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Abstract

Tissue and organ transplants between genetically distinct individuals are always or nearly always
rejected. The universality and speed of transplant rejection distinguishes this immune response
from all others. Although this distinction is incompletely understood, some efforts to shed light on
transplant rejection have revealed broader insights, including a relationship between activation of
complement in grafted tissues, the metabolism of heparan sulfate proteoglycan and the nature of
immune and inflammatory responses that ensue. Complement activation on cell surfaces,
especially on endothelial cell surfaces, causes the shedding heparan sulfate, an acidic saccharide,
from the cell surface and neighboring extracellular matrix. Solubilized in this way, heparan sulfate
can activate leukocytes via toll like receptor-4, triggering inflammatory responses and activating
dendritic cells, which migrate to regional lymphoid organs where they spark and to some extent
govern cellular immune responses. In this way local ischemia, tissue injury and infection, exert
systemic impact on immunity. Whether or in what circumstances this series of events explains the
distinct characteristics of the immune response to transplants is still unclear but the events offer
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insight into the inception of immunity under the sub-optimal conditions accompanying infection
and mechanisms by which infection and tissue injury engender systemic inflammation.
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8.1 The Thinking Process

In June 1999, Tom and Ray Magliozzi delivered the commencement address at the
Massachusetts Institute of Technology (MIT). The Magliozzi brothers were alumni of MIT
and had a popular radio program, Car Talk, in which they entertained audiences with
humorous stories and with advice on automobile repair and human nature. According to one
report of the address [1], the brothers proposed a theory that happiness is an inverse function
of phylogeny and declared their mantra to be: “non impediti ratione cogitatonis’ or
“unencumbered by the thought process.” One unifying conclusion was that rational thinking
is inimical to happiness but another conclusion, more pertinent for the fields of immunology
and transplantation, might be that aumb luck often solves the most important problems; but,
just as often, rational thinking prevents us from seeing that the problems are solved. Below
we describe and reinterpret some conclusions we drew from fortuitous observations made as
we investigated immunity and transplantation. We make no attempt to discuss the broader
literature on these subjects since we cannot know which observations of others were truly
fortuitous and because we believe the evolution of thinking and not the thinking process per
se has more lasting value than the details.

8.2 The Immune Response to Transplantation

Three decades ago we began to explore the immune response to transplantation. The
question that seemed most urgent at that time (and still today) was why transplantation
evokes immunity that is universal, rapid and powerful. Conventional immune reactions,
typified by initial exposure to Mycobacterium bovis, attenuated and optimized in dosage as
Bacillus Calmette—Guérin (BCG) vaccine, are detected in approximately 50 % of those first
exposed approximately 4—-6 weeks after exposure and detection required re-administration of
antigen in the form of a skin test. In contrast, immune responses to transplantation occur in
nearly 100 % of recipients, can be detected within a few days and in the absence of
immunosuppression destroy the grafted tissue or organ [2-5]. Our original approach to
understanding what might distinguish the immune response to transplantation was to explore
the numbers of leukocytes of varying phenotypes that populated rejecting grafts [6] and
delayed type hypersensitivity reactions [7]. The phenotype of leukocytes in DTH differed
somewhat from the phenotype of leukocytes in rejection but the kinetics and other
characteristics differed more [7]. Thus, this thought process brought an end to what had been
a productive line of research and led to research aimed linking phenotype with functions.

The functions of the phenotypic markers initially studied, CD2, CD3, CD4, and CD8, BA-1,
among others, were not then understood but since some markers were also expressed in
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development [8, 9], it seemed that understanding the processes governing the evolution of
phenotypes in development would shed light on the function of the markers in mature tissue.
It seemed further that changes in the phenotype and function of cells might be governed by
glycosaminoglycans, the unique carbohydrate substitutions on proteoglycans, the
metabolism of which had been found to drive cell-cell and cell-matrix interactions in
development [10]. The lines of reasoning that brought us to investigate glycosaminoglycans
and proteoglycans were entirely wrong, but the investigation nevertheless would bring some
understanding of processes that can determine the fate of transplants

