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Abstract

Background: Lymph node (LN) lymphatic sinuses transport lymph, cells, and antigens from the periphery
through the LN. The lymphatic endothelium lining these sinuses appears to be an important contributor to the
Ilymph node immune response. It has been challenging to obtain sufficient LN lymphatic endothelial cells for
investigation of their functions, as they are minor constituents of LNs.

Methods and Results: A procedure was developed to purify lymphatic endothelial cells (LEC) from murine
LNs, which yields large numbers of primary LN LEC. Two-dimensional in vitro cultures of dissociated LN
stromal cells initially consist of multiple cell types, and then rapidly evolve to produce pure cultures of
Iymphatic endothelium within a few passages. One million LEC can be harvested after 4 weeks of culture, and
much larger cell numbers can be obtained by continued culturing over long periods. The LEC cultures maintain
endothelial morphology and expression of LEC markers, and preserve the same slow growth characteristics
over at least 20 passages. The LEC cultures readily form tubes in Matrigel at early and at late passages,
resembling those formed by LEC lines.

Conclusions: A simple and economical approach to obtain purified primary murine LN LEC was developed for
in vitro studies of their function. The morphology, growth characteristics, and functional behavior of these cells
in tube formation assays did not change between initial and long-term passages. Large numbers of these cells
can be harvested after long-term passage, so that they can be studied in biochemical and biological assays.

Introduction

THE LYMPHATIC VASCULATURE DRAINS LYMPH, cells, and
antigens from the periphery through lymph nodes (LN),
to ultimately return to the blood circulation. Remodeling of
LN architecture and extensive growth of lymphatic sinuses
(lymphangiogenesis) is a feature of LNs activated by in-
ﬂammation,l’2 as well as of tumor-reactive LNs.>* This LN
lymphangiogenesis is thought to be important for lymph and
antigen delivery to LNs,35 and it also can modify immune
responses.®’

The lymphatic endothelium normally is a minor compo-
nent of LN, so that it has been challenging to purify enough
of these cells to investigate their function. Lymphatic endo-
thelial cells (LEC) have been enriched from dermis®® by cell
sorting and column purification techniques, which can be a
costly approach. Cell lines derived from LN lymphatic en-
dothelium have been obtained by SV40 transformation,lO
limiting their utility for studies of normal lymphatic functions
such as proliferation. However, a lymphatic endothelium cell

line has successfully been cultured from normal rat lymphatic
vessels,'! suggesting that transformation may not be required
for primary LEC culture.

Recently a method for the isolation of murine LN stromal
cells including LEC was published.'? Using this LN disso-
ciation protocol, the cells obtained are a mixed population of
all four LN stromal cell types: fibroblast reticular cells
(FRC), 40%,blood endothelial cells (BEC) 30%, LEC 20%,
and double negative (DN) stromal cells (10%). We cultured
murine LNs to expand these stromal cells, and found that in
two-dimensional culture a pure LEC population reproduc-
ibly emerges, which preserves functional characteristics of
LN LECs in long-term culture.

Materials and Methods

Cell isolation and culture conditions

LN stromal cell populations were obtained by digesting
pooled brachial, axillary, inguinal, and popliteal LNs from one
wild-type C57BL/6J mouse in 1.5 mL RPMI with 0.2 mg/mL
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TABLE 1. CULTURED LN STROMA EXCLUSIVELY Prox1

ExPrESS LEC MARKERS
P4 and SV- LN LN LN
P8 cultures LEC LEC FRC BEC
10.1.1 + — _
Prox1 + -
LYVE-1 + -
+
+
+

Collagenase P (Roche), and 0.8 mg/ml Dispase I (Wor- Podoplanin
thington Biochemical) for 20 min, as described by Fletcher
et al.'? The digest buffer was pipetted off with any free cells.
Another 1.5mL buffer with enzyme was added, and the
clumps are digested further for 20 min. The cells from each
digest step were then pooled, yielding all four LN stromal cell
types.'? The cells isolated from the LNs of one mouse were
plated in one well of a 48-well tissue culture treated plate in
DMEM containing 10% FBS, 10 mM HEPES, 1% PenStrep,
and 1/1000 f-mercaptoethanol. After 24 h, nonadherent cells
were removed and the plate washed three times with 1X PBS,
leaving behind the adherent LN stromal cells. Cells were
passaged at a 1:5 dilution every 7-10 days, when they reached
80% confluency.

