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Lymphatic vessels in the diaphragm are essential for
draining peritoneal fluid, but little is known about their
pathological changes during inflammation. Here we
characterized diaphragmatic lymphatic vessels in a
peritonitis model generated by daily i.p. administration
of lipopolysaccharide (LPS) in mice. Intraperitoneal LPS
increased lymphatic density, branching, sprouts, con-
nections, and network formation in the diaphragm in
time- and dose-dependent manners. These changes
were reversible on discontinuation of LPS administra-
tion. The LPS-induced lymphatic density and remodel-
ing occur mainly through proliferation of lymphatic
endothelial cells. CD11b* macrophages were massively
accumulated and closely associated with the lymphatic
vessels changed by i.p. LPS. Both RT-PCR assays and
experiments with vascular endothelial growth factor-
C/D blockade and macrophage-depletion indicated that
the CD11b* macrophage-derived lymphangiogenic fac-
tors vascular endothelial growth factor-C/D could be
major mediators of LPS-induced lymphangiogenesis
and lymphatic remodeling through paracrine activity.
Functional assays with India ink and fluorescein iso-
thiocyanate-microspheres indicated that impaired peri-
toneal fluid drainage in diaphragm of LPS-induced peri-
tonitis mice was due to inflammatory fibrosis and
massive attachment of CD11b* macrophages on the

peritoneal side of the diaphragmatic lymphatic vessels.
These findings reveal that CD11b" macrophages
play an important role in i.p. LPS-induced aberrant
lymphangiogenesis and lymphatic dysfunction in
the diaphragm. (4m J Pathol 2009, 175:1733-1745; DOI:
10.2353/ajpath.2009.090133)

The peritoneum provides the lining of the peritoneal cav-
ity and is the most extensive serous membrane in the
body." The peritoneal membrane is formed by a single
layer of mesothelial cells. Beneath the mesothelial cells,
there is a very thin and discontinuous layer of connective
tissue and a layer of fenestrated lymphatic vessels.?
These three layers not only function as an absorptive
surface for peritoneal fluid but also remove pathogens
and prevent cells from leaking through damage in the
gastrointestinal tract or ascending through the female
genital tract.®* The peritoneum also plays crucial roles in
the local defensive response against bacterial invasion
with appropriate activation of resident immune cells and
the recruitment of circulating immune cells.>®
Lymphatic vessels have distinctive morphologies and
functions in different tissues and organs.”® Lymphatic
vessels play an essential role in the maintenance of tissue
fluid homeostasis through regulated uptake of protein-
rich interstitial fluid into draining lymphatic vessels and
transport of the drained lymphatic fluid into the blood
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vasculature via collecting lymphatic vessels.® In addition,
lymphatic vessels have roles in lipid absorption, antigen
presentation, tumor metastasis, and wound healing.'°~'®
Lymphatic vessels beneath the peritoneum, particularly
lymphatic vessels on the peritoneal side of the muscular
region of diaphragm, provide the central route for drain-
ing peritoneal fluid.>'":18

Lymphatic vessels on the peritoneal side of the dia-
phragm are largely attenuated but well designed for fluid
absorption with extremely flattened and broad lumina (also
called lacunae), which are connected with openings be-
tween mesothelial cells covering the peritoneal surface.®'®
In comparison, lymphatic vessels on the pleural side of
diaphragm are tubular, like other lymphatic vessels.?%?"
There are seven to nine parallel lymphatic strips on each
hemisphere (sterno-costal muscular region) of the perito-
neal side of diaphragm, and these lymphatic vessels are
directly connected to the tubular lymphatic vessels on the
pleural side by transmural lymphatic branches.?°~22 There-
fore, the peritoneal fluid absorbed by lymphatic lacunae is
directly transported into the lymphatic vessels on the pleural
side. In contrast, there are few lymphatic vessels in the
central tendon region of the diaphragm. However, little is
known about relationship between the structural and func-
tional changes of diaphragmatic lymphatic vessels and
peritoneal illnesses.

Our understanding of the molecular and cellular regula-
tion of new lymphatic vessel formation, “lymphangiogen-
esis,” has greatly advanced in recent years.'® Among lym-
phangiogenic growth factors, the roles of vascular
endothelial growth factor (VEGF)-C and VEGF-D (VEGF-
C/D) and their lymphatic vessel-specific receptor VEGF re-
ceptor-3 (VEGFR-3) are specific and essential in lym-
phangiogenesis.™ In addition, VEGF-A and its receptors
play additional roles in lymphangiogenesis in certain patho-
logical conditions. ' Moreover, proinflammatory cytokine-
induced activation of macrophages is closely involved in
pathological lymphangiogenesis in tracheal mucosa and
cornea by reciprocal interactions with the VEGF-C/D-
VEGFR-3 system.'27'® However, the relationship between
proinflammatory cytokine-induced activation of macro-
phages and pathological changes of diaphragmatic lym-
phatic vessels during peritonitis is unknown.

In this study, we investigated how acute inflammatory
peritonitis affects the diaphragmatic lymphatic vessels
structurally and functionally and what roles are played by
activated macrophages in this situation. To generate a peri-
tonitis model, we administered lipopolysaccharide (LPS;
endotoxin) directly into the peritoneal cavity of mouse. LPS
is a well-known cell wall component of most Gram-negative
bacteria and acts as a potent initiator of inflammation.?324
Interestingly, mice with LPS-induced peritonitis displayed
aberrant lymphangiogenesis, lymphatic remodeling, and
lymphatic dysfunction in the diaphragm. We have defined
the underlying mechanisms and the responsible molecules
by using specific blocking agents to reveal the roles of
critical effector cells and molecules. Our results show that
CD11b™ macrophages have an important role in LPS-in-
duced aberrant lymphangiogenesis and lymphatic dys-
function in the diaphragm.

