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Abstract

I ABSTRACT

Continuous and complex modifications of the immune system in parallel to aging are major
factors impacting transplant outcome and organ quality. Increasing numbers of elderly
transplant recipients and a growing utilization of organs from older donors thus pose pressing
challenges for transplantation medicine. In clinical practice, transplantation of old donor
organs has been associated with reduced patient and graft survival, more frequent episodes of
acute rejection and delayed graft function. To elucidate the mechanisms underlying these
clinical findings, a fully MHC-mismatched murine model of vascularized heterotopic cardiac
transplantation with young (8 to 12 weeks) DBA/2 recipients and either young or old (18
months) C57BL/6 donors was used.

Cardiac allografts procured from old donor mice were subject to significantly
accelerated graft rejection compared to young allografts. This difference in graft survival was
associated with higher ISHLT rejection scores and increased intragraft infiltration by CD4"
and CD8" T cells. Futhermore, organ age impacted characteristics of systemic alloimmune
responses of the recipients, with increased frequencies of splenic CD8" effector T cells and
CDS8'TFN-y" T cells in recipients of old allografts, in addition to higher frequencies of
alloreactive IFN-y and IL-6-producing splenocytes and more potent proliferative responses
upon restimulation with donor-type antigen.

To discriminate between differential effects of parenchymal tissue and intragraft
passenger leukocytes in this context, chimeric donor animals were generated by transplanting
young syngeneic bone marrow into old and young prospective donor mice six weeks prior to
organ procurement. When transplanting these chimeric allografts (young tissue/young
leukocytes or old tissue/young leukocytes) comparable graft survival, rejection scores and
systemic immune responses were observed, thus revealing a crucial role of intragraft
passenger leukocytes in mediating augmented immune responses when transplanting old
allografts.

Focusing on dendritic cells as one subset of passenger leukocytes, prospective cardiac
allografts were then depleted of intragraft DCs by donor pretreatment with liposomal
clodronate. Differences in graft survival and rejection scores where abolished when using
hearts depleted of intragraft DCs, and systemic alloimmune responses remained independent
of donor age. Furthermore, in-vitro characterization of allostimulatory priming capabilities of
DCs showed significantly higher frequencies of IFN-y-producing cells and higher
proliferative responses among allogeneic splenocytes when stimulated by old DCs, as well as
increased expression of MHC-II and costimulatory molecules on old DCs. Dendritic cells as a
cellular substrate mediating donor-age-dependent acceleration and exacerbation of allograft

rejection may thus represent a potential target for donor pretreatment strategies.
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Kontinuierliche und komplexe Verédnderungen des Immunsystems mit zunehmendem Alter
haben entscheidenen Einfluss auf den klinischen Erfolg von Organtransplantationen und die
Qualitdt von Spenderorganen. Da die Zahl der dlteren Transplantatempfénger steigt und
zunehmend Organe von dlteren Spendern transplantiert werden, ergeben sich dringende
Herausforderungen fiir die Transplantationsmedizin. Klinisch konnte fiir die Transplantation
von dlteren Spenderorganen eine Assoziation mit schlechterem Patienten- und
Transplantatiiberleben sowie hiufigeren akuten AbstoBungsreaktionen und verzogerter
Transplantatfunktion gezeigt werden. Um diesen klinischen Phdnomenen zugrundeliegende
Mechanismen zu ergriinden, wurde in der vorliegenden Arbeit ein Mausmodell heterotoper,
komplett vaskularisierter Herztransplantation mit MHC-disparaten jungen (acht bis zwolf
Wochen) DBA/2-Empféangern und jungen oder alten (18 Monate) C57BL/6 Spendern
etabliert.

Von alten Spenderméusen gewonnene Herzen zeigten eine signifikant beschleunigte
TransplantatabstoBung im Vergleich zu jungen Spenderherzen. Dieser Unterschied im
Transplantatiiberleben war begleitet von hoheren Indizes in der ISHLT
AbstoBungsklassifikation und verstirkter Transplantatinfiltration durch CD4" und CD8" T-
Zellen. Das Alter des transplantierten Organs hatte weiterhin Einfluss auf Charakteristiken der
systemischen Alloimmunreaktion des Empfangers, dargestellt durch erhdhte Haufigkeit von
milzstindigen CD8" Effektor-T-Zellen und CD8 TFN-y" T-Zellen bei Transplantation von
dlteren Spenderorganen, zusdtzlich zu erhohten Hiufigkeiten von alloreaktiven IFN-y- und
IL-6-produzierenden Splenozyten sowie ausgeprégterer alloreaktiver Proliferation von
Splenozyten bei Restimulation mit donorspezifischen Antigenen.

Um Effekte des Parenchyms der transplantierten Organe von denen der
mitiibertragenen Passagierleukozyten zu unterscheiden, wurden chimére Spendertiere
generiert durch Transplantation von Knochenmark junger syngener Tiere in alte und junge
zukiinftige Spendertiere sechs Wochen vor Organentnahme. Nach Transplantation dieser
chiméren Spenderherzen (junges Parenchym mit jungen Passagierleukozyten oder altes
Parenchym mit jungen Passagierleukozyten) waren Transplantatiiberleben,
Abstofungsindizes und systemische Empfiangerantworten vergleichbar, was auf eine
entscheidende Rolle von organstindigen Passagierleukozyten bei der Vermittlung von
verstdrkten Immunreaktionen nach Transplantation alter Spenderorgane hindeutete.

Mit Fokus auf dendritische Zellen als eine Untergruppe der Passagierleukozyten
wurden nun organstindige dendritische Zellen durch Vorbehandlung der Spendertiere mit
liposomalen Clodronat aus den Spenderherzen depletiert. Unterschiede in
Transplantatiiberleben und Abstoungsindizes waren aufgehoben nach Transplantation von

Spenderherzen vorbehandelter Tiere, ebenso waren die systemischen Immunantworten
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unabhingig vom Alter der Spendertiere. Weiterhin konnte eine detailliertere
Charakterisierung der allostimulatorischen Priming-Féhigkeiten dendritischer Zellen in-vitro
zeigen, dass Stimulation mit alten dendritischen Zellen zu erhohten Haufigkeiten von IFN-y-
produzierenden Zellen sowie deutlicheren alloreaktiven Proliferationen unter allogenen
Splenozyten fiihrt und alte dendritische Zellen eine erhdhte Expression von MHC-II und
kostimulatorischen Molekiilen aufweisen. Dendritsche Zellen als zelluldres Substrat der
beschleunigten und verstirkten TransplantatabstoBung alter Spenderorgane kdnnten somit ein

Ziel moglicher Strategien der Spendervorbehandlung darstellen.

Die vorliegende Arbeit ist unter Betreuung durch

Institut fiir Medizinische Immunologie — Prof. Dr. Hans-Dieter Volk

Charité - Universitidtsmedizin Berlin

das Ergebnis experimenteller Arbeiten am

Transplant Surgery Research Laboratory — Stefan G. Tullius, MD, PhD
Division of Transplant Surgery, Brigham and Women's Hospital

Harvard Medical School
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2 ABBREVIATIONS
ADCC, antibody-dependent cell-mediated

cytotoxicity

AEC, 3-amino-9-ethyl-carbazole
AP-1, activator protein 1

APC, antigen presenting cell

BAFF, B cell activating factor
Bcl-2, B cell lymphoma 2

BCR, B cell receptor

BLyS, B lymphocyte stimulator
CCR, c-c motif receptor

CD, cluster of differentiation

CLP, common lymphoid progenitor
CMYV, cytomegalovirus

ConA, Concanavalin A

DAB, Diaminobenzidine

DAMP, damage-associated molecular
patterns

DC, dendritic cell

DGF, delayed graft function

DNA, Deoxyribonucleic acid

DTR, diphtheria toxin receptor
ECD, extended criteria donors
ELISpot, enzyme-linked immunosorbent
spot

ESP, Eurotransplant Senior Program
ESRD, end-stage renal disease
FACS, fluorescence-activated cell sorting
FasL, Fas ligand

Fc, fragment crystallizable

FCS, fetal calf serum

FDC, follicular dendritic cell

fMLP, N-Formylmethionine leucyl-

phenylalanine

FMO, fluorescence minus one

FoxP3, forkhead box P3

GC, germinal center

GH, growth hormone

GM-CSF, granulocyte-monocyte colony-
stimulating factor

GMP, granulocyte-macrophage progenitor
GnRH, gonadotropin-releasing hormone
HEPES, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid

HLA, human leukocyte antigen

HPF, high power field

HRP, horse radish peroxidase

HSC, hematopoietic stem cell

ICAM-1, intercellular adhesion molecule 1
IFN, interferon

Ig, immunoglobulin

IL, interleukin

iNOS, inducible nitric oxide synthase
IRI, ischemia reperfusion injury

ISHLT, International Society for Heart and
Lung Transplantation

KIR, killer-cell immmunoglobulin-like
receptor

LFA-1, lymphocyte-function associated
antigen 1

LPS, lipopolysaccharide

MACS, magnetic-activated cell-sorting
MAPK, mitogen-activated protein kinase
mDCs, myeloid dendritic cells

MDDC, monocyte-derived dendritic cell
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MHC, major histocompatibility complex
MLR, mixed lymphocyte reaction
mRNA, messenger ribonucleic acid
MST, median survival time

NF-AT, nuclear factor of activated T cells
NK cell, natural killer cell

NKT cell, natural killer T cell

OCT, optimal cutting temperature
PAMP, pathogen-associated molecular
pattern

PBS, phosphate-buffered saline

pDCs, plasmacytoid dendritic cell
PDGF, platelet-derived growth factor
PGE,, Prostaglandin E,

PMA, Phorbol 12-myristate 13-acetate

PRR, pathogen recognition receptor

RAG, recombination activating gene
ROS, reactive oxygen species

RPMI, Roswell Park Memorial Institute
SEM, standard error of the mean

sJTREC, signal joint T cell receptor
excision circle

STATS, signal transducer and activator of
transcription 5

TCR, T cell receptor

Th cell, T helper cell

TLR, toll-like receptor

TNF, tumor necrosis factor

UW, University of Wisconsin

VCAM-1, vascular cell adhesion molecule

VEGF, vascular endothelial growth factor
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3 INTRODUCTION AND REVIEW OF THE LITERATURE

The number of patients suffering from end-stage organ disease is continually increasing, with
the elderly being the fastest growing segment in this population: for end-stage renal disease
(ESRD), in 1980 only 7.6 percent of new patients with ESRD were aged 75 or older; in 2004,
however, this population accounted for more than one in four patients beginning kidney
replacement therapy [1]. Since organ transplantation is the validated treatment of choice for
suitable candidates in this population [2], waiting list demographics are reflecting these
changes and almost half of the currently listed patients for renal transplantation are over 50
years of age [3]. In an attempt to meet this rapidly increasing demand, organs from so-called
expanded criteria donors (ECD) — including organs from old donors — have been used more
frequently. In fact, more than half of all currently transplanted kidneys are from donors older
than 50 years [3]. An ongoing increase in age and number of old recipients and organ donors

should be expected as changes in demographics will continue to impact age distribution.

3.1 BASIC CONCEPTS OF TRANSPLANT IMMUNOLOGY

3.1.1 Allorecognition

Direct and indirect allorecognition are the two main mechanisms of mounting immune
responses against allogeneic tissue. In direct allorecognition, recipient T cells recognize
determinants on intact donor MHC molecules displayed on the surface of transplanted
passenger antigen-presenting cells (APC) [4]. In the high determinant density model it has
been proposed that T cells directly recognize residues on allogeneic MHC molecules
themselves [5], while in the multiple binary complex model the recognition of peptide bound

by allogeneic MHC molecules is of primary importance [6].

Indirect allorecognition on the other hand involves processing of alloantigens and
presentation as peptides by self-MHC molecules on the surface of recipient APCs, similar to
conventional self-restricted responses [7]. Recipient APCs can obtain alloantigens through
various mechanisms: donor DCs can be endocytosed after migration to secondary lymphoid
tissue [8], soluble alloantigens shed from the graft can drain to secondary lymphoid organs [9]
and, finally, recipient APCs can enter the graft and endocytose alloantigens and subsequently

migrate to secondary lymphoid organs [10].

10
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The relative contribution of the different pathways is still a matter of ongoing debate. The
direct response is most potent in the early period and should diminish with the destruction of
donor APCs over time. The indirect pathway requires antigen capture, processing and
presentation and should be less rapid than the direct pathway, but could theoretically continue
throughout the life of the graft. In line with this, direct alloreactivity was not detected in renal
allograft recipients with chronic allograft dysfunction several years after transplantation [11].
Priming through the direct pathway on the other hand is likely to result in a population of

residual donor-reactive memory T cells [12].

More recently, a third mechanism (termed semi-direct) linking direct and indirect
allorecognition through a single APC has been described [13]. In this pathway, recipient
dendritic cells (DC) acquire intact peptide-presenting donor MHC molecules from cells of the

graft, either through cell-to-cell contact [14] or release and uptake of small exosomes [15].

It has been established that natural killer (NK) cells express killer cell immunoglobulin-like
receptors (KIR) displaying an extensive diversity with more than 20 different haplotypes and
at least 40-50 genotypes [16]. They are a group of inhibitory receptors that regulate NK cell
function through ligation with self MHC class I molecules and possibly mediate
allorecognition through mismatch with MHC class I molecules [17] on cells of the donor
organ (“missing self-recognition”), albeit the exact contribution of NK cell allorecognition to

allograft rejection remains to be elucidated [18].

3.1.2  Alloimmune response

3.1.2.1 Tcells

The T cell compartment plays a major orchestrating role in several non-exclusive pathways
leading to allograft rejection. After priming through the direct pathway, T cells exert direct
cytotoxicity including bystander killing upon reencountering their alloantigen on intragraft
parenchymal cells, donor vascular endothelial cells or donor APCs [19]. The same holds true
when indirectly primed T cells recognize their specific ligands on graft-infiltrating recipient
APCs [20] or on recipient-derived vascular endothelial cells feeding the graft that present

donor-derived peptides on recipient MHC molecules [21].

Directly and indirectly primed CD4" T cells are able to differentiate into proinflammatory

11
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type-1 cytokine secreting phenotypes that mediate delayed-type hypersensitivity responses.
These cells produce cytokines such as IFN-y and tumor necrosis factor (TNF) upon triggering
by antigen, which activates macrophages, granulocytes and NK cells. This causes a further
amplification of cytokine and chemokine production, along with other effector molecules
such as proteolytic enzymes and nitric oxide that perpetuate the local inflammation in an
antigen-independent fashion [22]. CD4" T-helper 1 (Th1) cells also provide help for induction
of CD8" cytotoxic T cells [23].

Crosstalk between B cells and CD4" T cells through the CD40-CD40L pathway and
production of cytokines such as IL-4, IL-5, IL-10 and IL-13 by Th2-type T cells provides B
cells with help for alloantibody production and class switching [24]. IL-4 and IL-5 also seem

to promote eosinophil-mediated rejection [25].

3.1.2.2 Bcells

The significance of antibody-mediated rejection is illustrated in hyperacute rejection, when an
entire organ can be destroyed by preformed HLA antibodies within minutes [26]. Antibodies
detected with staining for the product of complement activation C4d have been associated
with acute and chronic rejection as well as graft survival [27-29], and antibody-mediated

rejection has been shown to be the major cause of late renal allograft failure [30].

After crosstalk between B cells and T cells and subsequent alloantibody production and class
switching, complement activation is initiated by interaction of the globular domains of Clq
with IgG or IgM bound to antigen epitopes on the graft [31]. Antibodies also lyse target cells
through the low-affinity Fc receptor CD16 on NK cells and macrophages. Ligation of
alloantibodies on endothelial cells in the absence of complement or inflammatory cells can
also cause a cycle of injury and repair or further detrimental changes in cell signaling and
gene expression that eventually lead to intimal thickening and allograft vasculopathy
characteristic of chronic rejection [32,33]. Besides HLA-antibodies, alloantibodies against

epithelia, endothelial lines and monocytes were found in patients rejecting allografts [34].

3.1.2.3 Innate immune system
Based on the observation that for complete allograft rejection T cells are both needed and
sufficient [35], transplant immunology has traditionally focused on the involvement of the

adaptive immune system in allograft rejection. In fact, most immunosuppressive drugs used in
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transplant recipients are aimed at T cells [36]. To control cellular immune responses,
however, innate immune cells express a variety of pattern recognition receptors (PRR) that
recognize conserved pathogen-associated molecular patterns (PAMP) and damage-associated
molecular patterns (DAMPs) [37]. They also express additional receptors for complement,
antibodies as well as receptors that can sense “self” and “missing self” [38]. Although in
general they do not mediate direct graft injury in most cases, this wide array allows them to
critically determine transplant outcome by influencing the initiation, duration and the overall

character of the alloresponse [39].

The surgical procedure with tissue trauma, graft ischemia, vascular dysfunctions, graft
conservation and eventual reperfusion results in inevitable graft damage collectively termed
ischemia reperfusion injury (IRI). In response to inflammatory cytokines and chemokines as
well as complement products, IRI mobilizes intragraft interstitial DCs and causes a rapid and
massive cellular infiltration of recipient monocytes/macrophages, neutrophils, NK cells and
DCs besides T and B cells [40]. Stimulation of PRRs by DAMPs on damaged graft cells then
leads to production of additional inflammatory cytokines and chemokines as well as induction
of cytotoxic responses. APCs mature in response to these signals to induce adaptive responses
[41] and graft cells expressing markers of cellular stress become the target of NK-mediated

killing [42].

