.206 632,059
mmu-miR-698-3p 0.100 | | mmu-miR-898-3p 0.100 1.000 | | mmu-miR-698-3p 58.043 580.426
mmu-miR-204-5p 0.100 | { mmu-miR-204-5p 0.100 1.000 | | mmu-miR-204-5p 56.464 564.642
mmu-miR-615-3p 0.100 | { mmu-miR-615-3p 0.100 1.000 | | mmu-miR-615-3p 53.197 531.974
mmu-miR-485-3p 0.100 } | mmu-miR-485-3p 0.100 1.000 | | mmu-miR-485-3p 53.159 531.587
mmu-miR-764-5p 0.100 mmu-miR-764-5p 0.100 1.000 | | mmu-miR-764-5p 41.045 410.451
mmu-miR-335-3p 0.100 | | mmu-miR-335-3p 0.100 1.000 | | mmu-miR-335-3p 41.014 410.144
mmu-miR-346-5p 0.100 | | mmu-miR-346-5p 0.100 1.000 | | mmu-miR-346-5p 38.699 386.992
mmu-miR-18a-3p 0.100 mmu-miR-18a-3p 0.100 1.000 | | mmu-miR-18a-3p 37.589 375.892
mghvmiR-M1-8 0.100 | | mghvmiR-M1-8 0.100 1.000 | | mghvmiR-M1-9 36.071 360.707 PicTar
mmu-miR-328-3p 0.100 | | mmu-miR-328-3p 0.100 1.000 | | mmu-miR-329-3p 32.767 327.668
mmu-miR-540-5p 0.100 | | mmu-miR-540-5p 0.100 1.000 | | mmu-miR-540-5p 32184]  321.840 Sorromme] o |
mmu-let-7c-1-3p 0.100 { | mmu-let-7c-1-3p 0.100 1.000 | | mmu-let-7c-1-3p 30.890 308.901 }——V%!_ | Repressing and activating a diverse number of promoters |
mmu-miR-130b-5p 0.100 mmu-miR-130b-5p 0.100 1.000 | | mmu-miR-130b-5p 28.741 287.413
mmu-miR-29c-5p 0.100 mmu-miR-28¢c-5p 0.100 1.000 mmu-miR-29¢-5p 28.678 286.764
mmu-miR-1900 0.100 mmu-miR-1800 0.100 1.000 mmu-miR-1900 28.277 282.772
memv-miR-m58-2 0.100 | | mcmvmiR-m59-2 31.634 316.337 | | mcmvmiR-m59-2 27.802 278.016
| mghv-miR-M1-7-3p 0.100 | | mghvmiR-M1-7-3p 0.100 1.000 | | mghvmiR-M1-7-3p 26.648 266.483 C
mmu-miR-34b-3p 0.100 | | mmu-miR-34b-3p 0.100 1.000 | | mmu-miR-34b-3p 26.576 265.758 Human CUAUACGACCUGCUGCCUUUCU
mmu-miR-181-3p 0.100 mmu-miR-191-3p 5.504 55.040 mmu-miR-191-3p 26.573 265.730 Pig . CUAUACGACCUGCUGCCUUUCU
mmu-miR-1193-3p 0.100 mmu-miR-1193-3p 0.100 1.000 mmu-miR-1193-3p 26.315 263.146 Mouse CUAUACGACCUGCUGCCUUUCU
mmu-fet-7a-1-3p 0.100 mmu-et-7a-1-3p 0.100 1.000 | | mmu-et-7a-1-3p 25.464 254.640
mmu-miR-511-5p 0.100| | mmu-miR-511-5p 0.100 1,000 | [ mmu-miR-5115p 23639 | 236,334 Rat CUAUACGAGCUGCUGCCUULCU
mmu-miR-351-5p 0.100| | mmu-miR-351-5p 0.100 1.000 | [ mmu-miR-351-5p- 22977  229.771 Chinese hamster CUAUACGACCUGCUGCCUUUCU
mmu-miR-434-3p 0.100 | | mmu-miR-434-3p 0.100 1.000 | | mmu-miR-434-3p 22.793 227.931 i
mmu-miR-92b-3p 0.100 | | mmu-miR-92b-3p 0.100 1.000 | | mmu-miR-82b-3p 22,285 222.850
mmu-miR-299a-5p 0.100 mmu-miR-299a-5p 0.100 1.000 mmu-miR-299a-5p 22,142 221.417
mmu-miR-154-5p 0.100 | | mmu-miR-~154-5p 0.100 1.000 | | mmu-miR-154-5p 22.076 220.762 d
mmu-miR-1180 0.100 | | mmu-miR-1130 0.100 1.000 | | mmu-miR-1190 21.848 218.485
mmu-let-7g-3p 0.100 | | mmu-jet-7g-3p 0.100 1.000 | | mmu-let-7g-3p 13.368 133.682 miRanda miRDB
mmu-miR-340-3p 0.100 mmu-miR-340-3p 0.100 1.000 | | mmu-miR-340-3p 13.246 132.461
mmu-miR-26b-3p 0.100 mmu-miR-26b-3p 0.100 1.000 | | mmu-miR-26b-3p. 12.872 128.721
mmu-miR-183b-3p 0.100 mmu-miR-183b-3p 0.100 1.000 mmu-miR-193b-3p 11.567 115.668
mmu-miR-189a-5p 0.100 mmu-miR-199a-5p 0.100 1.000 | | mmu-miR-199a-5p 11.354 113.544
mmu-miR-189b-5p 0.100 mmu-miR-199b-5p 0.100 1.000 mmu-miR-199b-5p 11.262 112.616
mmu-miR-744-3p 0.100 mmu-miR-744-3p 0.100 1.000 | | mmu-miR-744-3p 10.709 107.090
mmu-miR-880-3p 0.100 | | mmu-miR-880-3p 0.100 1.000 | | mmu-miR-880-3p 9.840 99.397
mmu-miR-683 0.100 | | mmu-miR-683 0.100 1.000 | | mmu-miR-683 9.874 98.744 "
mmu-miR-10b-5p 0.100 mmu-miR-10b-5p 0.100 1.000 | | mmu-miR-10b-5p 9,846 98.459
mmu-miR-343 0.100 | | mmu-miR-343 0.100 1.000 | | mmu-miR-343 9.684 96.840
mmu-miR-467a-3p 0.100 | | mmu-miR-467a-3p 0.100 1.000 { | mmu-miR-467a-3p 9.128 91.282
mmu-miR-324-3p 0.100 mmu-miR-324-3p 0.100 1.000 | | mmu-miR-324-3p 8.924 89.238
mmu-miR-326-3p 0.100 mmu-miR-326-3p 0.100 1.000 mmu-miR-326-3p 8.835 88.351
mmu-miR-342-3p 0.100 | | mmu-miR-342-3p 0.100 1.000 | | mmu-miR-342-3p 8.692 86.922
mmu-miR-281a-3p 0.100 | | mmu-miR-281a-3p 0.100 1.000 | | mmu-miR-291a-3p 7.466 74.665 miRWalk
mmu-miR-423-3p 0.100 mmu-miR423-3p 5.225 52.253 mmu-miR-423-3p 5.231 52.310
mmu-miR-666-3p ©0.100 | | mmu-miR-668-3p 0.100 1.000 | | mmu-miR-668-3p 5.132 51.318 G"—“';,f);'ﬂ ————— wvaﬁn"‘”‘:‘,“’" —
mmu-miR-575-3p 0.100 | | mmu-miR-675-3p 0.100 1.000 | [ mmu-miR675-3p 5019 50,186 T o e lubel ol omolfs |
mmu-let-7i-3p 0.100 | | mmu-et-7i-3p 0.100 1.000 | | mmu-let-7i-3p 4.675 46.748 [ RINZ | Remodefing of connective fissues during pregnancy

