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An increasing number of older people receive organ transplants for various end-stage conditions. Although organ
transplantation is an effective therapy for older patients (i.e., older than 65 years of age), such as in end-stage renal
disease, this therapy has not been optimized for older patients because of our lack of understanding of the effect of aging
and the immune response to organ transplantation. Here, we provide an overview of the impact of aging on both the
allograft and the recipient and its effect on the immune response to organ transplantation. We describe what has been
determined to date, discuss existing gaps in our knowledge, and make suggestions on necessary future studies to
optimize organ transplantation for older people.
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Introduction
The number of people over 65 years of age seeking and receiving 
organ transplants is growing. Presently, the average age of those 
receiving kidney transplants is approximately 50 years (1). A simi-
lar trend is observed with other organ transplants: approximately 
50% of patients who received cardiac transplants between 2002 
and 2010 were over 50 years of age, and over 20% were older 
than 60 years (2). Along these lines, clinical studies have dem-
onstrated that solid-organ transplantation is an effective treat-
ment for selected older patients (3–8). However, older transplant 
recipients succumb to more infections and are more susceptible 
to post-transplant malignancies (9, 10). Most clinical studies in 
solid-organ transplantation (including heart, kidney, and lung) 
indicate that increased recipient age (age range, 50 to >70 years) 
is associated with a reduced frequency of acute allograft rejection 
(6, 10–13), although acute graft rejection in older transplant recipi-
ents may be more severe than in younger recipients (3, 14). Despite 
a growing body of evidence on the complex effects of immunose-
nescence (15, 16), there have been relatively few studies that have 
focused on aging and the immune response to organ transplanta-
tion. In addition, most therapeutic trials in organ transplantation 
have not included patients over 65 years of age.

Besides the impact on the recipient’s immune response, 
aging also affects the donor organ before transplantation (17). 
Older organs can exhibit more pronounced immunogenicity, 
respond differently to stress, and repair less well than younger 
organs subsequently to transplantation (17, 18). These limits 
are due to the deleterious effects of aging on organ function, 
the vasculature, and alterations of resident immune cells, all of 
which limit the expansion of the donor pool for patients await-
ing organ transplantation.

Here, we describe how aging alters the immune response 
to organ transplantation in both the allograft and the recipient. 

Although biological aging represents a spectrum and clinical stud-
ies define age differently, we characterize older individuals as 
those greater than 65 years of age, unless stated otherwise.

Impact of aging on the donor
Clinical impact. Advanced donor age has historically been asso-
ciated with poor outcomes after transplantation, although the 
impact of donor age can vary by organ (19, 20). In heart and kidney 
transplants, increased donor age is a risk factor for mortality and 
delayed graft function (21). Donor age affects both quality and lon-
gevity, and its effect on patient survival in kidney transplantation 
has been shown to be greater than that of the histocompatibility 
difference between donor and recipient (22). Kidneys from donors 
≥55 years of age have lower glomerular filtration rates and fewer 
functioning glomeruli than those from donors ≤45 years, which 
may contribute to decreased longevity seen in older kidneys (23). 
Donor hearts greater than 40 years of age are four times more like-
ly to have chronotropic incompetence requiring permanent pacer 
implantation, and donors older than 50 years are more likely to be 
CMV seropositive, all of which may impact post-transplant graft 
function and longevity (24, 25). Use of lungs from donors greater 
than 60 years of age leads to acceptable outcomes, but there is a 
trend toward shorter survival at 10 years after transplant in older 
recipients compared with younger recipients (26). The Eurotrans-
plant Senior Program was developed to optimize use of organs and 
decrease waiting time by age-matching kidneys (27, 28). Based on 
this study, age-matching of organs is associated with less optimal 
but acceptable short-term and long-term outcomes. Interestingly, 
and in support of “immunological matching” between donor and 
recipients, rejection rates of older organs are lower when trans-
planted into older recipients than younger ones (29).

