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Introduction

Lung transplantation remains the optimal treatment to prolong
survival and improve quality of life for patients with end-stage
lung disease (1). While outcomes after lung transplantation
continue to improve, the 5-year survival rate is still far below
the rates achieved following other solid organ transplantations
(2). Despite aggressive immunosuppressive treatments, acute
rejection occurs in up to 55% of lung allograft recipients and is
one of the leading causes of morbidity during the first year after
transplantation (3, 4). In addition, recurrent acute rejection rep-
resents a primary risk factor for the development of bronchiolitis
obliterans syndrome (BOS), or chronic allograft rejection, which
is a major impediment to long-term survival (5-8). Since the effi-
cacy of immunosuppression is less than ideal, continued explo-
ration of novel therapeutic options is imperative.

Lung transplantation involves airway, arterial, and venous
connections at the time of surgery (9). Notably, anastomosis of
severed donor lymphatic vessels to those of the recipient is not
performed due to technical challenges, resulting in complete
interruption of lymphatic drainage. Reestablishment of a lym-
phatic continuum after transplantation relies on formation of
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Lung transplantation is the only viable option for patients suffering from otherwise incurable end-stage pulmonary diseases
such as chronic obstructive pulmonary disease and idiopathic pulmonary fibrosis. Despite aggressive immunosuppression,
acute rejection of the lung allograft occurs in over half of transplant recipients, and the factors that promote lung acceptance
are poorly understood. The contribution of lymphatic vessels to transplant pathophysiology remains controversial, and

data that directly address the exact roles of lymphatic vessels in lung allograft function and survival are limited. Here, we
have shown that there is a marked decline in the density of lymphatic vessels, accompanied by accumulation of low-MW
hyaluronan (HA) in mouse orthotopic allografts undergoing rejection. We found that stimulation of lymphangiogenesis
with VEGF-C156S, a mutant form of VEGF-C with selective VEGFR-3 binding, alleviates an established rejection response
and improves clearance of HA from the lung allograft. Longitudinal analysis of transbronchial biopsies from human lung
transplant recipients demonstrated an association between resolution of acute lung rejection and decreased HA in the

graft tissue. Taken together, these results indicate that lymphatic vessel formation after lung transplantation mediates HA
drainage and suggest that treatments to stimulate lymphangiogenesis have promise for improving graft outcomes.

new lymphatic vessels (lymphangiogenesis), the exact roles of
which remain enigmatic and somewhat controversial in trans-
plant pathophysiology (10, 11). While some studies have shown
a beneficial role of lymphatic vessels in transplantation (12-15),
the prevailing view holds that they contribute to alloimmune
responses that will result in the exacerbation of allograft rejec-
tion (16-19). Therefore, it has been suggested that inhibiting
lymphangiogenesis could be critical for graft tolerance and sur-
vival (20, 21). However, lung allografts are acutely rejected within
7 days after transplantation in animal transplant models (22-25),
whereas spontaneous restoration of lymphatic drainage from the
transplanted lung to the lymph nodes occurs no earlier than day
7 after transplantation (26, 27). Since the onset of lung rejection
precedes the reestablishment of lymphatic continuity, it is possi-
ble that insufficient lymphatic drainage could be responsible, at
least in part, for acute lung allograft rejection.

Hyaluronan (HA) is a ubiquitously distributed extracellular
matrix glycosaminoglycan that exists physiologically as a high-
MW (HMW) polymer but undergoes extensive fragmentation in
response to tissue injury (28-31). HA has been previously associ-
ated with lung injury and repair through multiple pathways driven
by HA receptors such as CD44 and TLR2 and TLR4 (29, 31, 32).
More recently, low-MW HA was shown to play important roles in
the development of BOS through TLR2/4-dependent pathways,
leading to increased numbers of neutrophils and alloantigen-
specific T lymphocytes, while HMW HA decreased graft inflam-
mation (33). Increased HA content and fragmentation contribute
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to transplant rejection (32-34), although it is unclear whether the
abundant presence of HA also reflects a lack of'its effective drain-
age in rejected allografts. Since the turnover of HA (several grams/
day in humans) occurs primarily through lymphatics (approxi-
mately 85%) (35, 36), where uptake is mediated by the lymphatic
vessel endothelial HA receptor LYVE-1, we hypothesized that HA
clearance impairment due to severely compromised lymphatic
drainage might lead to its aberrant accumulation in lungs under-
going rejection. To test this hypothesis, we performed gain-of-
function (therapeutically inducing lymphangiogenesis to promote
HA drainage) as well as loss-of-function (blocking HA uptake
by lymphatic endothelial cells [LECs]) experiments in a mouse
model of orthotopic lung transplantation. In addition, we analyzed
sequential transbronchial biopsy (TBB) specimens from human
lung transplant recipients to determine whether the observations
made in the mouse model are consistent with clinical events.

