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transplant tolerance.

Lymphatic vessels: protective
or detrimental for transplants?
Lymphatic vessels play a central role in
adaptive immune responses by providing
a highway for immune cells and foreign
antigens to move from tissues to sec-
ondary lymphoid organs, where primary
immune responses are initiated (1). In
this classic model, lymphatics are positive
immune regulators required for initiation
of a primary immune response. Thus, the
predicted role of lymphatic vessels in the
transplanted organ would be to facilitate
immune rejection. Indeed, this predic-
tion is supported by studies of corneal
transplants, which show that inhibition
of lymphangiogenesis improves graft
survival (2). In this issue, Cui et al. test
the role of lymphatic vessels in the trans-
planted mouse lung and find the opposite
to be true: lymphatic vessels protect the
transplanted lung from rejection (3). This
provocative study by Cui and colleagues
should stimulate a reevaluation of the role
of lymphatics in the immune rejection of
transplanted organs as well as the mecha-
nism underlying this role.
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Lung allografts are prone to rejection, even though recipients undergo
aggressive immunosuppressive therapy. Lymphatic vessels serve as
conduits for immune cell trafficking and have been implicated in the
mediation of allograft rejection. In this issue of the JCI, Cui et al. provide
compelling evidence that lymphatic vessel formation improves lung
allograft survival in a murine transplant model. Moreover, their data
suggest a potential mechanism for the beneficial effects of lymphatics that
does not involve immune cell or antigen transport. Together, the results

of this study provide new insight into the role of lymphatic vessels in

Cui et al. used an elegant, and techni-
cally formidable, mouse model to exam-
ine the role of lymphatics during alloge-
neic lung transplantation (3). Murine lung
transplantation was performed in a man-
ner similar to that used in humans, such
that the transplanted lung was attached
by connecting the main airways and blood
vessels but not the draining lymphat-
ics. Prior studies in animal models have
suggested that at least a week is required
to reestablish lymphatic drainage of the
transplanted lung; however, the mecha-
nism and vascular architecture of these
donor-recipient lymphatic connections
are unknown (4). Cui et al. compared lung
transplants between isogeneic (geneti-
cally matched) and allogeneic (geneti-
cally mismatched) mice and revealed a
reduction in lymphatic vessel density in
the rejected allografts compared with the
healthy isografts 30 days after transplan-
tation. The authors systemically adminis-
tered VEGF-C, a potent lymphangiogenic
factor, to test whether increasing lym-
phatics could reduce allograft rejection.
VEGF-C treatment not only successfully
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increased lymphatic vessel density, but
also reduced inflammation and improved
lung function in the allografted lung. Why
would increased lymphatic function slow
rather than accelerate lung rejection? Cui
and colleagues propose a novel mecha-
nism that is unconnected to the classic
role of lymphatics in the cellular immune
response. Lymphatic endothelial cells
(LECs) express high levels of LYVE-1, a
receptor for hyaluronic acid (HA). Previ-
ous studies have linked high levels of HA
to severe, chronic forms of lung rejection
such as bronchiolitis obliterans (5), but
whether HA is a cause or merely a marker
of worsening lung inflammation has not
been clear. Cui et al. demonstrated that
blocking the interaction of LYVE-1 and
HA with anti-LYVE-specific antibodies
reversed the VEGF-C-mediated improve-
ment in allograft rejection, despite an
increase in the density of lymphatic ves-
sels (Figure 1). Furthermore, increased HA
levels correlated with human lung trans-
plant rejection, suggesting that these may
be translatable findings.

As formation of lymphatic vessels has
been thought to facilitate graft rejection,
the finding that lymphatic function may
tip the balance toward increased protec-
tion and away from acute rejection and
damage after lung transplantation is unex-
pected. Perhaps it is not surprising that
lymphatic vascularization of an avascular
organ such as the cornea would increase
immune responsiveness; however, testing
the role of lymphatic function in larger
organ transplantation has been more chal-
lenging. Almost a half century ago, classic
studies addressed this question using a
guinea pig skin transplant model in which
the recipient skin was physically separated
from the body except for a vascular pedicle
that maintained blood but not lymphatic
flow (6). In contrast to the present report
by Cui et al., the studies in the skin trans-
plant model strongly demonstrated that
lymphatics contribute to the establish-
ment of tissue rejection. Why these dif-
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Figure 1. Lymphatic vessels improve lung allograft survival and function. (A) Normal lung par-
enchyma showing air-filled alveoli, blood vessels, and lymphatic vessels that reach the alveoli along
the airway. (B) During lung transplantation, the major airways and blood vessels are preserved, but
lymphatic vessel density is reduced. In this issue, Cui et al. (3) demonstrate that in rejecting murine
lung allografts, inflammatory cells infiltrate the alveoli and HA levels increase. (C) Animals given
systemic VEGF-C, which promotes lymphangiogenesis, exhibit increased lymphatic vessel density,
reduced HA accumulation, and improved allograft survival. (D) In VEGF-C-treated animals, inhibi-
tion of the interaction between HA and LYVE-1 reverses the beneficial effects of VEGF-C treatment,

despite the increase in lymphatic vessel density.