8.3 Proteoglycans in Ontogeny and Rejection of Kidneys

Proteoglycans consist of a core protein conjugated with glycosaminoglycan chains.
Glycosaminoglycan chains are O-linked linear copolymers consisting of interdigitating
hexuronic acid and hexosamine residues modified by N- and O-linked sulfate esters. The
expression of a given core protein determines which glycosaminoglycan chain will be added
to the core protein, where on or in the cell the proteoglycan will be situated and a few
biological properties. However, it is the glycosaminoglycan chains that confer the
predominant biological properties of proteoglycans we shall consider. Only a few of many
outstanding reviews of the structure, biosynthesis and biological properties of proteoglycans
are provided as references [11-13].

To understand the connection between the phenotype and function of cells, we explored the
metabolism of proteoglycans in kidney organogenesis and the impact of perturbing that
metabolism [14-16]. The kidney was selected for study because morphogenesis of that
organ involves complex stereotypic cell-cell and cell-matrix interactions the disruption of
which might cause dramatic and reproducible change in morphology and biochemistry.
Disrupting chondroitin sulfate proteoglycan synthesis had clearly and also predictable
changes. But, adding heparan sulfate had the greatest impact; it shut down development of
branching structures without apparently impacting on maturation of epithelial element of
glomeruli, which we found to be associated with degradation of heparan sulfate. We took
these results to indicate that heparan sulfate controls the earliest events in nephron formation
(induction of nephrogenic mesenchyme); but, it might also have reflected the inhibition of
heparan sulfate depolymerization by heparanase or the elution of heparan sulfate binding
peptides. We would later return to these possibilities in entirely different systems, ischemic
tissues and rejecting organs [17-20]. However, we first turned our attention to the question
of whether inflammation and immunity might change the metabolism of heparan sulfate
proteoglycan.

8.4 Metabolism of Heparan Sulfate Proteoglycan in Inflammation and

Immunity

Having found that metabolism of heparan sulfate and chondroitin sulfate proteoglycans are
linked to organogenesis of kidney [14, 21], we wondered whether metabolism of these also
changes in inflammation and immunity. The query was focused on endothelial cells, which
we considered the principal target of cell-mediated and humoral immunity [17, 22, 23].
Mature endothelial cells that we used produced far more heparan sulfate than chondroitin
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sulfate and hence we direct our work at the metabolism of heparan sulfate proteoglycan. But,
there was another, far better reason for focusing on endothelial cell heparan sulfate
proteoglycan. Heparan sulfate proteoglycan on cell surfaces and extracellular matrices
exerted or at least supported all of the key physiologic functions of endothelial cells that
inflammation, immunity and disease disrupt (Fig. 8.1). Heparan sulfate maintains the
integrity of the endothelial lining, providing a key barrier to diffusion of proteins and
migration of cells. Heparan sulfate maintains the fluidity of blood by tethering and activating
antithrombin 111 and tissue factor pathway inhibitor. Heparan sulfate also regulates activation
of complement, in part by its action of antithrombin 111 and in part by tethering factors H
and properdin and helps to limit oxidant injury by tethering superoxide dismutase. Heparan
sulfate also potentially regulates inflammation and immunity by attaching chemokines and
many cytokines to endothelial surfaces. Therefore, we reasoned that if one had to name a
molecule the metabolism of which would transform the biology of tissues and organs, one
could find no better candidate to name than heparan sulfate.

This reasoning led us to investigate whether and how inflammation modifies heparan sulfate
metabolism in endothelial cells. In this one case, perhaps owing to dumb luck, we were
apparently non impediti ratione cogitatonis. Thus, activation of complement on endothelial
cells, as it might occur in ischemia-reperfusion injury or graft rejection, caused the
quantitative shedding of heparan sulfate from the cells [22]. Interaction of neutrophils [24]
and activated T cells also caused shedding of heparan sulfate [25]. Shedding of heparan
sulfate caused by complement occurred within a few minutes, shedding caused by
neutrophils proceeded over 20-60 min and was less complete, shedding caused by activated
T cells took place over about 1 h and the loss represented <50 % of heparan sulfate. It thus
seemed that acute inflammation and immunity might, as an early manifestation, disrupt the
barrier, anticoagulant, and anti-inflammatory functions of blood vessels and in this way set
the stage for the dramatic changes in endothelial cell physiology and activation that would
be seen over the ensuing hours [26-30]. It seemed also that the burgeoning interest in
endothelial cell biology could not be explored in full unless changes in heparan sulfate
proteoglycan were taken into account.