Materials and Methods

Animals and Treatment

Specific pathogen-free FVB/N and C57BL/6J mice were
purchased from The Jackson Laboratory (Bar Harbor,
ME) and bred in our pathogen-free animal facility. GFP™
mice (C57BL/6J genetic background) were a gift from Dr.
Masaru Okabe (Osaka University, Osaka, Japan). Animal
care and experimental procedures were performed un-
der approval from the Animal Care Committees of Korea
Advanced Institute of Science and Technology. All ex-
periments were conducted in FVB/N mice, otherwise spe-
cifically indicated. Five or 25 pg of LPS (from Escherichia
coli 0111:B4; Sigma-Aldrich, St. Louis, MO) in 200 ul of
PBS was injected daily into the peritoneal cavity of
8-week-old male mice. As a control, 200 ul of PBS was
injected in the same manner. To block VEGF-C and
VEGF-D, mice were treated with a single i.v. injection of
1 X 10° plaque-forming units of adenovirus-encoding
soluble VEGFR-3 (Ad-sVEGFR-3)?® one day before the
LPS (5 ng/day for 7 days) administration. As a control,
1 X 10° plague-forming units of Ad-LacZ was injected in
the same manner.

Histological and Morphometric Analysis

On the indicated days after the treatments, mice were
anesthetized by intramuscular injection of a combination
of anesthetics (80 mg/kg ketamine and 12 mg/kg xyla-
zine). The indicated tissues were fixed by 1% paraformal-
dehyde in PBS and whole-mounted or cryoembedded
and sectioned. Whole-mounted tissues and cryosections
were incubated for 1 hour at room temperature with
blocking solution containing 5% goat serum (Jackson
ImmunoResearch Laboratories, West Grove, PA) in PBST
(0.3% Triton X-100 in PBS). After blocking, the samples
were incubated overnight at 4°C with one or more of the
following primary antibodies: (a) for lymphatic vessels,
rabbit anti-lymph vessel endothelial hyaluronan receptor
(LYVE)-1 polyclonal antibody (1:1000; Upstate Biotech-
nology, Lake Placid, NY) and rat anti-LYVE-1 monoclonal
antibody (clone Han-1, 1:1000; Aprogen, Daejeon, Ko-
rea); rabbit anti-Prox1 polyclonal antibody (1:1000; Reli-
aTech, Braunschweig, Germany); (b) for blood vessels,
hamster anti-PECAM-1 antibody (clone 2H8, 1:1000;
Chemicon International, Temecula, CA); (c) for macro-
phages, rat anti-CD11b antibody (clone M1/70, 1:1000;
BD Pharmingen, San Diego, CA); rat anti-mouse F4/80
antibody (clone CI:A3-1, 1:1000; Serotec, Oxford, UK),
rat anti-mouse Gr-1 antibody (clone RB6-8C5, 1:1000;
BD Pharmingen), hamster anti-mouse CD11c antibody
(clone N418, 1:1000; Serotec), and rat anti-mouse CD45R/
B220 antibody (clone RA3-6B2a, 1:1000; BD Pharmin-
gen); and (d) for an assay of proliferation, rabbit anti-
phosphohistone H3 polyclonal antibody (1:500; Upstate
Biotechnology). After several washes in PBST, the sam-
ples were incubated for 3 hours at room temperature with
the following secondary antibodies. For 3,3’-diaminoben-
zidine (DAB) immunostaining, samples were incubated
with horseradish peroxidase-conjugated anti-rat IgG an-



tibody (Jackson ImmunoResearch Laboratories) or
horseradish peroxidase-conjugated anti-rabbit IgG anti-
body (Amersham, Piscataway, NJ) and developed with
DAB substrate kit (Vector Laboratories, Burlingame, CA)
according to the manufacturer’s instructions. For immu-
nofluorescent staining, the samples were incubated
with the following antibodies: fluorescein isothiocyanate
(FITC)- or Cy5-conjugated anti-rat IgG antibody (1:1000;
Jackson ImmunoResearch Laboratories); Cy3- or Cy5-
conjugated anti-hamster 1gG antibody (1:1000; Jackson
ImmunoResearch Laboratories); and FITC- or Cy3-con-
jugated anti-rabbit IgG antibody (1:1000; Jackson Immu-
noResearch Laboratories). For control experiments, the
primary antibody was omitted or substituted with preim-
mune serum. DAB and fluorescent signals were visual-
ized, and digital images were obtained using a Zeiss
inverted microscope, a Zeiss ApoTome microscope, or a
Zeiss LSM 510 confocal microscope equipped with ar-
gon and helium-neon lasers (Carl Zeiss). Morphometric
analyses on the lymphatic vessels of diaphragm were
made by Imaged software (http://rsb.info.nih.gov/ij) or us-
ing Zeiss ApoTome microscope image analysis software
(AxioVision; Carl Zeiss). Measurements of the density of
the lymphatic vessels and the areas of CD11b™ cells in
diaphragms were made at three regions at peritoneal and
pleural surfaces of muscle regions, or central tendon
region, each 35.18 or 0.21 mm? in the area, with three
to four mice per group. Numbers of Prox1 or PH3
immunopositivelymphatic endothelial cells (LECs) were
counted at 3 regions, each 0.21 mm? in the immunopo-
sitive area, of the central tendon regions or muscular
regions of diaphragms. Measurements of the density of
the lymphatic and blood vessels in lymph nodes (LNs)
were made on a whole field, each 0.17 mm? in the im-
munopositive area. Values were obtained per mm? and
expressed as relative densities. In some instances, the
sectioned tissues were stained with H&E or Masson’s
trichrome according to standard methods. To estimate
the size of the LNs, we measured the length (L) and width
(W) of each LN, then calculated the volume according to
following equation: 4/37 X L/2 X W/2 X (L + W)/4.

