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Abstract

Proper lymphatic function is necessary for the transport of fluids, macromolecules, antigens and
immune cells out of the interstitium. The lymphatic endothelium plays important roles in the
modulation of lymphatic contractile activity and lymph transport, but it's role as a barrier between
the lymph and interstitial compartments is less well understood. Alterations in lymphatic function
have long been associated with edema and inflammation although the integrity of the lymphatic
endothelial barrier during inflammation is not well-defined. In this paper we evaluated the
integrity of the lymphatic barrier in response to inflammatory stimuli commonly associated with
increased blood endothelial permeability. We utilized in vitro assays of lymphatic endothelial cell
(LEC) monolayer barrier function after treatment with different inflammatory cytokines and
signaling molecules including TNF-a, IL-6, IL-1pB, IFN-y and LPS. Moderate increases in an index
of monolayer barrier dysfunction were noted with all treatments (20-60% increase) except IFN-y
which caused a greater than 2.5 fold increase. Cytokine-induced barrier dysfunction was blocked
or reduced by the addition of LNAME, except for IL-1f8 and LPS treatments, suggesting a
regulatory role for nitric oxide. The decreased LEC barrier was associated with modulation of both
intercellular adhesion and intracellular cytoskeletal activation. Cytokine treatments reduced the
expression of VE-cadherin and increased scavenging of $-catenin in the LECs and this was
partially reversed by LNAME. Likewise the phosphorylation of myosin light chain 20 at the
regulatory serine 19 site, which accompanied the elevated monolayer barrier dysfunction in
response to cytokine treatment, was also blunted by LNAME application. This suggests that the
lymphatic barrier is regulated during inflammation and that certain inflammatory signals may
induce large increases in permeability.

Introduction

Microcirculatory exchange in most tissues classically occurs between 3 interacting
compartments, the blood, the interstitial spaces, and the lymphatic compartments. The
lymphatic compartment passes its constituents through the lymph nodes en route to
emptying lymph into the blood in the great veins of the upper chest. Thus fluid and
macromolecular homeostasis depends on the balance of these interactions between the 3
compartments. The endothelium of both the blood and lymphatic vessels play important
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roles in the regulation of the movement of fluid and solutes from the blood to the interstitial
space and from the interstitium to the lymph.

The lymphatic system is derived from a budding of cells from the cardinal vein during
development and it functions primarily as a network to return fluid from the interstitial space
through the lymph nodes en route to the blood [1,2]. However a growing body of evidence
suggests that while the lymphatic system does return fluid to the blood, one of it's primary
functions may be that of immune surveillance and support of the adaptive immune response
[3-8]. Structurally, lymphatics can de loosely divided into three general types; 1) initial
lymphatics/lymphatic capillaries with a thin cytoplasm, an incomplete basal lamina and
disjointed cellular junctions followed by 2) transitional pre-collecting vessels and collecting
lymphatics, which have a complete basement membrane, continuous junctions and variable
smooth muscle investment and 3) the large transport/conduit lymphatics that are primarily
postnodal vessels [9,8,10].

During inflammation and angiogenesis the endothelium of the blood vasculature becomes a
permissive barrier that allows the flux of cells, macromolecules, and fluids into the
interstitial space, which under controlled circumstances is a normal part of the immune
system's response to insult. Angiogenesis usually accompanies chronic inflammation and
mechanisms that regulate permeability such as nitric oxide (NO) signaling also play an
important part in blood vasculature expansion[11,12]. NO has been shown to be an integral
part of regulating vascular permeability and proliferation in blood vascular endothelial cells
(BECs), additionally NO production in a shear-dependent manner is a major regulator of
pumping activity of lymphatic vessels [13-16]. Thus, physiological production of NO in
lymphatic vessels may help maintain barrier integrity, promote proliferation, and regulate
pumping, while the pathological levels of NO production that often accompanies
inflammation may alter endothelial barrier function in addition to its modulation of
lymphatic contractile functions [17].

Hyper-permeability of the lymphatic system would seem to be counter-intuitive to its role in
fluid and macromolecule homeostasis leading to an accumulation of fluid and potential
tissue damage. Interestingly, recent work has demonstrated that inflammation can reduce the
clearance of the interstitial space by reduction of pumping activity of the lymphatics via NO
dependent mechanisims [18,19]. It would stand to reason that if inflammation can have
major effects on lymphatic pumping function it is also possible that it may compromise the
barrier function of the lymphatic endothelium. Thus, while it may play an important role for
the isolation and protection against pathological infections, chronic inflammation also
results in aberrant lymphatic dysfunction. This could be especially detrimental in mucosal
associated lymphatic structures such as the mesentery where lymph is highly enriched in
lipid content and gut derived antigens and the loss of the compartmentalization of these
factors may lead to exacerbated inflammation in that region.

