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Lymphatics play a critical role in maintaining gastrointestinal homeostasis and in the absorption

of dietary lipids, yet their roles in intestinal inflammation remain elusive. Given the increasing
prevalence of inflammatory bowel disease, we investigated whether lymphatic vessels contribute
to, or may be causative of, disease progression. We generated a mouse model with temporal and
spatial deletion of the key lymphangiogenic receptor for the adrenomedullin peptide, calcitonin
receptor-like receptor (Calcrl), and found that the loss of lymphatic Calcrl was sufficient to induce
intestinal lymphangiectasia, characterized by dilated lacteals and protein-losing enteropathy. Upon
indomethacin challenge, Calcrl”/f/Prox1-CreER™ mice demonstrated persistent inflammation and
failure to recover and thrive. The epithelium and crypts of Calcrl’/? /Prox1-CreER™ mice exhibited
exacerbated hallmarks of disease progression, and the lacteals demonstrated an inability to absorb
lipids. Furthermore, we identified Calcr//adrenomedullin signaling as an essential upstream
regulator of the Notch pathway, previously shown to be critical for intestinal lacteal maintenance
and junctional integrity. In conclusion, lymphatic insufficiency and lymphangiectasia caused by loss
of lymphatic Calcrl exacerbates intestinal recovery following mucosal injury and underscores the
importance of lymphatic function in promoting recovery from intestinal inflammation.

Introduction

Lymphatic vessels are highly prevalent in most tissues throughout the body and play a major role in reg-
ulating interstitial fluid balance, immune cell trafficking, and dietary fat absorption (1). Within the intes-
tinal tract, each intestinal villus contains a lymphatic lacteal that efficiently absorbs lipids that have been
packaged as chylomicrons by enterocytes (2—4). These intestinal lacteals then drain the lipid-rich chyle
fluid to submucosal collecting lymphatic vessels for systemic fat absorption. The critical importance of
lymphatic vessels in intestinal biology was recently demonstrated by diphtheria toxin—-mediated ablation of
lymphatic vessel endothelial hyaluronan receptor 1-expressing (LY VE1-expressing) lymphatic endothelial
cells (LECs) in the adult mouse intestine, leading to sepsis-related lethality due to failed immune cell traf-
ficking and breakdown of the intestinal barrier to gut microbiota (5). In addition, a few recent studies have
shown that lymphatic growth factors, such as intestinal VEGF-D and smooth muscle-derived VEGF-C,
govern lacteal maintenance and dietary lipid absorption and that lacteals are continuously regenerating via
VEGFR2- and VEGFR3-induced delta-like 4 (DLL4) signaling (6, 7).

Despite the importance of the intestinal lymphatic system in immune surveillance and maintaining the
intestinal barrier against microbes, the pathological versus protective roles of lymphatics in inflammatory
bowel diseases (IBDs) still remain vastly elusive (8). IBD encompasses both ulcerative colitis, which affects
the colon, and Crohn’s disease (CD), which primarily affects the distal ileum. Obstructed intestinal lym-
phatics are an established histological hallmark of CD, which stands somewhat in contrast to the lymphatic
expansion observed in the mucosa of patients with IBDs (9-13), because it remains unclear whether lym-
phatic insufficiency due to obstruction is the cause of IBD or whether excessive lymphatic growth results
from lymphatic insufficiency. In postoperative CD patients, a low density of lymphatic vessels has been
attributed to recurrence of the disease (14), and an inability of lymphatic vessels to function has been asso-
ciated with lymphedema of the intestinal walls in IBD patients (15). In animal models, VEGF-C adminis-
tration was shown to stimulate lymphatic function and abrogate experimental colitis (16, 17). Counterintu-
itively, it was also demonstrated by this same group that increases in VEGF-C—induced lymphangiogenesis
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did not promote disease resolution in mice with acute experimental colitis (18). Collectively, these results
suggest either that lymphatic insufficiency may be causative of IBDs or that incorrect lymphatic expansion
and function can exacerbate the disease phenotype. Although there are some large animal models, includ-
ing several inbred strains of dogs, that exhibit intestinal lymphatic insufficiency, development of genetically
tractable animal model systems in which the causes and consequences of lymphatic insufficiency can be
addressed in the context of inflammation initiation and progression is needed (3, 19).

Adrenomedullin (AM) is a small multifunctional peptide that signals through a heterodimer of a
GPCR, calcitonin receptor—like receptor (gene = CALCRL, protein = CLR), and receptor activity-modi-
fying protein 2 (RAMP?2). These signaling partners are crucial for embryonic development since genetic
deletion of Calcrl, Adm, or Ramp2 causes midgestation lethality due to arrested lymphangiogenesis in mice
(20-22). In adult mice, the inducible, global genetic deletion of the Calcrl gene causes systemic lymphatic
insufficiency in a multitude of lymphatic vascular beds, leading to corneal edema, distal limb edema, and
lymphangiectasia (23). Since CLR is expressed in many cell types and tissues, we developed a genetic
mouse model with inducible deletion of the Calcrl gene in lymphatic endothelium. Consistently, we found
that loss of lymphatic Calcrl is sufficient to induce systemic lymphatic insufficiency and intestinal lymphan-
giectasia. Therefore, in this present study, challenging these mice with acute inflammation, we demonstrate
that lymphatic CLR is not only important in maintaining functional intestinal lymphatic vessels but also
critical in the pathophysiology of small intestinal inflammation, disease progression, and recovery.