Flow Cytometric Analyses of CD11b™
Macrophages from Diaphragm

After anesthesia, diaphragms were harvested and dis-
sected into small pieces by a microscissor, and the
pieces were incubated with 5 ml of Hanks’ balanced salt
solution (Sigma-Aldrich) containing 0.2% collagenase
type-Il (Worthington) for 1 hour at 37°C. After inactivation
of collagenase activity with bovine serum, the cell sus-
pension was filtered through a 70-um nylon filter (BD
Biosciences) and centrifuged at 400 X g for 5 minutes.
The filtered cells were incubated with Red Blood Cell
lysing buffer (Sigma-Aldrich) for 5 minutes and washed
with a FACS buffer (0.5% BSA and 0.01 M EDTA in PBS)
and double-stained with perCP-cy5.5-conjugated rat an-
ti-mouse CD11b and FITC-conjugated rat anti-mouse F4/
80, FITC-conjugated rat anti-mouse Gr-1, PE-conjugated
rat anti-mouse CD11c, or FITC-conjugated rat anti-mouse
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B220 (BD Biosciences) for 15 minutes at 4°C. Then the
cells were analyzed by flow cytometry (FACSCalibur;
BD Biosciences) using a Cell Quest software. A total of
~50,000 cells were counted per sample. Data were
analyzed by using FlowJo software (Tree Star, Ash-
land, OR).

Bone Marrow Transplantation

Bone marrow cells (2 X 10°) were harvested from the
femurs and tibias of GFP™ mice (C57BL/6J genetic back-
ground) by flushing with ice-cold Dulbecco’s PBS (Sig-
ma-Aldrich). The recipient mice (8-week-old C57BL/6J)
were sublethally irradiated at a dose of 4.5 Gy with a
gamma irradiator (Gammacell 3000; MDS Nordion, Can-
ada). Bone marrow cells were then injected i.v. into the
recipient mice 16 hours after irradiation. At 8 weeks after
transplant, 5 ng of LPS was injected daily into the peri-
toneal cavity for 1 week. Flow cytometric analysis re-
vealed that more than 90% of peripheral blood mononu-
clear cells were GFP™ cells at this time point.

RT-PCR

At the indicated days after treatment, mice were anes-
thetized and diaphragms were harvested. To collect
CD11b™ macrophages from diaphragms, the attached
cells were collected following the method as described in
the flow cytometric analysis. After several washes of col-
lected cells in cold PBS, the CD11b™ macrophages were
enriched by using anti-mouse CD11b antibody-coupled
MicroBeads (Miltenyi Biotec) and a Magnetic Cell Sorter
(MACS, Miltenyi Biotec) according to the manufacturer’s
instructions. Total RNA from the enriched CD11b™ mac-
rophages was extracted by using Total RNA Isolation
System (Promega, Madison, WI) according to the manu-
facturer’s instructions. Each cDNA was made with Re-
verse Transcription System (Promega), and semiquanti-
tative PCR was performed with the appropriate primers
(Table 1) with 30 cycles used for the PCR. Quantitative
RT-PCR was performed with SYBR Premix Ex Tag
(Takara, Japan) using the iCycler iQ5 Real-time PCR
system (Bio-Rad, Hercules, CA) with the appropriate
primers (Table 1) for 40 cycles.

Functional Assays for Lymphatic Drainage

On the indicated days after the LPS or PBS treatment, the
mice were anesthetized, 300 ul of India ink (Pelikan,
catalog no. 4001, Hannover, Germany) was injected into
the peritoneal cavity, and the mice were kept on a warm
pad in a supine position. At 15 minutes after injecting
India ink, diaphragms were harvested, fixed with 1%
paraformaldehyde in PBS and photographed. To deter-
mine a functional rate of lymphatic drainage of peritoneal
large molecules into the sentinel LNs (SLNs) through
diaphragmatic lymphatic vessels, 50 wl of Fluoresbrite
(plain fluorescent YG microspheres, diameter, 2.0 um;
Polysciences, Washington, PA) diluted with 250 ul of PBS
was injected into the peritoneal cavity of mice, and the
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Table 1. Primers for Semiquantitative RP-PCR and Quantitative Real-Time RT-PCR
VEGF-A* Forward 5'-GAGAGCAGAAGTCCCATGAAGTG-3’
Reverse 5'-CTTTCCGGTGAGAGGTCTGG-3'
VEGF-A** Forward 5'-GCTGTACCTCCACCATGCCAAG-3’
Reverse 5'-CGCACTCCAGGGCTTCATCG-3'
VEGF-C* Forward 5'-GACATGTCCAACAAACTATGTGTGG-3'
Reverse 5'-CTGTTACCATGGTCCCACAGAG-3’
VEGF-D* Forward 5'-CCGGGAGATCTCATTCAGCACC-3’
Reverse 5'-GCACAATAACTCATGAGCATTGCCC-3'
Angiopoietin-1* Forward 5'-CAGTGGCTGCAAAAACTTGA-3'
Reverse 5'-TCCGCACAGTCTCGAAATGG-3'
Angiopoietin-2* Forward 5'-CCGCTATGAAGTTCCTCTCTGC-3’
Reverse 5'-CTGCTATGCAATGGTGTCTCTC-3’
Interleukin-6* Forward 5'-GTCCAAGCAGAGCTCTGTCATTG-3’
Reverse 5'-GATGGTCTTGGTCCTTAGCCAC-3’
Interleukin-18* Forward 5'-GAAGAGCCCATCCTCTGTGACTC-3’
Reverse 5'-GTCCTGACCACTGTTGTTTCCCAG-3'
TNF-a* Forward 5'-CCCACGTCGTAGCAAACCAC-3'
Reverse 5'-CACAGAGCAATGACTCCAAAGTAG-3'
B-Actin* Forward 5'-CCCGCCACCAGTTCGCC-3’
Reverse 5'-GAGGGAGAGCATAGCCCTCG-3'
GAPDH** Forward 5'-AGGTCGGTGTGAACGGATTTG-3’
Reverse 5'-TGTAGACCATGTAGTTGAGGTCA-3'

* Primers for semiquantitative RT-PCR.
** Primers for quantitative real-time RT-PCR.

TNF, tumor necrosis factor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

mice were kept on a warm pad in a supine position. At 15
and 60 minutes after injecting the microspheres, two
SLNs and diaphragms were harvested and fixed with 1%
paraformaldehyde in PBS or embedded with tissue freez-
ing medium. The fluorescent microspheres were visual-
ized in the midsectioned SLNs and diaphragm after im-
munostaining for lymphatic vessels.