Results

Acute lung allograft rejection leads to loss of lymphatic vessels. To
assess the fate of lymphatic vessels in lung transplants, we first
performed mouse orthotopic left lung transplantation using the
3-cuff technique for vascular and airway anastomoses (Figure 1,
A and B), as previously described (37, 38). We sacrificed the ani-
mals 30 days after transplantation and visualized the lymphatic
vessels using antibodies against LYVE-1, a widely used marker of
LECs (39-41). Consistent with previous observations (22, 23), the
histological appearance of mouse left lung isografts (C57BL/6
donor to C57BL/6 recipient) was comparable to that of untrans-
planted lungs of age-matched normal controls (Figure 1C and
Supplemental Figure 1A; supplemental material available online
with this article; d0i:10.1172/JCI79693DS1). As expected, allograft
lungs (BALB/c donor to fully MHC-mismatched C57BL/6 recipi-
ent) displayed histopathological features of severe acute rejection,
with prominent perivascular and interstitial mononuclear cell
infiltrates. In lung tissues from normal mice and isografts, vascu-
lar structures expressing LYVE-1 were distributed throughout the
lung parenchyma (Figure 1D, left panel, and Supplemental Figure
1B). In contrast, we noticed a diminished presence of lymphatic
vessels in allografts undergoing rejection. To quantitatively eval-
uate lymphatic vessel density, we counted the total number of
LYVE-1-positive lymphatic vessels in the section and adjusted it
to the cross-sectional area of the entire tissue (Supplemental Fig-
ure 2). Our results showed that there was a marked decline in the
density of LYVE-1-positive lymphatic vessels in lung allografts
compared with control lungs and isografts (Figure 1D, right panel).
Since LYVE-1 expression is largely but not exclusively restricted
to lymphatic vessels (42, 43), we performed double immunofluo-
rescence staining using antibodies against VEGFR-3 and PROX-1
(markers of LECs). As shown in Figure 1E and Supplemental Fig-
ure 3A, results from VEGFR-3/PROX-1 double immunostaining
confirmed the decrease in lymphatic vessel density in acute allog-
raft rejection (Figure 1E, right panel). Additionally, quantitative
analysis did not reveal a significant difference in the percentage of
VEGFR-3-positive lymphatic vessels with PROX-1-positive nuclei
or in the percentage of PROX-1/VEGFR-3-double-positive cells in
the identified lymphatic vessels among the experimental groups
(Supplemental Figure 3, B and C).
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Treatment with VEGF-C156S attenuates established allograft
lung rejection and is associated with improved HA clearance. Given
these findings, we sought to determine the effects of VEG-
F-C156S-induced lymphangiogenesis on lung allograft function.
VEGF-C1568S, a VEGF-C mutant with exclusive binding affinity
for VEGFR-3, induces lymphangiogenesis but not angiogenesis
(44-47). VEGF-C156S was administered to animals through daily
i.v. injections after the onset of acute allograft rejection (days 20
to 30 after transplantation). Considering that lymphatic vessels
facilitate the uptake of HA fragments through the transmem-
brane receptor LYVE-1in LECs (48, 49) and that increased levels
of HA are associated with allograft rejection (32-34), we further
explored the exact roles of lymphatic vessels in transplant patho-
physiology through a parallel loss-of-function experiment, in
which a group of VEGF-C156S-treated allograft recipients were
simultaneously treated with LYVE-1 function-blocking antibod-
ies via i.p. injection (ref. 50 and Supplemental Figure 4). Vehicle-
treated (PBS-treated) lung allografts were visibly shrunken
and discolored compared with the control lungs, whereas
VEGF-C156S-treated allografts exhibited noticeably fewer signs
of injury (Figure 2A). Remarkably, however, concomitant neu-
tralization of LYVE-1 function abrogated the therapeutic bene-
fits of VEGF-C1568, as evidenced by the dark red and mottled
appearance of allografts. In accordance with gross observations,
microscopic evaluation revealed that VEGF-C156S alone led to
partial amelioration of graft rejection, indicated by a significant
reduction in the acute cellular rejection (ACR) score, whereas
blocking LYVE-1 cell-surface receptors largely reversed the his-
tological improvement associated with VEGF-C156S (Figure 2B
and Supplemental Figure 5A). Consistent with its known role as
a selective agonist of VEGFR-3 (44-46, 51), VEGF-C1568 treat-
ment resulted in the induction of lymphangiogenesis in trans-
planted left lungs (Figure 2, C and D, Supplemental Figure 5B,
and Supplemental Figure 6A), but had no effect on blood vessel
density (Supplemental Figure 7). Furthermore, the percentage
of VEGFR-3-positive lymphatic vessels with PROX-1-positive
nuclei was comparable across all groups (Supplemental Figure
6B), and there was no significant difference in the percentage of
cells double-positive for VEGFR-3/PROX-1in the identified lym-
phatic vessels (Supplemental Figure 6C).

Visualization of HA distribution was achieved using bioti-
nylated HA-binding protein (HABP), and its labeling specificity
was subsequently confirmed by pretreatment with hyaluronidase
(Supplemental Figure 8). In control lungs, HABP staining was
predominantly observed in the connective tissues around bron-
chi, bronchioles, and blood vessels (Figure 2E and Supplemental
Figure 5C). In PBS-treated allografts, the area of HABP staining
expanded evidently beyond the peribronchial and perivascular
regions, and there was substantial accumulation of HA in both the
alveolar airspace and interstitium. In response to VEGF-C156S
treatment, the amount of HA in lung parenchyma of the allografts
was dramatically reduced, yet simultaneously blocking LYVE-1
aggravated HA deposition, suggesting that decreased clearance of
HA was involved in lung rejection.

In order to characterize HA during rejection, we estimated
its size by agarose gel electrophoresis. We found that there was a
downward shift in HA molecular mass in PBS-treated allografts
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Figure 1. Decreased lymphatic vessel density in lung allograft rejection. (A) Gross appearance of mouse orthotopic left lung transplant using the 3-cuff tech-
nigue. (B) Reconstituted 3D uCT of the bronchial and vascular cuffs on day 30 after transplantation. (C) Representative images of H&E-stained sections. (D)
Representative images of LYVE-1immunohistochemical staining (LYVE-1-positive lymphatic vessels are indicated by black arrows, left panel) and quantifica-
tion of LYVE-1-positive lymphatic vessel density (right panel). (E) Left panel: representative images of PROX-1 (green)/VEGFR-3 (red) double immunofluores-
cence staining. PROX-1/VEGFR-3-double-positive cells are indicated by white arrows. Nuclei were counterstained with DAPI (blue). Right panel: quantification
of PROX-1/VEGFR-3-double-positive lymphatic vessel density. Scale bars: 200 um (C and D); 50 um (E). Animals receiving isogeneic (n = 3 mice) or allogeneic
(n = 5 mice) lung grafts were sacrificed 30 days after transplantation, together with age-matched untransplanted controls (n = 6 mice). Data are presented as
the mean + SEM. *P < 0.05, **P < 0.01, as determined by 1-way ANOVA. PA, pulmonary artery; Br, bronchus; PV, pulmonary vein.

