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Abstract
In the last 5 years major advances have been made in the field of tissue engineering. However, while
engineering of tissues from nearly every major system in the body have been studied and improved,
little has been done with the engineering of viable lymphatic tissues. Recent advances in
understanding of lymphatic biology have allowed the easy isolation of pure lymphatic cell cultures,
increasing, in turn, the ability to study lymphatic biology in greater detail. This has allowed the
elucidation of lymphatic properties on the structural, cellular, and molecular levels, making possible
the successful development of the first lymphatic engineered tissues. Among such advances are the
engineering of lymphatic capillaries, the development of a functioning bioreactor designed to culture
lymph nodes in vitro, and in vivo growth of lymphatic organoids. However, there has been no research
on the engineering of functional lymphangions. While the advances made in the study of lymphatic
biology are encouraging, the complexities of the system make the engineering of certain functional
lymphatic tissues somewhat more difficult.
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Introduction
Major advances have been made in the field of tissue engineering since the topic of lymphatic
engineering was taken up by this journal 5 years ago.a The relatively new discipline of tissue
engineering has proven successful in using a combination of life sciences and engineering
research to produce technologies that allow the assembly of multicellular, complex, and
functioning tissues and organs. In the last 5 years, scientists have been able to grow and
transplant human bladders, create three-dimensional (3-D) tissues using the techniques of the
ink-jet printer, develop transplantable nervous tissue constructs, and advance research in
cardiac, cartilage, and bone tissue engineering.1–6 In comparison, the work done in the area
of lymphatic tissue engineering to this point has been more sparse. However, in the last 3 years
there has been a small, yet important movement toward research geared to the engineering of
lymphatic tissues.

As the critical importance of the lymphatic system in the human body becomes increasingly
evident, novel research efforts will drive the need for proper models by which lymphatic
biology might be studied. Tissue-engineered lymphatic organs (lymph nodes, spleens,
lymphatic vessels, and lymphoid derived cells) would not only serve well as ex vivo research
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models, but also have the potential to be used via implantation for the alleviation of lymphatic
deficiencies caused by disease or injury.

Our lab currently has been successful in the engineering of mammalian blood vessels made
from cells isolated from the cardiovascular system.7 Given the similarities between the vessels
in the cardiovascular and lymphatic systems, it may be useful to apply arterial tissue
engineering techniques to the engineering of lymphatic vessels and organs. In this review we
will concentrate on (1) current advances in lymphatic biology research and how such advances
may pave the way for the initial phases of lymphatic tissue engineering; (2) differences between
lymphatic and vascular vessel biology and their effects on tissue engineering strategies; and
(3) recent efforts in lymphatic tissue engineering and their implications and prospects.

Relevant Advances in Lymphatic Biology
The lymphatic and blood vascular systems are interconnected—extracellular fluid flows from
vascular capillaries into lymphatic microvessels and is returned to the vascular system via the
thoracic duct. However, while much is known about the biology of the blood vascular system,
the biology behind the development and regulation of the lymphatic system remains
comparatively poorly understood.8 Until recently, the number of molecular tools that allowed
us to distinguish between blood and lymphatic vessels and cells within tissues was limited.
However, in recent years researchers have been able to distinguish quite definitively between
the tissues of the two systems at the molecular level.9 This ability to discriminate between cell
types allows for the easy isolation of pure lymphatic cell cultures, and in turn the ability to
study lymphatic biology in greater detail.8–10

Blood Vessels and Lymphatic Vessels: Comparison and Contrast
A macroscopic look at the vessels of the cardiovascular and lymphatic systems makes it
obvious that there are structural and organizational similarities. This is in part due to the
connection between the function of the two systems. Both systems contain large networks of
vessels, the vessels in both systems are composed of smooth muscle walls lined with a
monolayer of endothelium, and they both range in complexity from larger multi-layered vessels
to capillaries composed mostly of endothelium. However, the differences between the two also
correlate with their function and are evident at the structural, cellular, and molecular levels.
Such similarities and differences make an impact as to how closely the tissue engineering
strategies for each system should correlate.