What seemed most interesting then and now, from a practical perspective, was not the loss of
heparan sulfate per se, as important as that might be, but rather the mechanism of the loss
(which one might wish to prevent therapeutically). Both proteases and an endoglycosidase,
heparanase (endo-p-glucuronidase), were known to degrade heparan sulfate proteoglycans
associated with normal and malignant cells (although an impact on blood vessels and blood
vessel functions in inflammation and immunity had not been described). Proteases might
cause release of nearly full-sized proteoglycans; heparanase might release small fragments
of individual glycosaminoglycan chains; both enzymes, acting together would release partly
degraded fragments of proteoglycans and glycosaminoglycans. Thus, the size of heparan
sulfate proteoglycans and fragments thereof could provide clues to the enzyme activities
responsible for the shedding of the molecules. Determining the size of shed molecules was
especially important for discovering how complement had acted because the sera used as a
source of complement might contain abundant amounts of platelet heparanase [31], the
activity of which would confound probing this subject. Using endothelial cells in which
heparan sulfate had been biosynthetically labeled we traced the fate and size of the label,
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[35S]sulfate, after exposure of the cells to complement, neutrophils and activated (and
resting) T cells. In each of these setting the preponderance of heparan sulfate initially
released from the labeled cells was found in nearly full-size proteoglycans [32]. Thus, the
earliest step, especially after complement was activated [20, 33], involved the action of
proteases, the inhibition of which would preserve endothelial cell heparan sulfate, at least
under the conditions used in our experiments (Fig. 8.2).

That is not to say that heparanase and/or oxidants are not important in the overall sequence
of events. Activated T cells had been found to produce heparanase and use it to penetrate
matrices and inhibition of heparanase appears to halt migration of T cells [34, 35]. Likewise,
oxidants produced by inflammatory cells and endothelial cells might also cleave heparan
sulfate [36]. However, degradation by heparanase and oxidants is much slower and requires
not only prior activation of immune inflammatory cells but persistence of those cells in the
vicinity of the proteoglycans to be degraded. Thus, inflammation or immunity involving
complement probably does not depend on heparanase and oxidants, at least at the inception.

8.5 Heparan Sulfate and the Immune Response

If shedding of heparan sulfate was an early event in tissue injury, infection or
transplantation, could it impact in some way on the activation of T cells? Heparin, which is
structurally similar to but more sulfated than heparan sulfate had been shown previously to
inhibit autoimmune disease and allograft rejection [37, 38]. But, heparin was commonly
used as an anticoagulant in transplant recipients and seemed to have no appreciable impact
on rejection in that setting. Besides, rejection of a graft would be preceded by T cell
differentiation and expansion and migration and we were interested in understanding the
potential impact of heparan sulfate shed at the earliest time, when cells of the immune
system would either be ignited to respond or held in check (tolerance).

The initial testing of the impact of heparan sulfate on T cell activation was conducted in
mixed leukocyte cultures, which, in mouse, are prepared by mixing splenocytes from
different strains, or cultures of splenocytes and mitogens of various types [39]. In these
systems, we observed that heparan sulfate amplified T cell proliferative responses and
development of effector functions, especially under suboptimal conditions we believed
would model the condition in which T cell activation normally occurs [39, 40].

However, the most interesting finding was not that heparan sulfate stimulated T cells;
indeed, we observed that heparan sulfate had no appreciable direct impact on T cells. Rather,
the most interesting finding was that heparan sulfate modified the function of antigen
presenting cells (APC), the leukocytes, such as dendritic cells, that actually take up and
present antigen to T cells. This finding made more sense than any impact heparan sulfate
might have on T cells because it is the APC in transplants or infected tissues that take up
antigen at sites of tissue injury, and hence the site of heparan sulfate shedding, and carry the
antigen to lymphoid organs where naive T cells reside.