compared with that detected in control lungs, whereas the range
of HA molecular mass in VEGF-C156S-treated allografts was
commensurate with that of the native form. By contrast, treat-
ment with LYVE-1 function-blocking antibodies resulted in a
pronounced retention of fragmented HA (Figure 3). Collectively,
these findings show that impaired lymphatic transport coincides
with the persistence of allograft rejection, which depends, at least
in part, on the aberrant accumulation of HA fragments in the lung.

While the majority of experimental studies use localized
administration of prolymphangiogenic growth therapy (45,
52), recent reports demonstrated that systemic delivery of pro-
lymphangiogenic growth factors could also promote lymphangio-
genesis in distant organs (51, 53). To further confirm the efficacy
of VEGF-C1568S i.v. injection, we evaluated lymphatic vessels and
HA in nontransplanted right lungs. Quantification of VEGF-R3/
PROX-1 double immunostaining showed that similar to the left
lungs, there was increased lymphangiogenesis in the native lungs
with systemic administration of VEGF-C156S (Supplemental Fig-
ure 9A). Interestingly, HA deposition (Supplemental Figure 9B)

and molecular mass (Supplemental Figure 10) were not affected
by either VEGF-C156S treatment or concomitant LYVE-1 blocking.

Treatment with VEGF-CI56S decreases LEC apoptosis and
increases LEC proliferation. Since apoptosis contributes to signifi-
cant cell loss in lung transplantation (54, 55), we hypothesized
that the diminished presence of pulmonary lymphatic vessels in
rejected allografts might be associated with increased apoptosis of
lung LECs. To this end, we conducted double immunofluorescence
labeling with TUNEL and anti-PROX-1 antibodies in mouse lung
tissue. Quantification of images acquired using confocal micros-
copy did not reveal a significant difference in the percentage of
apoptotic LECs between control lungs and isografts. In contrast, the
proportion of apoptotic LECs increased by approximately 4-fold
in PBS-treated allografts compared with the numbers observed in
control lungs, yet this increase was reduced by more than half in
allografts treated with VEGF-C1568S (Figure 4A and Supplemental
Figure 11). Considering that the change in lymphatic density could
also represent a net effect of altered LEC apoptosis and prolifera-
tion, we examined whether LEC proliferation was affected in var-
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Figure 2. VEGF-C156S treatment attenuates lung allograft rejection by clearing HA. (A) Representative gross appearance of control untransplanted
lungs and allografts treated with PBS or VEGF-C156S (VEGF-C) or concomitantly treated with VEGF-C156S and LYVE-1 function-blocking antibodies
(VEGF-C + LYVE-1 Ab). Transplanted grafts are depicted on the left side. (B) Representative images of H&E-stained sections (left panel) and ACR scores
(right panel). (C) Representative images of LYVE-1immunohistochemical staining (LYVE-1-positive lymphatic vessels are indicated by black arrows, left
panel) and quantification of LYVE-1-positive lymphatic vessel density (right panel). (D) Left panel: representative images of PROX-1(green)/VEGFR-3
(red) double immunofluorescence staining. PROX-1/VEGFR-3-double-positive cells are indicated by white arrows. Nuclei were counterstained with

DAPI (blue). Right panel: quantification of PROX-1/VEGFR-3-double-positive lymphatic vessel density. (E) Representative images of HABP fluorescent
staining (red, left panel) and quantification of HABP 10D (right panel). Scale bars: 50 um (B-D); 500 um (E). Animals receiving allogeneic lung grafts were
treated with PBS (n = 5) or VEGF-C156S (n = 6) or were concomitantly treated with VEGF-C156S and LYVE-1 function-blocking antibody (n = 6) from days
20 to 30 after transplantation. Age-matched untransplanted animals were used as controls (n = 6). All data are presented as the mean + SEM. *P < 0.05,

**P < 0.01,***P < 0.001, as determined by 1-way ANOVA.

ious experimental conditions using double immunostaining with
PROX-1 and proliferating cell nuclear antigen (PCNA), a marker
of cell proliferation. We observed that increased LEC apoptosis in
PBS-treated allografts was accompanied by a significant decrease
in the ratio of LECs expressing PCNA (Figure 4B and Supplemen-
tal Figure 12). Furthermore, consistent with previous findings (56,
57), we showed that VEGF-C156S treatment resulted in an approx-
imately 5-fold increase in LEC proliferation compared with that
seen in PBS-treated allografts.
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VEGF-C1568 treatment reduces inflammatory cell infiltration
into allografts. Recruitment of inflammatory cells is an essential
step leading to allograft rejection (4). In order to examine the
effects of VEGF-C156S on inflammatory cell infiltration into allog-
rafts, we performed IHC staining for T cells and macrophages
using anti-CD3 and anti-CD68 antibodies, respectively (Figure
5, A and B). Inflammatory cell infiltrates were rarely detected in
control lungs, whereas allografts treated with PBS were charac-
terized by a marked increase in the number of both T cells and



The Journal of Clinical Investigation

Allograft

+

W o

§53: 5888z
= O a > >3

495

RESEARCH ARTICLE

VEGF-C + LYVE-1 Ab

Control —*

1107

| | |
1520 495 110

MW (kDa)