Structure
Current engineering of cardiovascular tissues have yielded vessels that are suitable for arterial
implantation and flow.10,11 The structure of such vessels is fairly straightforward, comprising
multiple layers of smooth muscle cells and interlaced extracellular matrix, lined with a
monolayer of endothelium. Unlike arteries, the vessels of the venous portion of the
cardiovascular system require much less mechanical strength, and many veins incorporate a
valve system to prevent the backflow of blood. Lymph vessels (or lymphangions) also require
less wall strength than arteries do, and utilize a two-leaflet valve system to prevent the backflow
of lymph, making the structural aspects of lymph vessels more similar to venous than to arterial
blood vessels. Incorporation of valvular structures into the scaffolding for engineered
lymphangions increases the complexity of these structures. However, the lower mechanical
requirements for function of venous and lymphangitic structures may make these “easier” to
engineer in some respects (Fig. 1).

Hitchcock and Niklason Page 2

Ann N Y Acad Sci. Author manuscript; available in PMC 2008 December 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cells
The cells that make up the vessels of the lymphatic and cardiovascular system, too, are quite
similar. Noting such similarities is very important when considering cell sourcing for tissue
engineering strategies. While the origin of the smooth muscle cells that make up the
cardiovascular and lymphatic systems is not completely known, it is thought that smooth
muscle is recruited by the endothelium that initially constitutes each system.12 Smooth muscle
cells, along with the extracellular matrices that they produce, provide the mechanical strength
of the vessels. However, the function of the smooth muscle cells between the two systems
differs in their contractile properties. While vascular smooth muscle cells contract in a radial
fashion to either increase or decrease the lumen size of the vessel, lymphatic smooth muscle
contracts in a rhythmic and unidirectional manner in order to propel lymph toward the thoracic
duct.12,13 It is now thought that native smooth muscle tissues contain specialized pacemaker
cells that serve to regulate any spontaneous electrical activity, and that it is these cells that
provide the distinct contractile properties of the tissues and not any particular differences in
the smooth muscle itself.14 This implies that current strategies to obtain smooth muscle by the
selective culturing of mesenchymal stem cells derived from the peripheral blood or bone
marrow may be useful for both systems. However, pacemaker cells would have to be either
isolated and cultured, or recruited from surrounding tissues upon engineered graft implantation,
adding another consideration to the composition of a working lymphangion.

Developmentally, the lymphatic endothelium (or lymphatic endothelial cells, LECs) originates
from a subpopulation of embryonic venous endothelium (or blood endothelial cells, BECs)
which expresses the lymphatic-specific homeobox transcriptional factor, prox1.15 LECs bud
off from the venous endothelial populations, and commit to lymphatic lineages. It is debated
whether LECs originate directly from the existing venous endothelium or from
lymphangioblast precursor cells, which along with angioblasts (vascular endothelial
precursors) are derived from mesodermal somites.15,16 Either way, BECs and LECs are
relatively close in origin, function, and structure. When considering cell source for use in tissue
engineering, mixtures of BECs and LECs are readily available and easily obtained from harvest
of excess dermal tissue.17 Although the cell types are similar, it is unlikely that they are
completely interchangeable on account of the dissimilar sets of genes expressed by each.18

Molecular Makeup
Gene array studies have delineated about 300 genes that are differentially expressed between
BECs and LECs.18 Among the genes that are differentially expressed are the known LEC-
specific genes (VEGFR-3, LYVE-1, podoplanin, β-chemokine receptor D6, and prox1) as well
as an array of proinflammatory cytokines, chemokines and their receptors, cadherins and
integrins.19–23 Interestingly enough, induced over-expression of the PROX1 gene in BECs
allows for the upregulation of many of the LEC-specific genes and suppresses expression of
∼40% of BEC-specific genes.18 This suggests that BECs may be a default lineage, with prox1
inducing lymphangiogenesis of the cells during development. Such insights may allow
researchers to use endothelium obtained from less invasive means (i.e., peripheral blood–
derived vascular endothelial progenitor cells) along with simple gene therapies in order to
supply LEC-like cells for tissue engineering purposes.