A further observation was also of much interest. If the presence of heparan sulfate was
limited to the first day of a 5-day mixed leukocyte culture, it had the most profoundly
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stimulatory impact, while the presence of heparan sulfate only during the last several days of
a 5-day mixed culture had a profoundly inhibitory impact on the proliferative response. The
early impact of heparan sulfate thus seemed to model rather well a circumstance in which an
APC takes up antigen and becomes activated and then migrates to a microenvironment, the
lymphoid tissue, which lacks a surfeit of shed of heparan sulfate.

We also found that the apparently disparate actions of heparan sulfate on APC were owed, at
least in part, to secretion of IL-1 and IL-6 early after stimulation and PGE2 later and were
associated with activation and nuclear translocation of NFxB [41, 42]. We also found that
the panoply of changes in cellular functions was relatively specific for heparan sulfate.
Heparin, which has structural similarity to heparan sulfate but contains twice as many sulfate
esters and is mainly confined to cellular granules, had far less stimulatory effect than
heparan sulfate (and since heparin has some sequences modified like heparan sulfate, the
heparin sequences might well have had no impact). Chondroitin sulfate, which has similar
charge density but differ disaccharide units but is expressed outside cells, caused little
change except at the highest concentrations used. And, only heparan sulfate incited
production of PGE2 [42]. In its action on APC, heparan sulfate seemed to trigger a number
of signaling intermediates in APC, the constellation of which could not be ascribed to any
one receptor or cell surface perturbation and we concluded that heparan sulfate probably
delivered signals via two or more discrete surface events, but the net effect would enhance T
cell activation. The production of PGE2 on the other hand seemed unrelated to the overall
propensity of heparan sulfate to promote immune response to sub-optimal stimuli (which we
figured then as now represent the condition when immunity to foreign organisms and toxins
most needs stimulation). Instead, the production of PGE2 days after APC were activated
might limit the expansion of T cells responding to antigen or avoid ongoing activation of
antigen specific responses.

8.6 Orchestrating T Cell Responses In Vivo

Studying T cells in mixed cultures of splenocytes has revealed much of what is known about
the specificity of alloimmune responses. However, neither alloimmune nor conventional
immune responses arise by a mixing of splenocytes. Rather, they arise when a small number
of dendritic cells, take up antigen and receive activating signals such as lipopolysaccharide
(LPS). Activated dendritic cells migrate from tissues to regional lymph nodes where the
dendritic cells are brought together with a large number naive T cells in lymphoid tissues.
Dendritic cells are sometimes referred to as “professional antigen presenting cells” because
unlike the various cells that might be used to probe T cell specificity and biochemical
processes of antigen presentation, dendritic cells have the unique abilities to engulf antigen
in various forms, migrate from the source of antigen to key positions in lymphoid organs,
and present antigen and the key accessory signals needed to activate naive T cells or in the
absence of the accessory signals to generate energy [43-45]. Hence, to know whether and
how heparan sulfate might actually impact on T cell activation (or suppression), it would be
necessary to probe these events using dendritic cells.

As a first step, we asked whether heparan sulfate changes the differentiation and function of
dendritic cells of the mouse [46]. Immature bone marrow derived dendritic cells were
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incubated with small amounts of heparan sulfate or with control substances (including
heparan sulfate that had been depolymerized by treatment with HNO2, to assure absence of
contaminating substances) and then “activation” was evaluated by assaying expression of
proteins typically found on mature dendritic cells. Immature dendritic cells expressed MHC
class 11 at intermediate levels and low levels of CD40, CD54, and CD86 at low levels.
Dendritic cells exposed to heparan sulfate expressed high levels of these proteins. Exposure
to heparan sulfate also caused functional changes in the dendritic cells—(a) the cells
secreted appreciable amounts of TNF, IL-1p and IL-6; (b) the uptake and processing of
antigen ceased while the MHC class Il molecules became “fixed” at the surface; and (c) the
number of dendritic cells needed to evoke an alloimmune response decreased by an order of
magnitude. Thus, immature dendritic cells exposed to heparan sulfate behaved like mature,
activated dendritic cells poised to induce cellular immune responses [44, 47]. In contrast, the
cells kept under control conditions continued to appear and behaved as immature dendritic
cells, which induce immunological tolerance in some systems [48-53].