Figure 3. VEGF-C156S treatment inhibits the downward shift of HA molecular mass in lung allograft rejection. Left panel: agarose gel electrophoresis
was conducted to analyze HA size in mouse left lungs. From left to right: mega (6100, 4570, 3050, and 1520 kDa), high (1510, 1090, 966, 572, and 495 kDa),
and low (495, 310, 214, 110, and 27 kDa) HA ladders were used to determine the molecular mass of HA in tissue samples. HA samples per lane were pooled
from the upper portions of mouse left lungs in each group. Right panel: quantitative analysis of HA profiles in mouse left lungs. Animals receiving alloge-
neic left lung grafts were treated with PBS (n = 5 mice) or VEGF-C1565 (VEGF-C) (n = 6 mice) or were concomitantly treated with VEGF-C156S and LYVE-1
function-blocking antibody (VEGF-C + LYVE-1 Ab) (n = 6 mice) from day 20 to day 30 after transplantation. Age-matched untransplanted animals were

used as controls (n = 6 mice).

macrophages. Following VEGF-C1568S treatment, there was a sub-
stantial decline in the number of CD3- and CD68-positive cells in
the allografts. However, concomitantly blocking LYVE-1 resulted
in extensive infiltration of T cells and macrophages to levels that
were comparable to those found in PBS-treated allografts.

Several reports have identified that a subset of macrophages
express LYVE-1 (58-60). Therefore, it is possible that LYVE-1-
positive macrophages might play a role in HA clearance and
potentially contribute to the resolution of allograft rejection. To
assess the presence of LYVE-1-positive macrophages in allografts,
we performed double immunofluorescence staining with anti-
CD68 and anti-LYVE-1 antibodies (Figure 5C, left panel). Double-
positive cellswere scarcely detected in control lungs, but were more
prevalent in PBS-treated allografts. On the other hand, VEGF-
C1568 treatment reduced the amount of LYVE-1-positive macro-
phages in allografts by approximately two-thirds, yet simultane-
ous LYVE-1 blocking largely reversed this trend to a level similar
to that observed in PBS-treated allografts (Figure 5C, upper-right
panel). Further quantification also revealed that the proportions of
CD68/LYVE-1-double-positive cells were elevated to similar lev-
elsin all the experimental groups with allograft transplants (Figure
5C, lower-right panel).

VEGF-CI56S treatment restoves a functional lymphatic contin-
uum in lung allografts. Lymphatic continuity is inevitably disrupted
during lung transplantation surgery. Since VEGF-C156S treatment
has been shown to reestablish damaged lymphatic transport in an
incision wound model (61), we sought to determine whether such

treatment could also affect severed lymphatic vessels in mouse
lung allografts. For this purpose, we performed a pulmonary
dextran-Alexa Fluor 488 (488-dextran) drainage assay (50) in con-
trol and transplanted mice to evaluate lymphatic transport from left
lungs to their draining lymph nodes. In control mice, green fluores-
cence was visualized in tracheobronchial lymph nodes 50 minutes
after unilateral instillation of 488-dextran solution into mouse left
lungs (Figure 6). By 20 days after transplantation, mouse left lungs
showed more than a 4-fold increase in 488-dextran integrated opti-
cal density (IOD) in allografts compared with that in isografts. This
was accompanied by the presence of 488-dextran in the tracheo-
bronchial lymph nodes of isograft but not allograft recipients. The
fluorescent signal remained absent in the draining lymph nodes of
PBS-treated animals by day 30 after transplantation. Remarkably,
however, compared with PBS-treated animals, VEGF-C156S treat-
ment resulted in a nearly 50% decrease in 488-dextran IOD, with
detectable drainage into the tracheobronchial lymph nodes, indi-
cating a recovery of lymphatic function.

VEGF-CI56S treatment improves radiographic and pulmonary
function parameters in acute allograft lung rejection. In order to lon-
gitudinally monitor the changes in lung allografts from individual
mice, we performed micro-CT (uCT) scanning before and after
the experimental interventions. Compared with healthy lungs,
axial slides from allografts on day 20 after transplantation (prior
to treatment) revealed a dense, homogenous opacity occupying
the entire left lung field (Figure 7A). The uCT findings from axial
and reconstituted 3D images from PBS-treated allografts on day
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ing. PROX-1/PCNA-double positive cells are indicated by white arrows. Lower panel: percentage of PCNA-positive LECs. Nuclei were counterstained with
DAPI (blue). Scale bars: 50 um (A and B). Animals receiving allogeneic lung grafts were treated with PBS (n = 5 mice) or VEGF-C156S (VEGF-C) (n = 6 mice)
or were concomitantly treated with VEGF-C156S and LYVE-1 function-blocking antibody (VEGF-C + LYVE-1 Ab) (n = 6 mice) from day 20. Animals receiv-
ing isogeneic (n = 3 mice) or allogeneic lung grafts were sacrificed 30 days after transplantation, together with age-matched untransplanted controls

(n = 6 mice). Data are presented as the mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (versus control); *P < 0.01, *P < 0.001 (versus PBS-treated

allografts). All P values were determined by 1-way ANOVA.