+ +
+ + -
— + —
Podoplanin + + + - CD31
CD31 + ND + -
SMA - ND - + —
ER-TR7 - ND - +
MECA-32 - ND — —

Immunofluorescent staining

Cells were harvested via trypsinization and plated at
40,000 cells/well in 12-well plates containing coverglass.
The cells were allowed to recover from trypsin exposure for 1
day. The coverglass was washed 3 times with 1X PBS to
remove media, and then cells were fixed with 4% paraformal-
dehyde. Primary antibodies: rat anti-mouse LYVE-1 (ALY7,
eBiosciences), rat anti-mouse CD31 (MECI13.3, BD Bios-

ciences), hamster anti-mouse podoplanin (8.1.1, Dr. A. Farr, ER-TR7
University of Washington, Departments of Biological Structure
and Immunology), rat anti-mouse ER-TR7 (Dr. A Farr), rat anti-
mouse MECA-32 (ATCC), hamster anti-mouse 10.1.1 (Dr. A.
Farr), rat anti-mouse smooth muscle a-actin Cy3 (1A4, Sigma),
and rabbit anti-mouse Prox1 (Millipore). Secondary antibodies
from Invitrogen: goat anti-hamster AlexaFluor 568, goat anti-
hamster AlexaFluor 488, goat anti-rat AlexaFluor 568, and goat
anti-rabbit AlexaFluor 488. Slides were mounted in Prolong LYVE-1

Gold (Invitrogen) for imaging on a NikonE microscope using
Nikon NIS Elements software.

FIG. 1. LN stromal cultures exclusively express LEC
markers by the fourth passage. Immunofluorescent staining
of cultured primary mouse LN cells at P4. Cells were plated
in 12-well plates (40,000 cells/well), and immunostained for

Prox1 (A), 10.1.1 (E), podoplanin (C), and CD31 (B), but
not LYVE-1 (G), MECA-32 (D), ER-TR7 (F), or SMA (H),
shown in the left panels. Nuclear DAPI staining is shown in
the right panels. Adjacent images (A and B; C and D; E and
F; and G and H) are of co-stains of the same field of cells.
Staining was repeated on three independent cell isolates;
representative images are shown.
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Flow cytometry

Cells were harvested via trypsinization and stained with
PE-Cy7 anti-mouse CD45 (30-F11, eBiosciences), PE anti-
mouse CD31 (390, eBiosciences), and APC anti-mouse
podoplanin (8.1.1, eBiosciences). Wild-type mouse LN was
digested as described above as a positive control for the
presence of the four LN stromal cell types. Cells were an-
alyzed on a BD FACS-Canto II, and data processed using
FlowJo software.'?

Tube formation assay

Growth factor-reduced Matrigel (BD Biosciences) was
allowed to solidify in a 96-well plate (50 uL/well) for 30 min
at 37°C. SV-LEC'* or pure LEC P4 or P22 cultures were
harvested via trypsinization and plated into each well at
30,000 cells/well (SV-LEC), and at 60,000 cells/well (P4, P8,
or P22 LN LEC). Tubes were allowed to form for 4 h, and
stained with Calcein AM viability dye (eBiosciences) in
HBSS for 30 min to visualize tubes.