Figure 5 | MiRNA array data from inflammation-stimulated E-EVs. (a) MiRNAs extracted from E-EVs undergo a drastic change following treatment
with inflammatory stimulants. Some of the miRNAs are upregulated more than 500 fold by CytoCombo + LPS treatment when compared to the

non-stimulated control. (b) The multifunctional transcription factor Yy1 is determined as a target of let-7d-3p in mice that are commonly identified in
3 different public accessible databases. (c) Homology analysis of let-7d-3p. The alignment of let-7d-3p sequences indicates that the mature sequences
of five mammalian species are identical. (d) YY1, ABCAS8, and RLN2 are determined as a target of let-7d-3p in human that are commonly identified in

3 different public accessible databases.

VEGF-B mRNA and protein expression. Furthermore, this “edu-
cation” was suggested to be mediated by the miRNA encapsulated
in the E-EVs since VEGFB is thought to be a downstream target of
the highly-accumulated miRNA in the inflammation-induced E-EVs.
Similarly, various organ-derived EVs have been shown to be incorpo-
rated into bone marrow cells in vitro™. As a result, the mRNAs were
delivered and the expression of organ-specific mRNAs was induced in
the bone marrow cells. E-EVs and encapsulated miRNA were shown
to be involved in the cascade of cellular events in the inflammatory
vascular response.

VEGE-B is a specific ligand of VEGFR-1 that is expressed in
endothelial cells and pericytes/vSMCs*®*. VEGFR-1 mediates patho-
logical angiogenesis by targeting both endothelial cells and pericytes
in the pathological neovascularization of choroidal and retinal tis-
sues®, Similarly, VEGFR-1 stimulates the endothelial differentiation
and the formation of blood vessels in infantile hemangioma® and
vascular formation in implanted tumors®. Furthermore, VEGFR-1
ablated vascular pericytes and aggravated vascular leakage to induce
cancer-associated retinopathy®. Accordingly, inflammation-induced

E-EVs enhanced VEGF-B expression in pericytes, which may me-
diate pathological neovascularization and/or vascular leakage in
response to inflammation of endothelial cells. Furthermore, since
E-EVs are carried in the blood stream in many pathological con-
ditions, E-EVs may spread the local inflammatory responses of
endothelial cells to the systemic vasculature. Inhibition of E-EVs
may limit the extent of inflammation-induced cellular responses from
endothelial cells to the surrounding cells, and E-EVs may be a new
therapeutic target for inflammatory diseases.

In conclusion, we developed a reproducible in vitro E-EV produc-
tion system and a quantitative E-EV measurement method. Using
these tools, we demonstrated that inflammation-induced E-EVs
could “educate” target cells to modulate growth factor production.
We also showed evidence to suggest that part of this cell education
signal might be an miRNA encapsulated in the E-EVs. Our findings
offer a new clinical approach, targeting E-EVs, for the prevention and
treatment of acute and chionic inflammatory diseases. Further
experiments are needed to elucidate the molecular mechanisms by
which E-EVs transfer their “educating” messages.
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Figure 6 | Effects of E-EVs in cerebrovascular pericytes. (a~d) The mRNA levels of the VEGF famﬂy members, VEGFA, VEGFC, and PLGF in the
E-EV-supplemented and non-stimulated control groups did not differ significantly (a, ¢, and d). In contrast, VEGFB was significantly upregulated in the
E-EV-supplemented group compared to the non-stimulated control group (b) (n = 3, P < 0.05). (e and ) VEGF-B protein levels were measured by
western blotting (e), using GAPDH as an internal control. VEGF-B protein was significantly upregulated in the E- EV—supplemented group compared to

the non-stimulated control group (f) (n = 3, P < 0.05).

