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Abstract

Prenodal lymph is generated from the interstitial fluid that surrounds organs, and thus contains
products of organ metabolism and catabolism. New proteomic analyses have identified in lymph
proteins and peptides that are derived from capillary extravasation and tissue-specific proteins.
Many of these peptides are detected at nanomolar concentrations in the lymph prior to passage
through a regional lymph node. Before entering the node and once inside proteins and processed
peptides are filtered from the lymph by circulating immature DC or non-activated nodal APC
(macrophages, B cells and immature DC). Here, we suggest that this process ensures organ-
specific self-antigens are displayed to circulating and nodal antigen-presenting cells, thus
contributing to the maintenance of peripheral tolerance.

The lymphatic system: a historical perspective

Historically, the first mention of the lymphatic system is found in a medical treaty written by
the Greek physician Hippocrates in the V century B.C. whereas Galen (Il century A.D.)
reported the first dissection of the mesenteric lymph nodes. It was not until the seventeenth
century that the lymphatic vessels were described as a separate system that carry aqueous
fluid distinct from the blood. Until the early 1900s it was thought that the lymph was a cell-
free, protein-free ultrafiltrate of the plasma composed only of electrolytes. In 1925 it was
discovered that the prenodal lymph has a cellular component and contains high levels of
lipids and proteins [1]. Even though it is generally regarded that the analysis of the pre-nodal
lymph could provide a molecular signature of organ-specific “omics” (proteomic, lipidomic
and metabolomic) transported to the regional lymph node, the difficulty in collecting
primary material has hampered a broader development of the field [2]. Recently, a few
studies have been performed on human bovine and goat lymph, collected at different sites,
which have provided the first glimpse into the composition of the lymphatic fluid.

In this review we will focus on current knowledge of the proteomic and peptidomic
composition of the lymph under physiological conditions, with particular emphasis on its
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immunological role. Data on the self-antigen composition of the lymph will be discussed
with regard to their implication for the maintenance of peripheral tolerance. The cellular
composition of the lymph and analysis of the primary secondary and tertiary lymphatic
organs is beyond the scope of the review.

Lymph Production and Circulation

Up to seventy percent of the plasma entering the arterial end of a capillary bed will elapse
into the tissue space through a filtration process driven by the hydrostatic arterial pressure. A
negligible fraction of this extracellular fluid returns to the venule end of the capillary as a
result of the intravascular osmotic pressure. The majority gives rise to the lymphatic
interstitial fluid, which bathes cells in each parenchymal organ and collects products derived
from organ metabolism and catabolism [3-11]. The interstitial lymphatic fluid is then
collected into open ended lymphatic capillaries that form a mesh-like network throughout
the tissue spaces. By flowing into progressively larger lymphatic vessels, the pre-nodal
lymph is transported to the (~ 500) lymph nodes disseminated throughout the human body.
Each node receives lymph from a defined region of the body and all lymph passes through at
least one, but often more, lymph nodes [2,12].

Subcutaneous injection of fluorochrome-labeled particles or proteins indicates that
peripherally injected substances are transported to the draining lymph node in a matter of
minutes [13-15]. The afferent lymph enters the lymph node from the many lymphatic
vessels that perforate the nodal capsule into the subcapsular sinuses (Figure 1). From the
sinuses, soluble lymph-carried antigens proceed along two different routes according to size.
Particulate material and high molecular weight molecules travel peripherally in the nodal
subcapsular and medullary sinuses before entering the efferent lymphatic vessel, thus
avoiding the cortical area of the lymph node [15-17] (Figure 1). Their size exclusion from
the cortical area is probably due to the presence of pores (0.1 to 1 mm diameter) between the
subcapsular and medullary areas and the cortex. Even though the presence of an anatomical
filter is still controversial, it is widely accepted that bacteria and particulate material are
excluded from the cortical areas [18-19]. In contrast, smaller molecules (<80 kDa) percolate
from the subcapsular spaces through a reticular network formed by collagens (I and 1V),
extracellular matrix proteins (laminins, fibronectin, Perlecan) and fibroblastic reticular cells
[15-18]. This three-dimensional network is formed by several conduits, each of 100-200 nm
diameters, organized within the nodal T cell areas (Figure 1), which physically connects the
subcapsular cortical and paracortical areas with the medullary space into the walls of the
high endothelial venule (HEV) (Figure 1). Molecules and pathogens that, due to their size,
shortcut the conduit system are phagocytosed by macrophages and dendritic cells (DCs)
associated with the subcapsular and medullary sinuses [19]. In contrast, molecules that enter
the conduit network encounter DCs that are scattered throughout the T cell areas of the
nodes, whose dendrites directly fish into the conduit system (15, 16). In both cases, the
lymph, before flowing out of the node either through the efferent lymphatic or through the
high endothelial venule, is “filtered™ by nodal antigen presenting cells (APC). By percolating
through the lymph node a representation of organ-specific self-antigens, as well as non self-
antigens, are displayed to cortical and medullary macrophages, DC and B cells to ensure
constant immunosurveillance. On the other hand, bacterial and viral pathogens derived from
local tissue infections, due to their size, shortcut the cortical area and are either
phagocytosed by subcapsular and medullary macrophages and DC or exit the node through
the efferent lymphatic without entering the HEV [19].