Despite a growing interest in lymphatic permeability, very little is known about what
physiological or pathological processes alter it, or what roles it may play in lymphatic and
immune functions. These questions are exceptionally pertinent when considering instances
of inflammation. Edema is a classic hallmark of inflammation, and if lymphatic permeability

Angiogenesis. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Cromer et al.

Page 3

is compromised during inflammation it may partially explain the decreased clearance of
interstitial fluids by lymphatics as well as the accumulation of inflammatory cells.
Conversely increased lymphatic permeability may be a normal response during
inflammation in the light of recently described MHCII* immune cells that are found in close
contact with lymphatic vessels where modulation of lymphatic permeability may be
important for the trafficking of these cells or to modulate their ability to sample the antigen-
rich lymph [8].

Materials and methods

All animal usage was approved by the Texas A&M and Scott and White IACUC and
adhered to the regulations provided in the NIH guide to animal care and use. Endothelial
cells for these studies were obtained from mesenteric collecting lymphatics of rats through a
modification of techniques we have previously published using vessel isolation and eversion
(to prevent contamination of lymphatic muscle cells) [20]. Sprague-Dawley rats (200-2509)
were anesthetized by intramuscular injections of Diazepam and InnovarVet. Briefly, a
Prenodal mesenteric lymphatic was isolated from the mesentery of the small intestine from
anesthetized rats. After removal of all adipocytes, the lymphatic was cannulated on its
peripheral end and the contents were flushed out with sterile PBS. Then the lymphatic was
inverted using suction and removed from the micropipette. The ends of the vessel were
ligated with 12—0 opthalmic suture to minimize lymphatic muscle cell contamination and
were and placed onto a fibronectin-coated dish in EGM-2 (Lonza). Endothelial cells were
allowed to migrate off the vessels for ~ 1 week before the vessel was removed and the cells
were allowed to expand out. After the first passage of the cells, they were confirmed as >
95% LECs via the expression of Prox-1 and LYVE-1. The verified rat lymphatic endothelial
cells (RLEC) were maintained in culture under 5% CO, in EGM-2 media and used from
passage 6 to passage 11.

Monolayer barrier function assays were performed using 0.4um pore cell culture inserts in
24 well plates (BD falcon) coated with 2% porcine gelatin and seeded at 50% confluence by
area with RLECs and allowed to grow to confluence. Assays were performed at least 72 hrs
after visual confluence was obtained. This allowed the plated RLECs to establish a stable
basement membrane and cell-to-cell contacts, after which the culture media was removed
and replaced with experimental medium consisting of phenol-free EBM-2 (with 2% serum
and pen/strep mix) with 200pL in the upper chamber and 600uL in the lower chamber. After
a 3-hr stabilization period, 100uL of media containing the cytokine treatment was added to
the upper chamber (luminal) for 1 hr prior to the addition of 10uL of 10mg/mL of the FITC
labeled BSA to the upper chamber. After a 30 min incubation at 37°C, 10pL aliquots of
media was removed from the lower chamber and mixed with 90uL Milli-Q water and placed
in a 96 well fluorescence plate and read at the excitation and emission pair of 494nm/518nm
on a Biotek synergy H1 micro plate reader. All experiments were repeated a minimum of 6
times. Treatments used for all studies included rat TNF-a (10ng/mL) (Peprotec), rat IL-6
(100ng/mL) (Peprotec), rat IL-1p (50ng/mL) (Peprotec), LPS from e. coli (50ng/mL)
(Sigma), rat IFN-y (10ng/mL) (Peprotec) and human VEGFC156s (50ng/mL) (R&D). These
doses were selected from the literature [21-26] and after preliminary dose response
experiments. Additional experiments were performed using the nitric oxide synthase (NOS)

Angiogenesis. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Cromer et al.

Page 4

inhibitor LNAME at a concentration of 1uM in the media of the upper and lower chambers
to determine the contribution of NOS derived NO had on modulation of LEC monolayer
barrier dysfunction. Further experiments were conducted using the NO donor S-Nitroso-N-
Acetyl-D,L-Penicillamine (SNAP) at 1, 10 and 100uM to examine the effects of exogenous
NO on monolayer permeability. Data was corrected for background and reported as
percentage of control. Statistical significance was determined by ANOVA with Dunnet's
post test (InStat software).