Methods

Cell lines and culture conditions. The mouse brain endothelial cell line, b.End5, and
human brain pericytes (HBPCs) were purchased from DS Pharma Biomedical
(Osaka, Japan), and from Applied Cell Biology Research Institute (Kirkland, WA),
respectively. The cells were cultured using the EBM-2 bullet kit (Takara, Kyoto,
Japan) at 37°C in a humidified atmosphere containing 5% CO,. Membrane-localized
EGFP (M-EGFP)-expressing b.End5 cells were generated by transfection of the
GAP43 membrane targeting sequence-Egfp fusion gene, which was constructed as
follows. Briefly, the human GAP43 membrane targeting sequence was cloned from the
plasmid (Clone ID No. IRAL020F10, RIKEN BRC, Tsukuba, Japan) and inserted into
the multi-cloning site of the pEGFP-N1 vector (Takara). The vector containing the
resultant fusion gene, consisting of the GAP43 membrane targeting sequence and Egfp,
was transfected into b.End5 cells using X-tremeGENE transfection reagent (Roche,
Basel, Switzerland) according to the manufacturer’s protocol.

Reagents. The inflammatory cytokines TNF-a, IL-1p, and IFN-y were purchased
from PeproTech (Rocky Hill, NJ). Lipopolysaccharide (LPS) was obtained from List
Biological Laboratories (Campbell, CA). TNF-a, IL-1pB, and IFN-y were used
separately, as a mixture (referred to as CytoCombo), or as a mixture of CytoCombo
and LPS (CytoCombo + LPS) (Supplementary Table 1). The plasma membrane
intercalating fluorescent dye PKH26 was purchased from Sigma-Aldrich (St. Louis,
MO) and was used according to the manufacturer’s protocol. The cell tracer
fluorescence dye 5-(and 6)-carboxyfluorescein diacetate succinimidyl ester (CSFE)
was purchased from eBijoscience (San Diego, CA) and was used according to the
manufacturer’s protocol.

Fractionation of endothelial cell-derived extracellular vesicles (E-EVs). Ten-
centimeter dishes coated with type I collagen (BD Biosciences, San Jose, CA) of
confluent b.End5 cells were rinsed with PBS, and stimulated with medium containing
CytoCombo + LPS, CytoCombo, or LPS alone to induce inflammation. Culture
medium without any stimulant was used as a control. After a 3-hour incubation, the
conditioned culture medium was centrifuged at 1,000 rpm for 10 minutes at 4°C to
eliminate the cellular debris. The supernatant was then ultracentrifuged at 100,000 X

g for 90 minutes at 4°C, and the pellets were used as the E-EV fraction in the following
analyses.

Immunocytofluorescence. For immunocytofluorescence, cells were seeded into 8-
well culture slides (BD Biosciences). After treatmerit with various stimuli, the slides
were fixed in 4% paraformaldehyde for 15 minutes on ice, and then rinsed with PBS.
All specimens were permeabilized in a 0.3% Triton X-100/PBS solution.
Permeabilized specimens were incubated at 4°C overnight with primary antibodies
diluted in 0.03% Triton X-100/PBS with 10% normal goat serum (VECTOR
LABORATORIES, Burlingame, CA), which was used for blocking. The following
primary antibodies were used: rat anti-TLR4/MD-2 complex (1: 200; eBioscience),
mouse anti-ICAM-1 (1:200; Abcam, Cambridge, UK), rabbit anti-cleaved caspase 3
(1:200; Cell Signaling Technology, Danvers, MA), rabbit anti-GFP (1 :100; Frontier °
Institute, Hokkaido, Japan). The Alexa-Fluor488, Alexa-Fluor568, or Alexa-
Fluor633-conjugated secondary antibodies (Life Technologies Corporation,
Carlsbad, CA) were used at 1: 500 dilutions. For F-actin staining, Falloidin-Alexa-
Fluor647 (1 : 500; Cytoskeleton, Denver, CO) was used. Nuclei were stained with
Hoechst 33258 (Nacalai Tesque, Koto, Japan). For immunofluorescence of E-EVs,
fractionated E-EVs from culture media of b.End5 cells pre-stained by PKH26 or CSFE
were incubated with 3% normal mouse serum (VECTOR LABORATORIES) at 4°C
for blocking. The following primary antibodies were used: rat anti-Flk-1-FITC (1:20;
BD Biosciences, San Jose, CA), rat anti-CD62E-PE (1:20; BD Biosciences). The
imaging system was a Leica TCS SP5 confocal system (Leica Microsystems, Wetzlar,
Germany). .

FACS analysis. E-EVs released into culture media were analyzed by flow.cytometry.
E-EVs in the media were gated as events 0f 0.3 to 3.0 pum in diameter, corresponding
to the size of the membrane shed EVs**=', E-EV's were further gated as PKH26-
positive events, by using b.End5 cells pre-labeled with PKH26, a membrane
intercalating dye. This gating allowed us to discriminate E-EVs from the other
microparticles of similar diameters in the medium. We used 3.0- to 3.4-pm rainbow
calibration particles (BD Biosciences) as benchmarks. Flow cytometry was performed
with a FACSCanto II (BD Biosciences) and FlowJo software (Tree Star, Ashland, OR)
was used for data analysis.
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Scanning electron microscopy. Endothelial b.End5 cells were seeded on cover slips
and cultured until confluent. Confluent cells were then exposed to inflammatory
stimuli (CytoCombo + LPS) for 10 seconds or 10 minutes. After stimulation, the cells
were fixed with 2% formaldehyde (Wako Pure Chemical Industries, Osaka, Japan)
and 2.5% glutaraldehyde (Wako Pure Chemical Industries) prepared in 0.1 M
sodium phosphate buffer (pH 7.4) for 2 hours at room temperature, and then
postfixed in 1% osmium tetroxide in the same buffer for 2 hours on ice. Cells were
then dehydrated in a graded series of ethanol, substituted with t-butyl alcohol and
freeze-dried. Cells were sputter-coated with osmium and then observed in a $§4200
scanning electron microscope (Hitachi).

