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Lowering maintenance immune
suppression in elderly kidney
transplant recipients; connecting
the immunological and clinical
dots

Michiel G. H. Betjes* and Annelies De Weerd

Department of Internal Medicine, Erasmus MC Transplant Institute, University Medical Center Rotterdam,

Rotterdam, Netherlands

The management of long-term immune suppressive medication in kidney

transplant recipients is a poorly explored field in the area of transplant medicine.

In particular, older recipients are at an increased risk for side e�ects and have

an exponentially increased risk of infection-related death. In contrast, an aged

immune system decreases the risk of acute T-cell-mediated rejection in older

recipients. Recent advances in alloimmunity research have shown a rapid and

substantial decline in polyfunctional, high-risk CD4+ T cells post-transplantation.

This lowers the direct alloreactivity responsible for T-cell-mediated rejection,

also known as donor-specific hyporesponsiveness. Chronic antibody-mediated

rejection (c-aABMR) is the most frequent cause of kidney graft loss in the long

term. However, in older adults, c-aABMR as a cause of graft loss is outnumbered

by death with a functioning graft. In addition, DSA development and a diagnosis

of c-aABMR plateau ∼10 years after transplantation, resulting in a very low risk for

rejection thereafter. The intensity of immune suppression regimes could likely be

reduced accordingly, but trials in this area are scarce. Tacrolimus monotherapy for

1 year after transplantation seems feasible in older kidney transplant recipientswith

standard immunological risk, showing the expected benefits of fewer infections

and better vaccination responses.
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Highlights

- The increasing number of older patients who have undergone kidney transplants in the

recent decade is likely to increase further.

- The aging of the adaptive immune system lowers the risk of rejection after

kidney transplantation.
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- Immunosuppressive drugs have more side effects in older

adults and increase the risk of de novo diabetes mellitus and

serious infections.

- After kidney transplantation, the frequency of risky

polyfunctional alloreactive CD4T cells declines

through activation-induced apoptosis, leading to

donor-specific hyporesponsiveness.

- By integrating insights into immunological aging, the

appearance of donor-specific hyporesponsiveness, and data

from trials on lowering immune suppression, it is possible

to outline a rationale for diminishing immune suppression

intensity in older recipients after the early months of

transplantation and to promote living kidney donation.

Introduction

Over the recent decades, significant progress has been

made regarding kidney allograft survival in the first year after

transplantation by optimizing immune suppression. In parallel,

the number of kidney transplantations performed in elderly ESRD

patients has increased due to improved life expectancy (1, 2). The

proportion of transplant candidates of 65 years and older continues

to rise (2), and in the Netherlands, for example, the number of

kidney transplant recipients aged 65 years and above increased

between 2006 and 2021 from 1,181 (18% of the total number) to

4,384 (36% of the total number), and for recipients aged 75 years

and above, an even more striking increase from 163 to 1,319 was

noted (source: www.nefrovisie.nl/nefrodata). This increase in older

kidney transplant recipients has led to new, largely unanswered

questions about what should be the optimal treatment regimenwith

immune suppressive drugs.

In contemporary times, most immune-suppressive regimens

consist of induction with an Il-2R blocking monoclonal antibody

(basiliximab) or T-cell depletion (ATG or alemtuzumab), followed

by triple immune suppression. The maintenance of immune

suppression in the vast majority of patients consists of tacrolimus,

mycophenolate mofetil (MMF), and steroids. Using this regimen,

the allograft survival of kidneys from living donors at 1 year is

>98% in most studies (3). The 1-year graft survival of deceased

donor kidney allografts is usually >90% but varies with the

quality of the accepted organ, which is determined by the donor’s

age, co-morbidity of the donor (e.g., hypertension, diabetes),

type of donation (brain death or cardiac-death donation), and

cold ischemia time (4–6). The risk for acute rejection, which

is predominantly T cell-mediated, is highest in the first weeks

after transplantation and decreases thereafter (7, 8). After 3–5

years, the occurrence of acute rejection is virtually non-existent

in compliant patients; however, it can still occur if an immune

suppressive medication, particularly tacrolimus, is significantly

lowered or discontinued (7–9). The time-dependent phenomenon

is rooted in the immunological concept known as donor-specific

hyporesponsiveness (DSH), indicating a substantial decline in T

cell-mediated donor-specific immune reactivity (10–12). However,

while the risk for acute rejection has become negligible several

years after transplantation, the cumulative risk for chronic allograft

rejection increases (13, 14). This type of rejection is predominantly

caused by chronic-active antibody-mediated rejection (c-aABMR),

which is now recognized as the major cause of graft failure (8, 15).