Ischemia/reperfusion injury and resulting inflammation. Ischemia/
reperfusion injury (IRI) is a process that is initiated during hypoten-
sion or circulatory arrest if organs are procured from donation-after-
cardiac-death donors or brain-dead donors. Importantly, subse-
quently to reperfusion, IRI activates the recipient’s innate immune 
system and, in turn, primes the recipient’s adaptive immune system, 
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rate of acute allograft rejection (29). This finding is also supported 
by an experimental study in which, after implantation into young 
recipients, older murine cardiac allografts (donors 18 months of 
age) underwent a faster tempo (1–5 days faster vs. young allografts) 
and more severe acute allograft rejection than allografts from 
young donors (donors 2 months of age) (18). By deletion of immune 
cells in the donor either via lethal irradiation or via pharmacologi-
cal approaches (i.e., clodronate treatment), donor DCs were impli-
cated in the accelerated tempo of graft rejection with aging in the 
same study (18). Moreover, DCs from the spleens of old donor mice 
exhibited increased expression of costimulatory molecules (e.g., 
CD80, CD86, and CD40) and an enhanced ability to induce anti-
donor T cell responses in vitro (18). These findings were consistent 
with a prior study that found that aged DCs induced higher levels of 
graft-versus-host disease than young DCs (46, 47), although direct 
examination of DCs from aged cardiac allografts was not per-
formed in the former study (18). Assessing tissue-resident immune 
cells is important for understanding how aging impacts immune 
responses within organs, as there is an increasing appreciation of 
the contribution of these cells in maintaining organ homeostasis 
(18, 48, 49). Finally, targeting IL-17 — a cytokine that contributes 
to Th cytokine responses, especially chronic rejection after organ 
transplantation (50, 51) — in recipient mice either genetically or via 
antibody depletion also prolongs the survival of older grafts (18).

The above study examining the age of cardiac allografts partly 
contrasts with an earlier experimental murine skin allograft study, 
in which older skin grafts (donor age of 18–22 months) were rejected 
at a similar tempo to that of young skin allografts (donor age of 2–4 
months) (52). Furthermore, DCs purified from the spleens or prop-
agated from the bone marrow of aged mice did not enhance T cell 
alloimmunity in contrast to DCs from young mice (52). Differences 
between the two studies could be due to the experimental transplant 
models used (heart vs. skin), the age of the mice (18 months vs. 18–22 
months), or unknown factors within the environment in which the 
mice were maintained. Despite the differences between these two 
studies, it is likely that aging exerts important effects on passenger 
immune cells or stromal cells within a donor allograft. What is not 
known is whether, in contrast to young allografts, aged allografts 
have an altered ability to induce infiltration of immune cells into 
allografts as compared with young allografts. Furthermore, compari-
son of different organs (e.g., lungs, kidneys, and heart) could inform 
as to whether aging is tissue-specific in the donor.

Donor age and chronic allograft injury. Clinical studies have 
established that the age of the allograft is a strong independent 
predictor for the development of chronic allograft vasculopathy 
(53–55) and the largest single contributor to chronic graft loss (56). 
Based on this knowledge, most centers in the US limit acceptance 
of donor organs. For example, heart allografts are generally not 
accepted from donors older than 60 years. Despite this estab-
lished clinical phenotype, there is little experimental evidence 
that provides mechanistic insights into how aging within the donor 
enhances the development of allograft vasculopathy. A prior study 
in a rat kidney allograft model found that donor age (up to 18 
months) synergized with donor ischemia time (up to 120 minutes) 
in impairing allograft function (defined as creatinine clearance 
and proteinuria) (57). However, other components of the allograft 
have not yet been examined as contributors of increased vascu-

which increases antidonor immunity (30). The cell necrosis that 
occurs during IRI leads to the release of intracellular contents (e.g., 
mitochondrial DNA) or components of the basement membrane 
(e.g., hyaluronan), which activate the innate immune system within 
the allograft (31). Several innate immune pathways have been impli-
cated in IRI after organ transplantation, for which Toll-like receptor 
(TLR) pathways are particularly important (31, 32). Specific gene 
knockout studies (e.g., TLR2 or TLR4 or in the TLR signal adaptor 
protein MyD88) have demonstrated an abrogation of IRI in models 
of cardiac and kidney organ transplantation (33). Moreover, dele-
tions of MyD88 in donor animals or the graft have been shown to 
reduce alloimmunity (34). These studies demonstrate that TLR sig-
naling via MyD88 is a central pathway controlling innate and subse-
quent adaptive alloimmunity (35).