Macrophage Depletion

For systemic depletion of macrophages, mice were
treated with i.p. injections of clodronate liposome (25
mg/kg for every 3 days) as described previously.?®2” As
a control, empty control liposome was injected in the
same manner.

Cecal Ligation-Puncture Model

Mice were anesthetized by intramuscular injection of the
combination of anesthetics as described above, and a
1-cm midline incision was made to expose the cecum.
The cecum was ligated with a 4-0 black silk suture and
punctured with an 18-gauge needle. The cecum was
squeezed to push a small amount of cecal contents from
the punctured site into the peritoneal cavity, then was
returned to the peritoneal cavity.?® Sham operation with-
out cecal ligation-puncture (CLP) was performed as a
control.

Statistics

Values are presented as mean + SD. Significant differ-
ences between means were determined by analysis of
variance followed by the Student-Newman-Keuls test.
Statistical significance was set at P < 0.05.

Results

LPS Induces a Increase Lymphatic Density and
Remodeling in the Diaphragm

Because lymphatic vessels in the diaphragm play a pri-
mary role in absorbing peritoneal fluid and in removing
pathogens,?32°-22 we focused our experiments on char-
acterizing the LPS-induced changes to lymphatic vessels
in the diaphragm. LPS (5 ng) was administered daily into
the i.p. cavity of 8-week-old mice. At 1 week after the LPS
treatment, whole-mounted diaphragms were immuno-
stained for LECs by using a specific marker, LYVE-1.2°
The daily administration of LPS gradually increased lym-
phatic densities on the peritoneal side muscular region,
the pleural side muscular region, and the pleural side
central tendon region in a time-dependent manner
(Figures 1 and 2, A and B). In the peritoneal side
muscular region, the lymphatic strips were widened
and enlarged, and typical lymphatic patterning was
disrupted over time (Figure 2A). In the pleural side
muscular region, randomly oriented lymphatic branch-
ing increased over time (Figure 2A). In the pleural side,
central tendon region, lymphatic connections, and net-
works increased over time (Figure 2A). Daily adminis-
tration of 25 ug of LPS for 1 week did not further
increase the lymphatic density on the pleural side mus-
cular region and pleural side central tendon regions,
but it did further widen and enlarge the lymphatic strips
on the peritoneal side muscular region (Figure 2, A and
B). Immunofluorescent staining of sagittal sections of
the diaphragm in the mice treated with 5 ug of LPS for
1 week displayed enlarged lymphatic vessels in the
peritoneal side muscular region and enlarged and con-
nected lymphatic vessels mainly in the pleural side
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Figure 1. Schematic diagrams and nomenclature of the diaphragm in mouse.
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peritoneal cavity from the pleural cavity. Several parallel lymphatic strips
are present in the PES-M region, whereas several tubular lymphatic vessels are
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in the PLS-CT region.

central tendon region compared with the mice treated
with PBS (Figure 2C). Discontinuation of the daily ad-
ministration of 5 ug of LPS normalized the macroscopic
lymphatic structure, patterning, and density within 2 weeks
(Supplemental Figure S1, see http.//ajp.amjpathol.org).
Thus, LPS induced a substantial increase in lymphatic
density and remodeling in the diaphragm, and this
remodeling was time-dependent, dose-dependent,
and reversible.
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LPS-Induced Lymphatic Remodeling Occurs
Mainly through LEC Proliferation

To investigate whether the observed changes in lym-
phatic density and remodeling resulted from proliferation
of LECs or by extension or hypertrophy, we used double-
immunostaining for LYVE-1/PH3 (nuclear protein of divid-
ing cells) and LYVE-1/Prox1 (specific transcriptional fac-
tor for LECs).®° The number of PH3" LECs markedly
increased in the enlarged lymphatic vessels of peritoneal
side muscular region of the mice treated with LPS (5
wng/day for 1 week) (LPS versus PBS, ~4.6-fold; Figure 3,
A and B). Similarly, the number of Prox1*/LYVE-1" LECs
markedly increased in the pleural side central tendon
region of the mice treated with LPS (LPS versus PBS,
~2.4-fold; Figure 3, A and C). Moreover, the number of
sprouts greatly increased in the lymphatic vessels of the
pleural side central tendon region of the mice treated with
LPS (LPS versus PBS, ~17.2-fold; Figure 3, A and D).
These data indicated that the LPS-induced lymphatic
density and remodeling mainly resulted from the prolifer-
ation of LECs and active sprouting, which are the major
cellular processes of lymphangiogenesis.”#1°1"

CD11b™ Macrophages Are Associated with
Growing Lymphatic Vessels

Previous studies®'®2 have shown that macrophages and
neutrophils are massively recruited into the peritoneal
cavity during inflammation. In this study, H&E and Mas-
son’s trichrome staining and immunofluorescent detec-
tion of CD11b™* cells in the diaphragm of mice treated
with LPS (5 ng/day for 1 week) revealed massive accu-
mulation of inflammatory cells, including macrophages
and neutrophils, and moderate fibrosis in the peritoneal

Figure 2. LPS induced increased lymphatic den-
sity and remodeling in the diaphragm. On the
indicated days after daily i.p. injections of PBS,
PLSM = or 5 or 25 ug of LPS (LPS5 or LPS25), diaphragms
were harvested and whole mounted (A) or sec-
tioned (C). The diaphragms were immuno-
stained with anti-LYVE-1 antibody (for lym-
phatic vessels) and anti-PECAM-1 antibody (for

) lymphatic and blood vessels), and visualized

PLSCT with DAB (A) or fluorescent (C) staining. A:
*

Lymphatic vessels in the PES-M, PLS-M, and

PES-CT regions of the diaphragms are shown.
Scale bars, 1 mm. Note that there are gradual
04
PBS 3d 1w 2w
LPS5

increases in lymphatic densities, diameters, ran-
dom branching, and network formation in the
diaphragms of the LPS-treated mice over time. B:
Densities of LYVE-1" lymphatic vessels were
measured, and values are presented as a per-
centage, with each measured total area counted
as 100%. All bars represent mean * SD (n = 4-5
mice). *P < 0.05 versus PBS. C: LPS induces
lymphatic enlargements (white arrows) in the
PES-M and PLS-CT regions. Scale bars, 100 wm.