The second most frequent cause of long-term graft loss is chronic

damage reflected by interstitial fibrosis and tubular atrophy (IFTA)

in biopsies. This may partly bemediated by ongoing TCMR (iFITA)

or by the nephrotoxicity of tacrolimus (8, 16–18).

A hitherto unanswered question is how long-term immune

suppressivemedication should be adapted in light of the occurrence

of DSH, on the one hand, and c-aABMR and IFTA, on the

other hand (19). To make the discussion even more complex,

using immune suppressive drugs poses an increased risk for

malignancies, infections, and cardiovascular disease. In this

discussion, the age of the recipient is of pivotal importance, as

the risk of rejection decreases with age while the risk of infection

increases, and mortality becomes an important competing risk

factor in graft survival (8).

In this review, we discusse the different immunological

and clinical parameters that can guide immune suppressive

medication in the long term, with an emphasis on older kidney

transplant recipients.

The aging immune system and kidney
transplantation

The adaptive immune system consists of T and B cells, which,

in transplantation immunology, are of pivotal importance as they

are the main drivers of cellular and antibody-mediated rejection.

Increasing age has a clear negative effect on both T and B cell

numbers and function (Figure 1) and antibody development. End-

stage kidney disease aggravates these processes in older kidney

transplant recipients.

An important phenomenon is progressive age-related atrophy

of the thymus, which leads to declining production of newly

formed naïve T cells that enter the circulation as recent thymic

emigrants (20, 21). The consequence is an almost linear decrease

in the circulating pool of recent thymic emigrants’ T cells with

increasing age, alongside a concomitant decrease in T cell receptor

diversity (22, 23). The number of naïve CD4+ T cells decreases

relatively little because of homeostatic proliferation, while the

number of circulating naïve CD8+ T cells becomes very low in

older adults (21, 23, 24). Memory T cells, which have differentiated

and expanded from naïve T cell precursor cells after antigenic

stimulation, are increasing with age due to repetitive antigen

encounters, e.g., via virus and bacterial infections. In addition, the

decrease in naïve T cells per se favors memory T-cell expansion

(20). The age-dependent expanding pool of circulating memory

T cells shows increased signs of senescence and lower expression

of the costimulatory molecule CD28 (25) and is believed to

contribute to low-grade inflammation often found in older adults

(hence the term inflamm-aging) (26). In particular, latency for

cytomegalovirus (CMV) may lead to a large expansion of highly

differentiated T cells in older adults and an increase in low-grade

inflammation (27). The CD4+ T cells, as helper T cells important

for cytotoxic CD8+ T cells and for antibody production, are also

functionally different and produce less interleukin-2 with impaired

signaling via the T cell receptor to the downstream intracellular

p-ERK/p38 pathway (28).
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FIGURE 1

Aging of the adaptive immune system. A key phenomenon with aging is progressive atrophy of the thymus, called thymus involution, which sharply

reduces the number of newly formed naïve T cells released as thymic emigrants in the circulation. Repetitive encounters with a diversity of

pathogens shape and increase the total memory T cell population. This memory T-cell inflation is enhanced in the presence of decreased numbers

of naïve T cells, as observed in the elderly. The decreasing output of thymic emigrants and expanding memory T-cell population decrease T-cell

receptor (TcR) diversity. Memory T-cell inflammation is associated with increasing numbers of highly di�erentiated T cells, which can become

senescent and have a proinflammatory profile, most prominent in relation to cytomegalovirus infection. In particular, CD4T cells in older adults have

shown less Il-2 production because of impaired downstream TcR-mediated signaling. The B cell compartment is di�usely negatively a�ected by age

with the impaired germinal center formation in the lymphnode, leading to a less vigorous antibody response. Of note, all age-related changes in T

and B cells are increased by renal failure, leading to premature immunological aging by an average of 15–20 years.

Different stages of chronic kidney disease are associated

with a progressive decline in naive T cells, which appears to

be mediated by increased apoptosis and a decreased output

of thymic emigrants (20, 29). All other aspects of an aging

immune system, such as increased memory T-cell differentiation

and skewing of the T cell receptor (TcR) repertoire, pronounced

expansion of terminally differentiated CD4+ and CD8+ T cells

in relation to CMV latency, and downregulation of the p-

ERK/p38 pathway have been observed in chronic kidney disease

(30–33). Taken together, patients with end-stage renal disease

have a prematurely aged T-cell system by, on average, 15–

20 years throughout all age categories (34). Unfortunately, no

reversal of premature T cell aging is observed after kidney

transplantation (35).