Results

Lymphatic deletion of Calcrl is sufficient to induce small intestinal lymphangiectasia. Global deletion of the gene cod-
ing for the AM receptor, Calcrl, has been shown to induce multiorgan lymphangiectasia, resulting from dilated
lymphatic vessels across several vascular beds (23). Since Calcrl is commonly expressed in several cell types,
including cells outside the vasculature, to distinguish the role of Calcr/ in lymphatic cells compared with its
role in other cell types in contributing to lymphangiectasia, we deleted Calcr/ from the adult mouse lymphatic
endothelium. We crossed Calcr?’! mice to the previously described ProxI-CreER™ line (24). Five consecutive
tamoxifen (TAM) injections (Supplemental Figure 1A; supplemental material available online with this arti-
cle; https://doi.org/10.1172/jci.insight.92465DS1) in sex- and age-matched mice resulted in Calcrl deletion,
as detected by an excision band by PCR (Supplemental Figure 1B), and a significant 70% reduction in Calcri
gene expression, as detected by quantitative RT-PCR of lungs from Calcr?"?/Prox1-CreER™ mice compared
with TAM-injected Calcr?” controls (Figure 1A). In the normal adult mouse intestinal tract, PROX1 has
been shown to be expressed either in a subset of mature enteroendocrine cells or Ngn3* enteroendocrine cells
going through terminal differentiation or in their long-lived enteroendocrine progenitors (25, 26). Therefore,
to confirm the cell-specific expression of ProxI-CreER™, RiboTag technology was applied (27). An intestinal
enterocyte fraction was separated from the nonenterocyte fraction using TAM-injected WT/Prox1-CreER™/
Rpl22m11Psam (with WT Calerl) and Caler?”/ Prox1-CreER™ /Rpl221Pm mice, and Cre-expressing cell-specific
ribosome-associated RNA was harvested and validated for Calcrl downregulation. Calcrl expression was sig-
nificantly downregulated over 90-fold in the nonenterocyte fraction of TAM-injected Calcr?""/ ProxI-CreER™/
Rpl22m:1Pam mice and remained unchanged in the enterocyte fraction compared with TAM-injected WT/
ProxI-CreER™/Rpl22"F<m mice (Figure 1B). In addition, staining of WT/ProxI-CreER™/RpI22"! s {leum
using an HA antibody shows that Prox/-CreER™ was expressed primarily in the intestinal lymphatic vessels
(Supplemental Figure 1C, arrows) and few enteroendocrine cells (Supplemental Figure 1C, arrowheads). Col-
lectively, in the absence of a reliable CLR antibody, these data demonstrate a robust and specific loss of Calcrl
in intestinal lymphatics using the RiboTag technology (27).

Significant changes in body weight were observed in Calcr?"/ Prox1-CreER™ mice within 48 hours after the
TAM injections as compared with control animals (Figure 1C). Serum albumin levels were significantly down-
regulated in Calcr?"/Prox1-CreER™ animals (Figure 1D), characteristic of protein-losing enteropathy. The Cal-
e/ Prox1-CreER™ mice exhibited dilated lacteals and submucosal lymphatic capillaries in their small intestines
upon TAM injection (Figure 2, A-H, arrows). Lacteal cross-sectional area was significantly larger in Calcr?’"/
ProxI-CreER™ animals compared with uninjected and TAM-injected controls (Figure 2, I-M, arrows). These
data demonstrate that lymphatic deletion of CLR is sufficient to induce intestinal lymphangiectasia.

To address whether mice were acutely ill after prolonged loss of Calcrl, we studied TAM-injected Calcr?”
1/CAGGCre-ER™ mice (with global inducible loss of Calcrl). We found that these mice were able to survive
over 1.5 years, and their small intestines did not demonstrate any basal inflammation (Supplemental Figure
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Figure 1. Loss of Calcrl using Prox1-CreER™ leads to
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2A). To determine whether mice in our study suffered from additional systemic insufficiencies, we looked at
their livers and colons. We found that the colons and livers of Calcr?’" and Calcr?”?/ ProxI-CreER™ animals
after TAM injection appeared structurally normal by H&E (Supplemental Figure 2, B-F). Taken together,
these results indicate that, under the conditions of Calcri-mediated lymphatic insufficiency, mice exhibited
prolonged survival and overall systemic health in the absence of any injury or challenge. In addition, the lack
of any obvious liver pathology supports the interpretation that the protein-losing enteropathy phenotype (Fig-
ure 1D) is primarily a result of intestinal insufficiency. Therefore, these TAM-injected Calcr?"?/ Prox1-CreER™
mice now provide us with a genetic model of lymphatic insufficiency that can be explored to study the patho-
physiology of disease progression and resolution after injury.