Progress of Lymphatic Tissue Engineering
Within the last 5 years, some progress has been made in the area of lymphatic tissue
engineering. While the research is still somewhat sparse, it is at the same time relatively diverse
and promising. Of the lymphoid tissues, research has been published on the engineering of
lymphatic capillaries, lymph nodes, and nonspecific secondary lymphoid tissue-like organoids.
Interestingly enough, absent from the list is any research into the engineering of lymphangions.
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Lymphatic Capillaries
In the engineering of 3-D tissues, one of the greatest challenges is getting nutrition to all of the
cells within a complex structure. For this reason, in correlation with the engineering of larger,
more complex tissues, much work is being done in the area of tissue engineering
microvasculature. With the ability to reliably differentiate between vascular and lymphatic
endothelial cells, some labs are including LECs in their microvasculature research.24,25 This
has led to the development of lymphatic endothelium–lined microstructured extracellular
matrices and has allowed investigators to study the function of the lymphatic endothelium in
a 3-D in vitro system, as opposed to typical 2-D flow systems. In such systems, the endothelium
of both the lymphatic and cardiovascular systems can be studied and compared in relation to
their response to different stresses and conditions. It is essential to note that research on the
microvasculature of lymphatic and blood capillaries should differ in that their functions differ
(i.e., exchange of gasses and nutrients with continual flow versus uptake of excessive interstitial
fluid).

Researchers have shown that extracellular matrix composition differentially influences the
organization of lymphatic and vascular endothelium, with lymphatic endothelium showing the
most extensive organization in fibrin-only matrix and vascular endothelium preferring a matrix
containing collagen.24 It is also observed that the types of organizational structures produced
are distinct between the two types of endothelium. Lymphatic endothelium tends to produce
slender, overlapping networks with fine lumina, while vascular endothelium produces thick,
branched networks containing wide lumina.24 Such differences may be observed in vivo in the
several days' time lapse that occurs between angiogenesis and lymphangiogenesis during
dermal wound healing.26 It is hypothesized that the change in matrix that occurs during the
process of wound-healing produces the optimal environment for the transition from
angiogenesis to lymphangiogenesis.

Other research has studied the effects of interstitial and laminar flow on lymphatic endothelium
in both 3-D and 2-D environments, respectively.27 Here we observe that under interstitial flow,
lymphatic endothelium tends to form large vacuoles and long extensions. This is in contrast to
the multicellular branched lumen-containing networks formed by vascular endothelium under
the same conditions. Under interstitial flow, lymphatic endothelium in a 2-D confluent
monolayer tends to decrease its cell–cell adhesions in comparison to vascular endothelium.
These observations make sense, as they agree with the native function of lymphatic capillaries
which provide for looser junctions to allow for the uptake of excess interstitial fluids. This
shows that it is not only the matrix that may influence LEC development during tissue culture,
but also the mechanical stress that is imparted on the cells. Such observations may further
elucidate differences between vascular and lymphatic endothelium in vivo, and address key
concerns as to what specific cell source, matrix, and environmental stresses are required for
lymphatic endothelialization in engineered tissues and creation of lymphatic capillary
networks.

Human Lymph Nodes In Vitro
Secondary lymphoid organs are tissues that allow for the development of the immune system
within the mammalian body. Some success has been obtained in the development of a
bioreactor made for the engineering of a human lymph node in vitro.28 This system was
developed to culture human dendritic cells generated from peripheral blood mononuclear cells
using an 11-day protocol involving the timed addition and removal of cytokines and growth
factors (GM-CSF, IL-4, and TNF-alpha). Such cells were tested for maturation by selecting
for a panel of CD-markers and for phagocytic properties.
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A small, disposable bioreactor was fashioned that allowed perfusion of cells and medium from
a 4-mL outer culture space into a 1-mL central culture space (Fig. 2). The central culture space
contained a matrix composed of sheets of agarose and nonwoven polyamide fibers, which were
chosen on the basis of their flexibility, cell adhesion properties, porosity, and ease of
manipulation. Primed dendritic cells were placed onto two sheets of matrix stabilized by a
macro-porous membrane and enclosed in the central space, which is supported by a set of
microporous hollow fibers that allow medium and gas supply. The porosity of the system would
allow any suspended cells within the outer space to freely pass into the central space and have
contact with any matrix-bound cells, as well as allow continual medium exchange. After 2
weeks of bioreactor culture, both the nonwoven polyamide sheets and agarose matrix sheets
showed evidence of sustainable lymphocyte clusters containing antigen-specific leukocytes.
Responses of the cells to IL-2 and LPS showed evidence of early T cell activation and long-
term viability.