Age-related changes to circulating B cells lead to diminished

immunoglobulin production and clonal expansion (36). In

addition, kidney failure is associated with a diffuse loss of all

circulating B cell subsets (37–39). Recent studies have indicated that

germinal center formation, the dedicated areas in lymph nodes for

the generation of memory B cells and plasma cells, is also impaired

in older adults (40). The age-related changes in both T and B cells

favor a less vigorous response to, in particular, new antigens. This

relatively weak immune stimulation has also been observed with

different vaccinations (41, 42). For instance, vaccination against

hepatitis B with HBs antigen yields a lower serological response

in older adults, particularly older patients with renal failure, and

can be attributed to a much lower generation of Il-2-producing

effector-memory T cells (43, 44). Of note, older adults can still

mount a sufficient immune response to more potent vaccines such

as anmRNA-based COVID vaccine and control infections to which

memory-based adaptive immune responses have been formed in

the past (45).

For an older kidney transplant recipient, the aging immune

system is a potential threat because of the increase in memory T

cells, which could lead to higher numbers of T cells cross-reactive

with allogeneic HLA molecules. Although severe acute rejection

may be observed in an older recipient, this is not the rule, and

T-cell-mediated rejection is observed less frequently in an older

recipient (see below). This indicates that the impaired functionality

of aged T cells carriesmore weight and decreases rejection risk. This

concerns, in particular, CD4+ T cells, which have an important role

in both cellular and antibody-mediated rejection (AMR; see below),

as the generation of de novo donor-specific antibodies leading to

(chronic) antibody-mediated rejection will be less likely. The other

side of the coin is the increased susceptibility of an older recipient

to infection and a decrease in anti-tumor immune surveillance

as immune suppression further weakens these lines of defense

executed by T cells (24).
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The immunology of graft rejection:
direct, semi-direct, and indirect T-cell
alloreactivity

The direct pathway of alloreactivity

The initial risk for acute TCMR is believed primarily to be

mediated by “direct T cell alloreactivity” (Figure 2), in which

recipient T cells can be directly activated after engaging their

TCR with the allogeneic donor HLA (46). Circulating T cells are

“educated” in the thymus to respond primarily to immunogenic

peptides in the context of self-HLA molecules (“self-restricted

antigen presentation”). Allogeneic donor HLA molecules are by

definition not part of this education and may interact with

the recipient T cell receptor if there is a good-enough fit

with the allogeneic HLA molecule (47–49). It is estimated that

roughly 5–10% of the T cells are capable of this allo-recognition.

This is a huge precursor frequency for immune reactivity, as

frequencies of antigen-specific T cells are usually well below

0.1%. For example, post-hepatitis B (HBV) vaccination, HBV-

specific T cells comprise <0.01% of total circulating T cells

(43, 44, 50). However, only a fraction of the alloreactive T cells

(∼1 %) can be considered high-risk cells as they are sufficiently

activated to produce cytokines. These cells can cause rejection

of the allograft, even in the presence of immune suppressive

medication (Figures 2, 3).

The semi-direct pathway of alloreactivity

Recent studies have suggested that recipient antigen-presenting

cells (APC) can take up allogeneic donor HLA molecules in their

cell membranes (called “HLA crossdressing”), thereby contributing

to the direct alloreactive T cell response (the “semi-direct

route”) (51).

Given the rapid onset of most vascular rejections within a

week, it is likely that only the recipients’ memory T-cell subset is

involved in causing this type of rejection (52, 53). These memory

T cells can be rapidly activated by re-exposure to the specific

antigen (the “recall” reaction) or, in the case of direct or semi-

direct alloreactivity, a cross-reaction with allogeneic HLA. The

alloreactive memory T cells may not need stimulation by APC and

can be activated directly by HLA-expressing donor endothelial cells

and proliferate upon IL-15 produced by parenchymal cells (53–

55). Naive T cells that have not been antigen-activated (also called

antigen-inexperienced) need to be switched on by professional

antigen-presenting cells such as dendritic cells (56). This is a

primary immune response for which naive T cells need to be

activated in lymphoid tissue, followed by a transition to a memory

type of T cell. Activation results in an expanded population of

T cells with the capacity to produce inflammatory cytokines and

display cytotoxicity to their target cells, in the case of CD8+ T cells.