Trends Immunol. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Clement et al.

Page 3

Self Antigens Carried by the Lymph

Proteins

Peptides

Interest in the lymph proteome stems from the notion that this fluid is in direct contact with
each of the cells forming the parenchymal organs; thus, the lymph collects a true read-out of
the metabolic and catabolic intercellular exchanges, as well as exchanges that occur between
cells and the surrounding extracellular matrix. In fact, in contrast from what was previously
thought, the proteomic between the plasma and the lymph is similar but not overlapping [5];
Proteins that are similarly represented in plasma and lymph result from capillary
ultrafiltration; classical examples of which are the major classes of plasma proteins
(albumin, a1, o2 and B globulin, immunoglobulins) which are all present in the lymph, albeit
at lower concentration than in the plasma. On the other hand proteins uniquely found in the
lymph are the one actively secreted or produced by the metabolic/catabolic exchanges of
parenchymal cells bathed by the extracellular milieu; these proteins constitute an important
source of tissue-specific self-antigen [5,6,9-11,20,21].

Proteomic analysis combined with 2D gel technology has identified some of these proteins
that are uniquely present in the lymph, such as glial proteins, skeletal muscle proteins and
catabolic products from parenchymal organs (histones, mitochondrial and ribosomal
proteins) [5,11,20,21]. Even though the number of reported studies examining lymph
composition is too small to convey the full repertoire of lymph proteins, ongoing efforts will
in time provide a full characterization of the proteins uniquely carried by the lymph, as a
reflection of the tissue proteome at the site of collection. Such analyses could prove a
valuable technique to identify tissue-specific biomarkers of specific physiological and
pathological conditions.

We recently produced a lymph-plasma comparative proteomic analysis with scaffolding
statistical analysis for data comparison [11]. Instead of focusing our analysis on proteins that
are uniquely represented between the two samples, we analyzed the data as an overall
representation of the cellular and sub-cellular components present in the lymph and in the
plasma. Interesting differences were observed between the samples. Consistent with the
notion that the lymph carries apoptotic cells and products of organ and cellular catabolism,
proteins deriving from intracellular sources (endosomes, Golgi, ER, mitochondria and
cytoplasm) were more abundant in the lymph than in the plasma. Fragments of extracellular
matrix proteins (such as collagens, mucins, laminins) derived from organ remodeling as well
as proteins derived from surface receptor editing and cytokine and chemokine processing,
were also more represented in the lymph compared with the plasma. Altogether the data
indicate that a major difference between lymph and plasma is the overwhelming catabolic
proteome present in the former [11].