RNA extraction, cDNA synthesis, conventional PCR, and real-time PCR. Total
RNA was isolated from b.End5 cells or HBPCs using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. Total RNA (100 ng)
was reverse-transcribed as described in the PrimeScript RT reagent Kit protocol
(Takara). Conventional PCR was performed with a Bio-Rad C100 Thermal Cycler
(Bio-Rad Laboratories, Hercules, CA). The cDNAs were diluted 1:20 with the
reaction mixture from the Ex Taq PCR kit (Takara), and the PCR was performed by
standard 3 step amplification protocol consisting of hot start enzyme activation at
95°C for 10 minutes followed by 35 cycles of amplification at 95°C for 30 seconds,
60°C for 60 seconds, and 72°C for 60 seconds. For real-time PCR, which was
performed with a Takara Thermal Cycler Dice Real Time System TP800 (Takara), the
cDNAs were diluted 1 :25 in the reaction mixture containing SYBR Premix EX Taq IT
(Takara). The real-time PCR program consisted of hot start enzyme activation at
95*C for 10 seconds followed by 45 cycles of amplification at 95°C for 10 seconds and
60°C for 40 seconds. Finally, to obtain a dissociation curve, a final cycle was
performed at 95°C for 1 minute, 60°C for 30 seconds, and 95°C for 10 seconds. For
data analysis, the mouse or human glyceraldehyde-3-phosphate dehydrogenase
(Gapdh or GAPDH) housekeeping gene was used as an internal control. Induction
values were calculated using analysis software (Takara). Primer sequences are
available upon request from the TAKARA BIO INC. website (http://www.takara-bio.

co.jp/).

MiRNA array. The miRNA expression profile was obtained by using a Mouse
miRNA microarray 8 X 15 K (Agilent Technologies, Santa Clara, CA) according to
the manufacturer’s protocol. Total RNA was prepared from fractionated E-EVs using
the miRNA easy Mini Kit (Qiagen). RNA quality was measured with an Agilent 2100
Bioanalyzer (Agilent Technologies). Synthesis of probes, and hybridization to the
Mouse miRNA microarray 8 X 15 K were performed by using the miRNA Complete
Labeling and Hyb Kit (Agilent Technologies). Hybridized samples were analyzed
using a Microarray Scanner (G2505B, Agilent Technologies) and GeneSpring GX
software (Agilent Technologies) according to standard protocols. The miRNA array
data were analyzed using Ingenuity Pathway Analysis (Ingenuity Systems, http://
www.ingenuity.com/). '

Western blotting. For E-EV marker analyses, E-EV's that were fractionated from the
culture media of b.End5 cells after CytoCombo + LPS stimulation were used as
sample. For the control, b.End5 cells were used. For VEGF-B analyses, E-EVs that
were fractionated from the culture media of b.End5 cells after CytoCombo
stimulation were added (100 pg) to HBPCs cultured in a collagen type I-coated 24~
well plate (BD Bioscience), and the plate was incubated at 37°C for 48 hours. Sample
preparations and all other procedures for western blotting have been described
elsewhere®. Briefly, cells were lysed using RIPA buffer (Thermo Fisher, Waltham,
MA) on ice. Whole cell lysates were separated by SDS-PAGE and then
electrophoretically transferred to polyvinylidene difluoride membranes. The
membranes were incubated for 1 hour at room temperature in a 50 mM Tris buffer
containing 150 mM NaCl, 0.05% Tween 20, and 5% BSA for blocking. The
membranes were then probed with rabbit anti-VEGFR-2 (1:500; Cell Signaling
Technology), rabbit anti-CD62E (1:100; Abcam), rabbit anti-VEGF-B (1 : 100;
Abcam), and mouse anti-GAPDH (1 :5,000; Merck Millipore, Billerica, MA)
antibodies. The membranes were washed in a 50 mM Tris buffer containing 150 mM
NaCl, and 0.05% Tween 20, and were incubated with the appropriate horseradish
peroxidase-conjugated secondary antibodies. Immunoreactive bands were detected
using enhanced chemiluminescence reagents (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden) according to the manufacturer’s instructions.

Statistical analysis. Statistical significance was determined using Student’s t-test, or
one- or two-way analysis of variance (ANOVA) with Tukey's or Newman-Keuls
multiple comparisons as a post hoc analysis for ANOVA. P values less than 0.05 were
considered statistically significant. Graphs were drawn using GraphPad Prism 6
(GraphPad Software, Inc., La Jolla, CA). Quantified data are presented as mean *
SEM.
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Although phenotypically polarized macrophages are now generally classified into two major subtypes
termed proinflammatory M1 and anti-inflammatory M2 macrophages, a contributory role of lung M2
macrophages in the pathophysiological features of acute lung injury is not fully understood. Herein,
we show in an endotoxemic murine model that M2 macrophages serve as key anti-inflammatory cells
that play a regulatory role in the severity of lung injury. To study whether M2 macrophages can modify
inflammation, we depleted M2 macrophages from lungs of CD206-diphtheria toxin (DT) receptor
transgenic (Tg) mice during challenge with lipopolysaccharide. The i.p. administration of DT depleted
CD206-positive cells in bronchoalveolar lavage fluid. The use of M2 macrophage markers Ym1 and
arginase-1 identified pulmonary CD206-positive cells as M2 macrophages. A striking increase in
neutrophils in bronchoalveolar lavage fluid cell contents was found in DT-treated CD206-DT receptor
Tg mice. In CD206-DT receptor Tg mice given DT, endotoxin challenge exaggerated lung inflammation,
including up-regulation of proinflammatory cytokines and increased histological lung damage, but
the endotoxemia-induced increase in NF-kB activity was significantly reduced, suggesting that M2
phenotype-dependent counteraction of inflammatory insult cannot be attributed to the inhibition of
the NF-kB pathway. Our results indicate a critical role of CD206-positive pulmonary macrophages in
triggering inflammatory cascade during endotoxemic lung inflammation. (Am J Pathol 2015, 185:
162—171; http://dx.doi.org/10.1016/j.ajpath.2014.09.005)