Griess' assay (Invitrogen) was performed to confirm the production of NO in the LECs
resulting from treatment with cytokines. This assay measures nitrite, which is the stable
degradation product of NO. We tested the ability of IFN-y, TNF-a and IL-1f to produce NO
at 1 and 24hrs (IFN-y and 1L-1p), in the presence of LNAME at 24hrs (TNF-a) and in a
dose dependent manner for IL-1p.

Western blotting was performed on RLECs to determine the state of LEC markers as well as
important regulators of endothelial permeability, markers of junctional stability and cellular
contraction. RLECs were treated with the same cytokines that were used in the previously
described permeability study in addition to SNAP (10uM). The cells were treated in EBM-2
with phenol-containing 2% FBS and penicillin/streptomycin mix to eliminate any influence
of growth factors in the growth media. Likewise some of these studies were performed in
the presence of LNAME just as the monolayer permeability studies were. Western blots for
the junction components VE-cadherin and p-catenin (Santa Cruz) as well as the contractile
protein myosin light chain 20 (MLC20; Cell Signaling)/phosphorylated Ser19 myosin light
chain 20 (pMLC20;Cell Signaling) were performed on RLECs lysates at 1 hr and 24 hrs post
treatment. Western blotting of iNOS (BD Bioscience) expression was also performed after
24 hrs of cytokine treatment to examine induction of iNOS expression in LECs. Cells were
lysed in NP-40 lysis buffer containing protease and phosphatase inhibitor cocktails
(SIGMA). The lysates were electrophoresed on NUPAGE Bis-Tris gradient (4—20%) gels at
100V for 2 hrs followed by transfer onto nitrocellulose membranes (0.22um) at 15V
overnight followed by 1 hr at 45V. All membranes were blocked in 5% non-fat milk in PBS
for 1 hr followed by primary antibody incubation over night at 4°C in 1% non-fat milk and
0.1% fish gelatin followed by incubation with the appropriate HRP-conjugated secondary
antibodies in the same buffer at room temperature for 2 hrs. All antibody incubations were
followed by 3 washes in tris buffered saline for 10 min at room temperature. Blots were
documented on a Fuji LAS4000 imaging system using chemiluminescence The acquired
images were converted to TIF format and analyzed using ImageJ software (NIH) to perform
densitometry. All quantitative parametric data was analyzed by ANOVA with Dunnett's post
test.

Fluorescent microscopy was also used to determine the status of LEC markers and
junctional proteins under basal conditions to determine the cells phenotype (collecting or
initial LEC) based on junctional morphology. RLECs were grown on coverslips coated with
2% porcine gelatin until confluence at which time the cells were removed from EGM-2 and
placed into phenol red-free EGM-2 72 hrs prior to treatment. RLECs were fixed in 4%
paraformaldehyde for 10 min at 4°C and washed with cold PBS. RLECs used for staining of
internal structures (Prox-1 etc.) were permiabilized in 0.01% Triton-X 100 for 10 min, while
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those used to stain surface markers were not. RLECs were blocked in 10% normal pre-
immune goat serum for 1 hr at room temperature and incubation for all primary antibodies
was carried out at 1:200 dilution in antibody dilution buffer (ProHisto) over night at 4°C.
Likewise all secondary antibody incubations were done in antibody dilution buffer at 1:200
and all washes were for 15 min in antibody amplifying wash buffer (ProHisto). Cells were
mounted using Prolong Gold (Invitrogen) and then were imaged on a Leica AOBS SP2
confocal-multiphoton microscope system using a 40X objective at 0.25 um steps throughout
the thickness of the cells. The resulting confocal Z-stacks were merged into average
projections using ImageJ software (NIH).

Additional experiments were also performed using DETA-NONOnate as an extended
release NO donor to mimic physiological NO production by eNOS. LECs were treated with
100uM DETA-NONORnate for 4 and 8 hrs after which PCNA levels were measured by
Western blot as a correlative index of proliferation. Doses and time points were selected due
to responses in growth factor receptor expression seen in other work in our lab using this
NO donor.

Cells isolated and cultured from the mesenteric collecting lymphatics displayed classic
endothelial morphology of small cobblestone like monolayers, which were positive for
Prox-1 and LYVE-1 (Fig. 1a,b). Interestingly while LYVE-1 is weakly and variably
expressed in muscularized collecting lymphatics, it was significantly expressed in isolated
LECs grown originally from these vessels. However, junctional VVE-cadherin expression in
these cells showed a classic collecting LEC morphology with contiguous belts with little to
no apparent gaps at the cell-cell junctions as would be expected in a collecting lymphatic
(Fig. 1c,d) [27,28].