Calcr??/ Prox1-CreER™ animals exhibit exacerbated intestinal damage and persistent inflammation following
acute mucosal injury challenge. AM signaling in LECs plays an antiinflammatory role by suppressing inflam-
matory markers, such as TNF-a, IL-8, and chemokine ligands 1, 2, 3, and 20, in vitro (28). In addition,
we have previously shown that AM signaling through the CLR/RAMP2 receptor complex can dampen
systemic inflammatory responses (21). Since loss of lymphatic CLR gives rise to intestinal lymphangiec-
tasia (Figures 1 and 2), we wanted to use this model to determine the extent to which lymphatic vessels
contribute to pathophysiological disease progression and recovery after injury and evaluate the antiinflam-
matory properties AM/CLR signaling in vivo. After receiving TAM injections, both Calcr?”! and Calcr?"?/
ProxI-CreER™ mice were challenged with indomethacin (INDO) — an established method to induce severe
enteropathy in animals that recapitulates human CD by increasing mucosal permeability causing inflam-
mation of the small intestine (29, 30). Mice were evaluated either 1 day after INDOQO, to study the acute
degree of injury, or after 7 days to assess disease resolution (Supplemental Figure 3A).

Compared with Calcr™" controls, the small intestines of the Calcr?”""/ ProxI-CreER™ animals were
congealed and difficult to dissect. Macroscopic evaluation revealed visible, hemorrhagic lesions that
persisted 7 days after INDO (Figure 3A, bottom inset). One day after INDO in both the control and
Calcrl"?/ Prox1-CreER™ animals, histological examination of the intestines showed classical hallmarks
of acute intestinal inflammation (31), including villous blunting, elongation of crypts, infiltration
of inflammatory cells in the mucosa and submucosa, and thickening of the submucosa (Figure 3B).
Importantly, the histological signs of inflammation markedly resolved in Calcr?’" animals but persisted
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Calerl™/Prox1-CreER™ Figure 2. Lymphatic loss of Calcrl is sufficient to cause dilated lacteals and

WA submucosal lymphatics. (A-D) Representative images of lymphatic vessels
R stained with lymphatic vessel endothelial hyaluronan receptor 1(LYVE1) in
the ilea of tamoxifen-treated (TAM-treated) Calcr/”™ and Calcr!™/?/Prox1-
CreER™ mice. n = 3 each group. Scale bar: 500 um. Arrows point to dilated
lymphatic vessels. (E-H) Representative whole mount LYVE1 and smooth
muscle actin-stained (SMA-stained) ilea from TAM-treated Calcr/”/? and
Calcrl™7/Prox1-CreER™ animals. Scale bar: 500 pm. Arrows point to dilated
lymphatic vessels. (I) Simplified schematic indicating the plane of sectioning
(dashed line) of villi for J-L. (J-L) LYVE1 staining of jejunal lymphatic vessels
of untreated Calcrl"f, TAM-treated Calcr/”/f, and Calcrl™f/Prox1-CreER™ ani-
mals. Arrows point to dilated lymphatic vessels toward the center of the villi.
Scale bar: 1,000 um. (M) The area of open lacteals normalized to the area of
villi cross sections and expressed as a percentage. n = 3-5 mice per group,
with 20-60 villi quantified per mouse. Quantitative data are represented as
a box-and-whisker plot, with bounds from 25th to 75th percentile, median
line, and whiskers ranging from minimum to maximum values for percent-
age lacteal area. Significance was determined by 1-way ANOVA with Tukey’s
Multiple comparison test, *P < 0.05.
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in the Calcr?"/Prox1-CreER™ mice following the 7-day recov-
ery period (Figure 3B). Calcr?""/ProxI-CreER™ mice also had
increased fibrosis in their small intestinal tissue (Figure 3C).
Expression analysis of inflammatory markers, such as TNF-q,
IL-6, and MPO, showed significantly increased levels in Calcr?”
7/ Prox1-CreER™ mice 7 days after INDO compared with con-
trols, further indicative of persistent inflammation and impaired
recovery (Figure 3D). The overall length of small intestines, as
measured from proximal duodenum to distal ileum, was signifi-
M O/ cantly reduced in TAM-injected Calcr!""'/Prox1-CreER™ mice 7

[ L days after INDO challenge (Figure 3E). Calcr?""/ Prox1-CreER™

W cair provt-creer e Tan mice displayed significantly higher histopathological scores

Calcrl 0

09 - of inflammation, increased numbers of goblet cells per villus,

! increased crypt depth, and fibrosis 7 days after INDO chal-
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lenge, unlike Calcr?”"" mice, which recovered (Figure 3F; Sup-

plemental Figure 3, B-H; and Table 1). These results indicate
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that lymphatic insufficiency in Calcr?"?/Prox1-CreER™ animals
impairs intestinal recovery following drug-induced acute muco-
sal injury, highlighting the importance of functional lymphatics
and CLR signaling in inflammation resolution.