Macrophages are critical regulators of many organ systems,
including innate and adaptive immunity, systemic meta-
bolism, hematopoiesis, vasculogenesis, malignancy, and
reproduction.I Macrophages differentiate into functionally
distinct immunological populations depending on the mi-
croenvironments. On the basis of type 1/2 helper T-cell po-
larization concepts,” phenotypically polarized macrophages
are now generally termed proinflammatory M1 and anti-
inflammatory M2.>* Macrophages exposed to microbial
products and interferon-y become classically activated mac-
rophages (M1), which produce copious amounts of proin-
flammatory cytokines and chemokines; key among these are
tumor necrosis factor (TNF)-a, IL-18, IL-6, IL-12, and che-
mokine ligand 2. The same macrophages also produce reac-
tive oxygen intermediates, and function predominantly in
inflammation, tissue damage, killing of intracellular mi-
crobes, and increased tumoricidal activity.> Recent studies

Copyright © 2015 American Society for Investigative Pathology.
Published by Elsevier Inc. All rights reserved.
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also suggest that the phenotypic switching of adipose tissue
macrophages from M2 to M1 is generated by obesity, leading
to systemic inflammation and insulin resistance.”™’ In
contrast, alternative activation of macrophages is promoted
by a variety of stimuli, such as IL-4, IL-10, IL-13, and glu-
cocorticoids, that elicit different M2 forms. M2 macrophages
up-regulate scavenger, mannose receptor, galactose receptor,
and IL-1 receptor antagonist, and down-regulate IL-1f and
other proinflammatory cytokines.>®® They are principally
able to tune inflammatory responses and adaptive type 2
helper T-cell immunity, and to promote tissue remodeling,
angiogenesis, and tumor development.®'® Furthermore, M2
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macrophage activation can protect neurons and facilitate
neuronal regeneration in Alzheimer disease.'' M2-polarized
macrophages are further subdivided into the wound-healing
M2a (elicited by 1L-4 and IL-13), the regulatory M2b (after
stimulation by immune complexes in the presence of Toll-like
receptor ligands), and the M2c (when exposed to anti-
inflammatory stimuli, such as glucocorticoids, IL-10, and
transforming growth factor-B),* but this sub-classification
may not fully represent the complexity of the transitional
states of macrophage activation, which is finely tuned in
response to different microenvironments. 2

~ Acute lung injury (ALI) is a common and highly morbid
clinical disease marked by respiratory failure attributable to
increased pulmonary endothelial and epithelial permeability,
leading to alveolar flooding, and neutrophil accumulation in
alveolar spaces and in adjacent capillaries.'>'* Although
neutrophil influx and activation within the lung play a crucial
role in the pathogenesis of ALL'"® growing evidence indicates
that macrophages also contribute to the modulation of lung
inflammation and the resultant lung injury.'®'® Several
studies have found that macrophage depletion with clodronate-
lisosomes results in attenuation of lung injury after endotoxin
administration, ischemia-reperfusion, and mechanical ven-
tilation.'”?? Conversely, other studies suggest that the
recruitment of macrophages to the lung is associated with
attenuated lung injury.**** One possible explanation for such
disparate roles of macrophages in ALI may be related to
different depletion or recruitment of heterogeneous pop-
ulations of proinflammatory and anti-inflammatory macro-
phages in the lung. However, how M2 macrophages have a
protective anti-inflammatory role under the pathological con-
dition of ALI is not fully understood.

Herein, we decided to deplete M2 macrophages in mice
during exposure to lipopolysaccharide (LPS). We generated
a line of transgenic (Tg) mice expressing human diphtheria
‘toxin (DT) receptor under the control of the Mrcl gene
promoter. Murine cells are naturally resistant to DT because
they lack functional cell surface receptors for the toxin.>> =%’
Thus, the technique with human DT receptor transduction
allows us to achieve efficient inducible ablation of a specific
type of murine cells by DT administration in vivo. Because
Mrcl (alias CD206) is a cell surface receptor as an M2
phenotypic marker, systemic administration of DT was able
to lead to a sharp decline in lung M2 macrophages in
CD206-DT receptor Tg mice. Herein, we identify lung M2
macrophages as key anti-inflammatory cells that play a
regulatory role in the severity of endotoxin-induced
lung injury.

Materials and Methods

Generation and Screening of CD206-DT Receptor Tg
Mice

We obtained the mouse BAC clone RP 24-377 D19 carrying
a 152-kbp insert containing the exon coding translational
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| start Met and upstream 133-kbp sequenée of CD206 gene

from the BACPAC Resources Center CHORI (Oakland,
CA). The plasmid pTRECKS that includes noncoding exon
and intron from rabbit -globulin gene, human HB-EGF (DT
receptor) cDNA, and rabbit §-globulin and simian virus 40
polyadenylation (pA) signals was kindly provided by
Dr. Kenji Kohno (Nara Institute of Science and Technology,
Nara, J.':lpan).zg’29 By using a Counterselection BAC modi-
fication kit (Gene Bridges, Dresden, Germany), we inserted
the noncoding exon and intron from rabbit B-globulin gene,
human DT receptor cDNA, and rabbit B-globulin and simian
virus 40 pA signals at the initiation site of translation in the
CD206 gene to yield the pTg-CD206-DT receptor
(Figure 1A).

The purified pTg-CD206-DT receptor BAC DNA was
microinjected into pronuclei of fertilized one-cell embryos
from C57BL/6 mice. Founder mice were crossed with
C57BL/6 mice to produce +/CD206°T ™" mice, The
wild-type (WT; +-/-) and heterozygous CD206-DT receptor
(+/CD206DTR) littermates were used for analysis. All mice
were housed in a specific pathogen-free facility. Experi-

ments were performed according to institutional guidelines.