Innate immune cells are also significant contributors to graft damage caused by acute
rejection responses once they acquire effector functions. In chronic rejection, innate immune
cells, alloantibodies and complement depositions dominate the infiltrates in lesions; the
effector responses initiated by alloantibodies involve primarily innate pathways and innate
immune cells [31]. Especially NK cells might be of, so far, underestimated importance for

chronic allograft vasculopathy [43].

3.1.2.3.1 Dendritic cells

Depletion of interstitial kidney DCs in CD11c-DTR reporter mice with diphtheria toxin
reduced tubular cell necrosis and renal dysfunction after IRI [44]. Mice lacking specific TLRs
or intracellular proteins required for subsequent signaling showed significantly reduced tissue
damage after IRI [45] and prolonged allograft survival [46], further illustrating the importance
of innate receptors in APC maturation and alloimmune responses. The pivotal role DCs play

in allorecoginition mechanisms has been discussed above.
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3.1.2.3.2 Monocytes/Macrophages

Upon inflammatory triggering, circulating monocytes rapidly traffick to the site of
inflammation and mature to macrophages [47]. Both cell types consist of multiple
functionally different subsets that express different characteristic phenotypic markers [48]. At
inflammatory sites and in allograft rejection, macrophages phagocytose foreign entities and
present antigenic peptides to T cells and produce, and respond to, numerous inflammatory
cytokines [49]. They present the predominant cell type in delayed-type hypersensitivity
responses [40] and mediate antibody-dependent cell-mediated cytotoxicity through their Fc

receptors.

Depletion of macrophages or inhibiting their trafficking led to less important tissue damage
after IRI [44]. The importance of macrophage effector functions for graft injury in allograft
rejection was highlighted in similar studies [50,51]. Renal transplant recipients that
experience acute rejection episodes despite T cell depletion with alemtuzumab show graft
infiltrations predominantly with monocytes [52]. In models of chronic allograft rejection,
macrophages contributed to allograft vasculopathy [53] and were found to accelerate chronic
allograft injury [54]. A recent report suggested distinct capabilities of macrophages to

recognize and reject adoptively transferred allogeneic cells [55].

3.1.2.3.3 Natural killer (NK) cells

Recognition of target cells by NK cells leads to rapid release of granules packed with
primarily perforin and granzymes, causing target cell apoptosis [56]. Non-secretory
mechanisms for lysis of target cells involve the binding of tumor necrosis factor (TNF) and
receptor-like molecules such as FAS/CD95 with their respective ligands (FasL) [57]. NK cells
are also able to impact the nature of immune responses by producing large amounts of pro-
and anti-inflammatory cytokines. Besides promoting Th1-differentiation through production
of IFN-y [58], they can also interact with T cells through contact-dependent costimulatory
signals [59]. Recently, a number of reports about reciprocal influences between NK cells and

DCs have been published [60].

A variety of activating and inhibitory cell surface receptors control development, maturation
and effector functions of NK cells [61]. Besides “missing self-recognition” as a mechanism of
allorecognition mentioned earlier, a process called “induced self-recognition” is also of

importance in the setting of allograft rejection, especially IRI: damaged and stressed cells
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often express ligands for NK-activating receptors that override the inhibitory signals by self

MHC class I molecules and lead to NK cell induced cell death [62].

In CD28”" mice, blockade of NKG2D — an activating receptor — prolonged cardiac allograft
survival, suggesting that NK cells have at least a facilitating role in rejection [63]. In one
study, NK cells activated by IL-15 were even capable of mediating acute rejection in the
absence of adaptive immune cells [64]. A recent study identified NK cells as effector cells in
a complement-independent pathway of antibody-mediated transplant vasculopathy [43]. A
role for NK cells in chronic graft loss is also suggested by the clinical observation that KIR-

mismatched kidney transplants are associated with worse graft survival [65].

3.1.2.3.4 Neutrophil granulocytes

In the setting of acute humoral rejection, chemotactic response to complement factors and
ligation of intragraft antigen-antibody complexes to Fc receptors are important effector
pathways involving neutrophils [66]. Experimental evidence that neutrophils play a role in
acute rejection was provided by the observation that prevention of neutrophil activation led to
less potent acute allograft rejections in rats [67]. A recent study identified neutrophils as an
important link between innate and adaptive immunity in IRI and acute rejection: neutrophils
stimulated donor DCs in a contact-dependent fashion to augment production of IL-12 and

expand alloantigen-specific T cells, thus exacerbating IRI and acute rejection [68].

3.1.2.3.5 Mast cells and basophil granulocytes

Mast cells have long been characterized as effector cells in immunoglobulin E (IgE)-
associated responses such as allergy or immunity to parasites. More recent reports have
demonstrated a role for mast cells in shaping the adaptive immune response [69] and through
studies on tolerance induction there is indirect evidence that mast cells might be of
importance in the rejection process: in a model of tolerance induction through costimulatory
blockade, tolerance could not be established in mast cell-deficient mice but was achieved after
reconstitution with mast cells [70]. This study also reported on a functional link of Treg cells
with mast cells through the production of the mast cell growth factor IL-9. Others have
reported on a loss of Treg mediated skin graft tolerance through mast cell degranulation [71].
Recently, a role for basophils in shaping the adaptive immune response has been described:
they are able to enhance humoral immune responses through cytokine secretion [72] or in a

CD40L-dependent manner [73] and can drive the differentiation of CD4" Th2 T cells [74].
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Implications of these findings for the field of transplant immunology are so far not

understood.

3.1.2.3.6 Eosinophil granulocytes

A number of studies suggest an important role for eosinophils in models with rejection
mediated by a predominant Th2-type response. Th2-type cells produce a number of cytokines,
among them IL-4, IL-5 and IL-13. These cytokines have been shown to recruit eosinophils to
the graft and upon activation of these eosinophils, graft damage can be caused through release
of leukotrienes, superoxides, major basic protein, eosinophilic cationic protein and eosinophil

peroxidase [25].

In models of Th2-dominant allograft rejection, histological examination revealed intense
infiltration by eosinophils [25]. When neutralizing antibodies to IL-4 were given,
vasculopathy and eosinophil infiltration were abrogated in a model of chronic skin graft
rejection. In addition, there are some reports on important eosinophil infiltrates in allograft
rejection in humans [75,76] and more recently, eosinophil-driven acute rejection has been

described in T cell-depleted patients after intestinal transplantation [77].

3.1.2.3.7 Complement

The complement system consists of numerous serum proteins that are primarily produced in
the liver. The classical pathway of complement activation is triggered by antigen-antibody
complexes, for example on graft cells, and ends — like the alternative and the lectin pathway —
with the formation of membrane-attacking complexes that mediate lysis of targets cells by
disruption of the cell membrane [78]. It also elicits signals for the proliferation of endothelial

cells, such as platelet-derived growth factor (PDGF) [79].

All three pathways also lead to the generation of complement fragments C3a and C5a that
function as strong chemoattractants and opsonins for innate immune cells. Activation of the
C3a or C5a receptor at the surface of endothelial cells causes cytoskeletal changes and
cytokine release [80] and exposure of endothelial cells to sub-lytic concentrations of C5b-C9

increases the expression of adhesion molecules and pro-inflammatory cytokines [81].

The classical pathway is a primary effector mechanism in antibody-mediated vascular injury

[31]. Besides the effector mechanisms mentioned above, the capability to function as
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costimulation in T cell activation and to induce maturation of DCs have recently been
described: both cells can produce complement components [82,83] and express receptors for

C3aand C5a [82,84].

In hyperacute rejection, large quantities of preformed antibodies bind antigens on endothelial
cells and activate the classical pathway, which leads to the generation of procoagulant,
chemoattractive and adhesive interfaces and rapid graft loss through widespread intra-
vascular thrombosis, hemorrhage and tissue injury [85]. Complement also provides an
effector pathway for the prominent role already mentioned above that antibody-mediated

alloresponses have in chronic rejection.

Many studies have shown the importance of various complement factors like C1 esterase, C3
and C5 in different animal models of IRI [86]. When transplanted with C3-deficient kidneys,
transplant recipients showed prolonged graft survival [87] and transplantation of such grafts
prevented IRI in another murine model [88]. Both studies also illustrate the importance of

locally produced complement over circulating complement.

3.2 IMMUNOSENESCENCE AND ALLOIMMUNE RESPONSES

Increasing age has been associated with a variety of alterations in the immune system, often
summarized as immunosenescence. Changes can affect all components in all compartments of
the immune system and represent not necessarily a uniform deterioration of functions but
rather individual shifts in function, regulation and balance of a complex system, depending on
numerous intrinsic and extrinsic factors. Most of these aspects are of great significance in the
setting of solid organ transplantation, as age-dependent altered alloimmune responses impact

overall transplant outcome as well as patient and graft survival.

It should be emphasized that in many instances, the reports in the literature on
immunosenescence are inconsistent and even contradictory. This may be attributed to the
varying sources of cells and the methods used. In addition, comparing results from different
human studies in this field is difficult because of comorbidities, medication and varying
criteria for the selection of subjects, notably the inconsistent use of the admission criteria

specified in the SENIEUR protocol which attempts to exclude unhealthy individuals [89].
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Most detailed data is often published in the field of kidney transplantation due to the

relatively high numbers of patients and the wide age spectrum.

NK cells
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Figure 1: Immunosenescence impacts all cellular compartments of the immune system in a multifaceted
and complex way. HSC=hematopoietic stem cell, CLP=common lymphoid progenitor, ADCC=antibody-
dependent cell-mediated cytotoxicity, GC= germinal center, AB=antibody, FDC=follicular dendritic cell,
GMP=granulocyte-macrophage progenitor, ROS=reactive oxygen species, PGE2=Prostaglandin E2,
VEGF=vascular endothelial growth factor. Dendritic cells comprise several distinct subtypes deriving from
different precursors. Although most DCs are thought to be of myeloid origin, some subtypes share early steps of
development with B and T cells.

3.2.1

The cellular components of the immune system are mostly short-lived and do therefore

Hematopoietic stem cells

require continuous replenishment. Hematopoietic stem cells (HSC) comprise only 0.01% of
the bone marrow population and have the potential at any given cell division to give rise to all

blood cell types of the myeloid and lymphoid lineages or to self-renew to generate more
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HSCs. They are long-lived and usually not depleted during a lifetime. Despite their extensive
proliferative and regenerative capacity, a growing body of evidence suggests that these cells
show signs of aging with important functional implications for the whole immune system

[90,91].

3.2.1.1 Reconstitution potential

Purified HSCs from old mice show a measurable and successive functional decline in their
overall reconstitution potential [92]. Significant differences in the importance of these
changes between different strains of common laboratory mice have been reported, but might
be due to different timescales for the functional decline [93]. Similar results have been
obtained when comparing human HSC cells from fetal liver tissue, umbilical cord blood and

adult bone marrow [94].

Since HSCs synthesize telomerase to maintain telomeric length [95], telomeres do not seem to
be a plausible explanation for HSC senescence. Given that the HSC compartment
predominantly consists of cells in a state of proliferative and metabolic quiescence, exposure
to oxidative stress as a natural by-product of cellular metabolism is less likely to be of
primary importance, although this presents an important and probably universal mechanism
that leads to a variety of intracellular damages [96]. Age-dependent accumulation of damage
to genomic and mitochondrial DNA, to which oxidative stress contributes, may in turn be the
most important factor driving the functional decline of HSCs [97,98]. This implies very strict
requirements of the DNA repair machinery or a reduced ability of HSCs to repair even small
DNA damages, with important changes in cell cycle regulation. The expression of the cell-
cycle inhibitor p16INK4a appears to increase with age in HSCs [99]. Stromal cells are
exposed to similar environmental damage and stress that might alter the support provided by

the stromal niches that directly affect the regulation of HSCs [100].

3.2.1.2 Quantitative changes

The functional decline is concomitant with an elevated frequency and an increased expansion
potential of old murine HSCs [101,102], raising the possibility of a feedback mechanism
compensating for the per-cell loss in function. Despite the prevailing view that HSC
frequency diminishes in parallel to a reduced cellularity in the bone marrow of the elderly
[103], more recent results suggest an increase in the frequency of human HSCs with aging

[91,104].
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3.2.1.3 Lineage potentials

Murine HSCs also show changes in lineage potential with aging, resulting in attenuated
lymphoid lineage output and preserved or even increased myeloid lineage output [105]. A
more robust self-renewal potential [106] and a differential response to the aged cytokine
milieu [107] have been proposed for the progressive predominance of myeloid-biased HSC
clones. These changes are accompanied by down-regulation of genes mediating lymphoid
specification and function and up-regulation of genes involved in myeloid specification and
function as well as of proto-oncogenes involved in the development of myeloid leukemia
[108].

Interestingly, pediatric leukemias tend to involve lymphoid lineages, whereas
leukemias in the adult population — besides an overall elevated incidence in malignant
transformations of the hematopoietic system — tend to involve myeloid leukemias [109,110].
How aging impacts the clonal composition of the human HSC compartment remains

nevertheless to be addressed.

3.2.2 T cell compartment

3.2.2.1 T cell generation

After entering the thymic microenvironment, thymic progenitors originating from the bone
marrow traffic through stromal cells, macrophages and dendritic cells while undergoing a
number of proliferative and differentiation events that lead to the emigration of mature and

functional T cells into the peripheral T cell pool.

Reduction of thymic mass in humans starts at the age of one year after the task of populating
the peripheral immune system is essentially completed and continues gradually throughout
later life, with another important reduction in thymic mass at the time of puberty [111]. This
atrophy, or involution, has been shown to correlate with an enlargement of the perivascular
space (which does not contain any developing thymocytes) possibly due to the loss of
thymocytes, thymic stroma and thymic epithelial space (where all thymopoiesis takes place)
[112]. Adipose tissue eventually fills up the enlarged perivascular space [113].

Despite significant atrophy, the aged thymus retains the capacity to produce naive T
cells. More reliable measurements of changes in thymic output by means of the signal joint T

cell receptor excision circle (sjTREC) assay have recently revealed that T cell output declines
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as a function of thymopoietic tissue, but the production of naive T cells per gram of
thymopoietic tissue remains constant [114]. sjTRECs are DNA fragments that are generated
during the V(D)J rearrangement of the T cell receptor (TCR) genes and are present in T cells

that have not yet undergone cell division.

Several hypotheses — that also reveal potential therapeutic strategies — have been proposed to
explain thymic involution, among them a decline in supply of bone marrow progenitors (as
mentioned above), alterations in the productive rearrangement of the TCR, loss of cells in the
thymic microenvironment and alterations in the levels of several circulating (GH, GnRH) or
intrathymic (IL-7, neurotrophins, thymic hormones) hormones, cytokines or growth factors
[115]. The infiltrating adipose tissue may also be a contributing factor, either through direct

interaction or the release of soluble factors [116].

3.2.2.2 T cell receptor repertoire

The loss in thymic output with age does not result in a significant change in the total number
of peripheral T cells [117], as this number seems to be regulated via a peripheral mechanism
of thymus-independent homeostatic proliferation of mature T cells following low-affinity
interactions with self-peptide/MHC complexes [118,119]. The decreased number of naive T
cells and this peripheral expansion result in a significantly limited TCR repertoire — in one
study, young adults had a repertoire diversity of 20 million different TCR- chains, whereas
those participants older than 70 years had only 200,000 [120].

3.2.2.3 CD28 T cells
By age 80 and above, 10-15% of peripheral blood CD4 T" cells and 50-60% of CD8 T cells
lack expression of CD28, while at birth, virtually all human T cells express CD28 [121].
Interestingly, these changes are not observed in mice [122]. As these cells are frequently
oligoclonally expanded, their T cell receptors display reduced diversity [123]. Their increased
frequency in the aged might cause the overall limitation of the TCR repertoire mentioned
above [124] and let these cells occupy important immunological niches by consuming
stimulatory signals such as cytokines or surface ligands.

CD28 T cells show an altered expression of further costimulatory receptors [125] and
a gain in cytolytic functions [126]. They also acquire expression of NK cell receptors such as
KIRs [127], which fundamentally influences signal recognition by these cells, as ligands for

these receptors are not limited to APCs.

21



Introduction and review of the literature

Loss of CD28 expression in T cells with age has been attributed to repeated antigenic
stimulation, a process that can also be observed in-vitro [128]. CD28" T cells have shorter
telomeres than their CD28" counterparts within the same clonal population and might thus
already have reached their limit of proliferative potential [129]. In addition, presence of type I
interferons during TCR activation increases the proportion of CD28 T cells in culture [130],

pointing to the relevance of a proinflammatory environment.

There is evidence suggesting that generation of CD28™ T cells might be driven or accelerated
by chronic viral stimulation, most commonly linked to herpesviridae like CMV [131].
Chronic viral stimulation represents a repeated antigenic stimulation and creates a
proinflammatory environment.

Although even with increased age an efficient CMV immunosurveillance can be
maintained, in immunocompromised patients such as transplant recipients this balance can be
disturbed, accelerating the generation of greater clonality in the CD8" T cell repertoire and
contributing to the higher level of chronic subclinical inflammation [132]. Transfer of these
expanded T cells from aged mice into young mice led to reduced resistance to viral challenge

[133] and cytomegalovirus infection has interfered with tolerance induction in rats [134].

