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New Lymphology Combined with Lymphatic
Physiology, Innate Immunology and Oncology

In more than 85 year-old history of the Gordon Research
Conference, a conference on the scheme of lymphatic system was held
for the first time on March 2004, in Ventura, California, USA. Such
trends of lymphatic Gordon conference are considered to reflect rapid
progress of lymphology inspired by the discovery of new markers of
lymphatic endothelial cells such as LYVE-1, podoplanin, and Prox1,
and then the development of the VEGF C/D and VEGF R3-mediated
lymphangiogenesis and lymphatic metastasis of carcinoma cells.

As one of lymphatic functions, it is well known that transport and
drainage of the substances through the lymph systems play pivotal
roles in keeping to homeostasis of internal environment between the
cells in tissues in collaboration with the exchange of substances
through blood capillaries and venules, A large number of achievements
of the classical lymphology have been mainly accumulated in anatomy
[1]. While the functions of lymphatic system have been studied by the
many investigators of microcirculation, i.e., Courtice FC et al. [2],
Földie M et al. [3], Casley-Smith JR and Foldie M [4], Roddie IC [5],
Schmid-Schoebein GW [6], Ohhashi T et al. [7].

On the other hand, it is well known that initial signs of main
diseases such as inflammation, tumor, and circulatory disorders,
appear as functional abnormalities of the internal environment in
tissues. When the internal environment is evaluated from the
biological defense points of view, these pathophysiological functions
are worked by immunological elements with transport and drainage
actions of lymphatic system. When the classical lymphology is viewed
again from the physiological and pathophysiological significance, the
new lymphology may be the royal road of its final goal by the
combination with new lymphatic physiology, innate immunology, and
oncology. Thus the new obtained physiological findings are
summarized as follows:

(i) There are marked heterogeneity in lymph dynamic functions,
which may be related to gravity and lymph flow volume [7], i.e. heart-
like spontaneous contractions are observed physiologically in
mesenteric and lower extremities’ collecting lymph vessels, but not in
facial and neck ones with lymphatic valves [8] (ii) The lymph vessels
work physiologically under the circumstance of lower oxygen tension
such as 30-35 mmHg [7,9]. Thus oxygen radicals such as nitric oxide
(NO) and prostaglandins play as main regulators for controlling the
functions of lymphatic endothelial cells and smooth muscles [7,10] (iii)

The lymph flow (shear stress stimulation) also play important roles in
the production and release of NO [7,11] or the gene expression of
endothelial constitutive NO synthase [12] (iv) The concentration of
albumin in lymph is condensed through the walls of small lymph
vessels [13] and lymph nodes [14,15], which may regulate non-
selctively the excretion of lymphocytes including natural killer cells
from the regional lymph nodes [16] (v) The lymph vessels and lymph
nodes are surrounded with adipose tissues [1].

Taking into consideration of the new findings, we have suggested
the concept of new lymphology that new more interesting findings and
concept will be easily produced in the field of immunology and
oncology in connection with lymphatic physiology if the above-
mentioned findings were combined with the research of innate
immunology and sentinel lymph node concept or lymphatic metastasis
concept of carcinoma cells in oncology.

In this special commentary, concerning the possibility of
establishing new lymphology as a key scientific discipline integrating
lymphatic physiology, innate immunology, and oncology, we would
like to demonstrate comprehensively our latest studies related with
suggesting new lymphology, hoping for the readers to evaluate this
possibility.

In the field of lymphatic physiology, in lower animals, particularly
amphibia, the flow of lymph is maintained by rhythmically beating
lymph hearts. Although there is no lymph heart in the mammal, all
lymphatics other than initial lymphatic networks contain smooth
muscles in their walls [2]. It has been reported that mammalian
mesenteric lymphatics and the collecting lymph vessels of the lower
extremities, at least in certain species included human beings, show
spontaneous active contractions which are capable of promoting
lymph propulsion [17]. We also succeeded in recording action
potentials from bovine mesenteric lymphatics simultaneously with
phasic contraction waves which had one-to-one correspondence to the
action potentials [18]. Calcium current played a major role in
producing spike discharge in lymphatic smooth muscles [19]. The
activity of spontaneous contractions is also supported with the
histological evidence that there exists the presence of vasa vasorum
within the media of the well-developed smooth muscle layers of bovine
mesenteric lymphatics [20]. The adipose tissue around lymph vessels
and lymph nodes may play a pivotal role in keeping blood circulation
in the adventitial which distributes enough blood flow through the
vasa vasorum within the media. For examples for suggesting the
possibility of new lymphology, surgical dissection of the adipose tissue
around lymph vessels may prevent the blood circulations through the
vasa vasorum, resulting in disappearance of active spontaneous
contractions of lymphatic smooth muscles and then disturbance of
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active lymph transport. The presence of vasa vasorum within the
media may also reflect the relatively high oxygen requirements of the
lymphatic smooth muscles and relatively low oxygen supply from the
lymph flow through the lymph vessels. In compatible with this
expectation, we have confirmed that the oxygen pressure of lymph in
canine thoracic duct is around 35 mmHg [7]. In the case of tumor
tissues, the oxygen pressure of the interstitial fluid or lymph in the
small lymph vessels is known to be less than 10 mmHg [21].