LPS5 (1w)
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Figure 3. LPS induced active proliferation and sprouting of LECs. One week
after daily i.p. injections of PBS or 5 pg of LPS, diaphragms were harvested,
sectioned, or whole mounted, and immunostained with anti-LYVE-1 (Han-1)
and anti-PH3 or anti-Prox1 antibodies. A: The PES-M and PLS-CT regions are
shown. White arrowheads indicate LYVE-1"/PH3" LECs, and green arrow-
heads indicate lymphatic sprouts. Scale bars, 50 um. B-D: Numbers of LYVE-
17/PH3" cells were counted in 0.21 mm? of the PES-M region, and numbers of
LYVE-1"/Prox1™ cells and sprouts were counted in 0.21 and 0.42 mm? of the CT
region. All bars represent mean = SD (72 = 4-5 mice). *P < 0.05 versus PBS.

side muscular region (Figure 4, A and B). In comparison,
no notable changes were detected in the same regions of
the PBS-treated mice. Noticeably, CD11b™ cells were
mainly attached to the lymphatic vessels of the peritoneal
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side muscular region in the LPS-treated mice (Figure 4B).
In this region, immunostaining showed many cells posi-
tive for both F4/80 (macrophage surface maker) and Gr-1
(neutrophil and macrophage surface maker), but few
cells positive for both CD11c (dendritic cell surface
maker) and B220 (B-lymphocyte surface marker) (Figure
4C). Flow cytometric analyses revealed that approxi-
mately 20 to 25% of the CD11b™ cells in the diaphrag-
matic lymphatic vessels were F4/80% or Gr-1" macro-
phages, whereas a negligible number of the CD11b™
cells were CD11c™ or B220* cells (Figure 4D). These
data suggest that the CD11b™ cells are macrophages,
and these cells are closely associated with the diaphrag-
matic lymphatic vessels in LPS-induced peritonitis. To
clarify the origin of the macrophages in the diaphrag-
matic lymphatic vessels, 8-week-old mice (C57BL/6J)
received GFP™ bone marrow transplantation and then
were treated with LPS for 1 week beginning 8 weeks after
transplantation. Most CD11b™ macrophages in the dia-
phragmatic lymphatic vessels were GFP™ (Figure 5A). In
fact, flow cytometric analysis revealed that 84.2 + 4.7%
(n = 4) of the CD11b™ macrophages were GFP™ cells (data
not shown). These data suggest that most of the macro-
phages were derived from bone marrow through circula-
tion, and few were derived from resident macrophages from
the i.p. cavity. To determine whether bone marrow-derived
cells act as “lymphatic endothelial progenitor cells”*® to
form new LECs during the LPS-induced lymphangiogenesis
and lymphatic remodeling, we carefully examined the colo-
calization of LYVE-1 and GFP by confocal microscopy.

PES-M

Figure 4. CD11b" macrophages were closely
associated with diaphragmatic lymphatic vessels
in LPS-treated mice. One week after daily i.p.
injections of PBS or 5 ug of LPS (LPS5), dia-
phragms were harvested, sectioned, or whole
mounted and stained with H&E and Masson’s
trichrome (A) or immunostained with anti-
LYVE-1 and anti-CD11b antibodies (B). Note that
the LPS-treated mice have blue-stained fibrotic tis-
sues containing inflammatory cells (white arrow-
heads) in the mesothelium and enlarged lym-
phatic vessels (green arrows) between the
inflamed mesothelium and the PES-M region. In
particular, CD11b™* macrophages (white arrow-
heads) are massively accumulated around the
lymphatic vessels of the PES-M region in the LPS-
treated mice. Scale bars, 100 wm. C: Double im-
munofluorescent staining for LYVE-1 and F4/80,
Gr-1, CD11c, or B220 in the PES-M of the LPS-
treated mice. Scale bars, 20 wm. D: Flow cytomet-
ric analyses for CD11b and F4/80, Gr-1, CD11c, or
B220 in the inflammatory cells derived from the
PES-M of the LPS-treated mice. Three independent
experiments showed similar findings.




However, on the basis of our rigorous observations, we
found no GFP™ cells in the LECs of the diaphragm (Figure
5B). Thus, the LPS-induced increased lymphatic density
and remodeling are induced by lymphangiogenesis from
pre-existing lymphatic vessels, not by transdifferentiation of
bone marrow-derived cells. 0115

Major Role of CD11b™* Macrophage-Derived
Lymphangiogenic VEGFR-3 Ligands in
LPS-Induced Lymphangiogenesis and
Lymphatic Remodeling in the Diaphragm

These observations led us to examine whether CD11b™
macrophages express lymphangiogenic factors that drive
LPS-induced lymphangiogenesis and lymphatic remodel-
ing. A series of semiquantitative and quantitative real-time
RT-PCR assays was performed on the CD11b™ macro-
phages isolated from LPS-treated mice. The expression
levels of lymphangiogenic factors VEGF-A,4,, VEGF-A, 5,
VEGF-C, VEGF-D, angiopoietin-2, and proinflammatory cy-
tokines tumor necrosis factor-«, interleukin-18, and interleu-
kin-6 increased in a time-dependent manner (Figure 6, A
and B). The expression level of one lymphangiogenic fac-
tor, angiopoietin-1, was not changed by the LPS treatment
(Figure 6, A and B). Among the lymphangiogenic factors
that increased, the increases in VEGF-C and -D were
the largest. Thus, the CD11b™ macrophage-derived lym-
phangiogenic factors VEGF-C/D may play a major role in
LPS-induced lymphangiogenesis and lymphatic remodel-
ing in the diaphragm in a paracrine manner. To address the
role of VEGF-C/D derived from CD11b™* macrophages in
the LPS-induced lymphangiogenesis and lymphatic remod-
eling in the diaphragm, mice were treated with 1 x 10°
plague-forming units of Ad-sVEGFR-3.2° Compared with
the mice treated with Ad-LacZ, the mice treated with
Ad-sVEGFR-3 displayed markedly reduced density,
branching, and sprouting of lymphatic vessels in the
peritoneal side-muscle (PES-M) region without a sig-
nificant change in CD11b™ macrophage infiltration
(Figure 6, C and D), indicating that CD11b™* macroph-
age-driven VEGF-C/D are the main mediators of LPS-
induced aberrant lymphangiogenesis.