SSC
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Results

Protease dissociation of LN stroma yields a mixture of
LEC, BEC, FRC, and DN stromal cells, as detected by flow
cytometry analysis of podoplanin and CD31 expression.'*!'?
The initial stromal cell yield per mouse is difficult to esti-
mate, as most of the cells isolated are nonadherent lym-
phocytes that are removed after 24 h in culture. However,
adherent stromal cells could be expanded in vitro from the
initial well of a 48-well plate obtained from one mouse so
that at passage 4 (P4) the cells could be plated into a T-25
flask, and by P5 approximately 10° cells were obtained. Six
independent cell isolates were generated from six wild-type
C57BL/6J mice with similar growth characteristics and
morphology observed between the cultures. This finding
demonstrates that primary LN stromal cells can expand for
long periods in culture.

The cellular composition of the LN stromal cultures was
examined by plating low passage number cells (P4) on cov-
erglass and immunostaining them to examine expression of
LEC, BEC, and FRC markers, for comparison with the cell

P22

SSC

Podoplanin

CD31
FIG. 2.

In vitro culture of LN stroma produces a pure LN LEC population. Flow cytometry analysis of freshly dissociated

mouse LN stroma and of P8 and P22 cultures, stained with PE-Cy7-anti-CD45, APC-anti-podoplanin, and PE-anti-CD31
antibodies. Forward scatter (FSC) and side scatter (SSC) demonstrate large size of cells in P8 and P22 cultures. All P§ and
P22 cells gated on this large population are CD45-ve CD31+ podoplanin+, relative to mixed composition of freshly
dissociated LN stroma stained for podoplanin and CD31, which contain LEC, BEC, FRC, and DN stromal cells. Two

independent cell isolates were analyzed.
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types identified immediately after isolation of LN stroma.'?
The LEC markers used were 10.1.1,>"* Prox1,'° LYVE-1,"”
podoplanin (8.1.1),"® and CD31."*' Smooth muscle x-actin
(SMA1) and ER-TR7 were used to identify FRCs,** while
CD31 and MECA-32 distinguish BEC.2! Markers were
chosen based on expression patterns defined by in situ im-
munostaining as summarized in Table 1. The cultured LN
cells all expressed the LEC markers 10.1.1, Prox1, CD31, and
podoplanin, suggesting that they are all LECs (Fig. 1 A-C, E).
This marker expression pattern is similar to what has been
published for the SV40 transformed LEC line SV-LEC."***%
The LEC marker LYVE-1 was not expressed (Fig. 1G), likely
due to downregulation of this lymphatic endothelial surface
marker in culture."” The BEC marker MECA-32 was not
detected (Fig. 1D), perhaps because MECA-32 expression is
rapidly lost in cultured cells.'*** Cells expressing the FRC
markers ER-TR7 and SMAI were also not detected (Fig. 1F,
H), even though FRC are the most abundant (70% of all cells)
at the first passaging of the cells.'? This 10.1.1+ Proxl+
podoplanin+ CD31+ and MECA32- ER- TR7- SMAI-
immunostaining pattern identifies an LEC phenotype'®'®!°
for the cultured LN cells. These findings indicate that by P4,
LECs proliferate and overgrow the LN culture, while other
stromal cell types (FRC, DN, BEC) are lost. Similar data were
obtained upon examination of higher passage (P5 to P8) cells
(n=3 independent cell isolates for each P4, P5, and PS).

Flow cytometry using CD31 and podoplanin immunostain-
ing can be used to distinguish LEC, BEC, FRC, and DN
cells.'*" To quantify the purity of the P8 population, cells were
harvested and analyzed by flow cytometry. Freshly isolated
mouse LN was used as a control to identify all four stromal
cell populations. Forward scatter (FSC) and side scatter
(SSC) demonstrate large cells in the culture (Fig. 2), as
expected for endothelium. Staining with CD45 antibody
confirms that the in vitro cultures are CD45-ve, so that the
culture contains no leukocytes. CD31 and podoplanin im-
munostaining demonstrates that the cultures are CD31+
podoplanin+ LEC. Similar data were obtained upon anal-
ysis of later passages (P22, n=2 independent cell isolates).
These findings confirm that simply passaging LN stromal
isolates rapidly yields a pure population of LEC.