T

o
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Intestinal inflammation in mice lacking lymphatic Calcrl induc-
es proliferation of crypts but not lacteal endothelial cells. The per-
sistence of inflammation, villus blunting, and elongation of crypts upon INDO challenge in mice
lacking lymphatic CLR signaling prompted us to examine the status of cellular proliferation and apop-
tosis of intestinal tissue. TAM-injected Calcr?""/ProxI1-CreER™ mice exhibited increased proliferation
in the intestinal crypt epithelium after INDO challenge, as evidenced by increased phospho-histone
H3 staining (Figure 4A). Subsequently, the villus epithelium had substantially more cleaved caspase-3
apoptotic cells in Calcr?""/Prox1-CreER™ mice compared with controls (Figure 4B). As expected with
the genetic loss of a critical lymphangiogenic signaling cue, we observed markedly reduced prolifer-
ation of the lymphatic endothelial lacteals in Calcr?™"/Prox1-CreER™ mice compared with controls
(Figure 4C and Supplemental Figure 4, A and B). Nevertheless, increased proliferation in the crypts,
in an attempt to regenerate villi, did not appear to aid in tissue recovery in the Calcr?"""/ Prox1-CreER™
mice 7 days after INDO. These data imply that, even under conditions of enhanced intestinal epithe-
lial regeneration, the maintenance of lacteal growth and proliferation through CLR signaling is an
essential component of appropriate tissue recovery following intestinal inflammation.
Loss of lymphatic CLR reorganizes adherens junctions and restricts chylomicron uptake. Intestinal lym-
phatic vessels are important for dietary fat absorption, and intestinal lymphangiectasia alters lipid
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absorption, leading to weight loss (32). Calcr?"?/ Prox1-CreER™ mice had significantly decreased body
weight compared with control animals both 1 day and 7 days after INDO challenge, with chyle leak-
age and accumulation of lipid within the mesentery (Figure 5, A—C). Oil red O staining of Calcr?""/
ProxI-CreER™ intestines revealed a striking accumulation of lipid molecules at the tips of the villous
enterocytes, along with dramatically reduced lipid molecules toward the center of the villi or within
the submucosal area compared with control animals (Figure 5D). These data illustrate that expression
of CLR in lymphatics is essential for promoting lipid absorption within intestinal lacteals.

Numerous in vitro and in vivo studies have characterized a robust function for AM and CLR
signaling in the regulation of endothelial permeability by reorganization of both the tight junction
protein zonula occludens-1 (ZO-1) and adherens junction protein VE-Cadherin (23, 33, 34). Therefore,
we sought to determine whether disruption of lymphatic lacteal junctional proteins in Calcr?""'/Prox1-
CreER™ animals could be associated with the failure of appropriate lipid absorption. Indeed, lacteals
of Calcrl"?/ Prox1-CreER™ animals displayed more continuous VE-Cadherin staining compared with
controls, with no consistent change in cell shape or morphology (Figure 5E and Supplemental Figure
5A). These findings were further recapitulated in an in vitro system, whereby knockdown of CALCRL
in human LECs resulted in more linearized localization of both VE-Cadherin and ZO-1 at cell-cell
junctions, compared with the jagged cell-cell junctions exhibited in control siRNA-treated cells (Figure
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Figure 4. Increased proliferation in the crypts
but diminished proliferation in lacteals
lacking Calcrl. Representative images of
proliferation marker phospho-histone H3-
stained (A) and apoptosis marker cleaved
caspase-3-stained ilea (B) of tamoxifen-treat-
ed (TAM-treated) Calcr!™f and Calcrl™f/
Prox1-CreER™ mice after TAM treatment and

7 days after indomethacin (INDO) challenge.
(C) Representative images of proliferation
marker Ki67- and lymphatic vessel endothelial
hyaluronan receptor 1-stained (LYVE1-stained)
ilea of TAM-treated Calcr/”f and Calcrl™f/
Prox1-CreER™ mice 7 days after INDO chal-
lenge. Arrows point to the Ki67-positive area
within the villi lacteal. Arrowhead indicates
Ki67 staining in crypt. n = 7-8 animals in each
group. Scale bar: 50 pm.

, Cleaved Caspase-3
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5F). These results emphasize the influence of CLR signaling in intestinal lymphatic endothelial junc-
tions and lipid uptake, which are independent of the ability of enterocytes to absorb lipids.

Notch signaling is downregulated in Calcrl-deficient LECs. Notch signaling has very recently been identi-
fied as an important mediator of intestinal inflammation and lacteal maintenance. Notch ligands DLL1
and DLL4 are expressed in intestinal crypts and are upregulated during inflammation (35), and contin-
uous lymphatic-specific DI/4 expression induced by VEGFR2 and VEGFR3 is important in the regen-
eration and proper functioning of lacteals (6). Interestingly, in arterial endothelial cells, AM treatment
robustly upregulates numerous Notch pathway components under conditions of hypoxia and regulates
Notch pathway components in vascular progenitors during arterial differentiation (36, 37).

Therefore, consistent with these findings, we observed a pronounced increase in DLL4 in the
crypts and whole intestine (Figure 6A, arrowheads, and Supplemental Figure 5B) — likely represen-
tative of the critical role Notch plays in intestinal stem cell proliferation and regeneration — while
the Calcr?""/Prox1-CreER™ lacteals had little to no DLL4 expression compared with control animals
(Figure 6A, arrows and boxes). In addition, siRNA-mediated knockdown of CALCRL in human LECs
showed downregulation of several Notch pathway components, along with downregulation of acti-
vated NOTCHI1 and DLL4 by immunostaining (Figure 6, B-D). Conversely, treating human LECs
with human AM peptide increased the expression of Notch components (Figure 6, E-G). Collectively,
these data provide a critical cross-link between a robust lymphangiogenic signaling cue and its down-
stream effector pathway, both of which are essential for mediating intestinal lacteal integrity, function,