Of note, post-T cell priming rejection responses can be modified

by targeting pathways that regulate T-cell trafficking, survival

cytokines, or innate immune activation, as recently reviewed in

detail (57).

The indirect pathway of alloreactivity and
the formation of donor-specific antibodies

The third important route of graft rejection is called indirect

alloreactivity (Figure 2). Despite the misleading terminology, it

actually involves the normal route of eliciting an antigen-specific

T cell response via TCR-mediated recognition of an immunogenic

peptide in the context of self-HLA by a T cell. This self-restricted

antigen presentation is similar to the T cell response evoked by a

viral infection or vaccination with a protein (43, 44). In the case

of transplantation, the immunogenic peptides are derived from

donor-derived proteins processed by recipients’ APC and presented

to recipient T cells in the secondary lymphoid organs. Importantly,

this will also trigger a humoral immune response leading to

plasma cells producing anti-donor-specific antibodies. While all

donor-derived proteins theoretically can produce an antibody

response, donor HLA molecules are the most immunogenic.

Reliable, sensitive Luminex-based assays are now available to

measure anti-donor HLA antibodies, which have supplemented

the classical complement-dependent cytotoxicity (CDC) test (58).

Kidney transplantation in the presence of anti-HLADSA is possible

but carries a higher risk of humoral rejection and increased

graft loss even after desensitization prior to transplantation.

The risk is highest for transplantation with a positive CDC

test (59, 60).

Immune responses against non-HLA molecules should not

be dismissed as irrelevant. For instance, the load of molecular

mismatches between the donor and the recipient is associated

with long-term graft loss, and antibodies to non-HLA molecules

(e.g., anti-ATR1, anti-MICA, anti-ARGHDIB antibodies) may

lead to ABMR and are associated with fibrosis (61–65). In

addition, the polymorphism in Fc-receptor expression levels

may modulate the clinical effect of circulating antibodies to the

graft (66).

Donor-specific hyporesponsiveness
after kidney transplantation

Loss of direct alloreactive T cells
post-transplantation

The concept of donor-specific hyporesponsiveness (DSH) has

long been recognized by clinicians based on clinical experience

and experimental data. The risk for acute rejection, especially

for the vascular type of T cell-mediated rejection, is highest in

the first weeks after transplantation, after which the incidence of

TCMR decreases rapidly (7, 8). Most post-transplantation immune

suppressive protocols incorporate this ‘clinical knowledge’ by

lowering maintenance immune suppression after several months,

for example, by steroid tapering and lowering target tacrolimus

trough levels. Note that the incidence of early acute humoral

rejection is low (<5% within the first year) unless donor-

specific antibodies, mostly anti-HLA, were already present before

transplantation (7, 67, 68).

The initial experimental data showing DSH were largely based

on the proliferation of recipient T cells to donor APC in vitro

Frontiers inMedicine 04 frontiersin.org

https://doi.org/10.3389/fmed.2023.1215167
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Betjes and De Weerd 10.3389/fmed.2023.1215167

FIGURE 2

Recognition of allogeneic MHC by the recipients’ T cells and the routes to cellular and antibody-mediated rejection. T cells can be activated via their

T cell receptor by allogeneic MHC molecules (MHC-TCR) expressed on antigen-presenting cells (APC). Co-stimulation by, for example, CD28-CD80

interaction is an important second signal needed for full T-cell activation and proliferation. Direct recognition is the activation of the recipient T cell

by the donor APC. Recipient APC within the transplanted kidney can take MHC molecules from recipient cells and insert them into their cell

membrane (“crossdressing”). Through this mechanism, the recipient APC can present allogeneic MHC to recipient T cells, which is called semi-direct

recognition. Both CD4 and CD8T cells can be activated by the indirect and semi-direct pathways and cause acute T cell-mediated rejection, as

indicated by the lightning arrow. Under the influence of immune suppressive (IS) medication, the activated T cells cannot be fully activated and may

undergo apoptosis via a process called activation-induced cell death, which, in time, reduces the number of alloreactive T cells. The indirect pathway

of recognition involves the classical route of antigen (e.g., donor MHC) taken up by the recipient APC and, after processing into an immunogenic

peptide, presented in the context of MHC II to the recipient CD4T cells. Antigen-specific CD4T cells can interact with B cells to facilitate the

transition to plasma cells producing donor-specific antibodies (DSA), a process that needs co-stimulation by CD40-CD40L interaction. DSA can

cause antibody-mediated rejection, as indicated by the lightning arrow.

by an assay called mixed leucocyte reaction (10). This assay

measures the direct alloreactive T cell response and generally

shows a strong proliferative anti-donor T-cell response in vitro,

with decreasing proliferation in the years after transplantation.