30 after transplantation were indistinguishable from those on day
20, indicating that the acute lung rejection observed on day 20 did
not spontaneously regress. Coinciding with increased lymphangio-
genesis, VEGF-C156S partially rescued the airspace consolidation
within the allografts (aerated left lung volume increased by more
than 14-fold), while blocking LYVE-1 nullified such therapeutic
benefits (Figure 7B). Peak airway pressure (PawP) in the left lung
was measured at the end of each study. Consistent with histology
and pCT imaging observations, VEGF-C156S led to a decrease in
PawP in allografts compared with PBS or VEGF-C156S plus LYVE-1
function-blocking antibody treatment (Figure 7C).

jci.org  Volume125  Number1l  November 2015

Decreased HA accumulation in treated human lung allografts cor-
relates with improved functional outcome. To determine whether our
findings in the animal model are consistent with acute rejection in
human lung allografts, we analyzed lung tissue samples obtained
from 5 lung transplant recipients diagnosed with acute rejection.
Samples were obtained during routine surveillance transbronchial
biopsies before and after treatment with high-dose methylpred-
nisolone for 3 days, followed by a 2.5-week tapering of the pred-
nisone dosage to the baseline. In agreement with the results from
our preclinical studies, histologic resolution of acute rejection
in these patients was accompanied by a marked decrease in HA
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Figure 5. VEGF-C156S treatment reduces inflammatory cell infiltration into lung allografts. (A and B) Representative images of CD3 (A) and CD68 (B)
immunohistochemical staining (black arrows, left panel) and quantification of positive cells per HPF (right panel). (C) Left panel: representative images
of LYVE-1 (green)/CD68 (red) double immunofluorescence staining. LYVE-1/CD68-double-positive cells are indicated by white arrows. Nuclei were coun-
terstained with DAPI (blue). Upper-right panel: quantification of LYVE-1/CD68-double-positive cells per HPF. Lower-right panel: percentage of LYVE-1-
positive macrophages. Scale bars: 50 um (A and B), 40 um (C). Animals receiving allogeneic left lung grafts were treated with PBS (n = 5) or VEGF-C156S
(VEGF-C) (n = 6) or with VEGF-C156S and LYVE-1 function-blocking antibody (VEGF-C + LYVE-1 Ab) (n = 6) from day 20 to day 30 after transplantation.
Untransplanted animals were used as controls (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001, as determined by 1-way ANOVA.

labeling in lung parenchyma (Figure 8A). Alleviation of rejection
following high-dose corticosteroids was also confirmed by a pul-
monary function test, which showed an increase in forced expira-
tory volume in 1 second (FEV1) compared with the baseline (Fig-
ure 8B). Interestingly, there was no significant difference in the
density of podoplanin-positive (D2-40-positive, a specific human
lymphatic vessel marker; refs. 53, 62) lymphatic vessels between
the rejection and resolution stages (Figure 8C).

Discussion

In this study, we performed a comprehensive evaluation of lym-
phatic vessels in an orthotopic mouse lung transplant model
and show that acute lung rejection leads to loss of pulmonary
lymphatic vessels. Furthermore, we demonstrate that defec-
tive lymphatic drainage impairs clearance of HA fragments and
results in aberrant HA accumulation, which has been previously
associated with tissue injury (29, 30, 63) and the development of
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BOS (33). Previous work has shown that modulating angiogen-
esis contributes to the long-term survival of tracheal allografts
(7, 8). Here, we provide evidence that induction of therapeutic
lymphangiogenesis mitigates established allograft rejection
and is associated with augmented HA clearance. These findings
underscore the importance of lymphatic vessels in lung trans-
plants and suggest a missing link between HA transport abnor-
mality and acute rejection.
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eration of lymphatic vessels
and restoration of lym-
phatic drainage are consid-
ered essential for maintain-
ing postoperative tissue homeostasis and potentially beneficial
for graft survival. For instance, human renal and heart allografts
with a higher density of lymphatic vessels are less susceptible to
severe forms of rejection (13, 15). In agreement with these clin-
ical observations, our study provides experimental evidence to
substantiate the importance of lymphatic drainage in graft sur-
vival and indicates that the absence of lymphatic vessels might be
directly responsible for graft failure.
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Figure 7. VEGF-C156S treatment
improves radiographic and pulmonary
function parameters in lung allografts.
(A) Representative pCT axial slides

and reconstituted 3D images of control
untransplanted lungs and allografts
treated with PBS or VEGF-C156S (VEGF-C)
or concomitantly treated with VEGF-
C156S and LYVE-1 function-blocking
antibodies (VEGF-C + LYVE-1 Ab). uCT
scanning of allografts was performed
before (day 20 after transplantation)

and after (day 30 after transplantation)
the indicated treatment. (B) Measure-
ment of aerated left lung volume after
the indicated treatment (day 30 after
transplantation) using 3D reconstruction
of uCT images. (C) Left lung pulmonary
function was assessed by PawP levels
after the indicated treatment (day 30
after transplantation). Animals receiving
allogeneic lung grafts were treated with
PBS (n = 5) or VEGF-C156S (n = 6) or were
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and LYVE-1 function-blocking antibodies
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Data are presented as the mean + SEM.
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In addition to reabsorption of interstitial tissue fluid and traf-
ficking of immune cells, lymphatic vessels maintain HA equilib-
rium by removing excessive HA degradation products through
the endocytic receptor LYVE-1 (49). Experimental lung injury in
different animal models is associated with increased HA content
(30, 65, 66), although the accumulation of HA is only transient
when the route of HA clearance is preserved (63). Our study high-
lights the importance of lymphatic transport in HA clearance dur-
ing lung injury and suggests that the disappearance of functional
lymphatic vessels could result in a pronounced accumulation of
fragmented HA in rejected grafts. These findings strongly sug-
gest deleterious effects of HA accumulation in lung transplants
and provide evidence that lymphatic HA uptake affects graft out-
comes (illustrated in Figure 9). We also present evidence that HA
homeostasis in mouse untransplanted right lungs is not affected
by LYVE-1 function-blocking antibodies. These findings are in line
with published literature that shows a normal phenotype in the
unchallenged Lyvel-KO mouse (67).