It seemed as though heparan sulfate acted initially as an agonist to cause dendritic cells to
mature and in this way to promote cellular immunity but that the promoting of cellular
immunity was circumscribed and indeed ultimately suppressed by the later production of
PGE2. Thus action of heparan sulfate on antigen presenting cells could explain both the
expansion and also the eventual contraction of a cellular immune response to foreign antigen
[20]. The suppression of T cell proliferation caused by PGE2 clearly differed from the
condition of energy generated by immature dendritic cells.

8.7 What About Complement, PGE2 and Control of the Inmune Response?

Our finding that heparan sulfate causes APC to produce PGE2 and our thinking that PGE2
might help circumscribe cellular immune responses was eclipsed by another observation. We
discovered that IL-2 can be tethered to cells by heparan sulfate and that IL-2 so tethered can
induce apoptosis of newly activated T cells, which express receptors for IL-2 [54]. In fact,
the tethered form of IL-2 and not IL-2 in solution appeared to account for the impact of IL-2
in the generation and control of immune responses to model antigens delivered /n vivo [55].
We imagined that interaction or lack thereof between complement and endothelial or
parenchymal cells might govern immune responses—promoting responses when
complement causes heparan sulfate to be shed and suppressing response when complement
does not (Fig. 8.3) [56].

Although we did not forget entirely about PGE2 [20], our thinking about complement,
heparan sulfate and IL-2, we did not pursue an apparent disparity concerning the
involvement of complement and heparan sulfate in activation versus suppression of cellular
immunity. If activation of complement causes heparan sulfate to be shed, and by now we had
compelling evidence for that in vivo, and if the shed heparan sulfate activated APC which
migrated to lymph nodes to activate T cells, then the production of PGE2 would subvert the
expansion and function of effector T cells before they arrived in infected or transplanted
tissues. We should have considered how PGE2 might impact of T cell activation in the
microenvironment of lymph nodes. For, in the microenvironment of lymph nodes, PGE2
might conceivably promote foreign antigen-specific immunity and hinder auto-
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antigenspecific immunity, at least as we imagine these potentially occur. Decades ago, PGE2
was shown to profoundly suppress random migration of helper T cells [57]. The
investigation of PGE2 focused on the impact on T cells of known specificity and function. In
a lymph node, the migrating dendritic cells encounter T cells of diverse specificities and
activation of those recognizing peptide-MHC complexes depends on the duration of specific
interaction with TCR. Since, as mentioned above, the activated dendritic cells have peptide-
MHC complexes relatively fixed, the duration of TCR engagement with the complexes will
depend on the number of MHC bearing a given peptide and the propensity of T cells to
migrate away. In this setting, as opposed to the conditions in a mixed leukocyte culture,
PGE2 would favor the full activation of T cells. Further, if PGE2 or other factors failed to
slow the separation of newly activated T cells from activated dendritic cells, then T cells
bearing TCR that recognize self peptide-MHC complexes might gain access to the activated
dendritic cells, leading to autoimmunity.

8.8 How Heparan Sulfate Activates Dendritic Cells

While we clearly missed the opportunity to explore what might be a pivotal involvement of
heparan sulfate metabolism in sculpting, via PGE2, the T cell response to antigen, we did
not forget our earlier question about how heparan sulfate might interact with leukocytes in
the first place.

We had found, as mentioned above, that heparan sulfate triggers many signaling pathways in
APC [41], the constellation of which seemed incompatible with utilization of a single type
of receptor. However, since the stimulated cells produced cytokines, it was possible some of
the pathways were activated by an autocrine loop. Indeed, we had found that complement
activates endothelial cells through such an autocrine loop—the membrane attack complex
triggers transcriptional activation and secretion of IL-1a which acts on the endothelial cell to
evoke the broad range of changes [26, 27, 58]. However, the pathways induced by heparan
sulfate involved activation of protein kinase cascades and NFxB [41]. These pathways
happened to be the same pathways utilized by LPS and for that reason we used LPS as a
positive control when we first tested how heparan sulfate if at all would activate dendritic
cells [46]. LPS proved an excellent control because it evoked responses quite similar to
heparan sulfate.