3.2.2.4 Memory T cells

While naive T cell numbers decrease with aging, the proportion of memory T cells increases
with age, possibly due to cumulative exposure to pathogens and environmental antigens
[135]. Selected changes in lymphocyte turnover have been reported, notably a reduced
turnover of memory CD8" T cells in mice. Human and murine CD8" memory T cells were
also found to have a much longer half-life than other T cell subsets with age, and large clonal
populations were found among this specific subset [136,137]. Furthermore, memory cells
derived from aged naive cells proliferate less well, produce reduced levels of cytokines and

provide less cognate helper function [138].

3.2.2.5 Proliferative response

T cells enter a state of reduced proliferative capacity when telomere lengths are reduced to a
critical length after a certain number of cell divisions known as the ‘Hayflick’ limit has been
reached [139,140]. The loss of CD28 expression described above has been associated with
loss of proliferative capacity of T cells during repeated cycles of replication, a process termed

replicative senescence [141]. CD28 T cells show irreversible cell-cycle arrest, apoptosis
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resistance and reduced proliferative responses [142]. Previous studies had already established

a reduced proliferative response of aged T cells to antigenic and mitotic stimuli [143,144].

3.2.2.6 Signaling
T cell proliferation is induced by IL-2, but with increasing age, T cells lose their capacity to
produce and respond to IL-2: naive T cells from aged mice produce less IL-2 upon
stimulation with antigens presented by APCs [145]. Impaired activation of transcription
factors AP-1 and NF-AT have been closely associated with this decreased expression also in
humans [146].

Both signals required for T cell activation can be affected by aging. Aged murine
CD4" T cells establish less efficient TCR synapses with APCs [147], and reduced expression
of several activation and differentiation markers like CD40L/CD154, CD25, CD28 and
CD62L have been reported [148,149].

Further changes in signaling cascades of aged T cells include impairments in calcium
metabolism, tyrosine kinase phosphorylation and protein kinase C translocation [150] as well

as alterations in cell membrane lipid rafts [151].

3.2.2.7 Cytokine responses

A number of studies suggest an imbalance between Th1 and Th2 responses in aging. Some
published data support the notion that human aging is associated with a decreased Th1/Th2
ratio [152], while one recent study reported an increased Th1/Th2 ratio [153]. Studies in mice
have generally provided evidence for enhanced Thl immune responses [154].

The overall frequency of type 1 and type 2 T helper cells seems to increase with age
[155,156]. The increased frequency of memory T cells might be of importance for this
finding, since memory T cells typically have less strict requirements for stimulation and
produce a broader set of cytokines. High levels of lymphocyte function-associated antigen 1
(LFA-1) in CD28 T cells also lower the activation threshold of these cells [157].

The role of Th17 immune responses in aging is still unclear, although some groups
have reported a shift in cytokine expression toward IL-17 in coronary arteries [158] or

stressed the importance of augmented IL-17 alloimmune responses in aged animals [159].

3.2.2.8 Migration
Recent observations indicate that expression of selected proinflammatory chemokines and

chemokine receptors is increased in aged human and murine T cells, possibly influencing T
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cell migration patterns. Changes in the expression of CCR7 and CD62L, for example, may
explain the observed defective T cell homing to secondary lymphoid organs.[160]

3.2.2.9 Regulatory T cells

A number of disorders such as autoimmune diseases, chronic inflammation and cancer have
been linked with quantitative and qualitative defects of Tregs and since most of these
disorders have higher incidences in the aged population, age-related changes in this subset
have been of increasing interest [161] and might also be relevant in the context of reduced
recipient alloresponsiveness with age.

Thymic output of Tregs would presumably decline, but Tregs can also be generated
through a peripheral mechanism [162]. Although most studies report no correlation between
numbers of Tregs and aging, few selected studies have shown a positive correlation [163].
These differences might in part be due to different phenotypic definitions such as the use of
high expression of FoxP3 in addition to CD25 as molecular markers.

Functional activity of Tregs has been reported to decline with age, perhaps due to the
decrease in IL-2 expression and related signaling described above [164]. However, it has
recently been shown in a model of murine skin transplantation that Treg functions remained

unaltered with age [165]. Gregg et al. have reported similar findings in humans.[166]

3.2.2.10 Apoptosis and T cell survival

Aging affects major signaling pathways of apoptosis in T cells [167]. Studies in humans have
shown that naive and memory T cells have an increased CD95/Fas expression [168] and an
decreased expression of Bcl-2 with age, both correlating with enhanced apoptosis [169]. The
functional relevance of these findings is still being discussed [170]. Successive shortening of
telomeric DNA, as described for T cells with advancing age, is an additional independent

factor for increased apoptosis [171].

3.2.3 B cell compartment

3.2.3.1 B cell generation

In line with age-related changes in HSCs mentioned earlier, the production of B cells wanes
with increasing age [172]. Early B cell progenitors are reduced with age [173] and expression

of essential transcriptional regulators including E2A gene products such as E47 is reduced
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[174]. In line with this, the expression of RAG enzymes, crucial for the passage through pro-
and pre-B cell stages, is diminished in old individuals [175]. Reduced expression of
downstream products of E2A has also been shown to be present in peripheral B cells from old
mice [176]. Finally, in-vivo labeling has revealed that production rates in pro-, pre- and
immature bone marrow B cell pools diminishes with age [177]. One homeostatic mechanism
to maintain the number of peripheral B cells despite decreased output seems to be reduction in
turnover of mature B cells [178].

As B2 production wanes with age, the proportional contribution of B1 cells might
increase [179]. B1 cells are a self-renewing pool that predominates in peritoneal and pleural
cavities whose repertoire is characterized by polyspecificity and low-affinity self-reactivity

[180].

3.2.3.2 B cell receptor diversity and specificity

Studies have shown a significant loss in diversity of the B cell receptor (BCR) in the
peripheral blood with age that was correlated with poor health and survival [181]. Apart from
reduced output of naive B cells and intrinsic repertoire differences generated from aged
HSCs, some truncation of the repertoire might reflect expanded clones of memory B cells
[182]. In keeping with this, reduced levels of panel reactive antibodies [183] have been found

in transplant candidates with increasing age.

This might also lead to the shift observed in antibody specificity to autologous antigens. In
most inbred mouse strains, spontaneous appearance of autoreactive antibodies is associated
with age. Another proposed explanation for this is less selective stringency when interclonal
competition is less intense: the B lymphocyte stimulator (BLyS or BAFF) is a limiting
survival resource for which newly formed and mature B cells compete [184], regulating
crucial survival pathways via BLyS receptor 3 [185]. Expanded clones of memory B cells
might also lead to increased autoantibody titers since some of these were initially expanded

and selected by cross-reactive antigens or self-antigens.

3.2.3.3 B cell responses

Germinal center (GC) formation and kinetics in T cell dependent responses of B cells are
impaired in aged mice [186]. Correspondingly, B cell expansion, antibody affinity maturation,
memory B cell differentiation and long-lived plasma cells in the bone marrow are reduced

[187,188].
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Since successful interaction between T and B cells is required for GC formation, the reduced
capacity for T cell help might be reflected by reduced CD40L/CD154 expression and the
altered cytokine environment [148]. B cells, in turn, express less CD40 with increasing age
[182]. Furthermore, follicular dendritic cells have been found to be less effective at antigen
trapping and dispersal, correlating with fewer and smaller GCs [189]. Intrinsic class switching
defects secondary to decreased induction of E47 and activation-induced cytidine deaminase

have also been described, further reducing the generation of high affinity antibodies [190].

3.2.4 Innate immune system
3.2.4.1 Dendritic cells
Several studies have reported on unchanged numbers and phenotypes of DCs with age [191—
193], whereas others found that the numbers of myeloid DCs (mDCs) in human blood
progressively decline with age while there is no change in plasmacytoid DCs (pDC) [194].
The same group observed a higher frequency of mature phenotypes in aged DCs with
increased expression of costimulatory molecules CD86 and CD83.

Since various numerical and phenotypic changes with age have been described for
skin [195], mucosal immune system [196], thymus [197] and brain [198], changes during
aging may probably vary with the subsets of DCs and tissue of their residence.

To present antigens to T cells, DCs must first internalize these antigens by phagocytosis,
receptor-mediated endocytosis or pinocytosis [199]. Monocyte-derived DCs (MDDCs) from
aged humans showed impaired capacities of phagocytosis and pinocytosis [200]. The same
study also found an impaired capacity to phagocytose apoptotic cells. This could lead to an
accumulation of necrotic cells which in turn favors activation of DCs and secretion of pro-

inflammatory cytokines [201].

There is conflicting evidence on age-dependent changes in antigen sensing and activation of
DCs. Several studies have reported comparable levels of TLR-induced activation and
cytokine secretion by human MDDCs [192,193], while others found decreased [191] cytokine

secretion upon TLR-dependent stimulation.
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Impaired migration of DCs from aged mice to draining lymph nodes was observed in-vivo in
a TCR transgenic mouse model [202] and similar results were obtained with human DCs
[203]. Besides intrinsic defects of DCs, the aged microenvironment should be of importance

in this setting as well.

There is no consistent data on the capacity of aged DCs to prime and activate T cells. Early
studies demonstrated decreased T cell priming capacity of DCs in lymph nodes of aged mice
[204]. Comparable stimulatory capacities of MDDCs from young and aged subjects have
been reported more recently [205]. However, one should keep in mind that MDDCs represent
a particular subset of DCs whose equivalence with naturally occurring human DC subsets is
controversial [206]. Implications of age-related changes in DCs for the B cell compartment

through impaired formation of GC by FDCs have been mentioned above.

3.2.4.2 Monocytes/Macrophages

While in mice there appears to be an increase in the macrophage population of the bone
marrow [207], a significant decrease in macrophage precursors and macrophages was found
in the bone marrow of old humans [103]. Both aging human and rodent macrophages seem to
have reduced levels of MHC class II expression [208], which may contribute to poorer T cell

responses [209].

Several reports using murine models indicate a decline in phagocytosis, opsonization and
tumor cell killing by peritoneal macrophages from aged mice [210,211]. Macrophages from
aged rats also demonstrated a decrease in the ability to produce superoxide anion upon
incubation with IFN-y or opsonized zymosan [212]. A different group reported an abrogation
in the mitogen-activated protein kinase (MAPK) pathway as a functional explanation for this
finding [213].

There have been reports about decreased [214] as well as increased [215] inducible
nitric oxide synthase (iNOS) mRNA in aged murine macrophages. Recently, different age-
specific nitrite-production patterns based on the dose of IFN-y used for stimulation were

demonstrated [216].

The production of prostaglandin E, (PGE,) by macrophages was found to be increased in
aged mice [217]. PGE; is able to alter DC function in mice by reducing the secretion of IL-12,

increasing production of IL-10 and decreasing expression of MHC class II molecules [218].
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Furthermore, it is able to decrease IL-2 production and subsequent proliferative responses in
T cells [219] and murine splenocytes cocultivated with PGE; also up-regulate Th2 cytokines
[220]. Both findings present a possible link to the aforementioned age-related changes in the

T cell compartment.

Some attention has been paid to the question whether macrophages are the source of the
elevated levels of proinflammatory cytokines found in the aged [221]. In fact, several recent
reports suggested a decrease in the production of proinflammatory cytokines by human and
murine macrophages, associated with alterations in TLR-dependent signaling [222,223].
Instead of an intrinsic aging process, chronic inflammatory disease and poor nutrition may be

responsible for this process [224,225].

In wound healing, macrophages keep the wound bed free from infection and promote
angiogenesis. Studies on excisional wound healing in humans demonstrated a delay in
monocyte and macrophage infiltration with age, associated with a decreased expression of
adhesion molecules VCAM-1 and ICAM-1 [226]. Peritoneal macrophages from aged mice
also produced less VEGF upon stimulation [227].

3.2.4.3 Natural killer cells

When strictly following the SENIEUR protocol, NK cells of aged individuals had conserved
[228] or even enhanced [229] cytotoxicity. In other studies and in animals, age-specific
decreases in NK cell cytotoxicity were reported [230,231]. Impaired turnover of inositol
triphosphate has been correlated in one study with this decline [232]. Interestingly, antibody-
dependent cell-mediated cytotoxicity does seem to be preserved with aging [233] and changes

in intracellular signaling were not observed in this pathway [232].

An age-related increase in the relative percentage of human NK cells has been found in
several studies [234] and may represent a compensatory mechanism [235]. These changes
were also associated with a phenotypic and functional shift, as an increase in the more mature,
highly cytotoxic CD56%™ population was found [236].

Human and murine NK cells also showed a decreased proliferative response following
IL-2 stimulation, associated with a decrease in Ca®" mobilization [236]. IL2-induced
production of IFN-y and other chemokines was decreased in NK cells from aged subjects

[236,237], possibly compromising adaptive immune responses driven by NK cells.
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3.2.4.4 Natural killer T (NKT) cells

NKT cells are a unique and heterogeneous T cell population characterized by coexpression of
TCRs and NK cell-associated receptors [238]. Classical human NKT cells express semi-
invariant CD1d-restricted af§ TCRs, show a strong response to a-galctosyl ceramide and
rapidly secrete mainly IL-4 and IFN-y upon activation, thus influencing adaptive immune
responses [238,239]. The same lytic mechanisms as those reported for NK cells have been
observed in NKT cells, though the FAS/FasL mechanism seems to be the preferred system
[240]. Besides these classical or invariant NKT cells, there is a subset of mainly CD8a" non-
classical NKT cells that are not CD1c-restricted and express NK cell-associated receptors

such as CD16, CD56, CD57, CD161, CD94 and NKG2A [239].

A critical role for NKT cells in transplant tolerance has been proposed by studies with corneal
[241], islet [242] and cardiac [243] allografts. Another study highlighted the importance of
chemokines involved in NKT trafficking in this context [244]. Recently, human NKT cells
were reported to be able to establish a cross-talk involving KIRs leading to maturation of

allogeneic APCs and increased reactivity of classical NKT cells [245].

A decreased percentage of classical NKT cells was found in peripheral blood of old donors
that seems to be associated with impaired proliferation, cytotoxicity and cytokine production
[246-248]. Impaired IFN-y production by NKT cells may in turn lead to inefficient NK cell
cytotoxicity [249]. Human classical NKT cells also showed a shift toward a Th2 cytokine
profile in-vitro [250]. Non-classical NKT cells expressing CD56 and being CD28" seem to be
an increasing population among CD3" cells in the elderly [251]. Cross-linking of CD56
without TCR ligation led to production of proinflammatory cytokines in these cells,
presenting a possible mechanism for TCR-independent T cell activation in aged individuals

[252].

3.2.4.5 Neutrophil granulocytes

Circulating neutrophil numbers in the blood seem to be unaltered with age [253,254] and

migration of neutrophils to the site of inflammation seems to be unimpaired in aged

individuals [255,256]. Studies in-vitro have confirmed an unimpaired adhesion of neutrophils

to vascular endothelial cells [257]; chemotaxis, however, was found to be impaired [258,259].
There seems to be an age-dependent loss of microbiocidal capacity of neutrophils

[260]. Impaired phagocytosis of opsonized bacteria or yeast by neutrophils in the elderly has
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been observed [261,262] and Fc receptor-mediated production of reactive oxygen species
(ROS) was found to be significantly decreased in aged individuals [263,264], although this
seems not to apply in response to fMLP [265], a chemoattractant produced by some bacteria.
Mechanistically, decreased intracellular Ca®* levels in stimulated neutrophils [266] and

diminished actin polymerization [267] have been associated with this.

In the absence of stimulation, no differences in apoptotic cell death have been reported in
human aged neutrophils [268]. Proinflammatory signals like IL-2, LPS or GM-CSF, on the
other hand, were found to have decreased antiapoptotic effects on neutrophils from aged
individuals, associated with alterations in the STATS signaling pathway [269] and
compromised lipid raft function [270,271].

3.2.4.6 Mast cells and basophil granulocytes
Early studies reported an impaired degranulation of basophils [272], whereas more recently a

higher reactivity was observed [273].

3.2.4.7 Eosinophil granulocytes

Eosinophils of old human subjects showed decreased degranulation in one study [274]. The
same study also noted a trend toward decreased production of superoxide anions. Although in
a different study airway eosinophilia was increased in response to antigen challenge in old
mice, airway hyper-responsiveness was reduced, suggesting reduced eosinophil effector
function [275]. Partly in contrast, others reported on a failure to accumulate eosinophils in

allergic inflammation of the airway [276].

3.2.4.8 Complement

At present, limited data exists on age-related changes in complement functionality, although
the majority of the literature report a preserved function in aged humans [277]. Serum levels
of components of the classical pathway were increased [278] or unchanged [279] between
young and old subjects. Similar results were found for components of the alternative pathway
[279,280]. One study found decreased alternative pathway-induced hemolysis [281], whereas
Bellavia et al. [279], using the SENIEUR protocol, found no functional changes in either the

classical or the alternative pathway to induce hemolysis.
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3.3 THE CLINICAL SIGNIFICANCE OF AGE AND IMMUNOSENESCENCE IN
TRANSPLANTATION

3.3.1 Recipient age and transplant outcome

Old individuals listed for transplantation with end-stage renal disease that are eventually
undergoing transplantation show better long-term survival than matched patients staying on
organ replacement therapy: projected life expectancy almost doubled from 6 to 10 years in the
group of 60-74 year olds in a longitudinal mortality comparison by Wolfe et al [2]. This is in
spite of the fact that older recipients are more likely to receive kidneys from less well matched
older donors with risk factors like obesity, diabetes and hypertension [282]. Older recipients,

on the other hand, present a highly selected patient population [2,283].

