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FIG 8 EMILIN1 is an o9 integrin-specific ligand in the lymphatic vasculature system. (A) Percentages of HMVEC-LLy and HMVEC-dLyNeo cells adhering to
EMILIN1 (E1), gClq, E933A, and bovine serum albumin (BSA). The data are expressed as means and SD of three independent experiments with 6 replicates. (B)
Adhesion of HMVEC-LLy and Jurkat cells (positive control for a4 integrin expression). The cells were preincubated with anti-a4 integrin subunit monoclonal
antibody (MAb) (P1H4) or anti-a9 integrin subunit MAb (Y9A2). The data are expressed as means and SD of three independent experiments with 6 replicates.
(C) Proliferation of HMVEC-LLy cells cultured on tissue culture plates (plastics) and incubated for 48 h in the presence of fibronectin, EIIIA, E1, or gClq. The
data are expressed as mean percentages and SD of the number of Ki67-positive cells of three independent experiments. Six fields were examined for each
condition. (D) Representative images of Ki67 (green) and a-SMA (red) staining of WT and Emilinl ~'~ P6 mesenteric vessels. The dotted lines outline the
lymphatic vessels. The insets are magnifications of the boxed areas showing the presence of a higher number of Ki67-positive cells in Emilinl ~'~ lymphatic valves.
(E) Quantification of the Ki67-positive cells of luminal valve-associated areas in WT and Emilinl '~ P6 mesenteric lymphatic vessels. Z-stack images were
collected from whole-mount samples; the resulting 3D reconstruction by Volocity software was used to highlight and calculate the valve area and count the
associated Ki67-positive cells. Four mice per genotype (at least 10 valves/mesentery) were examined. (F) Haptotactic movement of HMVEC-dLyNeo cells toward
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EMILIN1-09 interaction regulates LEC proliferation and
migration. HMVEC-LLy and HMVEC-dLyNeo, both expressing
a9 integrin (data not shown), were allowed to adhere to EMILIN1
or its functional adhesion gC1q domain or to a recombinant non-
functional mutant (E933A) (18). Both lung and dermal LECs
strongly adhered to EMILIN1 and gClq (Fig. 8A). Although both
HMVEC-LLy and HMVEC-dLyNeo express o4 integrin (data not
shown), which is highly homologous to @9 (23, 24) and a known
receptor of EMILIN1 or gClq (15, 16), they exhibited no a4-
dependent adhesion to EMILIN1 (Fig. 8B), likely because the
a4B1 receptor was inactive (25). On the contrary, the complete
inhibition of LEC attachment to both EMILINI and gClq with
the function-blocking anti-a9f31 integrin antibody further dem-
onstrated that this was the integrin used by LECs to interact with
EMILINI. To investigate the possible mechanisms by which
EMILIN1-a9 interaction regulates lymphatic valve formation and
maturation, we examined LEC proliferative capacity in vitro. The
engagement of EMILINT1 or of its functional domain, gClq, sig-
nificantly reduced LEC proliferation (Fig. 8C). The addition of
function-blocking a9 integrin antibody fully rescued this inhibi-
tion, confirming the specificity of this effect by the EMILIN1-
gC1lgq—a9 cognate pair (Fig. 8C). On the other hand, neither FN
nor recombinant EIITA fragment altered LEC numbers (Fig. 8C).
The increased LEC proliferation in the absence of EMILINI-a9
interaction, as shown by in vitro assays and the hyperplastic ap-
pearance of Emilinl '~ valves seen in TEM images (Fig. 4), sug-
gested a possible mechanism for the formation of defective valves
in Emilinl '~ mice. This hypothesis was supported by the in-
creased proliferation detected in Emilinl '~ P6 mice: the number
of Ki67-positive cells in lymphatic valves was about 4-fold higher
than in WT counterparts (Fig. 8D and E). EMILIN1-a9 interac-
tion also influenced cell migration: haptotaxis experiments with
human HMVEC-dLyNeo highlighted that EMILINTI, through its
¢gClq domain, engages a9 integrin, favoring LEC migration (Fig.
8F). This interaction is specific, since EIIIA did not trigger any
LEC movement (Fig. 8F). This was not due to a defective binding
ability: the numbers of LECs adhering on FN and EMILINI, as
well as on EIIIA and gClq, fragments were very similar. Pro-
nounced cellular spreading was detected only for FN, since cells
likely employed a5 integrin to adhere to this substrate with the
consequent formation of well-defined adhesion plaques not
visible when a4 or o9 integrins are used (16) (Fig. 8G). The in-
volvement of EMILIN1-a9 engagement in LEC migration was
confirmed in a wound-healing scratch assay performed on
HMVEC-dLyNeo in the presence of function-blocking antibodies
against a9 integrin or against gClq (Fig. 8H). The results indi-
cated that LEC movement was partially induced by gC1q and was
a9B1 dependent. We then performed scratch assays on WT and
Emilin1~'~ LAECs and found that cells expressing EMILIN1
more rapidly moved to close the wounds, and the difference was

