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Abstract

Background: Serious infections of the head and neck cause lymphedema that can lead to airway compromise and
oropharyngeal obstruction. Lymphangiogenesis occurs in the head and neck during infection and after immuni-
zation. The goal of this project was to develop tools to image lymphatic vessels in living animals and to be able to
isolate individual lymphatic endothelial cells in order to quantify changes in single cells caused by inflammation.
Methods: The ProxTom transgenic red-fluorescent reporter mouse was developed specifically for the purpose of
imaging lymphatic vessels in vivo. Prox1 is a transcription factor that is necessary for lymphangiogenesis in
development and for the maintenance of lymphatics in adulthood. Mice were immunized and their lymphatic
vessels in lymph nodes were imaged in vivo. Individual lymphatic endothelial cells were isolated by means of
their fluorescence.

Results: The ProxTom transgene has the red-fluorescent reporter td-Tomato under the control of Prox1 regu-
latory elements. tdTomato was faithfully expressed in lymphatic vessels coincident with endogenous Prox1
expression. We show lymphangiogenesis in vivo after immunization and demonstrate a method for the isolation
of lymphatic endothelial cells by their tdTomato red-fluorescence.

Conclusions: The faithful expression of the red-fluorescent reporter in the lymphatic vessels of ProxTom means
that these mice have proven utility for in vivo study of lymphatic vessels in the immune response. ProxTom has
been made available for distribution from the Jackson Laboratory: http://jaxmice.jax.org/strain/018128.html.

Introduction

HE NATIONAL INSTITUTE OF ALLERGY AND INFECTIOUS
Diseases (NIAID) workshop on November 7, 2012 was
convened to bring together lymphatic researchers to discuss
“Lymphatic Function and the Immune Response to Microbial or
Viral Infection”. Five years earlier, in 2007, a similar group of
lymphatic biologists met at the National Institutes of Health
(NIH) to discuss how best lymphatic vessels could be measured.'
As immunologists, we want to understand how lymphatic
vessels (LVs) might direct and influence the ongoing immune
response to infection. We already knew that dramatic changes
occurr in LVs in the lymph node after immunization, which
could affect the subsequent priming to a second antigen.” But
back in 2007, we were frustrated by a lack of tools available for
lymphatic research, and in particular, by an absence of tools
for in vivo work. The phenotypic drift of primary lymphatic
endothelial cells in culture, together with rapid advances in
intra-vital microscopy led to the call for a lymphatic reporter
mouse. We understood that: If you want to measure something—

it helps if you can see it! So, with this in mind, we developed the
ProxTom lymphatic- reporter mouse.? ProxTom has brilliant,
red- fluorescent lymphatic vessels and has proven successful
for ‘live’ imaging of the head and neck (Fig. 1). (Supplemen-
tary videos are available in the online article at www
Jiebertpub.com/Irb.) We have made ProxTom mice available
to the lymphatic research community. ProxTom are being
distributed by the Jackson Laboratory, and information on
how to obtain them can be found at the following website:
http://jaxmice jax.org/strain/018128.html.

Our goal is to use ProxTom mice in order to study immune
cells interacting with LVs ‘live” in an ongoing immune re-
sponse inside lymph nodes and in tertiary lymphoid organs
(TLOs).* We have studied the specialized role of LVs in lymph
nodes and TLOs after immunization,? during infection,® and
in autoimmunity.®” TLOs are lymphoid tissue aggregations
that occur in chronic inflammation and that share a similar
tissue organization with lymph nodes. Like lymph nodes,
TLOs have distinct B and T cell zones, high endothelial ve-
nules, germinal centers, and LVs.* One important difference
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FIG. 1. ProxTom lymphatic vessels. Lymphatic vessels (LVs) in the skin of the ear are red (tdTomato) and the hairs auto-
fluoresce green (a) A LV is seen in between the acini in a section through a ProxTom submandibular salivary gland; nuclei are
counterstained with DAPI (blue) (b), LVs in the tongue (c), and in the peritoneum (d). Changes in the appearance of LVs in the
skin of the abdomen after skin-painting with oxazolone: untreated skin (e), oxazolone-treated (f). The white scale bar rep-
resents 50 um. A color version of this figure is available in the online article at www .liebertpub.com/Irb