Old recipients are more likely to die with a functioning graft, but graft survival censored for
death with a functioning graft was found to be higher in old recipients [284,285]. Almost half
of all graft loss in old recipients was a result of death, compared to 15% in young recipients
[286]. Over half of the causes of death were attributable to cardiovascular disease, infection or

malignancy — complications that are all exacerbated by immunosuppressive therapy [287].

A reduced incidence of acute rejection episodes in old recipients has been confirmed in
numerous clinical trials in corneal, kidney, cardiac, liver and lung transplantation [282,288—
293]. Renal transplantation offers a wider age spectrum for more detailed analysis showing
that only one quarter of graft failures in old recipients resulted from rejection, whereas about

50% of graft failures in recipients under 45 years of age were due to rejection [183].

If old recipients experience an acute rejection episode, however, this rejection is more likely
to significantly shorten patient and graft survival [294]. This points to the initial quality of the
graft — since old recipients are more likely to receive organs from old donors [282] — and the
impact of donor age on transplant outcome. These aspects will be discussed in the context of
the aged immune system of the donor, together with the finding that reduced incidence of
acute rejection in old recipients may not apply when old recipients receive grafts from old
donors. In addition, recipient age seems to be an independent risk factor for chronic allograft
failure [284]. Part of this increased risk might be explained by an increased susceptibility to

calcineurin inhibitor-related nephrotoxicity.
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3.3.2 The aged immune system of the donor

A large retrospective study demonstrated that transplantation of kidneys from old donors is
associated with an increased risk of transplant failure: the projected graft half-life was
reduced to 5 years if the donor was older than 60 years, compared to 10.2 years with young
donors [295]. An adverse effect of donor age was not observed in living donor transplants,
which show lower incidences of acute rejection and chronic allograft nephropathy as well as
better graft-survival rates [296,297]. This may be attributed to strict selection of donors in
terms of renal function and glomerular filtration rate, much shorter ischemic times and
avoided systemic consequences of brain death or even cardiac death, all of which might be of
importance in determining the impact of immunological changes on donor organs with

increasing age.

Part of the reduced projected graft half-life may be due to intrinsic functional deterioration of
aged kidneys. In fact, autopsy studies showed a decrease in kidney weight, number of
glomeruli and mean glomerular volume with increasing age [298]. Longitudinal studies have
shown a diminished renal reserve with aging, accompanied by functional deficits in the ability
to respond to challenges of excess or deficits [299], potentially leading to unspecific injury
and cellular distress when exposed to the challenges of the transplantation procedure. It is
unclear whether this is due to aging itself or an accumulation of injuries by undetected or

minimal renal disease.

Poorer graft survival of old kidneys has also been attributed to increased susceptibility to IRI
and delayed graft function (DGF), thus leading to a higher risk of acute rejection and graft
failure. A retrospective analysis indeed demonstrated an increased need for postoperative
dialysis after transplantation of old kidneys [295] and another study identified donor age as an
independent risk factor for DGF [294]. DGF in turn did not influence graft survival, but was

shown to increase the risk for acute rejection episodes [300].

There are a number of studies that demonstrate increased susceptibility for IRI with
increasing age. Early reports focused cardiac allografts [301] and significant attention has
been paid to the concept that an increased release of reactive oxygen species from the
mitochondria of old hearts is responsible for the observed age-related differences [302]. Other

studies showed an age-related increase of IR injury for liver [303], kidney [304,305] as well
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as skeletal muscle [306,307] models. Similar early observations have been made clinically

[308,309].

Organs from older donors may already have undergone age-related injury and an increased IR
injury may lead to an even higher level of damage at the time of transplantation. Tissue injury
induces a stereotyped injury response by the immune system that promotes immune
recognition and can lead to new immunologic injury [310]. This immunologic injury can then
initiate a vicious circle of repeated injury and injury response [311], leading to higher
immunogenicity of older grafts [312]. There is experimental evidence that suggests that IRI
facilitates immune recognition through increased expression of MHC molecules [313] and
subsequent injury may be mediated by a local release of inflammatory cytokines that was
found after IRI [314]. The transplantation procedure also leads to increased migration of DCs

into the graft irrespective of alloreactivity [315].

An increased immunogenicity of old donor organs independently from IR injury might also
be a cell-intrinsic phenomenon mediated by DCs residing in the graft. Enhanced antigen-
presenting capacities of DCs were reported previously [316-318], possibly a compensatory
mechanism for functional impairments of aged T cells.

An age-related defect of DCs might also be linked to this phenomenon. DCs isolated
from aged individuals are impaired in their capacity to phagocytose apoptotic cells [200].
Apoptotic cells may accumulate and become necrotic, lyse and release auto-antigens. In
contrast to apoptotic cells, necrotic cells in turn induce maturation of DCs with enhanced

antigen presentation and increased secretion of proinflammatory cytokines [201].

The concept of inflamm-aging presents a more integrated idea of how aging may impact
donor organ immunogenicity. Aging is associated with reduced competence and integrity of
the epithelial barriers of skin, gut and lung [319]. This increasing influence of extrinsic factors
with chronic subclinical infections, accumulating antigenic burden and exposure to damaging
factors poses a growing challenge to the innate immune system, which — together with the
aforementioned deficiencies in adaptive immunity and relatively less lymphoid biased HSCs
— gains in importance for preserving immunologic protection [320]. This shift may lead to the
reported elevated levels of proinflammatory cytokines in the elderly [321] and may also

increase the overall proinflammatory state of procured organs.
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Figure 2: Intrinsic functional impairments, susceptibility to IRI and DGF, enhanced direct
allorecognition, and a more pro-inflammatory state of organs from old donors contribute to a cycle of
damage, modified immune recognition and compromised repair that ultimately translates into increased
risk of transplant failure and inferior transplant outcome. AR, acute rejection.

All these elements discussed above may lead to the finding that a reduced incidence of acute
rejection episodes in old recipients may not apply when old recipients receive grafts from old
donors. In fact, an increased incidence of acute rejection episodes after transplantation of old
kidneys was noted by several investigators, both in young and old recipients [294,322,323].
Evaluation of the Eurotransplant Senior Program reported higher rejection rates, although
allocation was done regardless of HLA matching [324]. In a recent large retrospective
analysis, increased donor age was associated with higher frequency of acute rejection

episodes, while this effect was blunted by increased recipient age [282,293].

When old organs are subject to an acute rejection episode, they are also less capable of
mounting a repair response to this injury. In one study, an increased graft loss was observed
for kidneys from old donors if these kidneys had experienced acute rejection episodes or DGF

[325]. A simple explanation may be that old kidneys have fewer functioning nephrons and
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that summation of damage results in an earlier depletion of renal function. It has also been
proposed that as a result of multiple injuries and repair, parenchymal cells of old donor organs

reach a state of premature senescence earlier than parenchymal cells of younger organs would

[326].

3.4 AIMS AND OBJECTIVES, EXPERIMENTAL OUTLINE

As outlined and reviewed in the preceding sections, age and immunosenescence impact the
quality and immunogenicity of donor organs as well as the alloimmune response of the
recipient in a multifaceted and clinically relevant way. With current demographic changes in

mind, these insights gain increasing significance for the field of transplantation.

As a relatively recent approach to the growing gap between numbers of patients waitlisted for
transplantation and scarcity of donor organs, the Eurotransplant Senior Program (ESP) was
established as an allocation scheme for kidney transplantation that allocates organs from
donors >65 years of age regardless of HLA matching to non-immunized local recipients >65
years of age undergoing their first transplantation [327]. As reported in a follow-up after 5
years, waiting time for patients listed in the ESP program decreased significantly and
allocation to local recipients led to reduced cold ischemic time and lower incidence of DGF
[328]. Patient and graft survival were comparable to the standard allocation scheme, although

an increased rate of acute rejection episodes was noted [328].

Thus, while clinical evidence seems to be compelling and recent approaches towards using
the aged donor pool are promising, the mechanistical aspects underlying graft quality and
immunogenicity in relation to aging are still poorly understood. Dendritic cells and other
passenger leukocytes seem to be subject to significant age-related modifications in phenotype
and function, while mechanisms of injury and repair, premature parenchymal senescence and
functional physiological reserve of donor organs seem by no means to be excluded from age-
dependent alterations. This work aims to elucidate this complex interplay by means of in-vitro

and in-vivo experiments:
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I. Is an experimental animal model of transplantation able to reproduce the clinical
findings of more frequent and more severe acute rejection episodes when
transplanting old donor organs? What are the characteristics of alloimmune

responses elicited in this setting?

For this aim, cardiac allografts procured from young or old mice were transplanted into young
fully MHC-mismatched mice in a murine model of heterotopic, fully vascularized heart
transplantation. Graft survival was monitored and subsequent alloresponses were
characterized locally in the allograft by means of immunohistochemical staining and
independent pathohistological grading. Systemically, T cell subsets of the recipient were
characterized at day 7 after transplantation (flow cytometry) and cytokine (ELISpot) as well
as proliferative response ("H thymidine MLR) of recipient lymphocytes upon reencounter of

donor-type antigen were analyzed.

Q0

young DBA allograft survival,
H&E, rejection score
W 2

~ systemic response

old B6 young DBA

Figure 3: Young or old mismatched cardiac allografts were transplanted into young recipients to monitor
graft survival and to characterize alloresponses elicited in this setting. Conventional and
immunohistochemical staining was performed on allografts for pathohistological grading. Splenic T cell subsets
among recipient splenocytes at day 7 post transplantation as well as cytokine and proliferative responses of
recipient splenocytes were characterized.
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II. If any differences are detectable between the transplantation of young and old
donor organs, can these differences be ascribed to changes related to

parenchymal tissue or to passenger leukocytes impacted by immunosenescence?

For this aim, old and young chimeric mice with hearts populated by young passenger
leukocytes were generated by total body irradiation and subsequent syngeneic bone marrow
transplantation with bone marrow procured from syngeneic young animals. These animals
were used as cardiac allografts donors for fully MHC-mismatched young recipient mice.

Subsequent alloimmune responses were then monitored as outlined above.
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Figure 4: Chimeric donor animals with young or old hearts populated by young passenger leukocytes
were generated by total body irradiation and subsequent syngeneic bone marrow transplantation prior to
graft procurement. Survival and alloimmune responses were monitored and characterized using
pathohistological grading, T cell subsets among recipient splenocytes as well as cytokine and proliferative
response of recipient splenocytes.

In a second experimental design, young and old donor animals were pretreated with liposomal
clodronate to deplete dendritic cells residing in the cardiac tissue prior to graft procurement.
Hearts from pretreated donors were then transplanted into fully MHC-mismatched young

recipients and alloimmune responses were monitored as in the previous approaches.
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Figure 5: To generate young and old donor animals with hearts depleted of dendritic cells, mice were
treated with liposomal clodronate prior to transplantation into young mismatched recipients. Subsequent
alloimmune responses were then characterized as in the two previous experimental approaches.
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4 MATERIAL AND METHODS
4.1 MATERIAL

4.1.1 Reagents
DNAse

Gentamicin

Fetal calf serum (FCS)
Penicillin/Streptomycin
L-glutamine
Lipopolysaccharide (LPS)
Formalin

Paraffin
Hematoxylin/eosin
Concanavalin A (ConA)
Tween-20

Acetone

Ionomycin

Phorbol 12-myristate 13-acetate (PMA)
Golgi-Stop

Collagenase D

Percoll

4.1.2 Buffers and solutions

Saline (NaCl) solution

University of Wisconsin solution
Phosphate buffered saline (PBS)

Citrate buffer

HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) buffer
RPMI (Roswell Park Memorial Institute)
1640 medium

Tissue-Tek optimal cutting temperature

Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Boston BioProducts (Ashland, MA, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Boston BioProducts (Ashland, MA, USA)
Boston BioProducts (Ashland, MA, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)

BD Biosciences (San Diego, CA, USA)
Sigma-Aldrich (St. Louis, MO, USA)

GE LifeSciences (Pittsburgh, PA, USA)

Boston BioProducts (Ashland, MA, USA)
PSI (Elkhorn, WI, USA)

Boston BioProducts (Ashland, MA, USA)
Boston BioProducts (Ashland, MA, USA)
Boston BioProducts (Ashland, MA, USA)

Corning Cellgro (Manassas, VA, USA)

Thermo Fisher Scientific (Waltham, MA,
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(OCT) compound

Dako diluent

Tris-Cl
Diaminobenzidine (DAB)
70% Ethanol

Trypan blue

Lysis buffer

flow cytometry buffer

4.1.3 Cell culture media

Bone marrow (BM) medium

Cell culture medium

USA)

Dako USA (Carpinteria, CA, USA)

Boston BioProducts (Ashland, MA, USA)
Dako USA (Carpinteria, CA, USA)

Boston BioProducts (Ashland, MA, USA)
Boston BioProducts (Ashland, MA, USA)
Sigma-Aldrich (St. Louis, MO, USA)

1000 ml PBS, supplemented with 0.02%
sodium azide (Boston BioProducts) and 2%

rat serum (Sigma-Aldrich)

500 ml RPMI 1640 medium, supplemented
with 5 ml HEPES buffer, 5 mg DNAse, and

2 mg Gentamicin

RPMI 1640 medium supplemented with 10%
FCS, 1% Penicillin/Streptomycin and 1% L-

glutamine

4.1.4 Anesthetics, analgesics, anticoagulants and other pharmaceuticals

Ketamin
Xylazin
Buprenorphin

Isoflurane

Heparin

Liposomal clodronate (dichloromethylene

diphosphonate)

Phoenix Ketaject (St. Joseph, MO, USA)
Lloyd AnaSed (Shenandoah, IA, USA)
Bedford Laboratories (Bedford, OH, USA)
Abbott Laboratories (North Chicago, IL,
USA)

Sigma-Aldrich (St. Louis, MO, USA)
Encapsula NanoSciences (Nashville, TN,

USA)
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4.1.5 Experimental kits
Mouse IFN-y ELISpot kit
Mouse IL-6 ELISpot kit
Peroxidase Block kit

Rabbit Envision+ kit

FoxP3 staining kit

Intracellular staining kit

4.1.6 Supplies

Syringes and needles

Petri dishes

Centrifuge tubes

Pasteur pipettes

Flow cytometry tubes
Small flow cytometry tubes

Pipette tips

LS columns

Scalpel blades

4.1.7 Equipment

Operating microscope

Vessel cuffs

Surgical instruments

Isoflurane inhaler

Sutures und ligatures

BD Biosciences (San Diego, CA, USA)
BD Biosciences (San Diego, CA, USA)
Dako USA (Carpinteria, CA, USA)
Dako USA (Carpinteria, CA, USA)
eBioscience (San Diego, CA, USA)
BD Biosciences (San Diego, CA, USA)

BD Medical (Franklin Lakes, NJ, USA)
BD Falcon (Franklin Lakes, NJ, USA)
BD Falcon (Franklin Lakes, NJ, USA)
Corning Falcon (Manassas, VA, USA)
BD Falcon (Franklin Lakes, NJ, USA)
BD Falcon (Franklin Lakes, NJ, USA)
Thermo Fisher Scientific (Waltham, MA,
USA)

Miltenyi Biotec (Bergisch Gladbach,
Germany)

Thermo Fisher Scientific (Waltham, MA,
USA)

Nikon Instruments SMZ800 (Melville, NY,
USA)

RiverTech Medical (Chattanooga, TN, USA)
Owens & Minor (Richmond, VA, USA) and
KLS Martin (Jacksonville, FL, USA)
Harvard Apparatus Labvent 783 (Holliston,
MA, USA)

Covidien (Mansfield, MA, USA)
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Light microscope
Automated immunostainer
Autoclave

Incubators

ELISpot plate analyzer
Liquid scintillation counter
Cell harvester

Cell and mouse irradiator

Pipettes

Flow cytometer

Flow sorter

MidiMACS separator

4.1.8 Antibodies

4.1.8.1 Immunohistochemistry

CDh4

CD8

CDllc

4.1.8.2 Surface staining
CD4-FITC

Olympus America (Center Valley, PA, USA)
NexES, Ventana (Tucson, AZ, USA)
Thermo Fisher Scientific (Waltham, MA,
USA)

Thermo Fisher Scientific (Waltham, MA,
USA)

Immunospot, Cellular Technology (Shaker
Heights, OH, USA)

Perkin Elmer (Waltham, MA, USA)

Perkin Elmer (Waltham, MA, USA)

17CS self-contained blood irradiator
Eppendorf (Hamburg, Germany)
FACSCalibur, BD Biosciences and FlowJo
software 9.3.2 for Mac (Tree Star, Ashland,
OR)

FACSAria II (BD Biosciences) and Diva
software (BD Biosciences)

Miltenyi Biotec (Bergisch Gladbach,

Germany)

Clone 1F6; Novocastra Laboratories
(Newcastle, United Kingdom); Cat# NCL-
CD4-1F6

Clone C8/144B; Dako USA (Carpinteria,
CA, USA), Cat# M7103

Clone HL3, BD Biosciences (San Diego,
CA, USA), Cat# 550283

Clone GK1.5, BD Biosciences (San Diego,
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CD4-PE

CD4-PerCP

CD4-APC

CD8a-FITC

CD25-PE

CD44-PE

CD62L-APC

I-A%-PE

CD80-PE

CD86-FITC

CDA40-FITC

CDI11c-APC

4.1.8.3 Intracellular staining

FoxP3-APC

IFN-y-PE

CA, USA), Cat# 553729

Clone GK1.5, BD Biosciences (San Diego,
CA, USA), Cat# 553730

Clone RM4-5, BD Biosciences (San Diego,
CA, USA), Cat# 553052

Clone RM4-5, BD Biosciences (San Diego,
CA, USA), Cat# 553051

Clone 53-6.7, BD Biosciences (San Diego,
CA, USA), Cat# 553031

Clone PC61, BD Biosciences (San Diego,
CA, USA), Cat# 553866

Clone IM7, BD Biosciences (San Diego, CA,
USA), Cat# 553134

Clone MEL-14, BD Biosciences (San Diego,
CA, USA), Cat# 553152

Clone AF6-120.1, BD Biosciences (San
Diego, CA, USA), Cat# 553552

Clone 16-10A1, BD Biosciences (San Diego,
CA, USA), Cat# 553769

Clone GLI1, BD Biosciences (San Diego,
CA, USA), Cat# 553691

Clone 3/23, BD Biosciences (San Diego, CA,
USA), Cat# 553790

Clone HL3, BD Biosciences (San Diego,
CA, USA), Cat# 550261

Clone FJK-16s, eBioscience (San Diego, CA,
USA), Cat# 17-5773

Clone XMG1.2, BD Biosciences (San Diego,
CA, USA), Cat# 554412
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4.1.8.4 Magnetic cell sorting

B220-PE Clone RA3-6B2, BD Biosciences (San
Diego, CA, USA), Cat# 553090

anti-PE microbeads Miltenyi Biotec (Bergisch Gladbach,
Germany)

4.1.8.5 Flow sorting
CD11c-APC Clone HL3, BD Biosciences (San Diego,
CA, USA), Cat# 550261

4.1.9 Animals

C57BL/6 (B6), H2b, &, 8-12 weeks Charles River Laboratories (Wilmington,
MA, USA)

DBA/2, H2d, &, 8-12 weeks Charles River Laboratories (Wilmington,
MA, USA)

C57BL/6 (B6), H2b, &', 18 months National Institute of Aging (Bethesda, MD,
USA)

All mice were housed in accordance with institutional and National Institutes of Health

guidelines. All procedures were approved by the local Animal Welfare Committee.