In the late 1990s, toll-like receptor-4 (TLR-4) was reported to be the cellular protein through
which LPS delivered signals to cells [59]. We immediately tested whether heparan sulfate
might deliver signals through TLR-4. Using wild type mice and mice with mutations that
encoded defective or absent TLR-4 or CD14 as sources of dendritic cells, we found that
dendritic cells from the mutant strains of mice were inured to exposure to heparan sulfate
while dendritic cells from wild type mice became activated as described above [60]. These
results indicated quite clearly that heparan sulfate was utilizing TLR-4 in the same way as
LPS, although how exactly either agonist utilized TLR-4 was not then clear. The results also
suggested to us that since heparan sulfate proteoglycan undergoes degradation during the
repair and remodeling of injured tissues, TLR might serve as monitors for the overall well
being of tissues, and not just for infection [60, 61].
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8.9 From Inflammation to the Immune Response to Transplantation?

Our investigation of heparan sulfate metabolism began with the question of whether
processes such as ischemia and complement activation that damage endothelial cells could
account in part for the unique characteristics of the cellular immune response to
transplantation. Now, having found that transplantation (and complement activation) causes
shedding of heparan sulfate and that the shed macromolecules activate dendritic cells,
enabling T cell activation under suboptimal conditions, we were poised finally to test the
overall model in transplantation. Defective signaling of all TLR, owing to deficiency of
MyD88 in the transplant and in the recipient, had been reported to prevent development of
rejection in tissues from male mice transplanted into female mice [62], a minor
transplantation antigen mismatch. Using mice with aberrant or absent TLR4, we tested the
concept both for minor and major (MHC) antigen mismatches and the results could not be
more clear. Absence of TLR-4 function or protein had absolutely no impact on the kinetics
of rejection. What did matter however was the genetic background of the strains of mice
used. What explains such a result? Our earliest work showing that complement induces
shedding of heparan sulfate from endothelial cells also showed that complement induces
transcriptional activation of IL-1a, and that IL-1a acting as an autocrine agonist activates
endothelial cells. Although we did not think about it at the time, the conditions that
identified the seminal importance of IL-1a, including the replacing of medium bathing
complement-treated cells and specifically blocking IL-1a, had proved that shed heparan
sulfate was not essential for activation of endothelial cells. And, IL-1a was quite sufficient
for activating macrophages and dendritic cells. Thus, if shedding of heparan sulfate and
action of TLR-4 was important for ischemia and immune-mediated injury, and for the
genesis of immunity in truly suboptimal conditions (when PGE2 is needed), it was not at all
essential for the generation of alloimmunity, as the conditions in which transplantation
immunity arises are far from suboptimal.

8.10 Whither Endogenous Agonists

Our work also led to an equally clear and less appealing conclusion. Immunologists impediti
ratione cogitatonis were not at all ready to accept the possibility that something other than
LPS or other exogenous (pathogen-derived) agonists could deliver signals through TLR. It
took us nearly 4 years and layer upon layer of proof that heparan sulfate was not
contaminated by bacterial products, to bring our findings to publication. During much of that
time, TLR were said to be the receptors for PAMPS, pathogen associated molecular patterns
[63, 64]. However, the idea that TLR could recognize endogenous agonists [61], apart from
any contamination, eventually gained acceptance and the agonists came to be known as
DAMPS, damage associated molecular patters.

But, the term “damage associated molecular patterns” may cloud more vital and universal
functions for TLR and the metabolism of proteoglycans and some other macromolecules. As
we knew from the work of others [10, 65] and confirmed [14, 15] at the outset of our work,
development and possibly repair and regeneration, of tissues and organs depends absolutely
on the degradation of proteoglycans (and perhaps other macromolecules from which
‘DAMP’ derive). Blocking degradation blocks development. This degradation then is not a

Adv Exp Med Biol. Author manuscript; available in PMC 2016 June 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Platt et al.