The LN cultures can be continuously grown for more than
22 passages to generate much larger cell yields. At all stages
of culture, the cells maintained monolayer (contact inhibited)
growth and characteristic adherent endothelial morphology
and extensive cytoplasm (Fig. 1), suggesting that the cells are
not transformed.'**> No alterations in morphology were

SV-LEC
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observed, and the cells retained slow growth and long gen-
eration time with 7-10 days required for passaging through at
least P22 (data not shown). This finding was obtained with six
independent isolates for early passages, and two isolates were
cultured up to P22, demonstrating that the cells consistently
retain primary endothelial characteristics.

Endothelial cell function is often modeled in vitro using a
tube formation assay, to measure the migration and adhesion
of endothelial cells in Matrigel to form vessel-like tubes.?*
The cultured LN LECs readily formed tube structures at early
P4 (n=6 independent cell isolates) as well as late P22 pas-
sages (n=2 independent cell isolates), with examples shown in
Figure 3. Early and late LEC cultures therefore both maintain
the same ability to migrate and form vessel-like structures. The
tubes formed resembled those formed by the SV-LEC cell line
(Fig. 3), an SV40-transformed LEC line obtained from mes-
enteric adventitia.'* The primary LEC cultured from LNs thus
show long-term ability to form tubes, suggesting that they will
be useful to study various aspects of lymphatic endothelial
biology.

Conclusions

A simple and economical method was developed which
allows harvesting of large numbers of essentially pure
murine LN LEC. These primary cells continuously exhibit
the same endothelial morphology, slow cell division rate,
and expression of lymphatic endothelial markers 10.1.1,
Prox1, podoplanin, and CD31 for long periods in culture.
These cells may be more widely useful for biological assays
than LEC cell lines obtained by SV-40 transformation,
which show altered cellular functions including increased
proliferation. Normal primary LN LEC can be isolated by
fluorescence activated cell sorting'*'® and/or by antibody
affinity chromatography columns.®® However, these puri-
fication strategies are expensive and do not yield large
numbers of cells per mouse. Our finding that primary LEC
isolated by long-term culture retain tube formation activity
suggests that they should be useful for investigations of
LEC functions in vitro. For example, we have found that
these cultured LEC proliferate in response to stimulation
(data not shown). The ability to purify large numbers of
nontransformed LN LEC should facilitate biological or
biochemical assays or screening experiments requiring
larger numbers of cells. Additionally, large numbers of LEC
can be derived from individual mice, to facilitate genetic
studies.

P22

FIG. 3. Cultured LN LECs retain tube formation potential. Calcein-stained early P4 and late P22 pure LN LEC cultures
both readily form tubes in Matrigel. The morphology of these tubes is similar to that produced by SV-LEC cells. Tube
formation assays were performed on six independent cell isolates at P4 and two independent isolates at P22.
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The LEC of mixed LN stromal cultures rapidly become the
dominant cell type in these cultures in a reproducible manner,
although the mechanism involved remains to be determined.
The initial cellular composition of the LN stroma is ap-
proximately 30%-40% FRC, with 15%-25% LEC.'>"> At
the first passage of the cells, after 5 days of culture, FRC
dominate the culture comprising 70% of the cells, with LECs
as a minor component.'? FRC can produce VEGF-A to sup-
port LEC growth,”® which could favor preferential estab-
lishment of the VEGFR2-expressing LEC in vitro.” It remains
to be determined why the FRC and DN stroma do not persist,
or whether they are required for the initial establishment of
LEC cultures. It is also possible that LEC are the only stromal
cell types able to survive ex vivo, facilitating their purification
by culturing.

Much of the characterization of primary LEC thus far has
used dermal skin to isolate LEC by antibody affinity chro-
matography.®® Our LN LEC culture and purification strategy
could potentially be useful as an economical approach to
purify LEC from other lymphatic vessel sources such as the
dermis. It should also now be possible to compare LN versus
lymphatic vessel LEC types in vitro, to identify any organ-
specific specialization of their functions.
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