4.2 METHODS

4.2.1 Murine heterotopic heart transplantation model

All hearts were transplanted using a non-suture cuff technique. This technique was first
described for rabbits and rats by Heron et al. in 1971 [329], and was later adapted for mice by

Matsuura et al. [330]. More recently, Gu et al. proposed improvements for some aspects of

the procedure [331].

4.2.1.1 Preparation and equipment
Procedures were performed in a semi-sterile fashion, using sterile gloves and face masks.

Surgical field and instruments were disinfected at the beginning of the procedure. Heating
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pads were placed under the surgical field. An operating microscope was used for all

procedures.

All cuffs used for arterial and venous anastomoses were made of autoclavable nylon tubing.
For the carotid artery, cuffs with an inside diameter of 0.5 mm and an outside diameter of
0.63 mm were used. Cuffs for the external jugular vein had an inside diameter of 0.75 mm
and outside diameter of 0.94 mm. The total length of all cuffs was 2 mm, including a handle

of 1 mm for the microvascular clamp.

4.2.1.2 Anesthesia
All mice were anesthetized with an i.p. injection of Ketamin/Xylazin (95/22 mg per kg body
weight). Postoperative pain management was done using Buprenorphine. Isoflurane was

applied in case of intraoperative insufficiency of anesthesia.

4.2.1.3 Graft procurement

Following anesthesia, shaving of the abdominal
wall and fixation of all four limbs, median
laparotomy was performed. The small bowel

was pulled sidewards for proper access to the

inferior caval vein and 0.4 ml of a 1:4 heparin-

saline solution was injected. The inferior caval
vein was then cut for exsanguination. After
opening of the thoracic cage through the
diaphragm and two bilateral incisions, the
whole anterior thoracic wall was flipped

cranially. Figure 6 shows anatomic landmarks

of the donor procedure.

Figure 6: Anatomical hallmarks of the donor
procedure [331]. AO, aorta; PA, pulmonary artery;
VCSS, vena cava superior sinistra; VCSD, vena The pericardium was then opened after removal
cava superior dextra; VCI, vena cava inferior. See
4.2.1.3 for a detailed explanation of the graft

procurement procedure. cold (4°C) University of Wisconsin (UW)

of thymic tissue. Prior to injection of 5 ml of

solution into the aortic arch for retrograde cardioplegia, left and right superior caval veins
were incised. For further protection, a gauze swab was placed on the heart that was

intermittently rinsed with cold saline solution throughout the remaining donor procedure.
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After ligation using a 7/0 silk suture, the right superior caval vein was cut close to the atrium.
Following appropriate dissection, aorta (distal to the brachiocephalic trunk) and
brachiocephalic trunk were cut. The pulmonary trunk was then cut at the confluence of both
pulmonary arteries. The heart was elevated to reveal the inferior caval vein, which was
subsequently ligated with a 7/0 suture and cut. Finally, a large 7/0 silk ligature was placed
around the pulmonary veins and the remaining left superior caval vein to place the heart in

UW solution at 4°C after removal of both lungs.

4.2.1.4 Preparation of the recipient

After anesthesia, shaving and fixation of all four limbs and the head, a skin incision in the
right cervical region from the suprasternal notch to the lower mandible was performed.
Following opening of the platysma and cauterization of a crossing A. transversa colli, the

external jugular vein was dissected and all tributaries were cauterized. The external jugular

= I

Figure 7: Preparation of the recipient vessels using the cuff technique [331]. For the procedure used in this
model, the cuff had a semicircular proximal extension for placement of the microvascular clamp and fixation of
the cuff during eversion of the vessels. See 4.2.1.4 and 4.2.1.5 for a detailed description of the vascular
anastomoses used in this model.

vein was then cut between two 7/0 silk ligatures and the venous cuff was placed, with the
microvascular clamp on the I mm handle. After removal of the remaining ligature and topical
anticoagulation using a 1:4 heparine-saline solution, the vein was pulled over the cuff to evert

the intimal layer. A 7/0 silk loop was placed around the vein and the cuff (Figure 7).
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The right lobe of the submandibular gland and the sternal head of the right
sternocleidomastoid muscle were then excised to expose the common carotid artery. While
sparing the internal jugular vein and the vagal nerve, the common carotid artery was then
dissected and cut between two 7/0 silk ligatures. The arterial cuff was placed with the
microvascular clamp on the handle. The artery was passed through the cuff and after removal
of the remaining ligature and rinsing with 1:4 heparin-saline solution dilatation of the
peripheral end was done using a vascular dilatator. Now the distended end was pulled over the

cuff to evert the intimal layer and a 7/0 silk loop was used to secure the artery on the cuff.

4.2.1.5 Engraftment

A

Figure 8: Major steps for the preparation of the recipient and engraftment of the donor organ. A, The
donor organ after procurement, with aorta and pulmonary artery. B, The external jugular vein of the recipient
everted over the vessel cuff. C, After preparation of both the external jugular vein and carotid artery of the
recipient. D, Implantation of the cardiac allograft by preparing the vascular anastomoses. E, Declamping and
reperfusion of the graft. F, Skin suture following successful transplantation.

The graft was placed into the right cervical region of the recipient, with the cardiac apex
pointing cranial-laterally. After preparation of two circular 7/0 ligatures, donor aorta and
recipient carotid artery as well as donor pulmonary trunk and recipient external jugular vein
were connected, respectively. The venous clamp followed by the arterial clamp were then
removed. The graft was rinsed with warm saline solution and upon successful reperfusion the

handle of the venous cuff was removed prior to wound closure using absorbable sutures. The
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graft was thus fully vascularized and functional, although it did not contribute to the

recipient’s circulation.

All transplantations were performed by an experienced microsurgeon and ischemia time upon
revascularization was consistently at 40 minutes. Figure 8 illustrates the major steps of the

recipient procedure as well as the engraftment of the donor heart.

4.2.1.6 Postoperative evaluation
Graft function was evaluated in a blinded fashion by an independent reviewer, with allograft
rejection being defined as the complete cessation of palpable contractility. Graft survival is

shown as the median survival time (MST) in days.

4.2.2 Bone marrow transplantation

Young and old prospective donor B6 mice received a myoablative dose (11 Gy, 0.9 Gy/min)
of total body irradiation. Unseparated bone marrow cells were harvested from young
syngeneic B6 mice as described earlier [332,333]. Briefly, tibiae, femurs and humeri were
procured and remaining muscle tissue was removed. Bones were then placed in a petri dish
with 70% ethanol for 30 seconds, washed twice with PBS, and transferred into a new dish
with RPMI 1640. Both ends of the bones were cut with scissors, and bone marrow was
flushed out with syringes and 25 G needles using 2 ml of RPMI 1640. Cells were suspended,
passed through a 100 pm nylon mesh to remove small pieces of bone and debris, and
erythrocytes were lysed using lysis buffer. Cells were counted using a Neubauer chamber and
trypane blue, diluted in bone marrow media and injected into the tail vene of prospective graft
donors (10x10° cells/animal in 1 ml) 24 hours after irradiation. After six weeks, cardiac tissue
of bone marrow transplanted young and old B6 mice was repopulated with bone marrow-

derived leukocytes and animals were used as cardiac allograft donors.

4.2.3 Clodronate treatment protocol

Young and old prospective donor B6 mice were treated with liposomal clodronate
(dichloromethylene diphosphonate) on days -8, -5, and -1 of cardiac transplantation. 0.5 mg

of liposomal clodronate in a total volume of 1 ml was injected into the tail vein. This regimen
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insures depletion of circulating CD11c" dendritic cells and F4/80" macrophages and reduces
the residing DC population within the cardiac tissue prior to transplantation. For control mice,

PBS liposomes provided by the manufacturer were administered as described above.

4.2.4 Isolation of leukocytes from hearts

Hearts were procured from B6 mice and perfused with 20 ml of PBS. Tissue was minced in a
petri dish with scalpel blades and incubated for 30 minutes in 1 ml of cell culture media per
heart with 1 mg/ml Collagenase D at 37°C and 5% CO.. Tissue was then passed through a 70
um cell strainer into a centrifuge tube, washed with PBS and spun down at 1800 rpm for 10

min and resuspended in 1.5 ml PBS.

A Percoll gradient was then prepared for density gradient centrifugation. 1.8 ml PBS was
added to 3.5 ml Percoll for a total 5.3 ml of 66% Percoll. 3 ml of this solution was pipetted
into a 15 ml centrifuge tube. The 1.5 ml cell suspension was then resuspended with 1.5 ml of

the remaining 66% Percoll solution and layered gently on the 3 ml of 66% Percoll.

This tube was centrifuged for 20 min at 620 G and room temperature. Leukocytes were then
aspirated at the density interface, washed with PBS and counted using a Neubauer chamber

and trypan blue. Surface staining for CD11c was performed as described.

4.2.5 Histology

Cardiac allograft samples were harvested 7 days after transplantation. Samples were fixed in
10% formalin, embedded in paraffin, coronally sectioned, stained with hematoxylin/eosin
(HE), and analyzed by light microscopy. The degree of rejection was determined according to
a score system (see Table 1) based on the International Society of Heart and Lung
Transplantation (ISHLT) guidelines [334,335]. Evaluation was performed in a blinded fashion
by an independent pathologist.
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Table 1: ISHLT Standardized Cardiac Biopsy Grading for Acute Cellular Rejection [335]

Grade 0 No rejection

Grade 1, mild

A —Focal Focal perivascular and/or interstitial infiltrate without myocyte
damage
B — Diffuse Diffuse infiltrate without myocyte damage

Grade 2, moderate (focal)  One focus of infiltrate with associated myocyte damage

Grade 3, moderate

A —Focal Multifocal infiltrate with myocyte damage
B — Diffuse Diffuse infiltrate with myocyte damage
Grade 4, severe Diffuse, polymorphous infiltrate with extensive myocyte

damage + edema, + hemorrhage + vasculitis

4.2.6 Immunohistochemistry

Immunohistochemistry was performed on paraffin-embedded coronally sectioned cardiac
tissue using the streptavidin—biotin—peroxidase technique with diaminobenzidine as
chromogen with an automated immunostainer following the manufacturer’s protocol. Cross-
reactive monoclonal mouse anti-human antibodies (CD4, dilution 1:10; CD8, dilution 1:50)
were used. Heat pretreatment at 121°C in an autoclave with citrate buffer (pH 6.0) for five
minutes was done for antigen retrieval. Positive T cells in 5 randomly selected high power
fields were counted (HPF; 400x magnification) and the data given as mean + SEM. All slides

were analyzed in a blinded fashion by an independent pathologist.

Immunohistochemistry for CD11c¢ was performed using OCT-embedded, 4 pm thick acetone
fixed coronally sectioned cardiac tissue. Slides were pre-treated with peroxidase block kit for
5 minutes to quench endogenous peroxidase activity. Monoclonal hamster anti-mouse CD11c
was applied in Dako diluent at 1:200 for 1 hour, washed, and rabbit anti-rat immunoglobulin
antibody was applied at 1:750 in Dako diluent for 1 hour. Slides were washed in 50-mM Tris-
CI (pH 7.4) and detected with anti-rabbit Envision+ kit following the manufacturer's
instructions. After further washing, immunoperoxidase staining was developed using a DAB

chromogen. Counterstaining was done with hematoxylin.
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4.2.7 Isolation of splenocytes

Spleens were removed without fat or connective tissue and passed through 70 pm nylon cell
strainers using the back of a syringe plunger, while rinsing with PBS. Cells were resuspended
in PBS and centrifuged (1600 rpm, 6 min, 4°C). After lysis of erythrocytes using lysis buffer,
cells were passed through a new cell strainer and centrifuged. Cell count was determined

using a Neubauer chamber and trypan blue.

4.2.8 Enzyme-linked immunospot (ELISpot) assay

ELISpot assays were performed using mouse IFN-y and IL-6 ELISpot Kits according to the
manufacturer’s instructions. Briefly, 0.5x10° unselected splenocytes from DBA/2 recipients
were restimulated with 0.5x10° irradiated splenocytes from young naive donor-type B6
animals within 96-well ELISpot plates for 24 hours in cell culture media at 37°C and 5%
CO. For in-vitro characterization of DCs, 1x10° splenocytes from naive DBA/2 mice were
used as responder cells to 1x10* flow-sorted splenic CD11¢" DCs (untreated or LPS-

stimulated) isolated from young or old naive B6 mice.

Plates were coated overnight at 4°C with 100 pl of capture antibody in a 1:200 dilution with
PBS. After washing with PBS (2x) and blocking with cell media for 2 hours, cells were
pipetted as indicated above with a final volume of 200 pul per well. For positive controls,
ConA with a final concentration of 10 pg/ml was used. After 24 hours, wells were washed
with PBS with 0.05% Tween-20 (2x) and PBS (2x). 100 pl of detection antibody in a 1:250
dilution with 0.2 um filtered PBS containing 10% FCS were then added into the wells and
incubated overnight at 4°C. After repeated washing with PBS/Tween (2x) and PBS (2x), 100
ul of the diluted (1:100 in 0.2 pum filtered PBS containing 10% FCS) Streptavidin-HRP
enzyme conjugate was added into the wells and incubated for 1 hour at room temperature.
Finally, after washing with PBS/Tween (2x) and PBS (2x), 100 pl of the AEC (3-amino-9-
ethyl-carbazole) substrate solution were added and formation of spots was monitored. The
substrate reaction was stopped with deionized water and the plates were dried overnight in the
dark at room temperature. Resulting spots were counted on a computer-assisted ELISpot plate
analyzer, and frequencies of alloreactive T cells were expressed as the number of cytokine-

producing spots per 0.5x10° or 1x10° responder cells, respectively.
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4.2.9 Mixed lymphocyte reaction and *H-thymidine incorporation assay
0.5x10° splenocytes from DBA/2 recipient mice were co-cultured with 0.5x10° irradiated
donor-type splenocytes from young naive B6 mice in 96-well U-bottom cell culture plates.
The total volume in each well was 200ul and cells were suspended in cell culture media. For
positive controls, ConA with a final concentration of 10pg/ml was used. After incubation at
37°C and 5% CO, for 72 hours, cells were pulsed with *H-thymidine (1 uCi/ well) and
incubated under the same conditions for another 12 hours. Cells were transferred on filter
paper using a cell harvester and incorporation of *H-thymidine, which indicates cell
proliferation, was then assessed as counts per minute using a computer-assisted liquid

scintillation counter.

To test the immunogenic properties of old versus young dendritic cells in-vitro, 1x10°
splenocytes from naive DBA/2 mice were co-cultured with 1x10* untreated or LPS-stimulated
flow-sorted splenic CD11¢" DCs from young or old naive B6 mice in 96-well U-bottom cell
culture plates for 72 hours prior to pulsing with 1 pCi/ well and incubation for another 12

hours. Cells were then processed as described above and counts per minute were quantified.