EMILINT Role in Lymphatic Valves

even more evident when LAECs migrated in the absence of growth
factors and supplements normally present in the complete me-
dium for LECs (Fig. 81 and J). EMILINT1 likely guided the move-
ment of LAECs, as the same reduction in velocity was obtained
when EMILIN1 expression was abrogated (Fig. 8K to M).

EMILIN1 contributes to valve formation, maintenance, and
function more than FN-EIIIA. To clarify the relative contribu-
tions of FN-EIIIA and EMILIN1, we followed a genetic approach.
Fn-EIITA-null mice were crossed with Emilinl-null mice to obtain
double-knockout (KO) mice, and the luminal mesenteric valves
of a large number of collecting vessels in PO and P6 animals were
counted and their morphology was examined (Fig. 9). The num-
bers of valves in Fn-EIIIA~'~ and WT mice were similar, whereas
in Emilinl '~ mice, there were 58% fewer valves at PO and 64%
fewer at P6. Double-KO mice displayed a reduction at both ages
indistinguishable from that of Emilinl '~ mice. Abnormal/im-
mature valves were nearly doubled only in Emilinl '~ and dou-
ble-KO mice compared to Fn-EIITA~'~ and WT mice at P0. At P6,
Fn-EITTA™"" mice displayed 43% ring valves versus 25% in WT
mice (P = 0.05); at this age, Emilinl /~ and double-KO mice had
about 55% ring valves (P < 0.01) (Fig. 9A to E).

The less significant role of EN-EIIIA in valve morphogenesis
and function compared to EMILIN1 was further confirmed by
semithin and ultrathin TEM analysis and in vivo lymphangiogra-
phy (Fig. 9F and data not shown): the valves of P21 Fn-EIIIA™'~
mice had a normal morphology, and the SMC/mural cells did not
show any evidence of caveolae or cytoplasmic filaments or a
proper basement membrane, as detected in Emilinl '~ mice (Fig.
5). Accordingly, dye transport was equivalent to that in WT mice
at P21 (data not shown). Altogether, these data suggested that the
defects detected in newborn (P0 and P6) Fn-EIITA '~ mice do not
affect proper valve structure and function in adulthood.

DISCUSSION

In a previous study, we confined our morphofunctional analysis
in Emilinl '~ mice to the lymphatic capillaries and demonstrated
that EMILIN1 deficiency resulted in a significant reduction of an-
choring filaments of capillaries with structural and functional de-
fects and increased leakage (14). In the current study, we identified
EMILINI and its cognate a9B1 integrin as a critical receptor-
ECM pair playing a fundamental role in collector luminal valve
formation and maintenance. The finding of a decreased total
number of valves and of a high percentage of valves arrested at the
ring shape stage in Emilinl ~'~ mice provided a more thorough
explanation for the reduced functionality of the lymphatic circu-
latory system and the ensuing mild lymphedema (14). Moreover,
the unusual myofibroblast-like/mural cell coverage, particularly
of the valve areas, detected in Emilinl '~ mice suggests a novel
role of EMILIN1 and casts new light on the valve maturation pro-
cess.