This bioreactor system allowed for the construction of an environment similar to that of the
lymph node, leading to T cell and B cell swarming and T cell clustering. This type of system
could be useful for mimicking the effects of drugs and cell therapies within physiologic
environments. However, it is not evident that such a system is useful for the construction of
implantable tissues.

There has also been success in the area of growing lymphoid tissues in vivo. Transplantation
of biocompatible “sponge-like” collagenous scaffolds that are seeded with thymus stromal cells
(TEL-2-LTα) into mice have yielded “lymphoid tissue-like organoids” that have similar
structure to secondary lymphoid organs and are able to produce antibodies in the host.29
Addition of activated dendritic cells to the stromal cell–containing matrix resulted in the
promotion of T cell and B cell cluster formation more than two times as much as without
dendritic cells. However, in these experiments it was essential that the TEL-2-LTα stromal
cells be present, suggesting that they play a major role in cluster formation. Another intriguing
point is that sections of explanted organoids showed evidence of blood vessel and high
endothelial venule development, which are typical of secondary lymphoid tissues.

Further research with these “artificial lymph nodes” has yielded promising results in
immunodeficient SCID mice. It has been found that implantation of the artificial lymph nodes
in the SCID mice led to strong antigen-specific antibody responses, migration of lymphoid
cells to the spleen and bone marrow, and maintenance of secondary immune responses over
time.30 Such technology could lead to the successful treatment of immunodeficiency diseases
in the future, and allow for the synthesis of engineered lymphoid tissues that can be used for
both in vitro therapeutic analysis as well as in vivo implantation.

Prospects for Lymphatic Tissue Engineering
While the advances made in the study of lymphatic biology are encouraging, the complexities
of the system that have been elucidated make the engineering of certain functional lymphatic
tissues somewhat more daunting than previously thought. Specifically, such difficulties are
apparent in the engineering of functional lymphangions, which may affect how we translate
techniques used in engineering blood vessels to engineering lymphatic vessels. Contrary to
what has been proposed in the past, it may not be sufficient to simply design a conduit for the
passive movement of lymph. A lymphatic vessel must be functional: the vessel wall must be
able to respond to lymph flow, leakage of lymph backwards in the system must be prevented,
and there must be active contraction to move lymph forward. While the mechanical
requirements that must be met for cardiovascular vessel engineering are much higher, the
anatomic design of an arterial blood vessel seems comparatively simpler. Such differences may

Hitchcock and Niklason Page 5

Ann N Y Acad Sci. Author manuscript; available in PMC 2008 December 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



be one reason why current research in lymphatic tissue engineering has not yet broached the
engineering of lymphangions.

When we look at the progress made in the engineering of secondary lymphoid tissues and the
prospects of furthering such research, it is easy to become optimistic. Such findings may lead
the way to therapies aimed at diseases, such as HIV and leukemia. As with all fields of tissue
engineering, there is a long way to go before engineered lymphatic tissues can be implemented
as a clinical regimen. However, looking at the progress made in the last several years, we see
that it is more a question of timing than plausibility.
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FIGURE 1.
Cross sections of veins and lymphangions.
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FIGURE 2.
Bioreactor incorporates two external fluidic systems, O-ring sealed caps, and a sample
reservoir.28 Used with permission from ProBioGen AG.
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