Aging may influence the consequences of IRI by affecting the 
initial inflammatory response within the graft. Aging has complex 
effects on the innate immune system (36), and most of its impact 
is focused on immune cells such as DCs and macrophages (36). 
Generally, innate immunity declines with aging (36), but a low-
grade elevated inflammatory phenotype consisting of the release of 
inflammatory cytokines (e.g., IL-6 and TNF-α) has been associated 
with aging (37, 38). The source of the inflammatory cytokines with 
aging remains unclear, but possibilities include the adipose tissue 
and the vasculature (39). For example, old aortas from mice aged 
18–20 months exhibit a “proatherogenic” phenotype under basal 
conditions with a higher secretion of the monocyte-attracting che-
mokine CCL2 and the proinflammatory cytokine IL-6 than in young 
mice (2–3 months of age) (40). The mechanism responsible for the 
IL-6 response of aging aortas (40) has been shown to be the activa-
tion of MyD88 within vascular smooth muscle cells.

In organ transplantation, innate immune activation within an 
allograft may be mediated via the vasculature, cardiomyocytes 
(in the case of heart transplantation) or other stromal cells, or 
passenger immune cells. Yet no experimental studies have deter-
mined the impact of aging on any of these compartments during 
IRI. Thus, future research will be needed to determine whether 
altered innate immunity with aging within an allograft impacts 
IRI and subsequent antidonor immunity.

Aging may also affect the capacity of an organ to respond to 
repair mechanisms based on altered metabolic, bioenergetic, and 
functional reserves within an older organ. Experimental stud-
ies in ex vivo–perfused rat cardiomyocytes, for example, have 
demonstrated that aging is linked to augmented damage during 
hypoxia leading to impaired oxidative phosphorylation, increased 
ROS, and defective mitochondrial function (17, 41). Silent mating 
type information regulation 2 homolog 1 (SIRT1) is a member of 
the sirtuin family of proteins and is a NAD+-dependent protein 
deacetylase that has a broad impact on gene transcription (42). A 
general decline in SIRT1 activity with aging may also contribute 
to compromised myocardial repair (43, 44). Aging also leads to 
a decline in other protective cellular mechanisms. For example, 
impaired liver IRI with aging has been associated with a reduction 
in the cytoprotective chaperone HSP-70 (45). Thus, it appears that 
an aging allograft exhibits fewer protective mechanisms capable 
of enduring any extremes of IRI.

Effect of donor allograft age on recipient’s alloimmune responses. 
Increasing donor age, independent of recipient age, increases the 
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older recipient age is an independent risk factor for post-transplant 
mortality. Aging increases the risk of malignancy substantially in 
patients with solid-organ transplants, including non-Hodgkin’s 
lymphoma, lung, liver, and kidney cancer (73). In addition to 
malignancies, infections also become more prevalent with increas-
ing age (74). These effects may be due to the synergistic effects 
of immune senescence and medical immune suppression (75). 
Increasing recipient age is also associated with a decreased risk of 
rejection, although deaths related to rejection are more common in 
older adults (28). Chronic graft dysfunction is also more prevalent 
in older adults, a condition that results not only from immunologi-
cal factors but also from comorbid conditions, such as hyperten-
sion and diabetes, which increase with aging (28).