ferent sets of transplantation experiments
have yielded such distinct results is not yet
clear, but timing may be a critical factor in
the discrepancy between studies. Cui et
al. examined events after 20 days, a time
point at which lymphatic drainage is likely
reestablished and chronic inflammatory
events drive rejection. It is conceivable
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that disconnecting the draining lymphat-
ics during lung transplantation initially
protects the transplanted organ from early
immune responses that initiate graft rejec-
tion. Alternatively, it is possible that the
protective effect observed at this later time
point could be even more powerful if lym-
phatic drainage was established earlier,
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such as through microsurgical techniques
at the time of transplantation to reconnect
collecting lymphatic vessels. A second
explanation may be that acute rejection of
transplanted lungs, unlike skin or hearts,
can be initiated in situ and not require coor-
dination by secondary lymphoid organs
(7). Future studies in both animal models
and human transplantation are needed to
better understand the early and late roles
of lymphatic function in organ rejection in
general, and in the lung in particular.

Prevention of rejection through
an unanticipated lymphatic
function

A second unexpected finding in the study
by Cui et al. is that the mechanism of pro-
tection of the transplanted lung by lym-
phatics may have nothing to do with the
transport of antigens and immune cells, but
instead may be tied to HA removal (3). The
contribution of HA in organ rejection and
inflammation is murky. HA is an abundant
matrix glycosaminoglycan of very high
molecular weight that contributes to phys-
ical properties, such as the sponginess of
joints, and is important for tissue morpho-
genesis (8). HA synthesis and breakdown
are prominent in inflammatory states, and
HA has been proposed to stimulate innate
immune receptors, such as the TLRs (9).
Cui and colleagues propose a model in
which lymphatics protect the transplanted
lung by using LYVE-1 receptors to take up
and remove proinflammatory HA; how-
ever, additional genetic and mechanistic
insights are needed to test this provoca-
tive hypothesis. What are the HA target
cells and receptors in the transplanted
lung? There are other inflammatory medi-
ators that might be removed by lymphatic
drainage and alternative receptors, such as
CD44, that may transport HA. In addition,
LYVE-1-deficient mice are healthy and fer-
tile (10), suggesting that lymphatic LYVE-1
would have to serve to transport HA exclu-
sively in nonphysiologic inflammatory
states. Challenging LYVE-1-deficient ani-
mals, either with pulmonary inflammation
or transplantation of LYVE-1-deficient
donor lungs, along with complementary
studies to reduce HA synthesis or proteoly-
sis, is needed to more thoroughly evaluate
the contribution of LYVE-1-dependent HA
transport in protecting lung allografts from
acute rejection.
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Conclusions and future
directions

Do these studies identify new approaches
for treating human lung transplant
patients? It is noteworthy that Cui and
colleagues were able to functionally eval-
uate the effect of increasing lymphatic
density by systemically injecting murine
transplant recipients with VEGF-C, an
approach that might not have been pre-
dicted to impact distant lymphatic func-
tion in the lung. These experiments show
that VEGF-C functions, at least in part,
by preventing LEC apoptosis, a mech-
anism that explains the ability of this
lymphangiogenic factor to affect distant
lymphatics following systemic deliv-
ery. Previous studies aimed at modeling
VEGF-C therapies have been primarily
directed at the growth of new lymphatics,
such as after lymph node resection that
is performed for the treatment of breast
cancer (11). In this context, VEGF-C treat-
ment has not been wildly successful, most
likely because lymphatic vessel growth is
regulated by complex molecular mecha-
nisms that control VEGF-C localization
and activity as well as by other molecular
pathways required to build new lymphatic
vessels (12). The use of systemic VEGF-C
therapy to simply prevent LEC apopto-
sis may be a more practical therapeutic
strategy for maintaining lymphatic func-
tion. Nevertheless, differences between
the mouse model used by Cui et al. and
human lung transplants need to be more
fully addressed to assess the potential
translational impact of these studies.

Human lung allografts with acute rejec-
tion exhibit an increased, not decreased,
density of lymphatic vessels at 14 days
(13). Additionally, an increase in lymphoid
tissue has been seen in bronchiolitis oblit-
erans syndrome, the chronic form of lung
rejection (14). Indeed, Cui and colleagues
did not observe a difference in lymphatic
vessel density in human lung allog-
rafts treated for acute rejection, despite
observing a decrease in the amount of
HA. Further studies that test whether loss
of lymphatics is as prominent in human
transplantation as in the mouse model are
needed to assess the potential therapeu-
tic role for VEGF-C. Together, the studies
presented by Cui et al. provide a new per-
spective on this important clinical prob-
lem and may yield unprecedented ideas
regarding the pathogenesis and treatment
of rejection in the transplanted lung.
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