between lymph nodes and TLOs is that lymph nodes have a
capsule and a subcapsular sinus, whereas TLOs do not. The
lack of a subcapsular sinus in TLOs may affect how lymph,
dendritic cells, and antigens move through the TLO. The an-
atomical difference between lymph nodes and TLOs may
have important consequences for antigen priming. ProxTom
mice will allow us to directly examine how lymph flows
through a TLO and compare it to flow through a lymph node,
for the first time in vivo.

More recently, we have become interested in LVs in the
head and neck (Fig. 1). The head and neck region is impor-
tant for lymphatic biologists, not only because the thoracic
duct terminates in the neck, but also because 75% of all
lymphatic vessel malformations occur here.® Inflammation
of the upper airway can have life-threatening consequences,
especially in children. Children have smaller airways and

only a slight amount of swelling can significantly obstruct
the trachea.

Mycoplasma pulmonis infection of the trachea causes vas-
cular remodeling of LVs, and this ‘inflammatory lym-
phangiogenesis’ is regulated by TNFo«’ and its related
cytokine lymphotoxin (LT«).!° LTy is an important cytokine
that has been studied by us because of its importance for the
development of both lymph nodes and TLOs,'! but LT« also
contributes to new LV formation. Lymphangiogenesis after
Mycoplasma pulmonis infection was much less severe in LTo-
deficient mice. Ectopic expression of transgenic LT under the
control of the rat insulin promoter causes TLO to form in the
pancreas.® Using a conditional system to switch on LTa,
Mounzer et al.'” showed that the formation of new LVs was
the very first step in the process of organizing lymphoid tis-
sues into a TLO.
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ProxTom mice will allow us to really begin to understand
how LVs function inside lymph nodes and TLOs in inflam-
mation. In the future, we want to understand how LVs initiate
TLO development and LVs role in the maintenance of TLO in
chronic inflammation.

At the same time as we developed ProxTom, some other
transgenic reporter mice were also described: A green-
fluorescent lymphatic reporter mouse also driven by the prox1
promoter is on a mixed background'? A third transgenic
mouse again using Prox1 to drive a fluorescent mOrange2
reporter is also suitable for in vivo imaging."> A fourth
lymphatic reporter uses the lymphatic receptor VEGFR3-
promoter to drive a yellow fluorescent protein.'*

Here, we demonstrate the utility of ProxTom mice for ‘live’
lymphatic vessel imaging and for the isolation of pure lym-
phatic endothelial cells. Supplementary videos are available
in the online article at www liebertpub.com/Irb.

Materials and Methods
Mice

C57BL/6 mice were obtained from Jackson Laboratory.
The Yale University Institutional Animal Care and Use
Committee approved all animal use. The ProxTom transgene
was constructed using the pClasper yeast-bacterial shuttle
vector.'® The red-fluorescent reporter tdTomato was ex-
pressed under the control of the prox1 promoter in lymphatic
vessels.>'® The experiment details about the development of
ProxTom transgenic mice have been published.’

Immunization

ProxTom mice were immunized by skin-painting with
50 uL 4% oxazolone. Four days after painting the hind leg, the
popliteal lymph node was surgically exposed and examined
in vivo using a two-photon laser scanning microscope.'” The
lymphatic vessels of immunized ProxTom lymph nodes were
compared to those from unimmunized ProxTom controls.