4.2.10 Flow cytometry

Flow cytometric analyses were performed using a FACSCalibur system and data were
analyzed using FlowJo software. Cells were prepared in flow cytometry buffer and stainings
were done using 96-well V-bottom plates. Fluorochrome-labeled monoclonal antibodies were
prediluted in flow cytometry buffer according to concentrations determined in preliminary
titrations. For compensation and controls, unstained, single-stained and quadruple-stained
samples were used. For intracellular staining, controls were subject to the same staining and
permeabilization buffers. Intracellular cytokine expression was assessed using FMO
(fluorescence minus one) controls. For identification of cell populations, size (forward

scatter), granularity (sideward scatter), and fluorescence emission were used.

4.2.10.1 Surface staining

100 ul of a cell suspension containing 10x10° cells/ml was pipetted into each well and 10l of
the prepared flow cytometry buffer with prediluted antibodies was added. After incubation for
30 min in the dark at 4°C, cells were centrifuged (2000 rpm, 3 min, 4°C) and washed with
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200 pl of flow cytometry buffer. For transfer into flow cytometry tubes, cells were

resuspended in 100-200 pl of flow cytometry buffer.

4.2.10.2 Intracellular staining

Intracellular staining for FoxP3 was done using a commercially available staining set,
including permeabilization solution and buffer. Following staining for surface antigens as
described above, cells were permeabilized overnight at 4°C with 100 pl of permeabilization
solution per well. Cells were then washed with 200 pl of permeabilization buffer and
incubated for 30 min in the dark at 4°C with 100 pl of permeabilization buffer containing
FoxP3 antibody (1:50). After washing with 200 pl of permeabilization buffer, cells were

transferred into flow cytometry tubes and samples were read.

For intracellular cytokine staining (IFN-y), splenocytes were stimulated for 4 hours in 96 well
U-bottom plates with Ionomycin and PMA at 37°C and 5% CO,. Golgi-Stop was added at a
final concentration of 0.67 pl/ml. Stimulated cells were then washed twice and staining for
surface antigens was done as described above. For permeabilization solution and washing
buffer, an intracellular cytokine staining set was used. Following permeabilization overnight
at 4°C with 100 pl of permeabilization solution, cells were washed with 200 pl of washing
buffer and stained for intracellular cytokine antigens (antibodies diluted in 100 pl of washing
buffer) for 30 min at 4°C in the dark. After washing with 200 pl of washing buffer, cells were

transferred into flow cytometry tubes using flow cytometry buffer and samples were read.

4.2.11 Isolation of dendritic cells

Splenocytes from young or old naive B6 mice were prepared as described above. To limit cell
death due to extended sorting times, cells were preselected by magnetically depleting the
splenic B cell population. This was done using B220-PE antibodies, anti-PE microbeads, LS
columns and a MidiMACS separator according to the manufacturer’s instructions. Cells were
then stained for CD11c as described above. Staining was done in one flow cytometry tube per
group, with volumes and concentrations adjusted accordingly. Using a FACSAria II flow
sorter, CD11c¢" were isolated and collected in cell culture media. Cell count was determined
using a Neubauer chamber and trypan blue and cells were cultivated with or without LPS

prior to ELISpot assay or *H-thymidine incorporation assay.
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4.2.12 Prestimulation of dendritic cells

Flow-sorted splenic CD11c" dendritic cells were cultivated at 37°C and 5% CO, for 24 hours
in cell culture media without LPS and in presence of 10 or 100 ng/ml of LPS. 96-well U-
bottom plates were used, with 0.3x10° cells per well with a total volume of 0.2 ml. After
stimulation, dendritic cells were washed twice with PBS and counted using a Neubauer

chamber and trypan blue.

4.2.13 Statistics

Kaplan-Meier survival graphs were used for survival analysis. Survival analysis between
groups was calculated using the Log-rank method. Unpaired two-tailed Student's t test was
used for comparison of means. All results were generated using GraphPad prism software
(San Diego, CA). A p value < 0.05 was considered significant. Data were expressed as mean

+ standard error of the mean (SEM).
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S RESULTS

5.1 CARDIAC ALLOGRAFTS FROM OLD DONORS ARE SUBJECT TO ACCELERATED
GRAFT REJECTION

To test whether the clinically observed impact of donor age on allograft survival was
reproducible in an experimental in-vivo setting, fully MHC-mismatched cardiac allografts
from young (8 to 12 weeks) or old (18 months) B6 mice were transplanted into young DBA/2
recipient mice, using a vascularized model of heterotopic cervical heart transplantation
performed with consistent ischemia-reperfusion times.

With all grafts being monitored regularly by an independent reviewer and complete rejection
being defined as no palpable contraction, grafts procured from old donors were rejected
significantly faster than those from young donors, as illustrated by median survival times of 9

days vs. 11 days (Figure 9).
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Figure 9: Accelerated rejection of cardiac allografts from old donors in a fully MHC-mismatched murine
model of heterotopic cardiac transplantation. Hearts procured from either young (8 to 12 weeks) or old (18
months) B6 mice were transplanted with consistent ischemia-reperfusion times into young (8 to 12 weeks)
DBA/2 mice using a model of heterotopic cervical heart transplantation. With complete rejection being defined
as no palpable contraction, hearts procured from old donor mice were rejected significantly faster than those
procured from young donors. MST=9 vs. 11 days; n=7 per group, p=0.0013.
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Old allografts also displayed significantly higher degrees of acute rejection when HE
stainings of grafts were graded by an independent pathologist at day 7 post transplantation
using the ISHLT score to assess lymphocellular infiltration, thus providing a local
histomorphological correlate for the differences in median survival times (Figure 10). This
finding was also confirmed by immunohistochemical stainings revealing more pronounced

infiltration of CD4" and CD8" T lymphocytes in old grafts (Figure 11).
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Figure 10: Grafts procured from old donors showed increased lymphocellular infiltration with
significantly higher rejection scores after transplantation. Using the same model of heterotopic fully MHC-
mismatched murine cardiac transplantation, cardiac allografts from either young or old B6 donor mice
transplanted into young DBA/2 recipient mice were harvested at day 7 post transplantation and fixed, embedded,
sectioned and stained to allow for histopathological grading of rejection. Analysis revealed increased
lymphocellular infiltration and higher rejection scores in cardiac allografts from old donor mice. HE staining,
10x; n=4 per group; *, p<0.05.
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Figure 11: More pronounced infiltration of CD4"/CD8" T cells in old allografts after transplantation.
Allografts procured from either young or old donor mice were transplanted into young recipient mice and
harvested at day 7 post transplantation. Lymphocellular infiltration was then further analyzed using
immunohistochemical staining for CD4 and CDS, showing increased numbers of CD4" and CD8" cells per
high power field in old allografts. HPF, high power field; n=4 per group; *, p<0.05.

5.2 ACCELERATED REJECTION OF CARDIAC ALLOGRAFTS FROM OLD DONORS

CORRELATES WITH MORE PRONOUNCED SYSTEMIC ALLOIMMUNE RESPONSES

To determine donor-age-related effects on the systemic alloimmune response of the recipient,
frequencies of splenic T cell populations were assessed by flow cytometry at day 7 post
transplantation in spleens procured from recipients. While frequencies of CD4'CD25 FoxP3"
regulatory T cells did not differ between the two groups, recipients of old cardiac allografts
had significantly increased frequencies of CD8" effector T cells (CD44"£"CD62'" phenotype)
and a marked trend towards higher frequencies of CD4" effector T cells (Figure 12).
Transplantation of old grafts also led to higher frequencies of IFN-y-producing CD8" T cells,

as assessed by intracellular cytokine staining (Figure 13).

Recipient splenocytes were further characterized by restimulation with donor-

type antigen (splenocytes isolated from young B6 mice) and subsequent evaluation of
cytokine production and proliferative response. Using ELISpot assays, recipients of old
allografts showed significantly increased frequencies of alloreactive IFN-y and IL-6-
producing responder cells among splenocytes upon restimulation (Figure 14). Proliferation of
alloreactive splenocytes responding to donor-type antigen in *H-thymidine assays was also
more pronounced in splenocytes of recipients of old allografts (Figure 14), further
underscoring the age-dependent differences in graft survival and local lymphocellular

infiltration.
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Figure 12: Increased frequencies of splenic CD8" effector T cells in recipients of old cardiac allografts,
with no significant changes in frequencies of regulatory T cells. To determine effects of donor age on
systemic alloimmune responses of recipients, spleens of young DBA/2 recipient mice were harvested at day 7
after transplantation of cardiac allografts from either young or old B6 donor mice. Spleens from untransplanted
young DBA/2 mice were used as naive controls. Frequencies of splenic T cell populations among isolated
splenocytes were then analyzed using flow cytometry. Recipients of old cardiac allografts showed increased
frequencies of CD8" effector T cells (CD44™#"CD62"" phenotype) and a trend towards higher frequencies of
CD4" effector T cells. Frequencies of regulatory T cells (CD4'CD25 FoxP3" phenotype) did not differ between
groups. N=4 per group; *, p<0.05; representative plots shown.
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Figure 13: Transplantation of allografts procured from old donors resulted in increased frequencies of
IFN-y-producing CD8" T cells in recipient splenocytes. Donor-age-related effects on recipient alloimmune

responses were analyzed by harvesting spleens of young DBA/2 recipient mice seven days after transplantation
of cardiac allografts procured from either young or old B6 donor mice. Untransplanted young DBA/2 mice were
used as naive controls. Isolated splenocytes were restimulated for 4 hours using PMA/Ionomycin in presence of

Golgi-Stop prior to surface staining and intracellular cytokine staining for IFN-y. Splenocytes isolated from
recipients of old cardiac allografts showed higher frequencies of IFN-y-producing CD8" T cells, while
frequencies of CD4 TFN-y" T cells were comparable among all three groups. N=4 per group; *, p<0.05;
representative plots shown.
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Figure 14: Upon restimulation with donor-type antigen, splenocytes isolated from recipients of old cardiac
allografts showed higher frequencies of IL-6 and IFN-y-producing cells (ELISpot, left and center) as well
as more pronounced proliferative responses (‘H-thymidine incorporation, right). For further
characterization of splenocytes isolated from spleens of young recipient mice at day 7 following transplantation
of young or old donor hearts, recipient splenocytes were restimulated with donor-type antigen (splenocytes
isolated from young B6 mice). For ELISpot assays (left and center), 0.5x10° unselected splenocytes from DBA/2
recipients were restimulated with 0.5x10° irradiated splenocytes from young naive donor-type B6 animals for 24
hours. Recipients of old allografts showed increased frequencies of alloreactive IFN-y and IL-6-producing
responder cells upon restimulation. For *H-thymidine incorporation assays, 0.5x10° splenocytes from DBA/2
recipient mice were co-cultured with 0.5x10° irradiated donor-type splenocytes from young naive B6 mice. After
incubation for 72 hours, cells were pulsed with *H-thymidine (1 pCi/ well) and incubated for another 12 hours.
Following cell harvesting, counts per minute indicating *H-thymidine incorporation and thus cell proliferation
were then assessed. Proliferation of alloreactive splenocytes responding to donor-type antigen was more
pronounced in splenocytes of recipients of old allografts. N=4 per group; *, p<0.05; experiments were performed
in triplicates and means were used for statistical analysis.

5.3 DONOR-AGE-DEPENDENT DIFFERENCES IN TRANSPLANT SURVIVAL AND
ALLOIMMUNE RESPONSES ARE MEDIATED BY PASSENGER LEUKOCYTES

To determine whether these donor-age-related effects on graft survival and alloimmune
responses were due to age-dependent changes in parenchymal cells or mediated by age-
dependent modifications in passenger leukocytes, chimeric old B6 donor mice were generated
by lethal total body irradiation and subsequent hematopoietic reconstitution with bone
marrow procured from young naive syngeneic B6 mice. Thus, old leukocytes residing in the
cardiac tissue of old animals were replaced with young leukocytes derived from young
transplanted bone marrow. Young B6 donor mice underwent the same treatment, generating
animals with young cardiac tissue and young passenger leukocytes. Successful repopulation
of cardiac tissue with bone-marrow derived leukocytes was verified after six weeks by

immunohistochemistry stainings (Figure 15).
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Figure 15: Successful repopulation of cardiac tissue with bone marrow-derived leukocytes after lethal
irradiation and syngeneic bone marrow transplantation of donor animals. Chimeric donor animals were

generated to delineate whether donor-age-related effects on graft survival and alloimmune responses were due to

age-dependent changes in parenchymal cells or mediated by age-dependent modifications in passenger

leukocytes. 24 hours following a myoablative dose of total body irradiation, young and old prospective donor B6

mice received 10x10° cells/animal of bone marrow cells procured from young syngeneic B6 mice. A fter six

weeks, these chimeric young and old B6 mice were used as cardiac allograft donors for young DBA/2 mice. To
verify successful repopulation of cardiac tissue with bone marrow-derived leukocytes, hearts were harvested and

stained for CD11c six weeks after bone marrow transplantation. Representative slides (10x).

Following transplantation into young DBA/2 recipients, an age-dependent effect of

parenchymal cells on graft survival was not detectable. Both types of chimeric hearts (young

tissue/young leukocytes and old tissue/young leukocytes) showed similar median survival

times (Figure 16). In line with these findings, grading of acute rejection in HE slides 7 days

after transplantation no longer revealed any significant differences in lymphocellular

infiltration of the grafts (Figure 17).
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Figure 16: Survival times of chimeric B6 cardiac allografts (young tissue/young leukocytes or old

tissue/young leukocytes) in young DBA/2 mice are comparable. When transplanting hearts procured from

either young or old chimeric B6 animals, differences in survival observed when transplanting hearts from

untreated young or old B6 donor mice were abolished and both groups showed comparable allograft survival.

MST=12 days; n=4 per group, p=0.50.
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Figure 17: Similar degree of lymphocellular infiltration in allografts procured from young and old
chimeric donor mice after lethal total body irradiation and hematopoietic reconstitution with young
syngeneic bone marrow. Chimeric cardiac allografts (young tissue/young leukocytes or old tissue/young
leukocytes) from either young or old B6 donor mice transplanted into young DBA/2 recipient mice were
harvested at day 7 post transplantation and stained for histopathological grading of lymphocellular infiltration
and rejection. Contrary to results obtained with cardiac allografts procured from untreated young and old B6
mice, grading of acute rejection no longer revealed any significant differences. HE staining; 10x; n=4 per group.

Moreover, splenic T cell populations at day 7 post transplantation were comparable in
recipients of both types of chimeric hearts, indicating that systemic alloimmune responses
were not impacted by donor-age-dependent mechanisms when using chimeric animals
(Figure 18). Most notably, previously detected differences in frequencies of CD8" effector T
cells were abolished. Upon restimulation with donor-type antigen, recipients of old chimeric
allografts neither showed increased frequencies of IFN-y or IL-6-producing alloreactive
responder cells among splenocytes, nor did the proliferation rates of alloreactive responder
splenocytes differ between recipients of old and young chimeric allografts (Figure 19).
Surprisingly, frequencies of IL-6-producing responder cells were significantly lower in
recipients of old chimeric allografts (Figure 19). Taken together, these results suggest that the
impact of donor age on alloimmune responses and overall graft survival cannot be ascribed to
age-dependent changes in immunogenicity of cardiac tissue, parenchyma or endothelial cells.
Conversely, passenger leukocytes seem to play a major role in donor-age-dependent

mechanisms of alloimmunity.
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Figure 18: Frequencies of regulatory T cells as well as CD4" and CD8" effector T cells did not differ in
splenocytes of recipients of young or old chimeric cardiac allografts. Cardiac allografts from either young or
old chimeric (young tissue/young leukocytes or old tissue/young leukocytes) B6 donor mice were transplanted
into young DBA/2 recipient mice and spleens of recipient mice were harvested at day 7 post transplantation.
Frequencies of splenic T cell populations among isolated splenocytes were then analyzed using flow cytometry.
While recipients of old untreated cardiac allografts had shown increased frequencies of CD8" effector T cells
(CD44""CD62'Y phenotype), transplantation of chimeric old donor hearts (old tissue/young leukocytes) did no
longer lead to increased frequencies of CD8" effector T cells. Consistent with previous results, frequencies of
regulatory T cells (CD4"CD25 FoxP3" phenotype) or CD4" effector T cells did not differ between groups. N=4
per group; representative plots shown.
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Figure 19: Splenocytes isolated from recipients of young and old chimeric cardiac allografts showed
comparable frequencies of IFN-y-producing cells (ELISpot, center) and comparable proliferation rates
(3H-thymidine incorporation, right) upon restimulation with donor-type antigen. Frequencies of 1L-6-
producing cells (ELISpot, left) were significantly lower in recipients of old chimeric hearts. Splenocytes
isolated from spleens of young recipient mice at day 7 following transplantation of young or old chimeric donor
hearts were restimulated with donor-type antigen (splenocytes isolated from young B6 mice). For ELISpot
assays (left and center), 0.5x10° unselected splenocytes from DBA/2 recipients were restimulated with 0.5x10°
irradiated splenocytes from young naive donor-type B6 animals for 24 hours. Recipients of old chimeric
allografts no longer showed increased frequencies of alloreactive IFN-y and IL-6-producing responder cells upon
restimulation. Recipients of old chimeric donor hearts showed significantly lower frequencies of alloreactive IL-
6-producing responder cells. For *H-thymidine incorporation assays, 0.5x10° splenocytes from DBA/2 recipient
mice were co-cultured with 0.5x10° irradiated donor-type splenocytes from young naive B6 mice. After
incubation for 72 hours, cells were pulsed with *H-thymidine (1 pCi/ well) and incubated for another 12 hours.
Counts per minute indicating *H-thymidine incorporation and thus cell proliferation were then quantified.
Transplantation of old chimeric donor hearts did not lead to increased proliferation of alloreactive splenocytes
responding to donor-type antigen. N=4 per group; *, p<0.05; experiments were performed in triplicates and
means were used for statistical analysis.