Page 10

reflection of ‘damage’ but is something essential for life in multicellular organisms [61].
Perhaps, then, developmental biologists might consider changing the acronym use to refer to
the agonists of TLR or toll receptors, the invertebrate homologues of TLR, from DAMPS to
“DAMPS,” the later referring, of course, to “development associated molecular patterns.”

With the more expansive definition of DAMPS in mind, we explored the potential impact of
TLR on development and maturation of mice [66]. Mice deficient of TLR-4 or a co-receptor,
CD14, looked very much like wild type mice and hence did not appear, at least to us, to have
the gross development defects one might expect to see if TLR regulated the development of
mice as fol/regulates the development of insects. However, as wild type mice aged, they
exhibited dramatic changes in weight, bone structure, and physique, becoming heavy, obese
and osteoporotic and developing measurably weaker bones. In contrast, TLR-4-deficient or -
defective mice and CD14-deficient mice remained lean and strong-boned and exhibited no
osteoporosis as they aged. We thus referred to the phenotype of mice lacking TLR functions
as the “Adonis phenotype.” Of particular interest, then, was the further observation that
Adonis mice were no more active than wild type mice. Thus, despite the undoubted
importance of exercise for overall health and well being, it did not explain the Adonis
phenotype.

8.11 Heparan Sulfate in SIRS and Sepsis

Our interest in heparan sulfate as a potential agonist for TLR-4 led us to investigate an
entirely different condition in which signaling by TLR generates biological changes. Besides
their involvement in recruiting adaptive immune responses, TLR and particularly TLR-4
were best known as triggers for the sepsis syndrome and for the systemic inflammatory
response syndrome or SIRS. SIRS was defined by the abrupt onset of fever, leukocytosis,
shock and sometimes death in the absence of detectable infection; in the presence of
infection, these findings would be called sepsis. SIRS occurs in such conditions as
pancreatitis, multi-organ trauma, acute liver failure among others and the resemblance to
sepsis is so close that investigators have asked repeatedly whether these conditions might
cause by some means the entry of endotoxin into the system circulation. The answer has
generally been no. Using the same strains of wild type and TLR-4 deficient or defective
mice, we found that systemic administration of heparan sulfate had the same biological
impact as LPS in wild type mice—it stimulated production of TNF and IL-6 and ultimately
death—and like LPS, it had no appreciable effect on the mutant strains of mice [67]. Of
particular note for those still skeptical about heparan sulfate was that a protein that
specifically blocked the inflammatory impact of LPS did not impair the action of heparan
sulfate.

We next asked whether release of endogenous heparan sulfate would engender SIRS. Serine
proteases cleave heparan sulfate core proteins near the transmembrane domain to generate
proteoglycans of the same size as those released from endothelial cells and one such
protease, elastase, is released in pancreatitis. Hence we administered elastase to wild type
and mice with defective TLR-4 signaling [67]. Once again, the results were clear—SIRS
occurred in wild type mice while no appreciably changes occurred mutant strains. The
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administration of elastase did cause release of heparan sulfate in both strains and especially
in spleen where large numbers of inflammatory cells are found.

These studies led us to propose a working model for the events that lead to the systemic
inflammation and death in SIRS and potentially in sepsis [68, 69]. Since mice and humans
with defective receptors for LPS have substantially increased risk of death from sepsis the
expression and function of TLR-4 is clearly adaptive, probably facilitating the local
containment and walling off of infectious agents [20]. Yet, when containment and walling
off fail, and TLR beyond the site of infection are stimulated, systemic manifestations ensue
—this concept probably represents the consensus model. But, we are struck by the
observations in multiple clinical trials that administration of antibodies or other agents that
block LPS does not improve the pathophysiology or outcome of sepsis and neither does it
make sepsis worse [70]. To some, this trial and the many other failed attempts to improve the
outcome of sepsis by blocking LPS indicate that still better blocking agents are needed. To
us, these observations suggest the possibility that despite 150 years of research on LPS, that
substance might not actually cause the life threatening manifestations of sepsis in patients
with infection. And, if that is so, then we should at least consider the possibility that it is
endogenous agonists for TLR, such as heparan sulfate, at not exogenous substances, such as
LPS or other PAMPS, that cause the pathophysiology of sepsis (and SIRS). This model
would finally unify the pathogenesis of SIRS and sepsis and possibly encourage someone to
invent an acronym more poetic than DAMPS.