and regeneration during intestinal inflammation.
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Figure 5. Impaired lipid uptake and junctional barriers in lymphatic Calcrl-deficient mouse intestines. (A) Images of tamoxifen-treated (TAM-treated) Cal-
crl” and Calcrl™f/Prox1-CreER™ animals 7 days after indomethacin (INDO) challenge showing lean Calcr/™f/Prox1-CreER™ animals. (B) Image of TAM-treated
Calcrl™f/Prox1-CreER™ mouse abdomen and mesenteric region 7 days after INDO challenge. Arrow points to chyle leakage. (C) Measurement of weight loss in
TAM-treated Calcrlf and Calcri™f/Prox1-CreER™ mice 1 day after INDO and 7 days after INDO. Quantitative data are represented as a box-and-whisker plot,
with bounds from 25th to 75th percentile, median line, and whiskers ranging from minimum to maximum percentage weight loss; n = 7-10 animals per group
per treatment. Significance was determined by 2-way ANOVA, *P < 0.05. (D) Representative images of Oil red O-stained duodena of TAM-treated Calcr/™f
and Calcrl™f/Prox1-CreER™ mice 7 days after INDO challenge. n = 7-8 animals in each group. Scale bar: 25 um. Boxed regions are shown as zoomed insets to
the right. Magnification: x25. Arrows highlight lipid droplets inside the villi or gathered at the top of the villi. (E) Representative images of VE-Cadherin- and
lymphatic vessel endothelial hyaluronan receptor 1-stained (LYVE1-stained) duodena of TAM-treated Calcr/"f and Calcrl™f/Prox1-CreER™ mice 1 day after
INDO challenge. n = 8-10 animals in each group. Boxed regions highlight lacteals. Scale bar: 50 um. (F) Representative VE-Cadherin- and zona occludens
1-stained (Z0-1-stained) images from 3 independent experiments in which human neonatal dermal lymphatic endothelial cells were treated with control
siRNA or human calcitonin receptor-like receptor (CALCRL) siRNA. Scale bar: 100 pm. Arrows indicate junctions.

Discussion

There exists substantial controversy about whether lymphatic expansion during conditions of IBD occurs
as an adaptive or aggravating response (3). The answer to this question is likely very complex and largely
dependent on the stage of disease progression. For example, the expansion of lymphatics in discrete areas
of the gut that are not histologically affected by inflammation suggests that lymphatic vessels probably
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Figure 6. Notch signaling is downregulated upon loss of lymphatic Calcrl. (A) Representative images of delta-like canonical Notch ligand 4-stained
(DLL4-stained) and lymphatic vessel endothelial hyaluronan receptor 1-stained (LYVE1-stained) ilea of tamoxifen-treated (TAM-treated) Calcr/”/? and
Calcrif/Prox1-CreER™ mice 7 days after indomethacin (INDO) challenge. n = 8-10 animals in each group. Boxed regions highlight lacteals and submucosal
lymphatic capillaries. Arrows point to DLL4 staining in lacteals. Arrowheads indicate DLL4 staining in crypts. Scale bar: 50 um. (B and E) Relative expres-
sion of Notch pathway components in human neonatal dermal lymphatic endothelial cells after control siRNA or human calcitonin receptor-like receptor
(CALCRL) siRNA treatment and vehicle (B) or 10 nM adrenomedullin (AM) treatment (E). Quantitative data are represented as box-and-whisker plots, with
bounds from 25th to 75th percentile, median line, and whiskers ranging from minimum to maximum normalized fold change over Calcr/"/f from 4 indepen-
dent studies. GAPDH, RN18S, and ACTB were used as housekeeping controls. Significance was determined by Student’s t test(tail = 2, type = 2), *P < 0.05.
(C, D, F, and G) DLL4-stained (C and F) and activated NOTCH1-stained (D and G) human neonatal dermal lymphatic endothelial cells after control siRNA or
CALCRL siRNA treated with vehicle (C and D) or 10 nM AM treatment (F and G). Images are representative of 3 independent knockdown experiments and
treatment studies. Scale bar: 100 um.

play an adaptive role during acute, subclinical phases of IBD (10). Moreover, the persistence of lymphan-
giectasia (but not blood vascular density) following intestinal recovery also suggests that lymphatics may
play a protective role during the recovery phases of IBD by limiting inflammation (38). In contrast, rat and
pig surgical models of lymphatic obstruction revealed marked regional enteritis and colitis with edema,
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Table 1. Histopathological scoring chart

Inflammatory cell Severity Mild (1) Moderate (2) Moderate high (3) Severe (4)
infiltrate Extent Villi (1) Villi and crypts (2) Submucosa (3)  Everywhere (4)
Epithelial changes Crypt elongation Mild (1) Moderate low (2) Moderate high (3) Severe (4)
Goblet cell increase Mild (1) Moderate (2)  Moderate high (3) Severe (4)
Ulceration Present (4)
Villus blunting 2:1t0 3:1(2) 1:1to 2:1(4)
Mucosal architecture (villus/crypt length)

Irregular crypts

nonparallel, branched,

bifurcated, variable diameters (4)

Adapted from the International Journal of Clinical and Experimental Pathology (31).
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tissue remodeling, and increased inflammatory cytokines (39, 40), all of which clearly demonstrate that
alterations in normal lymphatic function can be causative of IBD. Taken together, these studies support
the concept that lymphangiectasia during early and recovery phases of IBD may be beneficial and that dis-
turbances or stasis of lymphatic function during chronic IBD can exacerbate the condition and lead to an
aggravated clinical presentation. Therefore, the genetic mouse model of lymphatic insufficiency presented
herein provides us with an opportunity to further elucidate the functions of lymphatic vessels and AM sig-
naling in mucosal injury and inflammation from several distinct perspectives.