Several mechanisms may contribute to the occurrence of DSH,

such as the anergy of alloreactive T cells, the regulatory effects

of Tregs, and cell deletion (69). Studies in this field have

shown varying results, with little evidence for the regulation

of alloreactivity by Tregs (70, 71). A major drawback of these

studies was that alloreactive T cells were not studied on a

single-cell level. By using activation-induced markers such as

CD154 or CD137, it is possible to identify alloreactive T

cells through short-term culture in an MLR and subsequently

conduct multiparameter cell analysis using flow cytometry

or highly-selective alloreactive T-cell enrichment through cell

sorting (43, 72–74).

Recent publications have shown by single-cell flow cytometry

that the number of alloreactive T cells declines over time,

particularly highlighting a decline in polyfunctional CD4+ T

cells (those capable of producing two or more cytokines) due

to activation-induced apoptosis (AICD) (69). Polyfunctionality

identifies, in general, the T cells that have superior activity

in driving an immunological process to an optimal cytotoxic

or serological response (75–77). The decline of polyfunctional

alloreactive CD4+ T cells could be measured 6 months after

transplantation, indicating a relatively rapid loss of these high-

risk alloreactive T cells. In addition, the pre-transplant frequency

of polyfunctional alloreactive CD4+ T cells was shown to

be associated with the risk of acute TCMR after kidney

transplantation (78).

The process of AICD is a well-known immunological

mechanism that uses the Fas-FasL apoptosis pathway to maintain T

cell homeostasis and restrict the excessive proliferation of activated

T cells (79). It seems likely that the administration of immune

suppressive drugs impedes stimulation, such as IL-2 signaling,

thereby inhibiting further activation of alloreactive T cells and

facilitating AICD (80). Some highly activated alloreactive T cells

may escape immune suppression (e.g., by using IL-15 as a growth

factor) and will not be eliminated through AICD, causing graft

rejection (Figure 3).
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FIGURE 3

The quantity and quality of alloreactive T cells after transplantation in relation to the need for immune suppressive drugs and activation-induced cell

death. The direct alloreactive T cell population is large and comprises 5–10% of the pool of total circulating T cells (triangles). The vast majority of

alloreactive T cells do not express activation markers upon interaction with the allogeneic HLA (depicted as blue), and <1% express cytokines. The

most potent alloreactive T cells express multiple cytokines (polyfunctional cells, depicted as red), yielding an increased risk for graft rejection. The

more an alloreactive T cell can be activated by allogeneic HLA, the more it is prone to activation-induced cell death (AICD), causing a decline and

eventually a total disappearance of polyfunctional high-risk alloreactive T cells post-transplantation. Di�erent intensities of immune suppressive

medication are needed to control the alloreactive T cells at di�erent time periods after transplantation. Some highly potent alloreactive T cells

escape immune suppression and AICD early after transplantation and will cause rejection of the graft (the little red triangle above the upper dotted

line). On average, after 5 years, only low-risk alloreactive T cells have remained, which can be controlled by low-intensity immune suppression.

The decreased alloreactive proliferative T cell response in the

MLR, which is the classical definition of DSH (12), is highly

associated with the decline of polyfunctional alloreactive CD4+ T

cells (69). Of note, alloreactive CD8+ T cells, as opposed to CD4+,

remained largely unchanged for many years in numbers and gene

expression profiles. However, after an average of 10 years after

transplantation, alloreactive CD8+ T cells also start to decrease

(Figure 3) (69).

These results showed that DSH ismediated primarily by the loss

of alloreactive CD4+ T cells and, as such, are in accordance with

experimental animal studies, which indicate a pivotal role of CD4+

T cells in allograft rejection (81–83). Moreover, recent studies have

shown that a load of peptides that can be presented indirectly by the

recipient HLA class II molecules (PIRCHE score) correlates with

the risk for TCMR (84, 85). These data suggest that the indirect

pathway involving CD4+ T cells may be more important in TCMR

than previously believed.