For the genotyping of the Tg mouse lines by Southemn
blot analysis, genomic DNA prepared from tail biopsy
specimens was digested with BamHI, separated by electro-
phoresis on a 0.6% agarose gel, and transferred to a nylon
membrane (Hybond-N*; GE Healthcare Japan, Tokyo,
Japan). Hybridization was conducted with a 900-bp 32p-
labeled DNA fragment derived from the exon 1 and intron 1
(Figure 1B). The detected band sizes of endogenous and Tg
genes were 8.3 and 3.8 kb, respectively.

Experimental Procedures

In a first series of experiments to examine the effects of M2
macrophage depletion under normal noninflammatory con-
ditions, CD206-DT receptor Tg mice and WT littermates
received an i.p. injection of 15 pg/kg DT. Mice were
administered DT for 3 consecutive days and sacrificed 24
hours after the last injection (Figure 2A). Blood samples
were collected, and various tissues and organs were
removed. Some mice were given phosphate-buffered saline
(PBS) instead of DT.

In another series of experiments to address the role of M2
macrophages in endotoxin-induced ALI, mice received an i.p.
injection of 15 pg/kg DT for 3 consecutive days and were
subsequently challenged with i.v. LPS (0.1 mg/kg; List Bio-
logical Laboratories, Campbell, CA) 24 hours after the last
injection. Mice were sacrificed 2 hours later, and blood
collection and lung tissue isolation were performed (Figure 3A).

RNA Extraction and Quantitative Real-Time PCR
Total RNA was isolated from tissues with an RNeasy Mini

Kit (Qiagen, Tokyo, Japan). RNA was reverse transcribed to
cDNA, and real-time PCR analyses were performed as
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described previously30 using a Takara RNA PCR kit (Takara
Bio, Ohtsu, Japan). Thermal cycler parameters were as fol-
lows: 1 cycle of 50°C for 2 minutes, 50 cycles of denatur-
ation (95°C for 15 seconds), and combined annealing/
extension (60°C for 30 seconds). Gene expression changes
were calculated by the comparative Cr method, and .18S
ribosomal RNA was used as the reference gene for
- normalization. :

Enzyme Immunoassay for Cytokines

Blood levels of IL-18, TNF-a, monocyte chemotactic pro-

tein- (MCP)-1, and IL-6 were measured by the use of a
commercially available enzyme-linked immunosorbent
assay (ELISA) kit (R&D Systems, Minneapolis, MN), ac-
cording to the manufacturer’s instructions. The plate’ was
read on a microplate reader (Nippon-InterMed, Tokyo,
Japan). Assays were performed in duplicate.

Histological Examination

For routine histological examination, inflation-fixed lungs
were harvested, fixed, dehydrated, paraffin embedded, and
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‘Figure 1 (D206 expression in C57BL/6 mice.

A: Schematic representation of WT and DT receptor

(DTR)—inserted transgene in BAC DNA (pTg-
wT CD206-DT -receptor). Exons 1 through 3 of (D206

gene are indicated by an open box. Met is the
Tg initiation site of translation in CD206. In the pTg-
k CD206-DT receptor BAC DNA, rabbit B-globin

intron, human DT receptor cDNA, and rabbit
i B-globin/simian virus 40 pA signals are indicated
Ym1 by line and gray box. The probe used for Southern
blot analysis is indicated as a solid line together
with the predicted hybridizing fragments. After
insertion of DT receptor, the D206 of the trans-
gene is not expressed. B: Southern blot analysis of
BamHI-digested genomic DNA from CD206-DT
receptor Tg mice. Genomic DNAs were hybridized
with the CD206 probe, as shown in A. Location of
WT (8.6 kbp) and CD206-transgene (Tg; 3.8 kbp)-
derived bands are shown. The positions of DNA
size markers. (kbp) are indicated on the left. C:
(D206 mRNA expression in different tissues of
normal mice. The data are expressed as a fold in-
crease above kidney value normalized to 18S
(n = 3 mice). (D206 (D) and Ym1 (E) mRNA
expression in lung tissues and in BALF from normal
mice. The data are normalized to GAPDH (n = 3).
The IHC detection of arginase-1—positive cells (F)
and CD206-positive cells (G) in lung sections and
in BALF (H) from normal mice. Lung sections and
BALF were stained with hematoxylin. Arrows
indicate CD206-positive cells (G). I: Immunofluo-
rescence images in BALF. Left panel: (D206 (red).
Middle panel: arginase-1 (Arg-1; green). Right
panel: Overlap images with the two stains-are
presented. Nuclei were counterstained with DAPI
(blue). Shown are representative micrographs from
two independent experiments. *P < 0.05,
**P < 0.01.

sliced into sections (4 pm thick).*>*' After deparaffinization,
slides were stained with hematoxylin and eosin (H&E) using
standard methods. A semiquantitative morphometric analysis
of lung injury was performed by scoring from 0 to 4: 0 in-
dicates none; 1 indicates light; 2 indicates moderate; 3 in-
dicates severe; and 4 indicates very severe. The scores are for
the following categories: neutrophil infiltration, pulmonary
edema, and disorganization of lung parenchyma and hemor-
thage.*® A total lung injury score was calculated by adding
the individual scores in every animal and averaging the total
values in each group. All of the histological studies were
performed in a blinded manner (K.K.).