Recently, using lymphatic-specific Dll4-null mice, it was shown that lymphatic DLI4 is essential for migra-
tion, lacteal tip cell survival, fat absorption, and regeneration of intestinal lacteals (6). Blocking DLL4 function
using antibodies downregulates the Notch1-Dl114 axis and leads to dilation of collecting lymphatic vessels and
impaired wound healing in adult mouse skin (41). In this study, we identify lymphatic Calcrl as an upstream
regulatory factor that governs DLL4 expression to influence the resolution of inflammation after drug-induced
acute intestinal injury. AM/CLR signaling has been shown to exert upstream regulation of the Notch pathway
in the blood endothelium of zebrafish, and our current study substantiates the relevance of this pathway to the
mammalian lymphatic vascular system in a disease model (41, 42). The lymphatic deletion of Calcr! caused
dilated lacteals and protein-losing enteropathy that are characteristic of clinical intestinal lymphangiectasia.
Moreover, lacteals in the intestines of these mice did not efficiently absorb lipids. Taken together, these studies
identify a Calcrl-Notch-DIl4 cascade that is essential for maintained lymphatic function in intestines.

We next challenged these lymphatic insufficiency mice with INDO to induce a mucosal injury leading
to acute inflammation in order to examine their ability to resolve the inflammation. NSAIDs, like INDO, are
known to inhibit both COX-1 and -2 enzymes and induce direct cytotoxic effects on the epithelium (43). The
dosage of INDO can be effortlessly regulated, does not effect survival, is clinically relevant, and provides a high-
ly reproducible mouse model of intestinal injury (44). Although INDO challenge is an established method to
induce severe enteropathy in animals and recapitulates some aspects of human CD (increased mucosal permea-
bility and inflammation), it is an acute inflammation model, which allows for full recovery, unlike chronic IBD
models. When challenged with an INDO-induced mucosal injury, these Calcr?"?/ Prox1-CreER™ mice exhibited
persistent inflammation, which, unlike controls, did not fully resolve 7 days after injury, resulting in marked
weight loss (Supplemental Figure 6). This is one of the first studies, to our knowledge, to evaluate the role of sys-
temic lymphatic insufficiency on the progression and resolution of intestinal inflammation, and it underscores
the critical importance of maintained lymphatic function for the proper response and resolution of acute intes-
tinal inflammation. Additionally, it is important to note that most of the phenotype of persistent inflammation
was observed in the ilea of TAM- and INDO-treated Calcr?""/ Prox1-CreER™ mice, which is in tune with the high
expression of preproAM mRNA in the ileum compared with other parts of the small intestine (45).

This study introduces a nonsurgical model of systemic lymphatic vascular insufficiency, currently
lacking in the field (46). Future studies with prolonged injury models, such as ischemia/reperfusion,
irradiation, or dextran sodium sulfate—induced colitis, will be very informative. Furthermore, this model
of lymphatic insufficiency can be used to explore the nature of paracellular versus transcellular lipid
transport pathways, central/nervous system innervation of lymphatics to control lipid uptake, and the
crosstalk between intestinal LECs and enterocytes in lipid transport. Although there are some inbred
strains of dogs (Wheaten Terrier, Lundehund, Basenji, and Yorkshire Terrier) that develop spontaneous
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intestinal lymphatic insufficiency, with secondary complications of intestinal inflammation and pro-
tein-losing enteropathy, to our knowledge the Calcr?”?/Prox1-CreER™ mouse model represents the first
and only model in the field from which we can begin to address these broader questions (19).

The Notch ligand DLL4 was reduced in the lymphatic lacteals of Calcr?"?/Prox1-CreER™ animals, which
is the first evidence to our knowledge that AM/CLR signaling governs Notch signaling in LECs (Figure 6A).
Consistent with inflammation, we found that DLL4 is upregulated in proliferative crypts of Calcr??/ProxI-
CreER™ ileum (Figure 6A and Supplemental Figure 5B). However, at the same time, DLL4 was downregulated
in the lacteals, implying that lymphatic CLR expression is not directly responsible for the crypt upregulation of
DLLA4 and proliferation. Additionally, increased epithelial proliferation did not affect the reduced proliferation
of LECs. The dysfunctional lymphatics in Calcr??/Prox1-CreER™ mice exacerbated inflammation, even though
the crypts followed the expected pattern of proliferation, emphasizing the importance of lymphatic vessels in
disease progression and tissue repair. Therefore, our study also provides insights into the molecular crosstalk
between LECs of dysfunctional lacteals and the villus enterocytes upon inflammation.

AM signaling through CLR and its roles on lymphatic vessel proliferation and junctional organi-
zation potentially provide a pharmacologically tractable target to resolve inflammatory diseases. Since
more than 50% of all clinically available drugs target GPCRs (47), there is great interest in understanding
pharmacological and biochemical properties of CLR and its associated RAMPs, with the ultimate goal
of manipulating the GPCR/RAMP interface for treatment of human disease (48). The elucidation of
specific roles for CLR in intestinal lymphatic function may ultimately form the basis of GPCR-targeted
approaches for the therapeutic treatment of lymphatic vascular diseases or the amelioration of inflam-
matory digestive conditions through modulation of lymphatic function.

In summary, our study strongly supports the importance of lymphatic CLR in intestinal disease pro-
gression and restoration, which is mediated, in part, through its effect on Notch signaling. The induction
of the intestinal lymphatic AM signaling pathway may therefore aid in enhanced intestinal inflammation
resolution, thus presenting a potential target in the treatment of IBDs.