The primary goal of this study was to determine the permeability potential of lymphatic
endothelium to cytokines and bacterial products known to elicit increased permeability in
BECs. RLECs responded to a number of inflammatory mediators with increased
permeability, though generally not as great as the magnitude seen in BEC. Both TNFa and
IL-1B (at 10 and 50ng/mL respectively) significantly albeit modestly increased permeability
by ~20% at 1 hr, while 1L-6 and LPS (at 100ng/mL and 50ng/mL respectively) induced a
significant but increase in monolayer barrier dysfunction of ~60% (Fig. 2a). Interestingly
IFN-y treatment (10ng/mL) induced a strong, ~2.5 fold increase in permeability. This was a
much greater increase than the other cytokines tested and suggests these cells have a great
dynamic range of permeability (Fig. 2a).

Pretreatment with the NOS-inhibitor LNAME completely blocked the increases in
monolayer barrier dysfunction caused by IL-6 and TNF-a and significantly reduced but did
not completely inhibit the permeability increase due to IFN-y. However, LNAME had no
effect on the increase in barrier dysfunction induced by IL-18 nor LPS (Fig. 2a). Treatment
with VEGF-C156s (50ng/mL) as a positive control induced a 14% increase in monolayer
barrier dysfunction but did not reach significance. Interestingly VEGF-A (50ng/mL) had no
effect at all on RLEC barrier function. iNOS levels in RLECs under control conditions were
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very low and were not apparently changed after 1 hr of cytokines treatment.. Treatment of
RLEC with TNF-a, IL-6, LPS or IFN-y did not alter iINOS expression at 24 hrs (data not
shown for LPS and IFN-vy). However, treatment with IL-1f consistently induced a
substantial and significant increase in the level of iINOS after 24 hrs of treatment (Fig. 2b).
Data from the Griess assay suggests that LECs in culture produce a small amount of NO
basally and that this level can be increased significantly by cytokine treatment, even at 1hr
(Fig. 2c). We tested the ability of IFN-y vs IL-1p to increase NO production at 1hr due to the
relative impact of these cytokines on barrier function and the NO-dependency of IFN-y, and
NO-independent effects of IL-1 on monolayer barrier dysfunction. We found that IFN-y
treatment at 1hr significantly increased NO production but IL-1p treatment at 1hr did not.
However, at 24hrs, IL-1f induced a very large increase in NO, which we propose is a direct
effect of the upregulated iNOS expression. TNF-a increased NO production in an LNAME-
sensitive manner that also corresponds to the prevention of monolayer barrier dysfunction
with LNAME application prior to TNF-a exposure.

Western blots of RLEC after treatment with TNF-a, IL-6, IL-10 and INF-y (1hr) revealed a
significant reduction of the protein levels of VE-cadherin. INF-y had the most profound
effect with a reduction of VE-cadherin to less than 50% of control levels. Interestingly, LPS
did not decrease VE-cadherin levels. LNAME-pretreatment inhibited the loss of VE-
cadherin levels and in some cases (IL-6, IL-1p and LPS) it appeared to increase VE-cadherin
levels (Fig. 3a). All cytokines caused an apparent increase in p-catenin (1hr of treatment),
with IFN-y causing the greatest increase (Fig. 3c).

Treatment with TNF-a, IL-6, IL-1p, LPS and IFN-vy (1hr) each stimulated the
phosphorylation of the contractile protein myosin light chain 20 at the regulatory serine 19
site with IFN-y inducing the greatest phosphorylation increase (~3.4 fold) (Fig. 3b).
Elevated MLC20 phosphorylation induced by some cytokines was partially blocked by
LNAME except in the cases of IL-1f, LPS and IFN-y treatment, (Fig. 3b).

To determine the direct acute effects of NO on barrier function, LECs were treated with the
rapid release NO donor SNAP. SNAP treatment at 1uM had no significant effects on LEC
monolayer barrier function while treatment at 10uM yielded a increase in FITC-BSA leak
across the monolayer similar to what was seen in IFN-y treated cells (~2.3 fold increase)
(Fig. 4a). Treatment of LECs with 100uM SNAP induced a massive increase in barrier
dysfunction and was due to the loss of cell integrity in the monolayer. Likewise SNAP
treatment (10puM at 1hr) significantly decreased the level of VE-cadherin (Fig. 4b). The
phosphorylation of MLC20 was not significantly changed by SNAP (10uM) (Fig. 4c).
Interestingly SNAP treatment did not increase -catenin levels as seen in the cytokine
treatments (Fig. 4d). DETA-NONOnate, which mimics a slower and sustained physiological
NO release, induced a significant elevation of the marker of proliferation, PCNA (Fig. 5), at
8hrs post treatment however there was no elevation of this protein at 4hrs of treatment.