LPS-Induced Lymphatic Vessels Are
Dysfunctional Because of Massive Attachment
of Macrophages

To compare the drainage function of the diaphragmatic
lymphatic vessels, we injected India ink i.p. into PBS- and
LPS-treated mice. At 15 minutes after injection in the
PBS-treated mice, most lymphatic vessels in the perito-
neal side muscular region, but not in the central tendon
area, of the diaphragm contained ink (Figure 7A). In
contrast, most India ink in the LPS-treated mice was
absorbed into the lymphatic vessel-associated macro-
phages instead of the lymphatic vessels in the peritoneal
side muscular region of the diaphragm (Figure 7B). Only
some of large lymphatic vessels that had taken up ink
were seen in the pleural side muscular region in the
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LPS-treated mice (Figure 7B). These phenomena were
confirmed in sagittal sections of the diaphragm (Figure
7C). In the LPS-treated mice, most ink was detected in
the macrophages attached to the peritoneal side muscu-
lar region, whereas in the PBS-treated mice, most ink was
detected in the pleural side muscular region and trans-
mural regions of the diaphragm. Then we further exam-
ined drainage of peritoneal large particles to the SLNs. In
the normal diaphragm, lymphatic fluid containing large
molecules collects and drains into the right lymphatic
duct via the cranial mediastinal LN (CMLN) and tracheal
lymphatic trunk.233* As a secondary pathway, it is trans-
ported to the thoracic duct via the caudal MLN.3334
Because the CMLN is relatively accessible and visible by
simple microsurgery, we analyzed the drainage rate by
detection of fluorescent microspheres (diameter, 2.0 um)
in the CMLN at 15 and 60 minutes after i.p. injection. In
the PBS-treated mice, most of the microspheres were
transported to the CMLN through the diaphragmatic lym-
phatic vessels (Figure 7, D and E). In contrast, the drain-
age rate of the microspheres in the LPS-treated mice was
significantly slower than that of the PBS-treated mice at
both time points (Figure 7, D and E). In the LPS-treated
mice, most of the microspheres were trapped in the
lymphatic vessel-associated macrophages of the perito-
neal side muscular region (Figure 7, F and G). This phe-
nomenon was confirmed by flow cytometry (Supplemen-
tal Figure S2, see http.//ajp.amjpathol.org).

LPS Increases the Size of SLNs and Increases
Their Lymphatic but Not Blood Vessel Density

To test whether LPS alters lymphatic vessels in SLNs,
we examined the sizes and lymphatic and blood vessel
densities of the two SLNs, the CMLN (lymphatic drain-
age from the abdominal cavity through diaphragmatic
lymphatic vessels) and the mesenteric LN (lymphatic
drainage directly from mesenteric lymphatic vessels),
after daily i.p. administration of 5 or 25 pug of LPS. The
LPS increased the sizes of both SLN in a dose-depen-
dent manner, but the ratio of increase in the CMLN was
greater than that in the mesenteric LN (Figure 8, A and
C). In both SLNs, the lymphatic vessel densities and, to
the lesser extent, blood vessel densities increased in a
dose-dependent manner (Figure 8, B, D, and E).

Clodronate Liposome Treatment Partially
Reduces LPS-Induced Changes in
Diaphragmatic Lymphatic Vessels

On the basis of the aforementioned observations, we
examined the role of macrophages in LPS-induced dys-
functional lymphangiogenesis by using a specific deple-
tion agent, clodronate liposome®®?” (25 mg/kg every 3
days i.p. from day O of the LPS or PBS treatment). As a
control, an equal volume of control liposome was admin-
istered into mice in the same manner. The clodronate
liposome treatment efficiently depletes macrophages in
all organs of the abdominal cavity by inducing selective
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Figure 5. Most CD11b* macrophages were derived from bone marrow-derived macrophages, and bone marrow-derived circulating cells were not transdifferentiated into LECs.
Mice received bone marrow transplants from GFP™ mice; 8 weeks later, they were treated with daily i.p. injections of PBS or 5 ug of LPS (LPS5) for 1 week. Diaphragms were
harvested, whole mounted, and immunostained with anti-LYVE-1 and anti-CD11b antibodies. A: Lymphatic vessels, CD11b™ macrophages, and bone marrow-derived GFP™ cells
in the PES-M region are shown. The lower panels are higher magnifications of the middle panels (insets) after omission of LYVE-1 staining. Note that 80~90% of the
accumulated CD11b* macrophages are GFP™ cells. B: Some bone marrow-derived GFP™ cells in the PES-M and PLS-CT look like LYVE-1" LECs (the white dotted rectangles
in the left panels), but sequential dissected images (right panels) from the white dotted rectangles reveal no GFP*/LYVE-1" cells in the PES-M and PLS-CT, indicating that bone
marrow-derived GFP™ cells are not transdifferentiated into LECs in the diaphragm during LPS-induced lymphangiogenesis. Scale bars, 50 wm.