A striking major difference between the prenodal lymph and the plasma is the amount of
processed protein fragments and peptides found in the lymph compared with plasma [11].
As expected, analysis of the lymph peptidome indicated that processed peptides were
derived from the same cellular and extracellular sources as the proteome. Thus the identified
peptides fell into three main classes. A large number of the sequenced peptides were
generated by processing of endogenous intracellular proteins such as enzymes, transcription
factors and nuclear, endosomal, cytosolic, ER and mitochondria proteins. These peptides are
likely released by damaged and apoptotic cells, which are not all phagocytosed in
parenchymal organs by local APC, but are known to be present in the prenodal lymph as
well [22,23]. These peptides could derive from processing by the proteasome, endosomal
proteases, as well as caspases [23,24]. The sequenced peptides were also generated by
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processing of extracellular proteins, collagens and extracellular matrix proteins, which are
the most abundant proteins in the human body. These matrix proteins are constantly
remodeled to accommodate organ growth and cellular migration and movement inside
parenchymal organs [25,26]. Matrix peptides are likely generated by matrix
metalloproteinases (MMP), a large family of plasma membrane-bound and secreted
proteases known to be the primary processing enzymes involved in collagen and laminin
degradation [27]. The third category of sequenced peptides was derived from processing of
plasma membrane-associated proteins, soluble receptors, cadherins and surface proteins
involved in cell adhesion [28-29]. These proteins are likely to be processed by several
families of enzymes that are active at the plasma membrane (such as ADAM, CD13, CD26,
MMPs) and function in the regulated proteolysis of membrane receptors, cytokines and
growth factors [30-32].

Processing and MHC class | and class Il Loading of Lymph-carried

Antigens

Lymph-carried self-proteins could either be phagocytosed by tissue-migrating circulating
DC [34-36] or upon entering the node could be taken-up by sub-capsular or cortical APC.
Thus, in addition to phagocytosis of self-proteins by tissue APC, or expression of tissue-
specific self-antigens by AIRE expressing nodal cells [33,37], lymphatic circulation of self-
antigens is an additional mechanism by which extracellular self-antigens can be processed
and presented, or cross-presented in an MHC-restricted manner [4-6,10,11,33-37].
Considering the cell number, T cell density and architecture of the lymph node, which
supports lymphocyte and APC encounters, having self-antigens directly transported to the
nodes is probably an efficient mechanism for T cell immunosurveillance, compared with
having T cells patrol each peripheral organ directly [12]. Since lymph-carried proteins are
phagocytosed by circulating DC, or by nodal macrophages and nodal DC, the resulting
MHC-restricted self peptidome will be produced mostly by endosomal proteases and the
proteasome (for cross-presenting antigens) [24,38].

A large amount of short linear peptides (from 8 to 20 aa in length) have been sequenced
from the human lymph [11]. These short lymph-carried peptides could derive from a
heterogeneous variety of processing pathways and might not be restricted by endosomal
processing. For example: (i) apoptotic cells, that circulate in the human lymph, can release a
series of peptides generated by endosomal proteases as well as caspases [23,24]; (ii)
peptides derived from the ongoing physiological tissue remodeling, which would produce an
extracellular matrix peptidome restricted by MMP processing [25,27]; (iii) peptides derived
from the regulated cell surface proteolysis aimed at receptor editing and processing of
cytokines and growth factors, which would produce an extracellular peptidome mostly
restricted by MMPs and ADAMs [29-32].

MHC class | molecules (MHC 1) are expressed on every cell in the body, and short peptides
could directly bind to MHC | on endothelial cells, fibroblasts, T cells, B cells as well as
professional APC. This could occur for lymph-derived peptides on empty MHC | molecules,
or through exchange with previously loaded peptides [40,43]. In contrast, under non-
inflammatory conditions, MHC class Il (MHC II) molecules are restricted to professional
APC, and thus short peptides can either be loaded on surface MHC Il molecules expressed
on parenchymal tissue DC and macrophages, migrating DC or, after entering the node
through afferent lymphatics, on the surface MHC Il expressed on nodal DC, B cells and
macrophages [36,39,41-42,45-49]. Immature DC and non activated APCs are particularly
competent for surface MHC Il loading compared to mature or activated APCs [42]. In fact,
it has been proposed that, since DO expression is generally down regulated upon APC
activation, the inhibitory function of DO on DM catalytic activity, favors a broader, less
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stable and more easily exchanged MHC Il/peptide repertoire as well as the formation of
empty MHC Il complexes (Figure 2) [50,51].