8.12 Concluding Remarks

Today heparan sulfate is known to have more functions in endothelial cell biology, and graft
rejection, and graft acceptance than editorial space would permit us to discuss. However, we
would be remiss if we failed at least to mention that the presence of heparan sulfate in tissue
and organ grafts probably plays a key part in protecting grafts from injury, as another glance
at Figs. 8.1 and 8.3 might suggest, and in reestablishing cell and tissue function after
ischemia and reperfusion. Because, in the absence of immunosuppression, immunity poses
an absolute barrier to transplantation of foreign tissues and organs, the subject of the
immune response to transplantation overshadows nearly every other biological
consideration. However, recent work in developmental and ‘regenerative’ biology suggests
that restoring the integrity of tissue architecture and facilitating engraftment will pose
challenges at least as great as those posed by transplant immunity. And, to the extent that a
tissue or organ can be made to resist injury from ischemia or immunity, the challenge of
regeneration and engraftment will be more easily met. Toward that objective, we investigate
with enthusiasm, and hopefully non impediti ratione cogitatonis, the condition of
“accommaodation,” which we discovered unexpectedly in transplants that apparently resisted
immune and inflammatory injury that should have caused their destruction [23, 71-73].
Accommodation is now appreciated to occur not only in transplants, but also in tumors,
infections and in cells exposed to environmental toxins [71, 74, 75]. Whether by way of
happenstance or mechanism, we have observed de novo expression of heparan sulfate,
previously shed from grafts, in accommodated organs [76].
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Fig. 8.1.
Heparan sulfate proteoglycan and the functions of endothelium. Heparan sulfate

proteoglycans, consisting of a core protein conjugated with heparan sulfate
glycosaminoglycan chains (strings of pearls) contribute to many function of normal blood
vessels. These functions include (a) providing negative cell surface-charge that regulates
complement, coagulation and cellular interactions; (b) maintaining the junctional integrity of
the endothelial barrier to efflux of cells, solutes and plasma; (c) tethering and in some cases
activating proteins that regulate oxidants such as superoxide dismutase (SOD); adherence,
migration and activation of leukocytes, stem cells (chemokines) and lymphocytes (IL-2);
coagulation [antithrombin 111 (ATI1I) and tissue factor pathway inhibitor (TFPI)] and
complement [MBL associated serine protease (MASP-1) and (MASP-2), ficolins, Factor P,
C4 binding protein (C4 BP), C1 inhibitor (C1 INH), factor H and factor I]. Shedding of
heparan sulfate deprives endothelial cells of these functions leading to cellular injury,
extravasation of blood cells and plasma from blood vessels, activation of complement,
coagulation and hemostasis and inflammation
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Complement activation and the inciting of inflammation and immunity. Complement
activation on endothelial cells incites inflammation and immunity via several mechanisms.
Illustrated in the figure is one mechanism involving degradation of heparan sulfate
proteoglycan. Complement activation causes neutrophils, platelets and endothelial cells to
secrete proteases and heparanase, an endoglycosidese that specifically cleaves heparan
sulfate. Heparan sulfate proteoglycans and partially degraded heparan sulfate chains so
released activate inflammatory cells and dendritic cells (antigen presenting cells) which, via
secretion of cytokines, such as IL-1, increased antigen processing and presentation and co-
stimulation and migration to regional lymph nodes, activate naive T cells
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Fig. 8.3.
Impact of heparan sulfate proteoglycan and shedding of heparan sulfate proteoglycan and

glycosaminoglycan on control of cellular immunity. Left: Intact heparan sulfate chains bind
IL-2, which can cause activated T cells to undergo apoptosis, contributing to immunological
tolerance. Right: Loss of heparan sulfate caused by activation of complement deprives
endothelium of IL-2, allowing activated to cells to attach, transmigrate and exert effector
functions
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