apoptosis of macrophages (data not shown). The density density and remodeling, massive attachment of CD11b™
and structure of lymphatic vessels, the CD11b™ macro- macrophages to the lymphatic vessels, moderate fibro-
phage population, and India ink absorption to the lym- sis, preferential uptake of India ink into macrophages,
phatic vessels in the diaphragm of the control liposome and impaired ink drainage in the diaphragm (Figure 9, A
plus PBS- and clodronate liposome plus PBS-treated and B). However, the clodronate liposome treatment
mice were identical to those of the PBS-treated mice markedly abolished the LPS-induced lymphatic den-
(Figure 9, A and B). In comparison, mice treated with sity, sprouts and remodeling, and massive attachment
control liposome plus LPS displayed increased lymphatic of CD11b™ macrophages in the peritoneal side muscular
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Figure 7. LPS induced defective peritoneal fluid drainage as a result of massive attachment of macrophage to the diaphragmatic lymphatic vessels. A—-C: One week
after daily i.p. injections of PBS (A) or 5 ug of LPS (B), mice were given an i.p. injection of India ink. At 15 minutes after the injection, both sides of the diaphragms
were photographed. Each right panel shows a magnified image of yellow dotted-lined square of each left panel. Note that in the PBS-treated mice, most ink
is absorbed into the diaphragmatic muscular lymphatic vessels, whereas in the LPS-treated mice, most ink is absorbed into the lymphatic-associated macrophages.
Scale bars, 1 mm. C: The diaphragms were sagittally sectioned and H&E stained. Arrowheads indicate ink-containing lymphatic vessels. Higher magnification
(inset) shows that macrophages in the fibrotic tissue (arrows) contain India ink at the peritoneal side of the mesothelium. Scale bars, 200 um. D—G: PBS- and
LPS-treated mice were challenged with an i.p. injection of fluorescent microspheres. At 15 and 60 minutes after injection, the CMLN and the diaphragm are
harvested, fixed, sectioned, or whole mounted and immunostained with anti-LYVE-1 antibody. D: Absorbed fluorescent microspheres and lymphatic vessels in
CMLN are shown. Scale bars, 200 um. E: Fluorescence intensity (FI) is quantified and presented as percentage of total area of the sectioned LNs. Bars represent
mean * SD (n = 4 mice). *P < 0.05 versus PBS. F: Fluorescent microspheres and lymphatic vessels in the PES-M region are shown. Note that most fluorescent
microspheres are trapped in the lymphatic-associated macrophages in the LPS-treated mice. Scale bars, 200 wm. G: Fluorescent microspheres containing CD11b™
macrophages in the LPS-treated mice at 60 minutes after microsphere injection.
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Figure 9. Clodronate liposome treatment partially reduced LPS-induced changes in diaphragmatic lymphatic vessels. The mice had daily i.p. injections of PBS or
5 ug of LPS and were treated with clodronate liposome (25 mg/kg; CDL) or control liposome (25 mg/kg; CL) every 3 days beginning the same day as the start
of PBS or LPS treatment. One week later, diaphragms were harvested, whole mounted or sectioned, and LYVE-1" lymphatic vessels or CD11b™ macrophages of
the PES-M and PLS-M regions were immunostained and visualized by DAB (first row panels) or fluorescent dye (second row panels) and stained with Masson’s
trichrome (third row panels). Note that the thickness of the blue-stained fibrotic tissue in the PES-M region of the mice treated with clodronate liposome + LPS
is thinner than that in mice treated with CL + LPS (arrows). Another set of mice was challenged with an i.p. injection of India ink; at 15 minutes after the injection,
the PES-M and PLS-M regions of the diaphragms were photographed (fourth and fifth row panels). Note that most ink was absorbed into the lymphatic
vessel-associated macrophages (gray arrowheads) instead of the lymphatic vessels (dark-blue arrow) in the PES-M region of the mice treated with CL + LPS.
Scale bars, 50 wm (rows 2 and 3) and 500 wm (rows 1, 4, and 5). B: The area densities of LYVE-1" lymphatic vessels, CD11b™" cells, and ink-containing lymphatic
vessels in the PES-M and PLS-M were measured, and the values are presented as percentages, with each measured total area counted as 100%. All bars represent
mean * SD (7 = 4-5 mice). *P < 0.05 versus CL + PBS or clodronate liposome (CDL) + PBS; #P < 0.05 versus CL + LPS.
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Figure 10. CLP peritonitis model produced similar changes in the diaphragmatic lymphatic vessels. A and B: Three days after the CLP or sham operation,
diaphragms were harvested and whole mounted. LYVE-1"* lymphatic vessels and CD11b™ macrophages in the PES-M or PLS-M regions were immunostained and
visualized by DAB (A) or fluorescent dye (B). Scale bars, 1 mm (A) and 100 wm (B). Note that there are increased lymphatic densities and branching, and markedly
accumulated CD11b* macrophages in the lymphatic vessels of the PES-M region in the CLP-operated mice compared with the sham-operated mice. C: Densities
of LYVE-1" lymphatic vessels and areas of CD11b™" cells were measured, and values are presented as a percentage, with each measured total area counted as
100%. All bars represent mean = SD (n = 4-5 mice). *P < 0.05 versus Sham.
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region (Figure 9, A and B). It also caused a moderate
reduction of fibrosis in the peritoneal side muscular re-
gion and partial but significant restoration of ink drainage
to the lymphatic vessels in both the peritoneal side mus-
cular region and pleural side muscular regions (Figure 9,
A and B). Because the clodronate liposome treatment
could not completely abolish the inflammatory fibrosis in
the peritoneal side muscular region, drainage through
diaphragmatic lymphatic vessels may not be completely
restored. Taken together, the macrophage depletion
could attenuate LPS-induced lymphangiogenesis and
lymphatic remodeling, and it could partially rescue
LPS-induced lymphatic drainage dysfunction in the
diaphragm.

CLP Peritonitis Causes Similar Changes in
Diaphragmatic Lymphatic Vessels

To mimic a clinically relevant peritonitis model, we gen-
erated the CLP-induced peritonitis model. Most mice die
around 5 to 7 days after the CLP operation. Therefore, we
examined the mice at 3 days after the operation. In this
model, lymphatic density and sprouts were markedly
increased, and CD11b™ macrophages were greatly ac-
cumulated in the lymphatic vessels in the peritoneal side
muscular region (Figure 10, A-C). In contrast, the lym-
phatic vessels and number of CD11b™ macrophages in
the sham-operated mice were almost identical to those in
the PBS-treated mice.