With regard to surface loading, exposure of fixed cells to antigen demonstrates that MHC
molecules can be loaded directly on the cell surface [42,43]. "Empty' MHC molecules can be
detected on any MHC II expressing cell and are particularly abundant on immature DC
[41,53]. While empty MHC molecules rapidly inactivate by acquiring a peptide "non-
receptive' conformation [43,44], this is a reversible process. It has been known for some
time that inactive MHC | can be reloaded in the presence of an excess of B,-microglobulin
[44]. More recently, evidence has emerged that non-receptive MHC Il molecules can be
rescued in an HLA-DM-like fashion by small molecules that are able to fill the P1-pocket to
stabilize the peptide-receptive state through defined interactions with the MHC molecule
[54-56]. These small molecules include a number of organic compounds [54-55], but short
peptide fragments [56] can also act directly as "MHC-loading enhancers and can catalyze
ligand-exchange and binding of extracellular peptides. Surface-loading of MHC II
molecules may therefore represent an alternative pathway to the default intracellular
processing pathway. Since ligand selection is not affected by the specific uptake and
processing mechanisms of the endosomal pathway, it widens the range of peptides that can
be displayed on the cell surface. Thus, lymph carried peptides may therefore have particular
relevance for the induction and maintenance of peripheral tolerance to non-endosomal
processed peptides.

Lymph as a Source of Self-Antigens Involved in Peripheral Tolerance

In the last decade, several animal studies as well as clinical trials have been using peptide
therapy with the ultimate goal of inducing tolerance or vaccination [58,59]. All these studies
indicate that a key factor in determining the efficacy of peptide therapy is the context in
which peptides are presented to the immune system. Peptide vaccination aimed at achieving
a long-lasting immunity, such as during cancer immunotherapy, requires peptide injection
associated with toll-like receptor agonists or CD40 ligand [59]. On the other hand, peptides
injected alone or even with a mild adjuvant are tolerogenic [58]. These peptides are
presented by non-professional APC or immature DC. Peptide-driven immunosuppressive
therapy has been found to be effective in reducing unwanted immune responses to allergens
and self-antigens [58]. A down-regulation in pro-inflammatory cytokines and T cell
proliferative responses has been observed following peptide therapy in different diseases
such as asthma, rheumatoid arthritis, type 1 diabetes, and cat and bee allergies. Several
mechanisms can account for peptide-driven immune tolerance including; (i) depletion of
autoreactive T cells, particularly at high peptide regimens, (ii) induction of regulatory T
cells, and/or (iii) induction of 1L-10 and other immunosuppressive cytokines. Taken
together, peptide therapy is a promising antigen-specific approach to the treatment of
autoimmune diseases and allergy [60-63].

The effective immunosuppressive peptide dose in animal models of autoimmune disease
ranges between a few micrograms to milligrams. Likewise, human clinical trials report the
effectiveness of a few micrograms of subcutaneously injected peptides in the treatment of
asthmatic individuals [58]. Recently it has been shown in diabetes clinical trials that
tolerance is induced upon injection of sub-immunogenic doses of soluble antigens and
therapeutic efficacy was demonstrated even with sub-nanomolar doses of antigens
[58,60,61].

From an immunological standpoint, for lymph-carried peptides to be tolerogenic their

amount should be sufficient for antigen presentation. There is only one study, performed in
our laboratory, which has attempted to quantify the amount of some lymph-carried peptides.
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For this, two different quantitative approaches were performed: amino-acid analysis of
peptides eluted from a 2D gel and, MS/MS analysis performed on biological fractions of
lymph spiked with synthesized labeled (N14/N15) standard peptides [11]. Peptides
visualized and eluted from a 2D gel were estimated to be in the high-nanomolar
concentration. Similarly, N14/N15 quantification data indicated that up to micromolar
concentrations of self-peptides are transported in the lymph, similar to the low range of
concentrations known to be effective in peptide immunotherapy [11,58]. It should be noted,
however that in mouse studies, as well as in protocols for human peptide therapy, one
peptide dose is administered weekly or even monthly either subcutaneously or intradermally
and no data are available on the actual peptide concentration reaching the blood and the
lymph [58]. In contrast, lymph-carried peptides are directly and constantly available for
loading on non-professional APC and immature DC and the amount of peptide in the human
lymph appears to be in the dose-range for effective tolerization [11].