Methods
Animals. Calcr??/Prox1-CreER™ and Calcr?"/CAGGCre-ER™ mice were generated by crossing Calcr?™’
mice (22), which are on a background of N7-10 on C57BL/6, to either the ProxI-CreER™ line (24), a gift
from Guillermo Oliver (Northwestern University, Chicago, USA) or CAGGCre-ER™ [The Jackson Labo-
ratory B6.Cg-Tg(CAG-cre/Esrl)5Amc/J]. WT/ProxI-CreER™/Rpl22™!-1Bam (with WT Calcrl) and Caler?”
1/ Prox1-CreER™/Rpl22"-1Pm mice were generated by crossing Calcr?"/Prox1-CreER™ mice with B6N.129-
Rpi22m1-1kam / T mice, which are also known as RiboTag mice, from The Jackson Laboratory (stock 011029).
Cre-mediated recombination was induced by administering TAM (Sigma-Aldrich T5648) dissolved in corn
oil and ethanol to mice aged 4-6 months for 5 consecutive days at a dose of 5 mg/40 g intraperitoneally, after
which organs were harvested. These mice were tested for floxed, Cre, and excised alleles by genotyping after
TAM administration. Primers used for genotyping the WT Calcrl allele were 5'-GCGGAGCATATTCAAT-
CACAAG-3' and 5-GAAATGTGCTGTATGTTCAAGC-3', for the Calcrl floxed allele were 5'-GCGGAG-
CATATTCAATCACAAG-3' and 5-GACGAGTTCTTCTGAGGGGA-3', for the ProxI-CreER™ allele were
5'-CGAGCTCTTTCTCTCTACAGTTCAACA-3' and 5-GGCCAGTAACGTTAGGGAGAGG-3', for
the excised allele were 5-GCGGAGCATATTCAATCACAAG-3' and 5-GAATAAGTTGAGCTGGG-
CAG-3', and for the Rpl22m11Pm allele were 5'-GGGAGGCTTGCTGGATATG-3' and 5-TTTCCAGACA-
CAGGCTAAGTACAC-3". Acute mucosal injury was induced by injecting INDO (Sigma-Aldrich 17378)
dissolved in 5% sodium bicarbonate at 10 mg/kg body weight subcutaneously, following TAM injections, and
then organs were harvested either 1 day after INDO (acute inflammation stage) or 7 days after INDO (recov-
ery). A total of 61 male and female mice between 4 and 6 months of age were used in this study.

Cell culture. Human neonatal dermal LECs (HMVEC-dLyNeo-Der, Lonza CC-2812) were used within
8 passages and maintained on EGM-2MYV bullet kit media (Lonza CC3202). For siRNA knockdown cells
were seeded at 2 x 10° cells/well in 6-well plates and grown to 60%—80% confluency. Cells were transfected
with either control siRNA (Santa Cruz Biotechnology sc-37007) or human CRLR siRNA (Santa Cruz Bio-
technology sc-43705) at a concentration of 10 uM for 48 hours or were treated with either 10 nM human
AM peptide (Bachem H-2932) in media or were treated with water (control) for 1 hour. For immunostain-
ing, cells were plated in 2% gelatin-coated (Sigma-Aldrich G1393) sterile glass coverslips and grown to an
80% confluent monolayer before siRNA KD or AM treatment.
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RNA and quantitative RT-PCR. Lung and small intestinal tissue was collected in RNAlater (Ambion
AM?7021). RNA was extracted from whole tissue or cultured cells using TRIzol reagent (Ambion 15596026),
followed by DNase (Promega M6101) treatment, and cDNA was prepared using iScript (Bio-Rad 170-8890).
For harvesting cell-specific RNA from RiboTag mice, intestines from TAM-induced WT/ProxI-CreER™/
Rpi22m118am and Calcrt?/ Prox1-CreER™/Rpl22 1% mice were harvested. The enterocyte fraction of ile-
um was separated from the nonenterocyte fraction as per Van Landeghem et al. (49). Briefly, tissue was
placed in dissociation reagent 1 (PBS/30 mM EDTA/1.5 mMDTT) on ice for no longer than 15 minutes,
followed by prewarmed dissociation reagent 2 (PBS/30 mM EDTA) with shaking to remove the submucosa
and muscularis. The remaining sample was pelleted by centrifugation, and the cell pellets were used for har-
vesting HA-tagged RNA from Prox1-CreER™—expressing cells using immunoprecipitation using anti-HA.11
epitope tag antibody (BioLegend 901513) as per Sanz et al. (27). Quantitative RT-PCR was performed on a
StepOnePlus (ABI) using Green-2-Go qPCR Mastermix (BioBasic B00098). Gene expression was assessed
using human single-tube assays (Thermo Fisher Scientific/ Applied Biosystems): RNI8S (Hs99999901_s1),
GAPDH (4310884E), ACTB (Hs99999903_ml), HEY! (Hs01114113_m1), HEY2 (Hs00232622_m1), DLLI
(Hs00194509_m1), DLL4 (Hs00184092_ml), NOTCHI (Hs01062014_ml), NOTCH3 (Hs01128541_ml),
CALCRL (Hs00907738_ml), FLTI (Hs01052961_m1), KDR (Hs00911700_m1), FLT4 (Hs01047677_m1) or
mouse Gapdh (Mm99999915_g1), Calerl IMm00516986_m1), Dil4 Mm0044619_m1), TNFo (Mm00443258_
ml), IL6 (MmO00446190_m1), and Mpo (MmO01298424_m1). The comparative AAC, method was used to
analyze relative gene expression with ExpressionSuite Software (Thermo Fisher Scientific). Expression was
normalized to housekeeping controls GAPDH, ACTB, and RNISS.