Discussion

In this study, we showed that the LPS-induced peritonitis
mouse model displayed aberrant and dysfunctional lym-
phangiogenesis in the diaphragm. LPS-induced peritoni-
tis induced profound and dynamic changes in lymphatic
vessels of the diaphragm, including increased density
and enlargement, random branching, and increased
sprouts, connections, and network formation. These ef-
fects varied from region to region but were time-depen-
dent, dose-dependent, and reversible. Moreover, the re-
sponses in the lymphatic vessels were much more than
the responses in the blood vessels. Thus, the diaphrag-
matic lymphatic vessels are highly responsive to LPS-
induced inflammation. Our immunohistochemical data
provided compelling evidence that the LPS-induced lym-
phatic density and remodeling mainly resulted from pro-
liferation of LECs and active sprouting from pre-existing
lymphatic vessels, which are the major cellular processes
of lymphangiogenesis.”®'%"" To evaluate whether bone
marrow-derived cells act as lymphatic endothelial pro-
genitor cells,'® to form LECs in the diaphragmatic lym-
phatic vessels during LPS-induced lymphangiogenesis
and lymphatic remodeling, we carefully examined the
bone marrow-derived cells in the LPS-induced growing
lymphatic vessels by confocal microscopy. However, we
found no bone marrow-derived cells in the LECs of the
diaphragm, indicating that the LPS-induced lymphangio-
genesis is not derived from transdifferentiation of bone
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marrow-derived cells.’®"""® To see whether a more clin-
ically relevant peritonitis model would display similar
changes in the diaphragmatic lymphatic vessels, we de-
veloped a CLP-induced peritonitis model. Because the
CLP-induced peritonitis mouse model exhibited findings
similar to those observed in the LPS-induced peritonitis
model, it is possible that human patients with Gram-
negative bacterial peritonitis may also have dysfunctional
lymphangiogenesis and lymphatic remodeling in the
diaphragm.

Because macrophage activation is closely involved in
inflammation-induced lymphangiogenesis, 2 '%% we in-
vestigated the interaction between macrophages and di-
aphragmatic lymphatic vessels at the histological and
molecular levels in the LPS-treated mice. Histological
analyses revealed that CD11b™ macrophages were
closely associated with the diaphragmatic lymphatic ves-
sels in LPS-induced peritonitis. Moreover, CD11b™ mac-
rophages and other types of leukocytes, including neu-
trophils, could be associated with the diaphragmatic
lymphatic vessels in LPS-induced peritonitis.

These associated macrophages and other types of
leukocytes could induce lymphangiogenesis through se-
cretions of lymphangiogenic growth factors in a para-
crine manner.'®2%37 To clarify the role of CD11b™
macrophages in LPS-induced lymphangiogenesis, we
performed RT-PCR analyses in the enriched CD11b™
macrophages from the LPS-induced inflamed dia-
phragm, a blocking experiment with Ad-sVEGFR-3, and
macrophage depletion experiments with clodronate lipo-
some. These experiments revealed that the CD11b™
macrophage-derived lymphangiogenic factors VEGF-
C/D may play a major role in LPS-induced lymphangio-
genesis and lymphatic remodeling in the diaphragm in a
paracrine manner.

To monitor the drainage function of the diaphragmatic
lymphatic vessels, we measured the absorption rate of
India ink from the peritoneal cavity to the diaphragmatic
lymphatic vessels. In LPS-induced peritonitis, there was
impaired Indian ink drainage to the lymphatic vessels of
the peritoneal side muscular region because of massive
attachment of macrophages and inflammatory fibrosis.
These observations led us to further examine the perito-
neal drainage of large particles (fluorescent micro-
spheres; diameter, 2.0 um) to the SLN. Similarly, most of
the fluorescent microspheres were trapped in the lym-
phatic vessel-associated macrophages of the peritoneal
side muscular region. Thus, the LPS-induced lymphatic
vessels displayed impaired drainage for peritoneal fluid
and particles, mostly because of massive attachment of
macrophages to diaphragmatic lymphatic vessels and
fibrotic tissue in the peritoneal side muscular region.
Moreover, it is possible that the large amount of attached
macrophages and other types of leukocytes may also
block the mesothelial stomata at the entrances to the
lymphatic vessels in the peritoneal side muscular region
of the diaphragm, and this would cause an additional
physical barrier to the drainage of peritoneal fluid and
particles.

What brings about the massive attachment of CD11b™
macrophages to the LPS-induced inflamed diaphrag-
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matic lymphatic vessels? We recently found that, during
LPS-induced inflammation, the diaphragmatic lymphatic
vessel is a major tissue in the production of chemokines
through the Toll-like receptor-4 for macrophage recruit-
ment and attachment.3” Thus, secretion and changes in
the lymphatic vessels themselves may be responsible for
this effect.

Our results also revealed that the overall amount of
tracer transported from the diaphragm to the SLN was
less in the LPS-treated mice compared with the PBS-
treated mice, although the size of an SLN was larger and
the lymphatic vessel density was higher in the LPS-
treated mice compared with the PBS-treated mice. These
findings are quite different from those for LPS-induced
skin inflammation and its SLN.'® The main reason for this
unique characteristic in the inflamed diaphragm could be
the physical blockage of lymphatic vessels in the perito-
neal side muscular region by massive attachment of
macrophages and inflammatory fibrosis. In agreement
with this idea, the impaired function of lymphatic drain-
age in the diaphragm was partially rescued when we
specifically depleted macrophages in all organs, includ-
ing the abdominal cavity, by inducing selective apoptosis
of macrophages using clodronate liposome. However,
although depletion of the i.p. macrophages, including
CD11b™ macrophages, in Gram-negative bacteria-in-
duced peritonitis could provide beneficial effects for re-
storing lymphatic function in the diaphragm, it might be
dangerous because such a therapy would abrogate the
primary defense mechanism of macrophages against in-
vading pathogens.

In conclusion, our findings reveal that CD11b™ macro-
phages play an important role in i.p. LPS-induced aber-
rant lymphangiogenesis and lymphatic dysfunction in the
diaphragm.
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