Concluding remarks

By further characterizing the human lymph proteome, derived from a generalized population
it will be possible to focus future studies in order to: (i) quantify self-antigens carried by the
lymph, as a read-out of the organ specific proteins that are available to nodal APC for the
maintenance of peripheral tolerance; (ii) determine the enzymatic pathways (e.g. caspases,
MMPs, ADAMs) involved in processing lymph-carried peptides, particularly in forming
peptides that would be “lost” by endosomal processing; (iii) determine the mechanism by
which peptides found in nanomolar or micromolar concentrations induce peripheral
tolerance; and (iv) characterize the tolerogenic response following surface MHC peptide
loading on professional and non professional APC. Altogether, these studies would provide
a deeper insight into the mechanism of peripheral tolerance, in relationship to tissue specific
catabolism, alternative processing pathways and surface MHC loading. In addition, similar
analyses of lymph derived from patients with autoimmune disorders might provide a unique
window into possible differences in the spectrum of antigens present in these individuals
that could provide new insights into the pathogenesis of these disorders.

Box 1: Characterization and Immunological Function of the Lymph-carried
Proteome and Peptidome

Lymph production
Interstitial fluids from every parenchymal organ
Proteomic of self-antigens carried by the lymph

Proteins derive from: (i) capillary extravasation and (ii) parenchymal metabolic
exchanges

Peptidomic of self-antigens carried by the lymph

Peptides derive from processing of: (i) intracellular proteins (proteasome, endosomal
proteases, and caspases); (ii) extracellular matrix proteins (MMPS); (iii) membrane
regulated proteolysis of receptors, cytokines and growth factors (ADAMs, CD13, CD26,
MMPs).

Phagocytosis of lymph-carried proteins

Lymph-circulating and nodal immature DC and non activated M® (phagocytosis is down
regulated upon DC maturation and macrophage activation)

Surface MHC loading of lymph-carried peptides

Trends Immunol. Author manuscript; available in PMC 2012 January 1.
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Lymph-circulating and nodal immature DC and non activated M® and B cells (surface
loading is more efficient in immature DC and non activated APC [42,50,51])

Immunological outcome: Tolerance

Display of MHC | or MHC |1 peptide complexes without TLR activation

Page 7

Low level or no co-stimulatory molecules on immature DC and non activated APC (ii)
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Figure 1. Anatomical structure of a lymph node and circulation of lymph

a) H & E staining of a human lymph node. The capsule, cortex and medulla are indicated. *
designates subcapsular and medullary sinuses. T and B cell areas are indicated as T and B
respectively. The large arrowheads point to the lymphatic circulation of particulate material
and high molecular weight proteins (>80 kDa), which bypass the nodal cortex, and will exit
the node through efferent lymphatics. The smaller arrows illustrate the lymph flux into the
conduit system and its exit through the high endothelial venule (HEV). b) A schematic
drawing of a lymph node and nodal lymph circulation.
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Figure 2. Conformational MHC class 11 variations and differential MHC class 11 peptidome on
the surface of immature and mature DCs

a) Immature DCs and non-activated APCs are particularly competent for surface MHC 11
loading compared with mature or activated APCs [42]. Becasue DO expression is higher on
immature DCs and non-activated APC the inhibitory function of DO on DM catalytic
activity, favors a broader, less stable and more easily exchanged MHC I1/peptide repertoire
[50,51]. b) Immature DCs (left) present a broader peptide repertoire as well as a less stable
and empty (peptide non-receptive and receptive) MHC class 1l complexes. Mature DCs
express a more focused peptidome and more stable MHC class I complexes [40-47,53-56].
c) Schematic showing surface peptide loading events on MHC class Il molecules in
immature DCs. Five possibleMHC class I molecule conformations are shown: peptide non-
receptive (P1 pocket collapsed), peptide-receptive (P1 pocket open or filled) and peptide-
loaded (binding groove occupied by the loaded peptide).
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