IHC Data

Frozen lung sections (5 mm thick) were fixed in acetone for 10
minutes at —20°C and air dried. Bronchoalveolar lavage
(BAL) was performed with five aliquots of 5 mL of PBS
instilled into the lungs and gently withdrawn. Cells obtained
from the total BAL fluid (BALF) were spun at 113 x g for 10
minutes onto glass slides by use of a Cytospin 4 (Thermo Fisher
Scientific, Yokohama, Japan). Then, they were fixed with 4%
buffered formalin solution for 10 minutes at room temperature.

ajp.amjpathol.org ® The American Journal of Pathology

_99_



M2 Macrophages in Acute Lung Injury

Endogenous peroxidase activity was quenched by incubation
in 0.3% hydrogen peroxide for 15 minutes. After incubation
overnight at 4°C with anti-CD206 antibody (AbD Serotec,
Raleigh, NC) or anti—arginase-1 antibody (Sigma-Aldrich, St.
Louis, MO), the samples were exposed to anti-rat or anti-rabbit
1gG conjugated with horseradish peroxidase. Bound antibody
was visualized by a light microscopy with diaminobenzidine.
Omission of primary antibody and staining with nonimmune
IgG served as negative control.

Immunofluorescence Staining

Cells obtained from the total BALF were adhered to a glass-
bottom dish, fixed with 4% paraformaldehyde, and per-
meabilized in Perm Buffer (BD Biosciences, San Diego, CA).
Cells were exposed to the fluorescent antibody Alexa
546—conjugated anti-rat IgG and Alexa 488—conjugated anti-
rabbit IgG (Life Technologies, Carlsbad, CA) after overnight
. incubation with the primary antibody, anti-CD206 antibody
and anti—arginase-1 antibody. The nucleus was counterstained
with DAPIL Immunofluorescence images were observed under
an Olympus (Tokyo, Japan) BX-51 fluorescence microscope
and processed using Adobe Photoshop CS3 software (Adobe,
San Jose, CA).

Cell Counting in BALF

The alterations in cells in BALF were examined as described
previously.”’ Cells in BALF obtained as mentioned above
were counted with a hemacytometer. Slides were stained with
Wright stain, and cell differentiation was tabulated using light
microscopy.

NF-kB and AP-1 Binding Assays

Nuclear protein extracts from freshly isolated lungs were
obtained with a commercially available nuclear extraction
kit (Sigma-Aldrich), as described in the manufacturer’s
manual. TransAM NF-kB and TransAM AP-1 kits (Active
Motif, Carlsbad, CA) were used to quantify the binding of
p65 to the NF-kB site and c-Jun and c-Fos to the activator
protein (AP)-1 site, according to the manufacturer’s in-
structions. TransAM kits are DNA-binding ELISAs that
quantify transcription factor activation in tissues.

Electrophoretic Mobility Shift Assay

NF-kB and AP-1 DNA binding reactions were performed ac-
cording to the manufacturer’s protocol using the Odyssey
Infrared electrophoretic mobility shift assay kit (Li-Cor Bio-
sciences, Lincoln, NE) and nuclei extracts from lung tissues.
Double-stranded IRDye 700 infrared dye-labeled oligonucleo-
tides with consensus sequences of NF-kB (forward, 5'-AGTT-
GAGGGGACTTTCCCAGGC-3' and reverse, 5'-GCCTGGG-
AAAHTCCCCTCAACT-3') and AP-1 (forward, 5'-CGCTT-
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GATGACTCAGCCGGAA-3' and reverse, 5'-TTCCGGCT-
GAGTCATCAAGCG-3') were used. ‘

Statistical Analysis

Data were analyzed by the use of Prism software version 6
(GraphPad Software, San Diego, CA). Statistical analysis
was performed by Student’s unpaired r-test or one-way
analysis of variance, followed by Tukey’s multiple com-
parison test. Differences were considered significant at
P < 0.05. Data are presented as means &= SEM.

Results

CD206-Positive Cell Expression and Distribution in
Mice

CD206 mRNAs were transcribed in a variety of tissues,
including lung, liver, spleen, and kidney, of normal C57BL/6
mice, but they were most abundant in lung tissues (Figure 1C).
CD206 mRNA expression levels were evidently higher in
BALF than in lung tissues when normalized to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (Figure 1D). Likewise,
high levels of mRNA expression of the classic M2 marker Ym1
were detected in BALF (Figure 1E). Immunohistochemical
(HC) studies showed that CD206-positive cells were present
in the alveoli (Figure 1G) and constituted a great portion of the
whole cells in BALF (Figure 1H). Arginase-1, a marker for the
M2 subset, behaved in the same way as CD206 in terms of the
alveolar Jocalization (Figure 1F). Moreover, merging of CD206
and arginase-1 showed that CD206-positive cells in BALF
were labeled with arginase-1 (Figure 1I).

DT Treatment of CD206-DT Receptor Tg Mice

DT treatment resulted in a sharp reduction in CD206 mRNA
levels in lungs of CD206-DT receptor Tg mice without any
change in those of WT mice (Figure 2B). Similarly, Yml
mRNA expression in lungs was reduced when DT was given
to CD206-DT receptor Tg mice (Figure 2C). Consistent with
the effect on CD206 mRNA in lung tissues, DT treatment
caused marked decreases in the CD206 and Yml mRNA
expression levels (Figure 2, D and E) and the CD206-positive
cell number (Figure 2, F and G) in BALF from the CD206-
DT receptor Tg animal compared with WT. Furthermore,
an immunofluorescence labeling study showed that no cells
labeled with CD206 or arginase-1 were detectable in BALF
from CD206-DT receptor Tg mice (data not shown).

DT treatment did not substantially affect mRNA levels of
proinflammatory cytokines, IL-1B, TNF-a, MCP-1, and
IL-6, in lungs of WT mice. On the other hand, CD206-DT
receptor Tg mice exhibited up-regulation of these proin-
flammatory cytokine mRNAs in response to DT treatment
(Figure 2H). However, the effects of DT treatment on in-
flammatory gene expression were much less pronounced
when compared with those of further challenge with LPS in
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and proinflammatory cytokine production in
(D206-DT receptor Tg mice. A: Experimental pro-
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DT-treated CD206-DT receptor Tg mice (Supplemental
Figure S1).