T cell responses. Of the few studies examining the impact of 
aging on the immune response to organ transplantation, most 
have focused on T cells. In one study, aged recipient mice (18–23 
months of age) accumulated memory CD44hiCD62loCD4+ T cells 
and exhibited lower antidonor Th1 (i.e., IFN-γ) responses than 
young (2–4 months of age) recipients (76). This reduction was 
associated with a delay in the tempo of fully MHC-mismatched 
skin allograft rejection in aged versus young transplant recipi-
ents (76). However, memory CD4+ T cells from aged recipients 
exhibited elevated IL-17 antidonor T cell responses. In addition, 
an anti–IL-17 mAb delayed the tempo of skin allograft rejection in 
aged, but not young, recipients (76). The accumulation of memory 
CD4+ T cells, delayed skin allograft rejection, and reduced Th1 
antidonor immune responses were largely confirmed in a later 
study (77), which also found that Treg suppressive function was 
preserved in aged mice (77).

Before transplantation, aged mice exhibit a reduced number 
of naive CD8+ T cells with similar numbers of effector and central 
memory T cells in the spleen (78), although the total numbers of 
memory CD8+ T cells are increased in aged mice (18 months of 
age) before transplantation (79, 80). Aged mice (14–18 months) 
resist the skin allograft–promoting properties of anti-CD45Rb and 
anti-CD154, which robustly enhance fully MHC-mismatched skin 
allografts in young murine recipients (78, 80). Depletion of CD8+ 
T cells via an anti-CD8 mAb administered to aged skin allograft 
recipients treated with anti-CD45Rb and anti-CD45 substantially 
enhanced allograft survival (>30 days), whereas it had no effect in 
young skin recipients (78). CD8+ T cells were implicated in another 
experimental skin allograft study in which CD8+ T cells isolated 
from mice aged 18 months induced a substantially (>20 days) 
slower tempo of skin allograft rejection after adoptive transfer into 
lymphodeficient hosts than CD8+ T cells isolated from young mice 
(79). Interestingly, in this study reduced expression of CCL3 and 
CD40L on aged CD8+ T cells was associated with reduced CD8+ 
T cell/DC interaction, indicating that alterations in aged CD8+ T 
cells may have important indirect effects on DC function.

Viral reactive memory CD8+ T cells develop the ability to 
cross-react with alloantigens, a phenomenon known as heter-
ologous immunity (81). Heterologous memory CD8+ T cells have 
been shown experimentally to pose a barrier to the development 
of transplantation tolerance (81). Surprisingly, an in vitro study 
indicated that flow cytometrically purified naive (CD62LhiCD44lo) 
but not central (CD62LhiCD44hi) nor effector memory (CD62Llo 

CD44hi) T cells exhibited enhanced antidonor IFN-γ responses 

lopathy within the aging allograft. Clearly, aging enhances the 
development of atherosclerosis (15), and atherosclerosis within an 
allograft is frequently a reason for not accepting an organ for trans-
plantation. Moreover, even before the histological evidence of ath-
erosclerosis, the vasculature exhibits low-grade increased inflam-
matory responses with aging (40, 58, 59). These changes include 
the production of monocyte- and T cell–attracting chemokines in 
the aging vasculature (e.g., CCL2 and osteopontin) that enhance 
monocyte chemotaxis (15). Hence, these alterations within the 
vasculature could increase T cell and monocyte recruitment into 
the vasculature of an older allograft to increase transplant vascu-
lopathy. Determining the mechanistic basis for enhanced vascular 
inflammation may pave the way for novel therapeutic strategies 
that could be applied to the graft before implantation to reduce 
the immunogenicity of older organs while preventing the develop-
ment of allograft vasculopathy after implantation.

The impact of aging on the adaptive T cell 
immune system
Clinical studies show that aging affects various components of 
the immune response, which can lead to impaired host defense 
against tumors and infections as well as to defective vaccine 
responses and increased autoimmunity (60, 61). Most studies 
have focused on adaptive immunity — in particular, T cell func-
tion — with several reports showing that aging impairs T cell IL-2 
production and Th1 immunity (62–64), CD28 signaling (65), and 
immune synapse formation (66). Furthermore, aging reduces 
T cell thymic output as a result of thymic involution, leading to 
reduced numbers of naive T cells and Tregs. Aging also leads to an 
accumulation of memory T cells within the lymphoid system (61). 
The above alterations reduce the size of the naive T cell receptor 
repertoire, leading to oligoclonality of the naive T cell pool (13). 
In vitro experiments performed both in humans and in mice indi-
cate that CD4+CD25+ Treg function is not altered with aging (67, 
68). Three prior studies documented that aging is associated with 
increased numbers of splenic and peripheral blood CD4+CD25+ 
Tregs (67–69), and one report indicates that inhibition of these 
cells restores antitumor immunity in aged mice (69).