Control

Allograft

Previous studies suggest that apoptosis contributes to the
development of allograft rejection (68, 69), although the occur-
rence of LEC apoptosis has not been documented. Here, we report
that increased apoptosis and reduced proliferation are detected
in pulmonary lymphatic endothelium within the allogeneic lung
grafts undergoing acute rejection. The LECs originating from the
donors display foreign antigens, which render these cells highly
susceptible to the scrutiny of the recipient’s immune system and,
in particular, the injury inflicted by cytotoxic T cells (70). The
changes we have witnessed in LEC apoptosis and proliferation
could at least partially account for the overwhelming loss of lym-
phatic vessels in the rejected allografts observed in our study. It is
also noteworthy that LEC apoptosis and proliferation in isografts
were similar to what was seen in the control lungs, indicating that
alterations of lymphatic vessels in lung allografts are most likely
due to the initiation of alloimmune responses rather than to sur-
gery-induced ischemia-reperfusion injury. Correspondingly, we
show that VEGF-CI156S rescues rejection-induced LEC apopto-
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by paired 2-tailed Student's t test (n = 5 patients/group).

sis, induces LEC proliferation, restores lymphatic vessel density,
and results in a functional lymphatic vasculature. Interestingly,
emerging evidence suggests that, along with being the structural
cells that form lymphatic vessels, LECs regulate T cell tolerance
and suppress immunity (71-73). Therefore, we postulate that
the preservation of intact LECs by inhibiting their apoptosis and
inducing their proliferation is essential to modulate lung rejection.
As expected, we observed an inflammatory microenvironment
in rejected allografts characterized by the aggregation of macro-
phages and T cells. Consistent with a previous report (45), treat-
ment with VEGF-C156S blunted the inflammatory response. We
also investigated whether the VEGF-C156S-driven improvement in
HA clearance was dependent on other cell types, especially LYVE-1-
positive macrophages recruited to the site of injury. Our data show
that injury results in an increase in LYVE-1-positive macrophages,
which is dampened by VEGF-C156S treatment and increased by
concomitant blocking of LYVE-1 function. These data suggest that
the recruitment of LYVE-1-positive macrophages is dependent on
the injury and not the VEGF-C treatment. Further, the accumula-
tion of LYVE-1-positive macrophages in injured lungs alone is not
sufficient to clear HA in the absence of a functional lymphatic bed.
Of particular relevance to our study, a recent study using a rat
heterotopic tracheal transplant model reported that an increase in
the number of lymphatics is associated with the development of
obliterative bronchiolitis (18). These contradictory observations
may largely reflect the intrinsic biological differences between
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the animal models. Unlike human lung transplants, the tracheal
transplant model utilizes an allograft that contains an avascular
cartilaginous structure, which is neither aerated nor vascularized.
On the other hand, the orthotopic mouse lung transplant model
in the present study physiologically mimics vascularized aerated
human lung allograft (74) and thereby offers an ideal platform to
address the role of lymphangiogenesis in lung transplant. It is also
noteworthy that in the tracheal transplant model, the increase in
the number of lymphatic vessels in the cartilaginous structures of
the airway wall is accompanied by a dramatic loss of subepithe-
lial lymphatic vessels. Additionally, overexpression of exogenous
VEGF-C prevents epithelium damage through the induction of
lymphangiogenesis but exacerbates luminal occlusion of the tra-
cheal allografts (18). These results suggest that the fate of lym-
phatic vessels in the noncartilaginous portion of the trachea (i.e.,
the element that bears the closest resemblance to human lung
transplant) is similar to that in our model.

Unlike WT VEGF-C, VEGF-C156S possesses a point mutation
that renders it selective toward VEGFR-3 but not VEGFR-2 (44).
The unique feature of this mutant enabled us to avoid the induction
of angiogenesis and determine the critical function of inducing
lymphangiogenesis exclusively after lung transplantation surgery.
Remarkably, previous reports suggest that concurrent activation of
VEGFR-2 and VEGFR-3 by VEGF-C overexpression is associated
with increased microvascular permeability and neutrophil infiltra-
tion (18), yet administration of VEGF-C156S inhibits inflammation
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Figure 9. Schematic illustration of how lymphatic HA uptake affects graft outcomes. Acute lung rejection induces
increased HA content and fragmentation. Meanwhile, LEC apoptosis during acute rejection leads to loss of pulmo-
nary lymphatic vessels. The disappearance of pulmonary lymphatic vessels results in pronounced accumulation

of fragmented HA, which in turn causes further damage to the graft. Conversely, stimulating lymphangiogenesis
by therapeutic application of VEGF-C156S improves HA clearance by removing excessive HA degradation products
through the endocytic receptor LYVE-1in lymphatic endothelium and alleviates the rejection response.

without interfering with the blood vasculature (45). Thus, attempts
to minimize unintended VEGF receptor binding in order to avoid
disturbing blood vessel integrity could also be critical in future
therapeutic endeavors to treat lung transplant rejection.

Our longitudinal assessment of transplant patients demon-
strates that there is a dramatic reduction in HA deposition when
acute lung rejection resolves with high-dose corticosteroids. Nota-
bly, pulmonary lymphatic vessel density is not significantly differ-
ent between the rejection and resolution stages. This seemingly
paradoxical observation suggests that factors other than lymphatic
drainage contribute to the decrease of HA in these patients. Indeed,
corticosteroids have been shown to exert a rapid and robust sup-
pressive effect on HA synthases (HASs) by decreasing their mRNA
production and stability (75, 76). Additionally, corticosteroids
inhibit hyaluronidase production, resulting in a diminished pres-
ence of fragmented HA (77). It is worth noting that immunosup-
pression leads to disrupted lymphatic function (78) and, as a result,
might compromise effective HA drainage. Such affects could poten-
tially result in aberrant HA accumulation in the long term and thus
put the patients at greater risk for recurrent acute lung rejection and
BOS. In fact, more than half of lung transplant recipients still suf-
fer from acute rejection and succumb to chronic rejection despite
prophylactic immunosuppression (3, 4), indicating that immuno-
suppression alone might not be adequate for the successful man-
agement of lung transplant rejection in a subset of patients. Taken
together, the cumulative findings of the present and previous stud-
ies (78) suggest that a combination of immunosuppression and pro-
lymphangiogenic therapy that aims to maintain lymphatic vessels
could be a therapeutic option for patients with acute lung rejection.