When blood levels of promﬂammatory cytokines were
measured via an ELISA, the WT animals had low: levels of
the cytokines examined herein regardless of whether DT
was given. In contrast, IL-18, MCP-1, and IL-6 showed an
evident increase in CD206-DT receptor Tg mice when
treated with DT, except that TNF-a was undetectable even
though DT was administered (Figure 2I). :

Effect of LPS in DT-Treated CD206-DT Receptor Tg Mice

DT treatment was without effect on lung and BALF CD206
mRNA levels in WT mice. When a low dose (0.1 mg/kg) of
LPS was iv. injected to DT-treated WT mice, CD206
mRNA levels were substantially unchanged in both lungs
" and BALF (Figure 3, B and C). Interestingly, challenge with
the low dose of LPS did not alter the total number of BALF
cells in WT mice (Supplemental Figure S2). This is due to
the BALF cells being mainly composed of CD206-positive
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macrophages. However, a notable increase in neutrophils in
BALF cell contents was found in DT-treated CD206-DT
receptor Tg mice (Supplemental Figure S2).

LPS challenge led to up-regulation of IL-1B, TNF -,
MCP-1, and IL-6 mRNA levels in lungs of WT mice. This
up-regulation was strikingly emnhanced in DT-treated
CD206-DT receptor Tg mice (Figure 3D). The ability of
LPS at 0.1 mg/kg to up-regulate blood levels of TNF-a,
MCP-1, and IL-6 was less pronounced in WT mice
regardless of treatment with DT, although IL-1f responded
relatively well to LPS. However, LPS caused a significant
and substantial impact on all proinflammatory cytokines
examined herein in DT-treated CD206-DT receptor Tg mice
(Figure 3E). LPS also led to an increase in the mRNA level
of the anti-inflammatory cytokine IL-10 (Supplemental
Figure. S3). DT treatment enhanced the LPS-induced
increase in IL-10 mRNA in CD206-DT receptor Tg mice.

Histological examination of H&E-stained sections of the
lungs revealed that WT mice had alveolar septae that were
normal in appearance, with no intra-alveolar inflammation
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(Figure 4A). Lung histopathological analysis of WT mice
given LPS showed modest inflammatory cell infiltrate
(Figure 4B). DT-treated CD206-DT receptor Tg mice that
received LPS had massive cell infiltration, hemorrhage
resulting from ruptured capillary vessels, and diffuse septal
edema (Figure 4C). Semiquantitative assessment using the
lung injury score demonstrated that the score was signifi-
cantly higher in CD206-DT receptor Tg mice treated with
DT ‘than in untreated Tg animals (Figure 4D). When
DT-treated CD206-DT receptor Tg mice were challenged
with LPS, the score increased strikingly.

“To examine the activation of the proinflammatory tran-
scription factor NF-«B in lungs after LPS challenge, NF-kB
DNA binding activity in nuclear protein extracts from lungs
was quantitatively measured with its ELISA. The DNA
binding activity of NF-kB was greatly increased in WT mice
after LPS injection. This increase was significantly attenuated
in DT-treated CD206-DT receptor Tg mice (Figure 5A).
Another proinflammatory transcription factor, AP-1, consists
of Jun and Fos family proteins. Thus, c-Jun and c-Fos proto-
oncogenes encode proteins that form a complex that regulates
transcription from promoters containing AP-1 activation
elements.”> Both c-Jun and c-Fos binding activities were
significantly increased when WT mice were challenged with
LPS. Further increases in these binding activities in response
to LPS were observed in DT-treated CD206-DT receptor Tg
mice (Figure 5A). These findings obtained using the ELISA
method were confirmed by gel mobility shift assay. The
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AL LN Figure 3 DT treatment on CD206 expression
: and proinflammatory cytokine -production in
IL-6 (D206-DT receptor Tg mice exposed to LPS. A:

Experimental protocol. Mice were administered DT

a2 once daily for 3 days. The animals then received an

iv. injection of LPS 24 hours after the last DT
treatment and were sacrificed 2 hours later. (D206
mRNA expression in lung tissues (B) and BALF (C)
from WT mice treated with PBS, DT, or DT plus LPS
(n = 4). The data are normalized to GAPDH mRNA.
D: Effect of LPS challenge on mRNA levels of cy-
tokines in lungs. The data are expressed as a fold
increase above control WT normatized to 18S. E:
Effect of LPS challenge on blood levels of cyto-
kines. n. = 5 to .10 (D and E). *P < 0.05,
**P < 0.01, and ***P < 0.001.
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LPS-induced great increase in the NF-«B binding was blunted
when DT was given to CD206-DT receptor Tg mice
(Figure 5B). In contrast, DT treatment markedly heightened
the LPS-induced increase in the AP-1 bmdmg in CD206-DT

«receptor Tg mice.

Discussion

The concept of macrophages existing in functionally distinct
phenotypes from proinflammatory to anti-inflammatory
states has been fully established by detailed studies on M1
and M2 macrophages. 3489 A growing body of evidence is
accumulating that macrophages are key regulators of the
induction and resolution phases of ALI suggesting distinct
roles of macrophage subpopulations.>® Understanding this
heterogeneity of pulmonary macrophages may be important
in developing strategies to modulate ALIL However, there is
no direct evidence that pulmonary M2 macrophages make a
significant contribution to the pathophysiological features of
ATl In this work, we addressed this issue by studying how
depletion of M2 macrophages can modify lung inflamma-
tion in endotoxemic mice. . :
CD206 encodes the mannose receptor C-type lectin, a cell
surface protein that belongs to a family of C-type lectin re-
ceptors;.34 This endocytic receptor is known to be expressed
on macrophages and probably other types of cells, including
airway smooth muscle cells.*>>* The expression of the
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