Immune memory is a host defense mechanism that prevents 
reinfection and is the basis of vaccination therapies. Two stud-
ies in nontransplant models showed that aging leads to defective 
CD4+ and CD8+ memory T cell function (70, 71). A recent study 
described the presence of a novel lineage of memory CD8+ T cells 
that exhibit a naive T cell phenotype as well as enhanced IFN-γ 
production with aging (72). These CD8+ T cells may play an impor-
tant role in host defense against certain viral infections such as 
West Nile, which are more prevalent in older people (72).

Effects of aging on the recipient immune 
response to organ transplantation
Clinical impact of recipient age. Regardless of the type of organ 
transplant, recipient age has a substantial impact on the outcome 
of organ transplantation. In addition to the complex changes 
occurring within the immune system, there are also increasing 
comorbidities with aging. Thus, the aging recipient is subject to the 
complex interaction of the senescent immune system, immunosup-
pression, and comorbid conditions. In all solid-organ transplants, 
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in aged recipients to expand Treg numbers in order to promote 
transplantation tolerance. In a murine heart transplant model, 
monotreatment with anti-CD45Rb induced long-term cardiac 
allograft acceptance in young mice (up to 150 days after transplan-
tation). In contrast, recipient mice aged 14 months rejected their 
allografts before 60 days after transplantation (88). Either chemi-
cal or surgical castration increased thymic mass and Treg num-
bers. It also improved the efficacy of the protocol to prolong heart 
transplant survival over 100 days in the aged recipients (88). Thy-
mic involution can be reversed in miniature swine by transplan-
tation of thymi from swine aged 20 months into younger swine 
recipients (89). Retransplantation of these thymi into younger 
recipients allows acceptance of MHC class I–mismatched kidney 
transplants (89). However, increasing thymic size may not be sus-
tainable and may not improve thymic function in the long term, 
as determined by a murine study (90) in which increasing thymic 
size via castration led to abnormal thymic architecture (90), sug-
gesting that this approach could lead to aberrant thymic function 
and impaired central immune tolerance, a potential problematic 
issue in older patients prone to autoimmunity. However, not all 
studies have found that aged mice resist transplant tolerance of 
skin and cardiac allografts. In one study, mice 12 months of age 
were susceptible to transplantation tolerance after bone marrow 
transplantation and treatment with costimulatory blockade (91). 
Differences between this study and the one described above (88) 
may be due to tolerance regimen and differences between studies 
in the ages of the mice used (88, 91).

Commonly used immune suppressant medications for organ 
transplantation, like calcineurin inhibitors, have age-specific 
effects. Aged male C57BL/6 mice (18 months of age) treated with 
tacrolimus require only half the weight-adjusted dose to achieve 
trough levels found in young (2–3 months of age) murine skin 
recipients (46). These results are consistent with a prior prospec-
tive clinical study that found that recipients older than 65 years 
required half the body weight–adjusted dose to achieve therapeu-
tic tacrolimus trough levels (92). CD4+ T cells isolated from the 

in aged mice (78). Functionally, the naive CD8+ T cells in this 
study did not exhibit features of memory T cells (i.e., rapid secre-
tion of effector cytokines). A recent human study has identified a 
novel lineage of naive CD8+ T cells that exhibit memory-like fea-
tures, which may be important for persistent viral infections (72).  
Whether the naive CD8+ T cells observed in the murine experi-
mental transplant study are of a similar novel lineage to that 
reported in the human study will require further investigation.