Discussion and conclusions

We determined the effects of 5 classic inflammatory cytokines TNF-a, IL-6, IL-10, INF-y
and LPS, as well as the lymphangiogenic factor VEGF-C156s on lymphatic endothelial
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barrier function. Each cytokine variably increased LEC monolayer permeability to FITC-
albumin (increases from ~25% to 250%). The cytokine-induced monolayer barrier
dysfunction was sensitive to NO blockade by LNAME with the exception of IL-1f8 and LPS
(which is similar to their effects in blood vascular endothelial cells) with corresponding
alterations in junctional and cytoskeletal rearrangements [29-31]. These findings may
provide the basis for a new outlook of lymphatic function and dysfunction during
inflammation. Additionally these changes may affect the whole body, not just the local site
of inflammation, by decompartmentalizing the lymph via the immune system.

While much attention has been recently focused on lymphangiogenesis and lymphatic
contractile function, still very little data exists about the regulation of permeability in the
lymphatic endothelium. This paper supports earlier findings that documented that the
lymphatic endothelium is an actively-regulated macromolecular barrier, in which the
lymphatic endothelium could both positively and negatively alter permeability. We believe,
the data in this report ties lymphatic function to immune function through the impact on
lymphatic permeability of traditional inflammatory mediators released during immune
responses [16,2,32,33].

We have recently reported that there are several different immune cell types in close
proximity and in some cases attached to lymphatic vessels [34], which complicates the
interpretation of altered lymphatic vessel leakage. Because of this we decided to utilize in
vitro measures of barrier function in cultured RLECs to eliminate the confounding factors of
the immune cells. While this may not completely recapitulate events in vivo, it does provide
direct evidence how the lymphatic endothelium may responds to inflammation [23,35,26].

All the cytokines as well as LPS increased permeability of the LEC monolayers, although
most induced modest increases of 20-60%. However, IFN-y caused a more than 2.5 fold
increase in monolayer barrier dysfunction, which suggests that LECs posses a great dynamic
range of barrier regulation. But perhaps only a few inflammatory signals, such as
intracellular pathogens, will induce a great change in LEC permeability. To put these
changes into perspective TNF-a, IL-1p and LPS all induce a 2.5 fold increase in
permeability in HUVECS at the same doses used in this study [36], while TNF-a at doses up
to 100ng/mL did not significantly increase the magnitude of permeability of RLECs beyond
that seen at 10ng/mL (sup fig. 1). This may be a compensatory mechanism to ensure that the
lymphatic endothelial barrier does not extraneously collapse and further impair the critical
role that the lymphatics play in fluid homeostasis. As the primary site for products of tissue
catabolism and secreted molecules, the regional lymphatics are subject to elevated cytokines
loads under physiological and pathophysiological conditions [37,38]. As compared to BEC,
the blunted permeability values in the LECs reported here may be indicative of a
desensitization process to maintain lymphatic fluid homeostatic function in response to the
physiological loads. However, our data suggest that the significant dramatic increase in
permeability in response to Thl-associated cytokines such as IL-1f and IFN-y may be
relevant to the notion that lymphatic tissues may be co-opted as a reservoir and a means to
spread pathogenic organisms.
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To put these changes into perspective of other studied hyperpermeability agents, the
lymphangiogenic growth factor VEGF-C156s only increased barrier dysfunction 14% in our
study, which is similar to what was found by other investigators using trans-endothelial
electrical resistance (TEER) [26]. Unlike the previous work by Breslin et al using VEGF-
C156s, we did not find this increase to be statistically significant, presumably due to
differences in approach. Interestingly, VEGF-A had no effect on RLEC barrier function in
our hands, which was unexpected. When compared to the action of VEGF-A on blood
endothelium it seems the VEGF-C interaction with VEGF receptor 3 in RLECs does not
induce large changes in permeability [39,40,26]. We also examined the effects of slow, low-
level release of NO on RLECs due to our findings with the lymphangiogenic growth factor
VEGF-C156s. We found that low levels of NO, while not sufficient to induce changes in
permeability can cause LECs to prepare for proliferation as evidenced by an increase in
PCNA. Proliferation of endothelial cells is usually preceded by the dissolution of the
junctions and may explain why there was a very mild increase in permeability in ours, and
others studies in response to VEGF-C. However this does not explain completely why
VEGF-C does not behave like VEGF-A. This may be a physiologically sound adaptation
given that lymphatics usually grown into areas that require greater removal of tissue debris,
fluid and cells and compromising the permeability of the existing vessels in the tissue space
would exacerbate the problem driving lymphangiogenesis, not correct it.