Operational tolerance to the kidney allograft (no rejection

after stopping all immune suppressive drugs) is a rare occasion

(86). However, some kidney transplant recipients are clinically

stable several decades after transplantation with (very) low doses

of immune suppressive drugs. This is in line with our findings

that frequencies of CD4+ alloreactive T cells persist for years,

and frequencies of alloreactive CD8+ T cells take more than

a decade to decrease substantially. Thus, T-cell alloreactivity

becomes very low as the high-risk alloreactive T cells have virtually

disappeared (Figure 3). In contrast to kidney transplantation, liver

transplantation can lead to operational tolerance in a substantial

number of recipients. However, a decrease in functionally

alloreactive CD4T cells has also been shown in operationally

tolerant liver transplant recipients, which may indicate a similar

underlying mechanism (87).

The indirect alloreactive pathway and
development of post-transplantation
donor-specific antibodies

As the most potent part of the direct pathway of alloreactivity

disappears over time, the indirect pathway is operative from the

start of transplantation but probably at a slow pace and involves

the activation of naive T cells, eliciting de novo immune responses.

The indirect pathway leads to a low and fairly constant yearly

incidence of ABMR of approximately 1.1% per year (8). Measuring

indirect alloreactive T cells is notoriously difficult, as precursor

frequencies are much lower than the direct response, and the assays

are technically challenging (88). However, de novoDSA arising after

transplantation is formed via this pathway and can be measured by

sensitive Luminex-based assays. Most of the studies have shown a

cumulative increase in the percentage of transplant patients who

develop de novo DSA in the initial years after transplantation.

The cumulative incidence appears to plateau after 5–10 years,

along with the risk for ABMR due to de novo DSA (89, 90). This

corresponds with the clinical data that, long after transplantation

(>10–15 years), recipients rarely have a newly diagnosed ABMR.

These recipients have proven that their HLA mismatches do not

elicit a relevant indirect immune response under standard immune

suppression. It is tempting to speculate that AICD of donor-HLA

antigen-specific T cells also underlies this phenomenon and that

some T cells become activated enough to circumvent immune

suppression and AICD, while the majority of these cells will

eventually disappear. However, no data are available to support

this hypothesis.

As mentioned, not all transplanted organs elicit a similar

alloreactive cellular and humoral immune response. There is a

higher prevalence of operational tolerance in the liver than in
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kidney transplant recipients, although de novo DSA formation

is associated with an increased risk for liver rejection and graft

failure (91). The relative insensitivity of the liver graft to pre-

existing DSA as opposed to the kidney graft can be explained by

the unique expression of HLA-DR and DQ on renal endothelial

cells (92). Moreover, in the kidney allograft, the inflammation

caused by DSA is observed within the microvasculature, which is

the glomerular and peritubular capillaries, whereas the arterioles

frequently remain unaffected (93). This difference indicates that

endothelial and possibly also parenchymal cells protect themselves

against damaging inflammatory sequelae after interaction with

DSA according to organ type and vasculature tissue within

that organ. How this is mediated is currently unknown, but

upregulation of cell-bound complement regulatory systems or

expression of ligands involved in apoptosis (inducing cell death in

activated T cells) are possible mechanisms (94, 95).

In conclusion, donor-specific hyporesponsiveness by

activation-induced cell death of high-risk polyfunctional,

direct alloreactive T cells is a potent mechanism by which the

risk for TCMR is substantially lowered in the first year after

transplantation, which continues thereafter. In contrast, the

cumulative risk for c-aABMR caused by de novo DSA formation

via the indirect pathway of alloreactivity increases and plateaus

approximately 10 years posttransplant.

The intensity of maintenance immune
suppression regimens—Balancing
between donor-specific
hyporesponsiveness and ongoing
indirect alloreactivity

Given the development of DSH by the progressive loss of

high-risk polyfunctional alloreactive T cells, it is reasonable to

consider lowering the immune suppressive drug load in the long-

term management of kidney transplant recipients. Two important

questions are as follows: Who can be considered for safe lowering?

Which drugs should be considered? First, known risk factors

for TCMR can be identified in the donor and the recipient.