gClq or EIIIA in the presence or absence of the function-blocking monoclonal anti-a9 integrin subunit. (G) Phalloidin staining for actin cytoskeleton
visualization of HMVEC-dLyNeo after 1 h of adhesion on FN, EMILINT1, EIIIA, or gClq. (H) Wound-healing scratch performed on HMVEC-dLyNeo in the
presence of the function-blocking monoclonal anti-a9 integrin subunit or of the monoclonal antibody anti-gC1q. Scratch healing was determined by measuring
the shortest distance between scratch edges at 0 and 20 h in each field of view. At least 3 different fields were measured per scratch. (Iand J) Wound-healing assays
of WT and Emilin1 '~ (E1-/-) LAECs. The graphs report the speed of closure (um/h) of WT and Emilin1~/~ LAECs in the presence of culture medium without
(I) or enriched with (J) supplements and growth factors. (K) Immunodetection for EMILIN1 staining of LAEC transduced with scrambled or short hairpin RNA
EMILIN1 (shEMILIN1) lentiviral particles. (L and M) Velocity of scrambled (scr) and EMILIN1 silenced (shE1) LAECs in a scratch assay in the presence of
culture medium without (L) or enriched with (M) supplements and growth factors. The data shown in the graphs are the means and SD of three independent
experiments each. ¥, P < 0.05; **, P =< 0.02; ***, P = 0.0001. Scale bars, 50 um (D, G, and K) and 25 pm (insets).
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FIG 9 EMILIN1 and FN-EIIIA contributions to valve formation and maturation. Fn-EIIIA-null mice were crossed with EmilinI-null mice. The luminal valve
numbers (A and B) and morphological analyses (C and D) of mesenteric lymphatic vessels in neonatal (P0) (A and C) and postnatal (P6) (B and D) mice of the
resulting genotypes are reported in the graphs. (E) Mesenteric vessels stained for PECAM-1 of PO and P6 WT (E1™/* EIIIA™'*), E1*/* EIIIA~/~, E17/~
EIITA™'™, and double-KO (E1~/~ EIITA~/") mice. The arrowheads and arrows indicate normal V-shaped and abnormal ring-shaped valves, respectively. (F)
Morphological analyses of semithin (top) and ultrathin (bottom) cross sections of mesenteric collecting vessels of E1*/* EIIIA~/~ mice at P21 showing normal
features of the valve leaflets (VL), endothelial cells (LEC), and mural cells/pericytes (P). The data shown in panels A and B are the means and SD (n = 3 to 6
animals per genotype with more than 10 vessels each). The data in panels C and D were obtained from 3 to 6 animals per genotype (more than 100 valves each).
#,P = 0.05; %, P < 0.05; **, P < 0.01 (a one-way analysis of variance followed by Tukey’s post hoc test was performed). Scale bars, 50 wm (E), 20 pum (F, top), and
1 pm (F, bottom).
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Many findings relate a9B1 integrin to the development/func-
tion of the lymphatic vascular system (10, 26-29). a9B1-null
mice, which die around P12 of massive chylothorax, have specific
defects in lymphatic valves that appear as horizontal constrictions
rather than V shaped, whereas the lymphatic vasculature appar-
ently undergoes normal development (26). «9B1 interacts with a
relatively large number of ECM ligands, including tenascin C,
osteopontin, VCAM-1, and FN-EIIIA (10, 24, 30-33). Null muta-
tions in some of these «9B1 ligands did not affect the development
of a normal lymphatic phenotype (34-37). In contrast, the fi-
bronectin FN-EIIIA variant is the main a9 integrin ligand during
luminal valve morphogenesis, and a9 integrin-EIIIA regulates fi-
bronectin fibrillogenesis by LECs in vitro (10). However, as al-
ready pointed out by the authors, the altered valve phenotype of
P6 Fn-EIIIA-null mice normalized at P21, suggesting lower pen-
etrance or the existence of a compensatory mechanism in P21
Fn-EIIIA~'~ mice with the involvement of other a9 integrin li-
gands. The present finding that Emilinl '~ mice had a valve mor-
phology as severe as double-KO Fn-EIITA™'~ Emilinl ™'~ mice
and that fluid transport had no alterations in adult Fn-EIIIA™/~
mice while it was impaired in Emilinl '~ mice indicated that
EMILIN1 also plays a major role in valve maintenance. The crucial
impact of EMILINI on valve morphogenesis was further con-
firmed by ultrastructural analysis: the increased thickness of the
collecting-vessel wall of P21 Emilinl '~ mice was accompanied in
the valve area by folded leaflets, whereas the valves of P21 Fn-
EIITA™'™ mice had a normal V-shaped morphology.