5.4 DENDRITIC CELLS ARE THE KEY MEDIATORS OF DONOR-AGE-RELATED

EFFECTS OF INCREASED ALLOIMMUNE RESPONSES

Passenger dendritic cells have been shown to play a major role in pathways of alloimmunity,
in particular during early phases of graft rejection [7]. To further discriminate between the
differential roles of aged passenger leukocyte subsets in accelerated graft rejection following
transplantation of old allografts, donor B6 mice were pretreated with liposomal clodronate to
deplete dendritic cells residing in the cardiac tissue prior to transplantation. Liposomal
clodronate reliably depletes circulating dendritic cells and macrophages, but does not
penetrate cardiac capillaries [336,337]. Since macrophage turnover in cardiac tissue is much
slower than dendritic cell turnover [338], this protocol affects primarily the cardiac DC
population. The effect of liposomal clodronate on dendritic cells residing in the cardiac graft
was verified prior to transplantation by flow cytometric analysis of leukocytes isolated from
donor hearts (Figure 20). This strategy thus allowed to assess the effects of aged dendritic

cells versus macrophages as well as T, B, and NK lymphocytes.
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Figure 20: Dendritic cell population among leukocytes isolated from donor hearts is depleted following
pretreatment with liposomal clodronate. Hearts were procured from B6 mice pretreated with liposomal
clodronate from day -8 and perfused with PBS prior to incubation of minced tissue for 30 minutes in 1
mg/ml Collagenase D. Following straining and washing, leukocytes were isolated using Percoll density
gradient centrifugation. Cells were then stained for CD11c and analyzed using flow cytometry. N=3 per

group.

Cardiac allografts transplanted from pretreated young and old B6 donor mice into young
DBA/2 recipients showed prolonged overall survival times (MST 12 and 14 days) when
compared to naive donors, with differences between the two groups being abolished (Figure
21). Histopathological evaluation of the grafts revealed no differences in the degree of acute
rejection (Figure 22). In contrast to results gained with untreated donors, systemic
alloimmune responses of the recipients following transplantation of old donor organs were
now comparable to those elicited by young allografts, as assessed by using splenic T cell
populations (Figure 23), intracellular cytokine staining (Figure 24), frequencies of IFN-y and
IL-6-producing alloreactive splenocytes (Figure 25), and proliferation of alloreactive
splenocytes (Figure 25). Taken together, the results gained with donor hearts depleted of
dendritic cells point to a crucial role of aged passenger dendritic cells rather than aged
lymphocytes and macrophages — which are not targeted by liposomal clodronate — in

mediating the impact of donor age on allograft survival and alloimmune responses.
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Figure 21: Donor age did not affect allograft survival following donor pretreatment with liposomal
clodronate. Contrary to cardiac allografts procured from untreated donor mice, hearts procured from either
young or old B6 donor mice pretreated with liposomal clodronate for 8 days did not show differences in allograft
survival in young DBA/2 recipients. MST=12 vs. 14 days; n=5 per group; p=0.10.
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Figure 22: Similar degree of lymphocellular infiltration in allografts from old and young donor mice after
donor pre-treatment with liposomal clodronate. Cardiac allografts procured from either young or old B6
donor mice pretreated with liposomal clodronate for 8 days were transplanted into young DBA/2 recipient mice
and harvested at day 7 post transplantation to evaluate histopathological degree of lymphocellular infiltration.
Allografts procured from old B6 donor mice no longer showed elevated rejection scores when donor mice were
pretreated with liposomal clodronate. HE staining; 10x; n=4 per group.
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Figure 23: Frequencies of regulatory T cells (CD4'CD25 FoxP3" phenotype) as well as CD4" and CD8"
effector T cells (CD44™"CD62L"" phenotype) in recipients of old and young allografts are comparable
after donor pre-treatment with liposomal clodronate. B6 donor mice were pretreated with liposomal
clodronate for 8 days and used as cardiac allograft donors for young DBA/2 recipient mice. Spleens of recipient
mice were then harvested at day 7 post transplantation and frequencies of splenic T cell populations among
isolated splenocytes were analyzed. Transplantation of hearts procured from pretreated old donor mice did not
lead to increased frequencies of CD8" effector T cells (CD44hi"5hCD62lOW phenotype), whereas recipients of old
untreated cardiac allografts had shown increased frequencies of CD8" effector T cells. N=4 per group;
representative plots shown.
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Figure 24: Transplantation of cardiac allografts procured from old donors pretreated with liposomal
clodronate does not result in increased frequencies of IFN-y-producing CD4" or CD8" T cells in recipient
splenocytes. Spleens of young DBA/2 recipient mice were harvested seven days after transplantation of cardiac

allografts procured from either young or old B6 donor mice pretreated with liposomal clodronate for 8

consecutive days. Isolated splenocytes were restimulated for 4 hours using PMA/Ionomycin in the presence of
Golgi-Stop prior to surface staining and intracellular cytokine staining for IFN-y. Splenocytes isolated from
recipients showed comparable frequencies of IFN-y-producing CD8" and CD4" T cells, thus no longer revealing
increased frequencies of CD8 TFN-y" T cells observed when transplanting untreated old B6 allografts. N=4 per

group, representative plots shown.
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Figure 25: Following restimulation with donor-type antigen, frequencies of IFN-y (left) and IL-6- (middle)
producing splenocytes as well as proliferation rates of responder splenocytes (right) are comparable in
recipients of old and young allografts after donor pretreatment with liposomal clodronate. Splenocytes
isolated from spleens of young recipient mice at day 7 following transplantation of cardiac allografts from young
or old B6 donor mice pretreated with liposomal clodronate were restimulated with donor-type antigen. For
ELISpot assays (left and center), 0.5x10° unselected splenocytes from DBA/2 recipients were restimulated with
0.5x10° irradiated splenocytes from naive donor-type B6 animals for 24 hours. Transplantation of hearts
procured from old pretreated B6 donor animals did not lead to increased frequencies of alloreactive IFN-y or IL-
6-producing responder cells upon restimulation, contrary to observations made with allografts from untreated old
donors. For *H-thymidine incorporation assays, 0.5x10° splenocytes from DBA/2 recipient mice were co-
cultured with 0.5x10° irradiated donor-type splenocytes from young naive B6 mice. After incubation for 72
hours, cells were pulsed with *H-thymidine (1 pCi/ well) and incubated for another 12 hours. Counts per minute
indicating *H-thymidine incorporation and thus cell proliferation were then quantified. Transplantation of old
donor hearts following pretreatment with liposomal clodronate did not lead to increased proliferation of
alloreactive splenocytes responding to donor-type antigen. N=4 per group; experiments were performed in
triplicates and means were used for statistical analysis.

5.5 OLD DENDRITIC CELLS SHOW INCREASED ALLOSTIMULATORY CAPACITIES IN-
VITRO

To gain insight into the mechanisms of DC-mediated effects of donor age on alloimmunity, as
well as to delineate effects of intrinsic changes in DCs with immunosenescence and effects of
increased responses of DCs to danger signals, flow-sorted naive splenic CD11c¢" dendritic
cells were further characterized. Dendritic cells isolated from young and old B6 mice were
used as allogeneic stimulators to splenocytes isolated from young naive DBA/2 mice, with or
without prior activation by LPS as a strong TLR4 agonist and potent inducer of DC activation

and maturation.

Naive DCs isolated from old B6 mice displayed stronger allostimulatory priming capacities
compared with their young counterparts when cocultivated with naive allogeneic splenocytes,
as frequencies of IFN-y-producing responder cells were significantly elevated (Figure 26) and
proliferation rates increased (Figure 27). Preactivation with LPS increased the overall
allostimulatory level of both young and old dendritic cells in a dose-dependent manner, with

differences being mainly preserved.
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Figure 26: Frequencies of IFN-y-producing responder splenocytes were significantly increased when
stimulated by old flow-sorted splenic dendritic cells, while the overall level of spots increased in a dose-
dependent manner with prestimulation of dendritic cells using LPS prior to cocultivation. To test
immunogenic properties of old versus young dendritic cells in-vitro and to delineate effects of intrinsic
immunosenescence and danger signaling on old DCs, 1x10° splenocytes from naive DBA/2 mice were co-
cultured on ELISpot plates for 24 hours with 1x10* untreated or LPS-stimulated flow-sorted splenic CD11¢"
DCs from young or old naive B6 mice. DCs isolated from old B6 mice displayed stronger allostimulatory
priming capacities as frequencies of IFN-y-producing responder cells were significantly elevated. Age-
dependent differences were preserved when prestimulating DCs for 24 hours using 10 ng/ml of LPS, but
levelled out when using 100 ng/ml of LPS. N=6 per group; *, p<0.05; **, p<0.05; experiments were performed
in triplicates and means were used for statistical analysis.
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Figure 27: When cocultivated with old flow-sorted splenic dendritic cells, proliferation rates of responder
splenocytes were increased. Preactivation of dendritic cells raised proliferation rates of responder cells in
both groups in a dose-dependent manner. For further in-vitro characterization of DCs, 1x10* untreated or
LPS-stimulated flow-sorted splenic CD11c” DCs from young or old naive B6 mice were used as stimulators for
1x10° splenocytes from naive DBA/2 mice in a mixed leukocyte reaction. Following incubation for 72 hours,
cells were pulsed with *H-thymidine (1 pCi/ well) and incubated for another 12 hours. Counts per minute were
then quantified, indicating *H-thymidine incorporation and cell proliferation. For prestimulation, DCs were
cultivated for 24 hours in the presence of 0, 10 or 100 ng/ml of LPS. N=6 per group; *, p<0.05; **, p<0.005;
experiments were performed in triplicates and means were used for statistical analysis.
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Since antigen presentation by dendritic cells through MHC-II and expression of costimulatory
molecules is a central pathway in triggering allorecognition and alloimmune responses,
phenotypic differences between young and old naive splenic B6 dendritic cells were
determined for a more detailed understanding of age-dependent differences in allostimulatory
characteristics. Flow cytometric staining for I-A®, CD40, CD80, and CD86 revealed marked
increases on old DCs in surface expression of these markers for maturation and antigen

presentation (Figure 28).
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Figure 28: Old splenic sorted DCs show significantly increased expression of I-A” (MHC-II), CD80, CD86,
and CD40 as markers for DC maturation and activation.

Splenocytes from young or old naive B6 mice were isolated and preselected by magnetically depleting the
splenic B cell population using B220-PE antibodies, anti-PE microbeads, LS columns and a MidiMACS
separator in order to limit cell death and preactivation due to extended sorting times. Cells were then stained for
CD1 ¢ and sorted using a FACSAria II flow sorter. Following surface staining for I-A”and costimulatory
molecules, cells were analyzed using flow cytometry. Results were expressed as mean (geometric) fluorescence
intensity (MFI). N=3 per group; *, p<0.05; representative histogram plots (grey tinted: young, black line: old)
shown.

These observations give insight into intrinsic functional modifications of DCs with
immunosenescence, in relation to danger signals that occur under conditions such as tissue
damage through ischemia. They emphasize the importance of dendritic cells among passenger

leukocytes in mediating donor-age-dependent acceleration of allograft rejection.
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6 DISCUSSION

Best clinical results in solid organ transplantation have generally been achieved when organs
from young donors were transplanted into young recipients, whereas on the other hand the
increased use of old organs has been correlated with unfavorable clinical outcomes including
increased frequencies of acute rejection in the early post-transplant period, especially in
young recipients [324,339]. Clinical outcome, however, was improved when old organs were
transplanted into old recipients, emphasizing results gained from allocation strategies such as

the Eurotransplant Senior Program [328].

Some authors have attributed this clinical phenomenon to decreased effector, but preserved
memory and regulatory T cell functions in older recipients [165,340]. Conversely, these
reports could also serve as an explanation for elevated rates of acute rejection episodes in
young graft recipients regardless of donor age. In a recent large-scale retrospective database
analysis, increased frequencies of acute rejection episodes were found in all age cohorts of
recipients when transplanting old donor organs, suggesting an impact independent of donor
age on graft survival [282].

Old donor organs per se have been correlated with impaired graft function post
transplantation as a result of both limited functional reserve and increased immunological
damage [294,311,312]. Physiological alterations related to aging as well as cell senescence
have been put forward as non-immunological factors influencing graft survival by also
limiting repair mechanisms that are already impaired by transplantation-related stress factors
[341,342]. Furthermore, increased susceptibility to tissue damage during the transplantation
procedure including cold and warm ischemia in combination with impaired repair
mechanisms may provide a pro-inflammatory milieu with increased DAMP signaling that
elicits and perpetuates secondary allospecific immune responses [313,314]. Moreover, at least
in theory, the magnitude of the alloantibody response as well as the breadth of the specificity
of this response may be enlarged to include cryptic self-antigens exposed during necrotic cell
death following transplantation of older grafts.

Passenger leukocytes residing in the graft that are transplanted along with the donor
organ prime allospecific immune responses within the recipient. A prominent role among
these cells has been attributed to antigen-presenting cells, particularly dendritic cells, although
there is an ongoing debate on potential tolerogenic capacities of passenger dendritic cells

[343]. Increased numbers of intragraft passenger leukocytes, and particularly DCs, with
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increased expression of co-stimulatory molecules have been reported [344], along with results

suggesting increased immunogenic properties of aged DCs in general [194,316-318].

Whether, especially in terms of early immune responses after transplantation, parenchyma-
related or passenger leukocyte-related factors are predominant in mediating donor-age-related
clinical outcomes after solid organ transplantation is thus still a matter of ongoing debate. The
aim of this work was to discriminate relevant mechanisms of donor-age-dependent
alloimmune responses and to shed light on the differential contributions of these concepts to
the clinical phenomen. Using a fully MHC-mismatched murine cardiac transplantation model,
this work demonstrated (1) that allografts from older donors were rejected significantly faster
and displayed higher ISHLT rejection scores, (2) that the more potent recipient immune
response was reflected by a higher frequency of CD8 TFN-y" T cells and CD8" effector T
cells, significantly increased frequencies of alloreactive IFN-y-producing recipient
splenocytes as well as a more pronounced proliferative response of recipient splenocytes after
re-stimulation with donor type antigen, and (3) that the depletion of old passenger leucocytes,
in particular dendritic cells, muted the age-dependent differences in graft survival,

histopathological grading and systemic immune responses.
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Figure 29: Young or old mismatched cardiac allografts were transplanted into young recipients to monitor
graft survival and to characterize alloresponses elicited in this setting. Allografts procured from old donors
were rejected significantly faster, displayed higher ISHLT rejection scores and showed increased intragraft
infiltration by CD4" and CDS8" cells. The more potent alloimmune response mounted by recipients of old
allografts was reflected by a higher frequency of CD8'TFN-y" T cells and CDS8" effector T cells among
splenocytes, significantly increased frequencies of alloreactive IFN-y- producing recipient splenocytes as well as
a more pronounced proliferative response of recipient splenocytes after re-stimulation with donor type antigen.
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Figure 30: Chimeric donor animals with young or old hearts populated by young passenger leukocytes
were generated by total body irradiation and subsequent syngeneic bone marrow transplantation prior to
graft procurement and transplantation of chimeric cardiac allografts into young recipients. Age-related
differences observed with naive donor animals in terms of graft survival, local cellular infiltration and systemic

alloimmune responses were abolished.
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Figure 31: To generate young and old donor animals with hearts depleted of dendritic cells, mice were
treated with liposomal clodronate prior to transplantation into young mismatched recipients. Depletion of
dendritic cells in old cardiac allografts by pretreatment with liposomal clodronate prolonged graft survival to
time periods observed in young grafts. Systemic alloimmune responses and local cellular rejection did not differ

between the two groups.

74



Discussion

6.1 ACCELERATED REJECTION OF OLD ALLOGRAFTS IN-VIVO WITH MORE POTENT

ALLOIMMUNE RESPONSES
Following transplantation into young recipients, fully MHC-mismatched cardiac allografts
procured from old donor mice were rejected in an accelerated fashion, accompanied by
enhanced alloimmune responses correlating with both histomorphological and systemic
findings. Local lymphocellular infiltration of grafts was more pronounced and frequencies of
CD8'CD44"CD62"Y effector T cells and CD8” IFN-y" T cells among recipient splenocytes
were increased. Recipient splenocytes showed elevated frequencies of IFN-y-producing
alloreactive splenocytes (ELISpot) and increased proliferative responses (CH thymidine
incorporation) upon restimulation with donor-type antigen. For evaluation of
histopathological infiltration and systemic alloresponses prior to complete allorejection, day 7

post transplantation was chosen following preliminary experiments.

The results generated with this model were thus able to reproduce the clinical observation that
old organs transplanted into young recipients show increased frequencies of acute rejection
episodes. Furthermore, these results are consistent with data generated using different
experimental transplant models such as a rat model of chronic kidney rejection [312]. Shen et
al. [340], however, did not observe a statistically significant difference in survival of skin
grafts procured from old versus young donors.