The low magnitude disruption of the monolayer barrier induced by most inflammatory
cytokines (excepting IFN-y) may be due to the expression of different isoforms of the
suppressor of cytokine signaling (SOCS) than what is normally found in endothelial cells of
blood vascular origin Again we speculate that it may represent another adaptive change of
the lymphatic endothelium to cope with the cytokine-rich environment these cells exist in.
The lymphatic endothelium is intimately exposed to interior mileu of the parenchyma and
may have developed tolerances to inflammatory stimuli to maintain normal physiological
function,. This may play important functions regulating the recruitment of immune cells
from the parenchyma to the lymphatics and subsequently the lymph node while retaining the
ability to keep the lymph compartment separate from the interstitial space. We are now
pursuing what the loss of lymph compartmentalization may mean physiologically and,
possibly more important, immunologically.

Endothelial para-cellular permeability is classically modulated by two types of events; the
first is intercellular junctional disruption and the second is intracellular contraction of the
actin/myosin cytoskeleton, both of which are thought to play important roles in regulating
solute flux through the blood endothelium. The most often studied junctional components in
regards to endothelial permeability are VE-cadherin and p-catenin, which are parts of the
adherens junction and also play important roles in both WNT-mediated signaling (B-catenin)
and as a shear/stretch signaling complex with VEGFR2, and PECAM (VE-cadherin) [44].
For permeability to increase, the normal association between VE-cadherin and -catenin
must be disrupted via phosphorylation of VE-cadherin. This results in the disassociation of
the two proteins from each other and the actin cytoskeleton. The disassociation of VE-
cadherin and B-catenin often results in the translocation of p-catenin to the nucleus (except in
the cases of GSK-3f activation resulting in $-catenin phosphorylation and degradation)
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[45,30]. The increase in p-catenin signal we observed may be due to a number of reasons
including impaired turn over of B-catenin, sequestration in the cytosol or increased -catenin
signaling and reduced degradation. SNAP treatment reduced the level of -catenin
significantly after 1 hr suggesting that in RLECs this signaling pathway is independent of,
and may in fact be, inhibited by NO. This result would suggest that the lymphatic
endothelial junction is very dynamic under normal conditions with a high turnover of
integral components given that the half life of B-catenin averages from 30min to 120min
depending on cell type and that LECs may differentially regulate B-catenin turn over [46—
48]. Interestingly treatment with 10uM SNAP induced similar monolayer barrier
dysfunction and VE-cadherin reduction levels as IFN-vy, which suggests that in RLECs the
primary modality of NO is to disrupt junctional components. The second major event
involved in increasing endothelial permeability is contraction of the cellular cytoskeleton via
phosphorylation of myosin light chain 20 (MLC20) much like similar events in muscle. In
the case of the lymphatic endothelium, Rho-associated protein kinase (ROCK) is the major
kinase that increases the phosphorylation of MLC20 after activation resulting in retraction of
the cellular borders after the degradation of junctional complexes [35,49]. We observed that
many of the cytokines tested had profound effects on both junctional and contractile
components of permeability. These results suggest that edema associated with inflammation
may partially be due to the rapid remodeling of the lymphatic endothelial junctions and loss
of lymph compartmentalization.

Previous studies of LEC barrier using similar treatments found surprisingly different effects.
Work by Chaitanya et al in large T transformed mouse LECs found that IL-1 actually
increased barrier integrity and that in human cells there was little response to most cytokines
tested. However the alteration in permeability was at least in the same direction as what we
have found [23]. We note that IL-1f had a similar effect to what Chaitanya et. al. described
in earlier experiments in cells that had lost contact inhibition (data not shown) because of the
transformed nature of the cells they used in their experiments. When comparing our data on
VEGF-C induced permeability to that of Breslin et. al. it must be noted that we actually
detected a similar increase of permeability (14% vs. 12%) but due to differences in the
technique (monolayer permeably vs. TEER) we did not find this to be significant. In fact in
the case of the previous two authors, endothelial dysfunction was estimated by TEER and no
solute movement was measured.