In conclusion, our findings add substantially to the understand-
ing of lung transplant pathophysiology by linking the loss of lym-

allograft lung rejection, likely
through facilitating the clearance
of HA degradation products. Our
results establish lymphatic drain-
l age as a critical determinant of
lung transplant outcomes, and we
propose that prolymphangiogenic
therapy could be beneficial for
long-term graft survival.
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= = tation. Male BALB/c and C57BL/6

mice, 10-12 weeks of age, were
purchased from The Jackson
Laboratory. Orthotopic left lung
transplantations were performed
as previously described (79, 80).
Briefly, donor mice were anes-
thetized with an i.p. injection of
ketamine/xylazine. They were
intubated and connected to a small animal ventilator (Harvard
Apparatus). A median laparosternotomy was performed, and hepa-
rin (100 units) was administered i.v. Afterwards, lungs were flushed,
and the heart-lung block was harvested. The left lung was isolated,
and cuffs were placed on the pulmonary artery, vein, and bronchus.
Subsequently, recipient mice were anesthetized and mechanically
ventilated. A left-sided thoracotomy in the third intercostal space
was performed, and the recipient’s left lung was gently retracted by a
binder clip to expose the left hilum. The left pulmonary artery, vein,
and bronchus of the recipients were then dissected free of adjacent
tissue. Cuffed donor pulmonary artery, bronchus, and vein were
inserted into corresponding recipient structures, and the anasto-
mosis was secured with a 10-0 nylon tie. The recipient left lung was
removed following implantation of the donor lung. Finally, the inci-
sion was closed in layers, and the animal was extubated.

Drug therapy. The following experimental groups were used:
(a) Control untransplanted C57BL/6 mice; (b) C57BL/6 donor to
C57BL/6 recipient (isografts); (c) BALB/c donor to C57BL/6 recip-
ient (allografts); (d) allografts treated with PBS through i.v. injec-
tion; (e) allografts treated with VEGF-C156S (125 pg/kg per day)
(R&D Systems) through i.v. injection; (f) allografts treated with
VEGF-C1568 (125 pg/kg per day) through i.v. injection in addition
to LYVE-1 function-blocking antibodies (100 pg per animal every
other day) (R&D Systems) administered by i.p. injection.

Mice were injected from day 20 after transplantation until sacri-
fice on day 30. The dose and route of administration of VEGF-C156S
and LYVE-1 function-blocking antibody were chosen on the basis of
preliminary experiments and published studies (50, 81).

CT imaging. In vivo imaging of mouse lungs was performed at the
indicated time points using a MicroCAT II scanner (Siemens Preclini-
cal Solutions) as previously described (79). Serial sections were subse-
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quently imported into Amira software (Visualization Sciences Group) for
segmentation and 3D surface rendering. In addition, segmentation of the
left lung was performed in each transverse slice as previously described
(82). The selected regions of interest (ROI) were then imported into
VivoQuant software (inviCRO) for measurement of left lung volume.

Lung function. PawP of the left lung was measured at the end of each
study to evaluate lung function, as previously described (38, 83, 84).
Briefly, mice were intubated and mechanically ventilated under isoflur-
ane anesthesia. Laparosternotomy was performed, and the right main-
stem bronchus was temporarily occluded with a microvascular clip. PawP
from the left lung was measured using a pressure transducer attached to a
3-way stopcock placed between the endotracheal tube and the ventilator.

Histology. The lower portion of the left lung was fixed in 10% for-
malin for 48 hours. Following formalin fixation, the lungs were par-
affin embedded, sectioned into 5-um slices, and stained with H&E.
An experienced lung transplant pulmonologist (G. Visner) evaluated
the severity of graft rejection in a blinded manner using the standard
grading criteria established by the Lung Rejection Study Group of the
International Society for Heart and Lung Transplantation (ISHLT) (85).

THC and immunofluorescence. Tissue sections were deparaffinized
in xylene and rehydrated through a graded series of ethanol solutions,
followed by heat-induced epitope retrieval in citrate buffer (pH 6.0).
Sections were blocked with normal serum and incubated with primary
antibodies in a humidified chamber overnight at 4°C. A complete list of
primary antibodies is provided in Supplemental Table 1. For IHC stain-
ing, sections were subsequently incubated with the appropriate sec-
ondary antibodies using an HRP-DAB Cell & Tissue Staining Kit (R&D
Systems) according to the manufacturer’s instructions. Finally, sections
were briefly counterstained with hematoxylin. For immunofluores-
cence staining, sections were incubated with Alexa Fluor-conjugated
secondary antibodies (Life Technologies) for 1 hour at room tempera-
ture in the dark. Slides were mounted using antifade mounting medium
containing DAPI (Vector Laboratories). An isotype match was used in
place of the primary antibody to verify the staining specificity.

LEC apoptosis was detected by TUNEL staining using the In Situ
Cell Death Detection Kit, TMR red (Roche Applied Science) accord-
ing to the manufacturer’s recommendations. Sections were then
stained with a PROX-1 antibody (R&D Systems), followed by Alexa
Fluor-conjugated donkey anti-goat IgG (Life Technologies) to local-
ize LECs. Positive (DNase I incubation) and negative (label solution
only) controls of TUNEL staining as well as negative controls with
nonimmune goat IgG were used to validate staining specificity.

HA staining in histological sections was performed using a
biotinylated HA-binding protein (Seikagaku Ltd.) and Texas red
dye-conjugated streptavidin (Jackson ImmunoResearch Laborato-
ries Inc.) as previously described (62). In addition, hyaluronidase
(Seikagaku Ltd.) pretreatment was applied to consecutive sections
to confirm the specificity of HA staining.