Flow cytometry

Lymph nodes were harvested 4 days after immunization
with oxazolone. Lymphatic endothelial cells were isolated from
lymph nodes using a method modified from that described by
Halin and Detmar.'® Peripheral lymph nodes were harvested,
pooled, and incubated in RPMI+10% FBS+1mg/mL colla-
genase IV at 37°C for 50 min. Single cell suspensions were
obtained by pipetting the nodes in the dissociation solution
every 5min. Cells were then passed through a cell strainer
(100 um) and spun down to replace dissociation media. Cells
were stained with the following antibodies: CD31-FITC
(Pharmingen), CD45-APC (Pharmingen), and Podoplanin-
biotin-PE (ebioscience). Cells were analyzed by fluorescence
activated cell sorting (FACS) using the green laser on an LSRII
flow cytometer (BD)

Ex vivo microscopy

Tissues were either photographed immediately, or fixed in
periodate-lysine-paraformaldehyde (PLP), embedded, and
stored at —80°C. 7 um-thick frozen sections were cut and
sections were counterstained with DAPI (Sigma). Digital im-
ages were captured using an Axiocam (Zeiss) camera moun-
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ted directly onto an Axioskop fluorescent microscope (Zeiss).
Images were analyzed using Axiovision software (Zeiss).
Images were saved in the TIFF format. Red, green, and blue
images were merged using Photoshop 8.0.

In Vivo Microscopy

Intra-vital images of the ProxTom popliteal lymph nodes
were obtained using a Olympus BX61WI fluorescence mi-
croscope as described previously.>!” All images were cap-
tured and analyzed with help and expert guidance from
David Gonzalez and Ann Haberman from the Yale Imaging
Core Centre.

Results
Lymphatic vessels in the head and neck ex vivo

The brilliant red of the tdTomato fluorescent reporter can
easily be appreciated in ProxTom LVs.'! tdTomato was stable
in tissues for more than 4 hours postmortem. Figure 1 dem-
onstrates the clarity and detail of LVs in the head and neck of
ProxTom: LVs in the ear skin (a), LVs in the submandibular
salivary gland (b), LVs in the tongue (c), and in the perito-
neum (d). Figure 1e and 1f show the changes in the appear-
ance of LVs in the skin after painting with oxazolone. After
painting with oxazolone, the skin is thickened and the retic-
ular pattern of the LVs is lost, and the blind-ended lymphatic
sacs appear to be dilated (f).

Isolating and quantifying ProxTom endothelial
cells by flow cytometry

We isolated ProxTom lymphatic endothelial cells (LEC)
from lymph nodes and sorted them by FACS, yielding a pure
population of LECs without the use of beads or antibodies
(Fig. 2). ProxTom LECs sorted by their lack of CD45 and
presence of CD31 and tdTomato fluorescence can be further
analyzed for mRNA expression even down to a single-cell
level. The fluorochrome tdTomato excites at 554 nm and emits
at 581 nm and can be detected using a 532 nm green laser.'® To
demonstrate the accuracy of LEC isolation using tdTomato
fluorescence, we compared LECs isolated from a ProxTom
lymph node to LECs from a C57BL/6 lymph node isolated
using anti-CD45, anti-podoplanin and anti-CD31 antibodies
(Fig. 2). The ratio of LEC to blood endothelial cells was com-
parable between both mice strains. Taking the sorted
tdTomatoP®""® cells and staining them for podoplanin re-
vealed that tdTomatoP**'""® cells expressed podoplanin (78%)
and also the lymphatic marker LYVE-1 (69%). We demon-
strate that LECs can be efficiently sorted from ProxTom
lymph nodes without manipulation or prior incubation with
antibodies or beads. This protocol will allow for efficient
sorting of individual ProxTom LEC for the analysis of mRNA
and gene expression.

Lymphangiogenesis in a lymph node after
immunization visualised in vivo

We wanted to understand LV function in resting and in-
flamed lymph nodes in vivo because we are interested in how
the proliferation of LVs in lymph nodes and TLOs affects re-
sponses to antigens. We compared an unimmunized
lymph node to an immunized lymph node 4 days after
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FIG. 2. Isolation of ProxTom lymphatic endothelial cells by flow cytometry. ProxTom lymphatic endothelial cells (LECs)
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immunization with oxazolone. Figure 3 shows a 3D picture of a
popliteal lymph node from a ProxTom mouse that was imaged
in vivo. Compared to the resting, unimmunized lymph node
(Fig. 3a), a massive lymphangiogenesis has occurred after ox-
azolone treatment (Fig. 3b). After immunization, the lymphatic
network appeared thickened and LVs extended deeply into the
T cell zone. Conversely, the B cell follicles stood out because LVs
did not extend into the B cell zone after immunisation.