a9B1 integrin was first demonstrated to be an EMILIN1 recep-
tor in skin (15). The increased proliferation of HMVEC in vitro
and the increased number of proliferating Ki67-positive LECs in
valves suggested a deregulated proliferation program of LECs, as
reported for basal keratinocytes of Emilinl '~ mice (15). Also, in
vitro, LEC adhesion to and migration on EMILIN1 was specifically
regulated by a9 integrin. One could speculate that in vivo the
EMILIN1-a9 interaction regulates the proper and specific migra-
tion of LECs to settle in the lymphatic vessel areas where valves
originate. Altogether, these results suggest that EMILIN1 and its
cognate receptor a9B1 play a dual role in valve morphogenesis:
not only in contributing to the structural integrity of the valve core
but also in “guiding” the migration of LECs and their controlled
proliferation to form functional valve leaflets. Since the region
where lymphatic valves arise has to be tightly controlled, this ad-
ditional regulatory role of EMILIN1 in the differentiation and
growth program of cells forming valve leaflets could be hypothe-
sized.

Immature collecting vessels lack myofibroblast-like/mural
cells, and only at later stages do they acquire sparse coverage, but
the valve areas are usually devoid of these cells (3). Among the
various molecules involved in the establishment and maintenance
oflymphatic collectors, Sema3A is the only one known to date that
plays a role in regulating coverage by SMC/mural cells (38): ac-
cordingly, Sema3a-null mice exhibit abnormal SMC coating.
a-SMA staining showed that EMILIN1 absence determined ex-
tended SMC coating in the valve-forming areas that are usually
devoid of SMC in WT mice. a-SMA staining in Emilinl '~ mice
showed similar extended SMC coverage in the valve areas. These
cells also acquired a myofibroblast-like/mural morphology with
unique changes, including caveolae, cytoplasmic filaments, and a
proper basement membrane.

Emilinl '~ mice display a compound defect of the lymphatic
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vasculature that involves the capillaries and the collecting-vessel
valves. The severe morphological alterations of endoluminal
valves likely contribute to the impaired fluid transport, resulting
in the mild lymphedema detected only in adults and absent in
Emilin1 ™'~ mouse embryos (C. Danussi, A. Colombatti, and P.
Spessotto, unpublished data). This finding is in striking contrast
to the fatal bilateral chylothorax of a9 integrin-deficient mice
(26), which apparently show only severe endoluminal valve de-
fects with shorter leaflets and fewer LECs (10).

The absence of chylothorax in Emilinl '~ mice suggests that
the defects in «9B1-null mice cannot fully be explained by the
mere lack of EMILIN1-a91 integrin interaction. It is conceivable
that myofibroblast-like/mural cells positioned on collecting ves-
sels are part of the flow-regulating mechanism and should coop-
erate with the valves to prevent lymph backflow during contrac-
tion. We speculate that the compensatory element that overcomes
the absence of EMILIN1-a9B1 integrin engagement and culmi-
nates in a less severe deficit in lymph propulsion is represented by
the enhanced LEC cellularity in the valve leaflets and by the un-
usual myofibroblast-like/mural cell coverage, particularly of the
valve areas.

While investigations on perivascular myofibroblast-like/mural
cell recruitment and function in fluid flow were beyond the scope
of the present study, the EMILIN1 model could be exploited in the
future to investigate the role, if any, of the increased coverage by
myofibroblast-like/mural cells in order to explain human
lymphedema severity. This also takes into account the fact that
transforming growth factor 1 (TGF-B1) is a strong inducer of
fibroblast-myofibroblast terminal differentiation (39); thus, since
EMILIN1 inhibits TGF-B1 maturation (40), the increased
TGF-B1 levels detected in Emilinl '~ mice (15, 40) might con-
tribute to an increase of myofibroblast-like/mural cell transdiffer-
entiation.

In conclusion, we conceive the multifaceted function of
EMILINT in lymphatic vessels as (i) participating in the structural
integrity of capillaries (14) and valve leaflets, (ii) contributing to
the homeostatic control of proliferation, and (iii) playing a regu-
latory role as a “guiding” ECM molecule for migration of LECs.
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