Taken into consideration of the above mentioned backgrounds of
hypoxic physiological condition at the lymph through collecting lymph
vessels and lymph nodes, it may be reasonable to consider that oxygen
radicals, such as nitric oxide (NO) and reactive oxygen spieces (ROS)
may play important roles in the regulation of the spontaneous
contractions-mediated active lymph transport in physiological or
pathophysiological conditions. Thus, lymphatic endothelial cells, as
well as arterial and venous endothelial cells, have the potential
generation and release of endogenous NO [22]. The endogenous NO is
confirmed to release from lymphatic endothelial cells by the
stimulation of not only acetylcholine but also lymph flow (shear stress
on the endothelial cells) [23-25]. In fact, the dense immune reactivity
of endothelial constitutive (ec) NO synthase (ecNOS) and inducible
NOS (iNOS) are confirmed in the cultured canine lymphatic
endothelial cells [26]. Recently, we have demonstrated that human
lymphatic endothelial cells (LEC) release NO in response to shear
stress and genetically regulate the shear stress-mediated control of
ecNOS content of the cells. Thus, shear stress-mediated ecNOS
expression may play important roles in modulating the sensitivity of
human LEC to changes in the lymph flow rate [12].

In addition, in the field of oncology, it is well known that carcinoma,
which is an epithelial-origined tumor, is likely to metastasize
lymphogenously and that sarcoma, a non-epithelial-origined tumor,
and is likely to metastasize hematogenously. However, there has been
little systemic research to clarify the mechanisms of lymphatic
metastasis of carcinoma cells focusing on the functional properties of
tissue spaces (internal environment), relationship between the
expression of molecular markers on the carcinoma cells and lymphatic
metastasis of the cells, lymph flow-mediated interactions between
lymphatic endothelial cells and carcinoma cells, or lymph dynamic
analysis of carcinoma cells through the lymph vessels and lymph
nodes. However, the clinical impact of the sentinel lymph node (SLN)
concept has become one of the most important topics in surgical
oncology in patients with breast cancer and melanoma [27]. Recently,
gastric cancer has also been identified as a target for SN navigation
surgery (SNNS). We attempted to evaluate the usefulness of the
contrast-enhanced ultrasound (CEUS)-guided method with Sonazoid
for imaging of the lymphatic channels and the SLN of stomach in a
porcine model. Contrast imaging using the intragastric or
transcutaneous CEUS-guided method with Sonazoid enabled us to
produce clear images of the afferent lymph vessel and SLN of the
stomach until 2hr after the injection of Sonazoid. Intranodal flow of
the microbubble agent could be also clearly identified using tissue
linear harmonic images of the SLN [28].

However, it remains unclear which factors play pivotal roles in
deciding which lymph node becomes the SLN. We have considered the
SLN to be constantly subjected to a high lymph flow rate. We reached
the conclusion in the above-mentioned ultrasound study [28] in which
a high lymph flow rate was detected within the SLN of the stomach
using the CEUS-guided method with Sonazoid. Therefore, we
investigated the effects of shear stress stimulation on the expression of

adhesion molecules on human LEC isolated from the afferent
lymphatics nearest the SLN of breast cancers, and on the release of
shear stress-mediated ATP from human LEC. Thus, the shear stress
stimulation produced a significant increase of ICAM-1 expression at
proteins and mRNA levels in human LEC. The shear stress-mediated
increase of ICAM-1 expression accelerated the attachment of
carcinoma cells to human LEC. In conclusion, we have confirmed that
shear stress stimulation induces ICAM-1 expression on human LEC by
activating cell surface F1/FO ATP synthase, which might contribute
the development of a pre metastatic environment within the SLN [29].

Finally, in the field of innate immunology, the lymphatic system has
been known to cooperate with lymph nodes and support the biological
defense mechanisms, but it has not fully emerged to the forefront of
immunology or inflammatology. This is partly related to the evidence
that molecular biology and molecular genetics primarily dealing with
lymphocytes, cytokines, and immunoglobulins have been regarded as
the mainstay of immunological research, but the dynamics of the
movement of lymphocytes and lymph through the lymph vessels and
lymph nodes have been overlooked in immunology. In addition, the
technical difficulty of relative evaluation of the dynamic movement of
lymphocytes, the lymph flow rate and the concentration of protein in
lymph has contributed to the lack of attention for the interaction with
innate immunology and lymph flow dynamics.

However, from the 1950's time the lymphatic system is known to be
vital for fluid homeostasis, recirculation of plasma protein, and
immune surveillance under condition of health [30]. Thus, most of
plasma protein, especially albumin, is known to be filtered through
venules into interstitial spaces, which is returned through the
lymphatic system to the blood circulation [31]. In addition, it is well
established that lymph nodes have a condensing effect of the protein in
lymph. Recently, we have also demonstrated that small, water-soluble
substances less than 4,400 at molecular weight, but not albumin, were
able to pass through the small-sized lymph vessel walls, resulting in
condensing effect of albumin in lymph [13]. One of physiological and
pathophysiological meanings of the recirculation of plasma protein
through the lymphatic system and the condensing effect of albumin in
lymph through the lymphatic vessel walls and lymph nodes may be, in
part, related to the regulation of innate immunity, which may be
compatible with the findings that the non-selective secretion of
lymphocytes from lymph nodes displayed a positive correlation with
the albumin concentration in lymph with its afferent lymph vessels
[16].

However, the precise mechanisms of the condensing effect of lymph
vessel walls and the modulating effects of inflammatory cytokines on
the condensing effects through the lymph vessel walls remain
unknown. Recently, we have demonstrated that the human LEC layer
plays key roles in the transport of hydrophilic substances through
collecting lymph vessel walls, and that TNF-α or IL-1β significantly
increases the permeability of the layers to 4 and 12 kDa dextrans via
Rho kinase activation and the ERK 1/2 phosphorylation-mediated
organization of F-actin in the LEC [32].

Taken into consideration of the above-mentioned research, we have
been proposing the new lymphology combined with cardiovascular
physiology, innate immunology, and oncology from the lymph-
dynamics points of view. We have believed that these lymphatic
research subjects combined with functional properties of lymph
circulation are considered to include of lymphatic research themes that
will contribute to the establishment of new lymphology.
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