We found that levels of pMLC20 were elevated in all cytokine treated groups. However,
pMLC20 levels and levels of barrier function were not strictly correlated, suggesting that
MLC20 is very sensitive to phosphorylation by certain cytokines such as TNF-a in RLECs,
but that inter-endothelial junctional stability may be more important in regulating barrier
function in RLECs. Given the highly dynamic nature of stresses and strains found in phasing
pumping collecting lymphatics, maintainence of stable inter-endothelial junctions might be
paramount to regulating permeability. Furthermore we found that NOS inhibition eliminated
the effects of inflammatory cytokines on MLC20 phosphorylation, which is consistent with
what has been found by other groups in BECs [50]. This suggests that NOS has an important
role in the regulation of LEC contractile status.
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The loss of barrier dysfunction of the LEC monolayers in response to inflammatory
cytokines in this study was primarily an NO-dependent process with the exception of IL-18,
and LPS. IL-1p, and LPS induced acute increases in monolayer barrier dysfunction.
However these two cytokines did not work through NO, suggesting that IL-18 and LPS may
play a unique role in the regulation of acute lymphatic permeability. This increase in
monolayer barrier dysfunction is in contrast to earlier findings using transformed mouse
LECs in which IL-1B had no effect, which may be explained by species differences, analysis
differences or isolation variances [23]. It is interesting to note that despite partially rescuing
changes in VE-cadherin and pMLC levels, LNAME had no effect on changes in
permeability induced by IL-18 or LPS. The inability of LNAME to inhibit IL-13 monolayer
barrier dysfunction was not surprising because it is well established that IL-1 receptor 2
signals through pathways that bypass NOS signaling [24,30]. Additionally IL-1f was the
only factor that increased expression of iNOS in the LECs suggesting that chronic 1L-1f
may have a unique role in inflammation in the lymphatic endothelium. The inability of
LNAME to inhibit LPS induced monolayer barrier dysfunction was surprising as it appears
that LPS induced permeability in BECs is NO dependent [41]. However this can possibly be
explained by the fact that LPS had a very profound effect on MLC20 phosphorylation that
was only partially ablated by LNAME, though it did not affect VE-cadherin levels. This
may suggest that cytoskeletal contraction in these cells, if of a high enough magnitude, can
induce changes in permeability. LECs have been previously demonstrated to express
functional TLRs, including TLR4, and mesenteric lymph can contain a significant endotoxin
load since it drains the gut and is the sole route of transport of chylomicrons that actively
promote the absorption and dissemination of LPS [42,43]. The impact of cytokine release by
LPS stimulation on permeability and the post-prandial mesenteric lymphatic permeability
may be of particular interest especially under conditions of chronic inflammation such as
IBD.

For many decades the basic understanding of the permeability of lymphatic vessels
suggested that the permeability of each lymphatic was essentially fixed with variations in
permeability dependent on the type of lymphatic (i.e. initial vs. collecting lymphatic) and the
structure of the cellular junctions [49,1,28]. The fixed permeability of the collecting vessels
was assumed to passively retain any molecule above ~2,300 dalton in the lumen and that
active vesicular transport was the only means of regulating trans-endothelial movement of
any particle above that size in collecting vessels [49,1,51]. Additionally in discussions of
lymphatic permeability, one must also think about the direction that the permeant molecule
is moving, i.e. into or out of the lymphatic and how that affects overall lymph transport.
Therefore the most important factors in regulating permeability were the size of
macromolecules and the type of lymphatic vessel [28,49,51,2]. Previously it was suggested
that collecting lymphatics generally had permeabilities that were very low and relatively
invariant [49]. Recently careful studies have shown that the basal permeability of collecting
lymphatics to molecules such as albumin is very similar to the permeability of post capillary
venules [52]. Furthermore, an increased focus has been placed on the permeability potential
of lymphatics and in short order a small group of mediators such as adrenomedullin, VEGF-
C, natriuretic peptide as well as LYVE-1 internalization, shear stress and their mechanisms
(Rho/ROCK, cAMP, etc.) have been shown to have profound effects on barrier function and
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permeability of lymphatics [26,53,54,2,35,55]. These data were gathered using a variety of
techniques to evaluate lymphatic permeability/barrier function, including isolated vessel
measures, in situ measurements and trans-endothelial electrical resistance, yet all of the
studies concluded that lymphatic vessels and more correctly the lymphatic endothelium can
regulate its permeability in fashions akin to what is seen in the blood vessels.