As skin grafts are not vascularized, relevant effects of passenger leukocytes may not
be represented adequately in the model used by Shen et al. The technique of heterotopic
cervical cardiac transplantation, on the other hand, allows transplantation of fully vascularized
grafts that — unlike models of cardiac or renal transplantation into the abdominal cavity —
allows regular and direct assessment of graft function and graft survival through palpation.
Unspecific injuries related to IRI may be more pronounced in vascularized organs, potentially
causing an increased activation and immunogenicity of cardiac DCs and their subsequent
migration to recipient secondary lymphoid organs. Furthermore, whereas dermal DCs are
equivalent to cardiac DCs, Langerhans cells represent a cell population that is unique to the
skin [41]. Interestingly, specific alloimmunogenic properties of skin-derived Langerhans cells
comparable to heart-derived DCs have been reported [345].

Differences in procurement procedures should also be taken into account. Whereas
skin grafts are procured from living animals, cardiac allografts transplanted in the present

model were procured following exsanguination of the donor animal. When translating data
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generated with the present model into clinical settings, consideration should be given to the
fact that clinical observations have been made with transplantation of organs procured from
brain-dead donors. In experimental and clinical studies, complex immunological and

physiological consequences have been described following brain death [346].

With transplantation of fully MHC-mismatched grafts without any subsequent
immunosuppressive regimen, the technique used in the present work represents a model of
severe acute allograft rejection. With a graft survival of less than two weeks, observed
differences of two days in allograft survival represent marked differences. Also, initial
differences in functional reserve or mismatching in donor/recipient size are likely to be
superseded by such vigorous alloimmune responses. The age-related differences in systemic
alloimmune responses were mainly based on CD8" effector T cells, as indicated by increased
frequencies of CD8" effector T cells and increased frequencies of IFN-y-producing
alloreactive splenocytes in ELISpot assays and increased frequencies of CD8 TFN-y" T cells
among recipient splenocytes. Subsets of CD4" T cells, including regulatory T cells, on the
other hand, did not differ between the two groups.

These results gained with a model of undampened acute rejection underline the
importance of CD8" T cells in early phases of (direct) allorecognition and allograft rejection.
In line with this, CD4" T cells predominantly mediating chronic allograft vasculopathy
through B cells and mechanisms of regulatory T cells seem to be of subordinate relevance in
mediating the observed age-dependent differences. Using a single MHC-mismatch model of
chronic allograft rejection which allowed to study the isolated role of chronic graft rejection
by CD4" T-cells, it was recently shown that recipients of old cardiac allografts demonstrated a
more pronounced CD4" T-cell activation associated with an expansion of regulatory T cells
both in the spleen and in the graft, without significant differences in graft survival or in
histopathology [344]. As the procedure-related tissue damage should be similar in both
models, the higher degree of MHC-mismatch used in the present work seems to uncover age-
related immunogenic mechanisms which result in accelerated graft rejection and enhanced
systemic alloimmune responses, pointing to immunological processes as mediators of more
severe graft rejection when transplanting old donor organs, at least in the setting of acute

rejection.
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6.2 THE CONTRIBUTION OF PASSENGER LEUKOCYTES TO DONOR-AGE-DEPENDENT

ALLOIMMUNE RESPONSES

To test whether differences in alloimmune responses were mediated by aged passenger
leukocytes within the transplanted grafts, prospective young and old donor mice were lethally
irradiated and reconstituted with bone marrow procured from young syngeneic mice. This
model of complete depletion of intragraft leukocytes through lethal total-body irradiation and
subsequent reconstitution with leukocytes derived from transplantated bone marrow has been
established and used extensively by other investigators in the analysis of repopulation and
residual APCs using flow cytometry and RT-PCR [347,348]. For this work, repopulation of

prospective allografts was confirmed by immunohistochemical stainings (Figure 15).

This protocol generates mice with chimeric hearts consisting of either young parenchyma and
young passenger immune cells or of old parenchyma and young passenger immune cells. As
transplantation of these chimeric hearts eliminates the age of passenger leukocytes as an
influencing factor, any age-dependent differences in allograft survival or systemic
alloimmune response would be mediated by aged parenchyma. Previously observed age-
related differences in terms of graft survival, local cellular infiltration and systemic
alloimmune responses were abolished in this setting, suggesting that aged parenchyma per se
was not responsible for age-dependent differences when transplanting cardiac allografts from

untreated young or old donors.

Although successful repopulation of cardiac allografts was confirmed six weeks after bone
marrow transplantation by immunohistochemical stainings for CD11c with no differences
between the two groups, a potential impact of aged parenchyma on the ability of passenger
leukocytes and particularly dendritic cells to migrate into old cardiac tissue may still remain.
As less effective repopulation with passenger leukocytes may result in dampened
immunogenicity of old allografts, effects of aged parenchyma on migratory capacities may
have presented a confounding factor. Increased numbers of dendritic cells, on the other hand,

have been reported in untreated old murine hearts [344].
The procedure of bone marrow transplantation may have presented a potential nonspecific

stimulus for newly generated bone marrow-derived passenger leukocytes, resulting in an

advanced state of activation and maturation and masking any age-dependent differences.
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Furthermore, since prospective donor mice were exposed to total-body irradiation,
concomitant tissue damage conferred not exclusively to the cardiac tissue may provide a pro-
inflammatory milieu with increased DAMP signaling. This may lead to unspecific activation
of passenger leukocytes, with any effects of the parenchyma related to age per se being
dampened. Conversely, damage caused to potentially more susceptible old parenchyma may
have limited stimulatory capacities present in non-irradiated old parenchyma. Both young and
old prospective donors, however, received bone marrow procured exclusively from young
syngeneic animals, and parameters related to procedure-related damage were kept

consistently at comparable levels in both groups.

6.3 THE ROLE OF DENDRITIC CELLS AMONG PASSENGER LEUKOCYTES

Passenger leukocytes residing in the transplanted allograft are of crucial importance in
triggering host alloimmune responses upon encounter with allogeneic tissue. Especially the
impact of donor-derived antigen-presenting cells (APCs), particularly dendritic cells, has been
studied in this context, as they are able to trigger primary allospecific immune responses via
direct alloantigen presentation to recipient responder cells within secondary lymphatic tissue
[7,349]. This pathway is of particular importance in early episodes of acute rejection triggered
through direct allorecognition. The pivotal immunogenic properties of dendritic cells in this
setting have been highlighted in previous studies: the immunogenicity of long-surviving renal
allografts retransplanted into secondary recipients was restored by the injection of small
numbers of donor strain dendritic cells, whereas neither the passenger volume of donor strain
blood nor enriched populations of T or B lymphocytes or macrophages were able to mount
comparable episodes of acute rejection [7].

Previous observations regarding the impact of aging on dendritic cells in models of
transplantation or allostimulation include enhanced T cell proliferation in syngeneic as well as
allogeneic settings upon co-culture of APCs from healthy elderly donors with purified T cells
from young donors [317]. More recently, unmanipulated hearts procured form old mice were
shown to contain elevated numbers of passenger leucocytes, in particular CD4'/CD8" T cells

and dendritic cells [344].

Passenger leukocytes comprise several different cell subsets, such as T and B lymphocytes,

macrophages, NK cells and dendritic cells. To further identify the differential effects of these
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cell populations in mediating the observed age-dependent effects on allograft survival and
alloimmune responses, old and young donor mice were treated with liposomal clodronate
prior to organ procurement. Administered in a liposomal formulation, this bisphosphonate is
selectively taken up by phagocytic leukocytes, particularly dendritic cells and macrophages
[350,351]. Following intracellular disruption of the liposomes through lysosomal
phospholipases, accumulating clodronate leads to selective apoptosis of the target cell [352].
Since cardiac capillaries are not permeable to liposomal clodronate [336,337], the primary
effect in the present model is thus restricted to a reliable depletion of circulating cells. As
resident macrophage turnover is much slower than that of dendritic cells [338], liposomal
clodronate thus had no sizable effect on cardiac macrophage populations after one week of
treatment, however it subtotally depleted intragraft DCs.

This depletion, as shown by the results of this work and other reports [351,353],
however, is not complete. Other techniques targeting passenger dendritic cells might be more
specific and result in a more extensive depletion of dendritic cells [354]. In knock-out models,
on the other hand, the absence of DCs from birth results in compensatory expansion of other
cell types. DTR transgenic mice might not exclusively deplete DCs, while neutrophilia and
monocytosis are common confounding factors in this model. Moreover, none of these strains

are commercially available at 18 months of age.

Depletion of dendritic cells in old cardiac allografts by pretreatment with liposomal
clodronate prolonged graft survival to time periods observed in young grafts, indicating that
old DCs were needed to mediate more potent immune responses resulting in a more rapid
rejection of older grafts. In addition to abolished differences in graft survival between young
and old cardiac allografts, systemic alloimmune responses and local cellular rejection did not
differ between the two groups. Taken together with the insights gained from untreated and
bone marrow transplanted donor mice, these data indicate that it is the age of passenger
dendritic cells rather than lymphocyte and macrophage age that drives donor-age-dependent

effects on alloimmunity.
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6.4 MECHANISMS OF INCREASED ALLOSTIMULATORY CAPACITY OF DENDRITIC

CELLS WITH AGING

To gain further mechanistic insights into DC-mediated donor-age-dependent alloimmune
responses, age-specific priming capacities and phenotypic characteristics of DCs were tested
in-vitro. Flow-sorted splenic CD11c¢" dendritic cells from young and old C57BL/6 animals
were used as allogeneic stimulators of splenocytes from young naive DBA/2 mice. In
ELISpot and *H thymidine proliferation assays, aged B6 dendritic cells elicited an increased
alloimmune response, as assessed by frequencies of alloreactive IFN-y-producing splenocytes
and by responder cell proliferation, respectively. Moreover, this increased allostimulatory
capacity of old DCs correlated with an increased expression of costimulatory molecules
CD80, CD86, and CD40 and with an increased expression of MHC-II on aged DCs,

indicating elevated levels of activation and maturation of splenic dendritic cells in old mice.

These findings are
consistent with results by
Ordemann et al. showing
increased immunogenicity

of aged APCs in an

l experimental model of graft-
MHC-II, CD80,

% €086, €040 versus-host-disease [316].

Shen et al., in contrast,

0 ng/ml LPS/ \10, 100 ng/ml LPS .
detected reduced expression
* » "
’,: %" of MHC-II and
” +. [ ” +J costimulatory molecules on
allogeneic splenocytes allogeneic splenocytes
. .... . .... . . .
> o > < =, dendritic cells in aged mice
@e %o . @®e %o . /" j2 .
/ \ / \ [340]. The same group,
heororation. PN eoreeraion AT however, showed well-
Figure 32: In-vitro characterization of allostimulatory priming preserved priming

capabilities of young and old dendritic cells. Stimulation with old DCs .
lead to significantly higher frequencies of IFN-y-producing cells and higher capabilities of donor APCs
proliferative responses among allogeneic splenocytes (Figures 26 and 27).
Expression of MHC-II and costimulatory molecules was increased on old
DCs (Figure 28).

with aging. Several other
studies reported enhanced
antigen presentation of dendritic cells with aging [194,317,318], and comparable stimulatory

capacities of MDDCs from young and aged subjects have been reported in humans [205].
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Despite providing compelling evidence for increased allostimulatory capacities of aged
dendritic cells, these results generated with splenic dendritic cells may not be representative
for intragraft DCs residing in the cardiac tissue in-vivo. As mentioned above, evidence
suggests complex age-dependent changes in dendritic cells depending on phenotypical subsets
and tissue of residence. Furthermore, as murine dendritic cells can be further characterized as
lymphoid, myeloid and plasmacytoid dendritic cells using surface markers such as CD4, CDS8,
CDI11b, CD205 and mPDCA-1 in addition to CD11c, differential contributions of these
subsets to age-dependent differences in allostimulatory capacities could not be discriminated

with the present experimental design.

Taken together, this work has found compelling evidence that in mice, age-dependent
differences in graft survival as well as local and systemic characteristics of resulting
alloimmune responses are driven by phenotypic and functional modifications of dendritic
cells with aging. Using the same read-out, differences between recipients of young and old
cardiac allografts were no longer detectable when eliminating differences in the age of
passenger leukocytes or when depleting intragraft dendritic cells. After ruling out age-
dependent changes in parenchymal tissue as mediators of donor-age-dependent alloimmune
responses, dendritic cells were identified as the main cellular correlate conferring differences
in graft survival and allospecific immune responses. Furthermore, results with isolated splenic
DCs demonstrated that these in-vivo results correlated with increased antigen presentation and

enhanced allostimulatory capacities of old dendritic cells in-vitro.

Nevertheless, mechanisms underlying the DC-mediated effects of donor age have not been
uncovered completely and interactions between dendritic cells and additional immunological
factors represented by the parenchymal tissue remain an intricate network of complex
interactions. When studying alloimmune responses, the impact of graft damage caused by the
transplant procedure, including ischemia-reperfusion injury with its subsequent major
cascades of danger signaling, needs to be taken into account. Thus, it may be conceivable that
differences observed in this model were not due to intrinsic age-dependent modifications of
dendritic cells in parallel to immunosenescence, but to an increased response of old DCs to
DAMP signaling, potentially perpetuated by parenchymal tissue that releases and displays
increasing amounts of respective factors with aging. Young and old DCs pretreated with 100
ng/ml of LPS prior to cocultivation with allogeneic responder cells no longer showed

significant differences in allostimulatory properties in ELISpot assays (Figure 26), thus
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displaying characteristics in favor of this concept. LPS as a potent agonist of toll-like receptor
4 causes activation and maturation of dendritic cells.

The majority of differences between young and old dendritic cells in allostimulatory
characteristics, however, were preserved regardless of preactivation with various
concentrations of LPS. Old dendritic cells also showed increased expression of CD40, CDS0,
CD86, and MHC-II without prior unspecific activation, a result in favor of the concept of
intrinsic effects of aging on dendritic cells that lead to altered functional characteristics
including elevated preactivation even in an idle state, resulting in donor-age-dependent
alterations of alloimmune responses. On the other hand, cell isolation and cell-sorting may
present an unspecific stimulus for dendritic cells regardless of subsequent preactivation with
LPS, thus leading to characterization of untreated dendritic cells already in a state of

increased DAMP signaling.

Intrinsic age-dependent Increased response to
modifications danger signalling

~ Preactivation with LPS ~ Preactivation with LPS
does not abolish age- increases allostim.
dependent differences capacities of DCs in
in allostimulatory . Mc_)re potent acute dose-dependent
characteristics of DCs rejection of old allografts manner
Naive old DCs sh tﬁggered by old Proced lated

“== Naive o s show o w== Procedure-relate
increased expression P dendritic cells preactivation of DCs
of MHC-Il and costim. through cell sorting
molecules and cultivation

Exposition and immunological memory

Figure 33: Possible mechanisms underlying DC-mediated effects of donor age on allograft rejection in the
present model. Evidence collected in this work suggests that age-dependent differences in graft survival as well
as local and systemic characteristics of resulting alloimmune responses were driven by modifications of dendritic
cells with aging. These modifications may represent intrinsic age-dependent alterations due to
immunosenescence. An increased response of old DCs to danger signaling potentially perpetuated by
parenchymal tissue, on the other hand, may lead to increased immunogenicity of old allografts. Furthermore, old
animals may have experienced increased exposure to various pathogenic factors, resulting in altered phenotypic
and functional characteristics of old DCs in alloimmune responses.

Tightly correlated with aging in terms of immunobiology is the exposure of the immune
system to various pathogenic factors over the course of a life span resulting in numerous
adaptations not only in terms of generation of memory B and T cells [355]. This may also

lead to altered responses of dendritic cells in settings of alloimmunity. It is important to note
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that, to minimize these external factors, all aged mice were procured from the National
Institutes of Aging (NIA). NIA maintains colonies of barrier-raised, specific pathogen-free
(SPF) rodents specifically for use in aging research. For institutional housing, a viral antigen-
free facility complying with AAALAC (Association for Accreditation and Assessment of

Laboratory Animal Care) standards was used.

6.5 IMPLICATIONS AND PROSPECTIVE STUDIES

In sum, the evidence presented in this work suggests that donor-age-related effects on
allograft survival and alloimmune response are due to aged passenger dendritic cells within
the graft rather than aged parenchyma, and that aged dendritic cells trigger an enhanced
primary allospecific immune response, unlike their young counterparts. These observations
may have relevant clinical implications, as they point to dendritic cells as potential therapeutic
targets for protocols of donor pre-treatment prior to organ procurement, during cold ischemia
or even immediately following reperfusion. Also, as these results stress the important
independent effect of donor age on transplant outcome, giving more consideration to donor
age in allocation schemes may prove beneficial in clinical settings. As effects of donor age
have been observed particularly in the early post-transplant period, immunosuppressive
regimens may need to be reconsidered with particular attention to the age of the respective

donor.

Further experimental studies are needed to characterize intragraft dendritic cells in-vivo in
their respective biological setting. Analysis of gene expression may be able to reveal
functional properties of intragraft, splenic, and circulating dendritic cells prior to and
following transplantation. Experiments using syngeneic and allogeneic models in different
degrees of mismatch may be able to uncover further interactions of dendritic cells and
parenchymal tissue in-vivo. Adoptive transfer of young and old donor-type dendritic cells
may prove that dendritic cells are both needed and sufficient to confer age-dependent
differences in transplant outcome. Analysing DC cocultivation with allogeneic responder cells
on a protein level through ELISA and Luminex assays and experiments using transwell plates
may allow the focus to be shifted to contact-independent pathways of interaction between old

and young dendritic cells and responder cells in allogeneic settings.
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