Aging and B cell responses after transplantation. B cells exhibit 
intrinsic alterations such as impaired immunoglobulin class switch-
ing with aging that impair antibody responses to vaccination (82). 
B cells produce alloreactive antibodies against the transplant, lead-
ing to acute and chronic rejection (83–85). However, until recently 
it was unknown how aging impacts B cell responses during organ 
transplantation. The B cell pool plays disparate roles depending on 
host age. In a skin allograft model in which anti-CD45Rb and anti-
CD154 enhance graft survival in young mice, B cell depletion led 
to a faster tempo to skin allograft rejection in young mice (86). In 
striking contrast, B cell depletion in aged mice (16–18 months of 
age) led to a 7-day delay in skin allograft survival (86). There was no 
alteration of regulatory B cell responses with aging; however, aged 
B cells exhibited enhanced priming of alloreactive B cells as com-
pared with young B cells (86). A non–germinal zone, non–marginal 
zone B cell population, termed age-associated B cells (ABCs) (87), 
within the aged B cell pool were responsible for the enhanced T 
cell alloimmune priming and impaired the ability of anti-CD45Rb 
and anti-CD154 to prolong skin allograft survival after adoptive 
transfer into young mice (86). Thus, this study indicates that ABCs 
within the aged host may represent a barrier to immune modula-
tion and could indicate that B cell depletion, currently used in the 
treatment of antibody-mediated rejection, may have disparate 
effects depending on host age. Other aspects of how aging impacts 
antibody-mediated rejection are not yet known.

Impact of aging on immune suppression and transplant tolerance. 
As there is a reduced output of naturally occurring Tregs with thy-
mic involution, there have been attempts to increase thymic size 

Figure 1. Impact of aging on donor organ and recipient immune system during organ transplantation. Aging increases the immunogenicity of the donor 
allograft, in part owing to passenger DCs. With aging, the donor graft has less tolerance in response to ischemia/reperfusion injury and likely has a reduced 
capacity to repair after implantation. Old grafts lead to increased transplant vasculopathy through unknown mechanisms. After transplantation, aging 
impairs CD8+ T cell responses to reject organ transplants, although CD8+ T cells may also impair immune modulation. CD4+ Th1 T cell responses are reduced 
but IL-17 production is increased with aging. Decreased Treg output from the thymus may impair transplantation tolerance in aged recipients. The aged B 
cell pool may enhance T cell alloreactive priming and may pose a barrier to immune modulation.
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the consequences of immunosenescence. Functional alterations 
in both recipient T and B cell populations may slow the tempo 
of acute allograft rejection in older recipients, but these popula-
tions of immune cells may also hinder the induction of trans-
plant tolerance. Many unanswered questions remain, including 
how aging impacts transplant vasculopathy, how it affects the 
innate immune system to alter IRI, and how it influences trans-
plantation tolerance. These are just some areas that need to be 
investigated in the future. Increasing our fundamental knowl-
edge of how aging is involved in the immune response to organ 
transplantation can ultimately lead to age-specific therapies to 
improve health outcomes for older transplant recipients.
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aged mice that had been treated with tacrolimus exhibited lower 
IFN-γ and IL-2 secretion but a higher level of IL-10 compared with 
young animals (46). This finding indicates that aging of recipi-
ents may fundamentally alter the immunological functions of 
immune suppression, in addition to the altered pharmacokinetics, 
specifically the age-related decline of hepatic cytochrome P450 
(93). Clearly, future clinical studies will be needed to determine 
whether age-adjusted immune suppression enhances the efficacy 
of organ transplantation in older recipients.

Conclusions
Aging has broad and complex effects on both the immune sys-
tem and organ function (Figure 1). Given the rise in the num-
ber of older people receiving organ transplants, how aging 
impacts both the donor allograft and the recipient immune 
system is poorly understood in contrast to other areas in the 
transplant field. Clinically, older organs elicit a more potent 
immune response that leads to a faster tempo of acute graft 
rejection with increased vasculopathy. Older transplant recipi-
ents exhibit reduced frequency of acute allograft rejection but 
an increased prevalence of infections and malignancies due to 
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