This study found that much like blood vascular endothelial cells, lymphatic endothelial cells
increase their permeability in response to several inflammatory cytokines. However the
LECs seem to have unique mechanisms in place to regulate their permeability and respond
in a manner somewhat different than what is expected of blood vascular endothelial cells.
This is not surprising due to the vastly different environment that lymphatic endothelial cells
exist in as compared to blood endothelial cells as well as the significantly different transport
roles these endothelial cells serve in their respective vessels. This difference in permeability
may be responsible for maintaining the convective transport of fluid that occurs in the
interstitial space during inflammation. Additionally the relatively modest permeability
responses of RLECs to most inflammatory cytokines may serve to maintain convective
transport during modest inflammation but allow macromolecular signals to influence
immune surveillance and responses to infection. This strongly supports the growing concept
that despite some similarities, lymphatic and blood endothelium should be treated as a
unique and independent cell types that need further study to understand the differences and
similarities in their respective functions.
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Fig 1.

In?munofluorecent images of LYVEL1 (green) (a) and Prox-1 (green) (b) stained with
Alexafluor 488 secondary antibodies in RLECS, note the cell-to-cell variability in LYVE1
expression. Images of VE-cadherin (red) (c) and p-catenin (red) (d) co-stained with DAPI
(blue) in RLECs stained with an Alexafluor 647 secondary antibody, the cells show a
continuous belt of junction similar to cells of a collecting vessel type. All images were taken
at 40X with 2X zoom magnification using a LEICA confocal microscope, images are
average projections of stacks with a 0.5um step size. Scale is 10um
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Fig 2.

Pe%meability of RLEC monolayers to FITC-labled bovine serum albumin in response to
inflammatory cytokines TNF-a (10ng/mL), 1I-6 (100ng/mL), II-1B (50ng/mL), LPS
(50ng/mL) IFN-y (10ng/mL). These treatments were carried out alone and in the presence of
1uM LNAME to test NO dependency of permeability (a). Western blot of TNF-a, IL-6 and
IL-1p treated cells at 24 hrs showing that IL-1[3 alone out of all tested cytokines induces an
up regulation of iNOS (b). Specific cytokines (IFN-v, IL-1p and TNF-a) were selected for
further testing of NO production by Griess assay. TNF-a was used to test the efficacy of
LNAME on NO production (after 24 hr to allow accumulation of nitrite), while IFN-y and
IL-1p represented the cytokines that had the greatest NO-dependent and NO-independent
permeability effects respectively (c). Permeability data is representative from 6 experiments,
n=3-6. Greiss assay data is representative of 3 experiments with n=3. * denotes significant
departure from control (p<0.05) as determined by ANOVA with Dunnett's post test.
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Quantification of Western blotting of VE-cadherin (a) (normalized to B-actin) and MLC20/
pMLC20 ratios (b) after 1hr of treatment with TNF-a, IL-6, IL-1p, LPS and IFN-y alone and
in the presence of LNAME. All data is compared to its corresponding control.
Quantification of B-catenin levels (normalized to p-actin) after cytokine treatment showing
apparent salvaging of p-catenin (c). * denotes significant departure from control (p<0.05) as
determined by ANOVA with Dunnett's post test, @ denotes significant difference from non-
LNAME treated pair as determined by Student's two tailed t-test.
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Fig 4.

Ef?‘ects of SNAP the NO donor on permeability (a), junctional components VE-cadherin (b)
and B-catenin (d) and the MLC20/pMLC20 levels (c). SNAP treatment (10uM) induced an
increase in permeability roughly equivalent to IFN-y while SNAP (1uM) had no significant
effect and 100uM SNAP caused cells to lift from the monolayer. SNAP treatment at 10uM
caused a significant reduction in the levels of VE-cadherin after 1 hr of treatment however
the salvaging phenomenon of B-catenin seen with cytokine treatment was not observed.
MLC20 phosphorylation was not increased by SNAP treatment (10uM) which was
unexpected. Data is representative of 3 experiments with n=3 and significance was
determined by ANOVA with Dunnett's post test in the case of permeability experiments and
Student's t-test in all other cases. * denotes significant departure from control (p<0.05)
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Fig 5.

Ef?‘ects of DETA-NONOnate on RLEC proliferation marker PCNA. Treatment with 100pM
DETA-NONOnate caused no change in PCNA at 4 hrs (vs. 4 hrs control) while there was
significant elevation of PCNA levels at 8 hrs (vs. 8hrs control), suggesting that NO can
increase indices of proliferation in RLECs
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