Conclusions and Future Directions

The ProxTom transgenic mice described here will be an ex-
tremely valuable tool for understanding LV function both at
rest and in inflammation. We have demonstrated that ProxTom
mice are suitable for the ‘live’ imaging of LVs in lymph nodes
during inflammation and we are now using ProxTom mice to
study leukocyte migration ‘live” through LVs in lymph nodes.

FIG. 3. Lymphangiogenesis in vivo in the lymph node after immunization. Lymphangiogenesis occurs in the popliteal lymph
node after immunisation of the mouse foot with 4% oxazolone. Figure 3 shows an unimmunized lymph node (a) and a lymph
node 4 days after immunization (b). After immunization, the lymphatic network appears denser and extends more deeply into the
T cell zone but not into the B cell area. LVs are relatively sparse within the B cell follicles. A color version of this figure is available

online at www.liebertpub.com/Irb
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The set up that we use for in vivo imaging of the popliteal
node described here, is by necessity, invasive. A new, non-
invasive technique for imaging lymph nodes has recently
been described that could also be used in ProxTom mice;
Gibson et al.'” transplanted a lymph node underneath the
skin of a mouse’s pinna, which made it accessible for re-
peated, noninvasive, in vivo imaging. The beauty of this
ectopic lymph node system is that it allows for longitudi-
nal in vivo imaging of the LVs throughout the course of an
inflammatory response, from its initiation through to its
resolution.

Now that we have lymphatic reporter mice it will be im-
portant to look to the future and develop clinically relevant
mouse models. At least two new models are required: LV
malformations and lymphedema model, because we need
to understand not only how LVs proliferate, but also how
they involute. An understanding of LV proliferation will
help provide methods to stimulate LV growth after damage
caused by infections such as filariasis or after surgery and
radiotherapy. The ability to control the involution of LVs
may be important in controlling tumor metastasis and to
shrink head and neck lymphatic malformations that obstruct
the oropharynx.

One interesting find from our study of ProxTom mice as we
previously reported by us and others® was that Prox1 (the
master regulator of lymphatic specification) was expressed in
the central nervous system (CNS). The CNS is a tissue devoid
of lymphatics, and yet we were able to confirm that Prox1 is
expressed in the dentate gyrus of the brain and also we re-
ported proxl expression in the neuroendocrine cells of the
adrenal medulla for the first time. In order to understand
what drives LV proliferation in lymphatic head and neck
malformations, we will need to study the CNS. Valuable in-
formation might be gleaned by studying prox1P°*"""® neurons
that have switched off lymphatic differentiation. This would
be straightforward to do using ProxTom mice to isolate a
highly pure population of prox1P°"""® neurons from the CNS
by FACS and compare their gene expression to a sorted
population of LECs.

One advantage of ProxTom mice over other fluorescent
reporters'” is that ProxTom is on the C57BL/6 background.
Many knock-out mice deficient in genes relevant for infection
and autoimmunity are on the C57BL/6 background and for
this reason, ProxTom were made directly onto C57BL/6. This
removes the need to backcross mice for multiple generations
and allows one to take advantage of the many knock-out and
transgenic mice on this background.

Here, we show the faithful expression of the red-fluorescent
tdTomato in the LVs of ProxTom reporter mice. We demon-
strate the remarkable changes occurring to LVs in vivo in the
lymph node after immunization and show how a pure pop-
ulation of LVs can be isolated by FACS. ProxTom mice have
proven utility for the study of LVs in models of infection and
inflammation in vivo. ProxTom has now been made available
for distribution from the Jackson Laboratory and information
on how to obtain them can be found at the following website:
http://jaxmice jax.org/strain/018128.html.
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