Immunohistochemistry and immunofluorescence. Cells were fixed in 4% PFA for 20 minutes; rinsed with 1x
PBS; permeabilized with 1% Triton X-100 in PBS for 15 minutes; blocked with 3% normal donkey serum
(NDS) for 1 hour; and incubated with 1:100 goat anti-VE-Cadherin (sc-6358), mouse anti-ZO-1 (Invitrogen
339194), rabbit anti-DLL4 (Novus Biologicals NB600-892), or rabbit anti-activated Notchl (Abcam ab8925)
primary antibodies for 2 hours at room temperature. Secondary antibodies included donkey anti-rabbit Cy3
(Jackson ImmunoResearch 711-225-152), donkey anti-goat Cy3 (Jackson ImmunoResearch 7105-165-147),
donkey anti-mouse Cy2 (Jackson ImmunoResearch 715-545-151), and Bisbenzimide H 33258 Hoechst (Sig-
ma-Aldrich B1155) at 1:250. Small intestinal tissue was flushed with cold PBS, filleted open, and fixed in either
4% PFA or 10% Zinc Formalin (Thermo Fisher Scientific PROTOCOL 23-313095) overnight. Whole mount
adult intestines were stained using slightly modified previously published protocol (50). Briefly, 1-cm pieces
of fixed ileum were permeabilized in PBST at 4°C overnight, washed, and blocked in 5% NDS. Samples were
then incubated in primary antibodies, rabbit anti-LYVE-1 (1:200, Fitzgerald 70R-LR005) and mouse anti-
smooth muscle actin (1:200, Sigma-Aldrich A4700), for 4 days. Intestines were washed, blocked, and incubat-
ed for 48 hours in secondary antibodies, including donkey anti-mouse Alexa Fluor 488 (1:200, Jackson Immu-
noResearch; catalog 715-545-151), donkey anti-rabbit Alexa 594 (1:200), and DAPI (1:500). Paraffin sections
and cryosections were rehydrated, permeabilized using 1% Triton X-100 in PBS for 20 minutes, and blocked
in 5% NDS or 1% BSA when using tyramide signal amplification (TSA) reagent. For antibodies requiring
antigen retrieval, slides were boiled for 20 minutes in 10 mM citrate buffer using a microwave. Sections were
incubated in primary antibodies, including anti-HA (BioLegend 901501), goat anti-DLL4 (R&D Systems
AF1389), goat anti-VE-Cadherin (sc-6358), rabbit anti-LYVE1 (1:300), mouse anti-smooth muscle actin
(1:200), and rat anti-Ki67 (Dako M7248) at room temperature overnight. Sections were washed and incubat-
ed in secondary antibodies, including donkey anti-rabbit Cy3 (Jackson ImmunoResearch 711-225-152), Alexa
Fluor 594 Tyramide (Thermo Fisher Scientific T20950), and donkey anti-goat HRP (Thermo Fisher Scien-
tific A15999), along with TSA reagent and Hoechst33258 (Sigma-Aldrich B1155). The tissues and cells were
mounted in Prolong gold (Life Technologies P36934). H&E, Oil red O, rabbit anti-phospho-histone H3 (Cell
Signaling Technology 9701), rabbit anti—cleaved caspase-3 (Cell Signaling Technology 9661), and Masson’s
trichrome staining were performed by the University of North Carolina Histology Research Core Facility.

Image acquisition. H&E-, Masson’s trichrome—, and Oil red O-stained slides were imaged using a
Leitz Dialux 20 with QImaging Micropublisher 5.0 RTV color CCD camera. Fluorescence IHC imag-
es were acquired on a Nikon E800 fluorescence microscope with a Hammamatsu Orca CCD camera
with Metamorph software (Molecular Devices Corp.). Whole mount fluorescent—stained ileum was
imaged using a Leica M205FA fluorescent stereoscope with QImaging Micropublisher 5.0 RTV color
CCD camera. Images were pseudocolored using Metamorph or ImageJ (NIH). Whole mount entire
small intestines were imaged using a Nikon 5200 DSLR camera.
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Serum component analysis measurements. Blood was collected from submandibular bleed, allowed to clot
at room temperature for 1 hour, and separated using Microtainer tubes (BD 50089794). Serum albumin
level was analyzed by the Animal Clinical Chemistry and Gene Expression Lab at University of North
Carolina. Serum alanine aminotransferase and alkaline phosphatase levels were analyzed using VetScan
comprehensive diagnostic profile rotor (Abaxis 500-7123).

Statistics. A total of 61 mice were used in this study. All experiments were performed 3 or more times,
and data are represented as mean with SEM. Significance was either by determined by 2-tailed, type 2 Stu-
dent’s ¢ test or 1-way ANOVA with Tukey’s Multiple comparison test or 2-way ANOVA, with P values of
less than 0.05 considered significant.

Study approval. All animal procedures were approved by the University of North Carolina Chapel Hill’s
Institutional Animal Care and Use Committee, and all attempts were made to minimize pain and distress.
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