HA size analysis. Pooled tissue samples (n = 5-6/group; total weight,
60 mg) from the upper portion of the left lung were subjected to HA
measurement as previously described (86-88). Samples were digested
with proteinase K and chondroitinase ABC (pH 7.0). HA molecular
weight ladders (Hyalose LLC) and samples were loaded onto a 0.7%
agarose gel and stained with Stain-All (Sigma-Aldrich) after electropho-
resis. Images were acquired using a ChemiDoc XRS+ imaging system
with Image Lab image acquisition software (Bio-Rad) and analyzed
with Quantity One software (Bio-Rad).
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Evaluation of pulmonary lymphatic drainage. A protocol to inves-
tigate lymphatic drainage of the left lung was modified from a previ-
ously published study (50). Mice were anesthetized with an i.p. injec-
tion of ketamine/xylazine and suspended on a rodent intubation stand
with the upper incisors hooked over the incisor wire. Vocal folds were
visualized with the aid of an otoscope (Hallowell EMC). Left main
bronchus intubation was performed with a modified catheter using
a previously described wire-guided technique (89). Dextran-Alexa
Fluor 488 (40 pl) solution (5 pug/ul diluted in PBS; 10,000 MW; Life
Technologies) was subsequently instilled into the left main bronchus
through the catheter. The left lungs and tracheobronchial lymph nodes
were collected 50 minutes after instillation. The lungs were inflated
with a 1:1 mixture of Tissue-Tek OCT Compound (Sakura Finetek) and
PBS. Samples were then embedded in Tissue-Tek OCT Compound
and solidified on dry ice. Frozen 10-um sections were cut using a cryo-
stat (Leica Biosystems), mounted on positively charged slides, and
fixed with 4% paraformaldehyde in PBS.

Surveillance transbronchial lung biopsies in post-transplantation
patients. Recipients of lung transplants at Brigham and Women’s Hos-
pital underwent routine surveillance bronchoscopy with transbron-
chial biopsies. If acute cellular rejection was diagnosed, patients were
treated with high-dose methylprednisolone (SOLU-MEDROL; Pfizer,
1 g iv. daily) for 3 days, followed by a 2.5-week tapering of the predni-
sone dosage to the baseline. Bronchoscopy and TBB were performed 6
weeks later to confirm resolution of the acute rejection.

Microscopy and image analysis. Microscopic images were acquired
with an Olympus FSX-100 microscope and an Olympus FV-10i con-
focal laser scanning microscope. Images were imported into Image]
software, version 1.36b (NIH) or Image-Pro Plus software, version 6.0
(Media Cybernetics Inc.) for quantification. All digital images were
acquired and analyzed in a blinded manner.

Multiple photomicrographs of LYVE-1, VEGFR-2, and D2-40
immunohistochemical staining and HA immunofluorescence staining
were captured and aligned to generate panoramic images of entire tis-
sue sections. The differentially immunostained lymphatic and blood
vessels were outlined manually. Lymphatic and blood vessel density
was expressed as the total number of lymphatic or blood vessels in
the entire tissue, divided by the area of the entire tissue. Quantitative
measurement of HA fluorescence intensity was performed, and the
result was adjusted for total tissue area.

For VEGFR-3/PROX-1 double immunofluorescence staining,
25 images were randomly acquired per lung section for each ani-
mal. Guided by differential interference contrast (DIC) images,
double-positive lymphatic vessels were identified and counted. The
density was calculated by dividing the total number of double-posi-
tive lymphatic vessels by the total size of all 25 images. In addition,
the percentage of PROX-1/VEGFR-3-double-positive cells in the
identified lymphatic vessels was calculated. For TUNEL/PROX-1 and
PCNA/PROX-1 double immunofluorescence staining, images of 20
to 25 PROX-1-positive cells were randomly obtained. TUNEL/PROX-
1- and PCNA/PROX-1-positive cells were separately identified, and
the total number of double-positive cells was divided by the total
number of PROX-1-positive cells for normalization.

For CD3 and CD68 IHC staining, the number of positive cells per
lung tissue was counted in 10 randomly selected high-powered fields
(HPFs) using a x40 objective lens. An average number of positive
cells per HPF was subsequently calculated. For CD68/LYVE-1 double
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immunofluorescence staining, dual-labeled cells were identified in 10
randomly selected HPFs (with a x60 objective lens) per animal. An
average number of double-positive cells per HPF was calculated, and
the total number of double-positive cells was divided by the total num-
ber of CD68-positive cells for normalization.

For the pulmonary lymphatic drainage assay, micrographs of the
tracheobronchial lymph node and 10 random microscopic fields of
lung sections were captured per animal. Quantitative measurement of
488-dextran fluorescence intensity was performed, and the result was
adjusted for tissue area.

Statistics. Data are presented as the mean + SEM. For mouse
transplantation experiments, multiple comparisons were evaluated by
1-way ANOVA, followed by Tukey’s post-hoc test. For clinical studies,
we conducted paired 2-tailed Student’s ¢ tests to assess longitudinal
differences in pulmonary function, lymphatic density, and HA levels
before and after high-dose corticosteroid treatment. Analyses were
performed using GraphPad Prism 5.0 (GraphPad Software). A P value
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Study approval. Tissue from TBBs manifesting acute lung rejec-
tion and sequential TBBs indicating an absence of acute rejection
within the first post-transplantation year were analyzed (n = 5) under
protocols approved by the IRB of Brigham and Women’s Hospital
(Partners IRB protocol 2013P000560).

All animal experimental procedures were approved by the IACUC
of Boston Children’s Hospital (protocol 10-12-1851R).
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