Donor-related factors such as delayed graft function, cold ischemia

time, and deceased donor vs. living status mediate their effect

by increasing the immunogenicity of the donor’s kidney, as

these factors lead to the upregulation of HLA and adhesion

molecules (96). Furthermore, kidneys from older donors are

more immunogenic, which is particularly relevant for younger

recipients (97, 98). The total number of HLA mismatches is

an important risk factor, as is the older age of the recipient,

which confers a substantially lowered risk for TCMR, given

the effects of an aging immune system (25, 31, 99–101). The

initial trough level of tacrolimus, medication adherence, and

type of induction therapy (none, CD25-blocking antibody, T cell

depletion) are also modifiable risk factors for TCMR (102, 103).

However, although these factors are important for initial TCMR

risk assessment, they are not known to be associated with the long-

term risk of TCMR, as this type of rejection essentially disappears

after 3–5 years.

Many centers continue a maintenance triple immune

suppressive drug regimen (usually tacrolimus, MMF, and

prednisone), while others withdraw steroids at some point.

Early steroid withdrawal (within 6 months after transplantation)

increases the risk of TCMR by 10–20%, but long-term graft survival

is not affected (104). Long-term continuation of prednisone may

thus be superfluous in the prevention of TCMR. However, studies

on steroid withdrawal many years after transplantation are lacking.

This must be weighed against the apparent disadvantages of steroid

use, such as hypertension, DM, osteoporosis, and infection. Steroid

withdrawal has been proven beneficial as it lowers the risk of

post-transplant DM, bone loss, and infections (104–110).

MMF has replaced azathioprine in current immune suppressive

regimens. MMF use may cause serious gastrointestinal side effects

and severely lower the antibody response to vaccination, e.g.,

COVID-19 vaccines (111–113). In general, the use of MMF is

associated with more infections, particularly viral infections, but

it does not seem to increase the risk for cancer significantly

and may even have therapeutic potential as an anticancer drug

(114–116). Thus, the potential benefits of steroid or MMF

withdrawal are fewer infections, low osteoporosis, and a possible

improved cardiovascular risk profile, mainly due to lower levels of

diabetes mellitus.

The introduction of CNIs, first cyclosporine and then

tacrolimus, has greatly reduced the number of acute rejections

in the first year and improved graft survival. However, there are

some obvious downsides to the use of CNI, such as nephrotoxicity,

hypertension, DM, and the increased risk formalignancy (117). The

latter is dose-dependent, and particularly, relatively high exposition

to CNI increases these risks (118–121). A number of studies

have attempted to discontinue or lower tacrolimus in patients

considered to be at low risk for TCMR (e.g., using ELISPOT-defined

frequencies of interferon-gamma producing alloreactive T cells),

but all showed an increase in TCMR (122, 123). This underscores

the pivotal role of CNI in TCMR prevention, but it should

be noted that most of these studies were performed relatively

shortly after transplantation. However, attempts to wean recipients

off tacrolimus at least 4 years posttransplant were discontinued

because of either rejection or the formation of de novo DSA (124).

Given these results, CNI is usually continued for an indefinite

period of time with the potential risk of nephrotoxicity. However,

graft failure due to chronic interstitial fibrosis with tubular atrophy

comprised only 5% of all graft losses in a single center cohort of over

700 patients with at least 15 years of follow-up (8). Although, in

part, this may represent ongoing TCMR (iIFTA) or activity of non-

HLA antibodies (61), it seems likely that continuous exposure to

CNImay be the cause in a number of patients. In conclusion, CNI is

the cornerstone of immune-suppressive regimens, and withdrawal

at any point after transplantation increases the risk for TCMR

and/or DSA formation. Therefore, the safest option is to continue

but minimize CNI exposure in the long run.

Over the last decade, it has become clear that long-term

kidney graft loss other than death with a functioning graft

is dominated by chronic antibody-mediated rejection (8, 14).

Although microvascular inflammation with signs of chronic

endothelial activation (manifested by membrane multilayering) is

invariably found, evidence of antibody-mediated rejection, such

as complement C4d deposition in the kidney or the presence of
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circulating DSA, can be missing in up to 40% of cases (125–127).

This discrepancy could be due to a lack of sensitivity of the used

assays, as both DSA-negative and positive c-aABMR have similar

histology, gene expression profiles, and graft survival (127, 128).

However, in a small and specific subset of DSA-negative cases,

other rejectionmechanisms, such as those involving NK cells, could

potentially provide an explanation (129).

Studies on graft survival have shown that tacrolimus trough

levels below 5 ug/L are associated with decreased graft survival (19).

However, this relationship between tacrolimus trough levels and

graft survival is also dependent on HLA epitope mismatch load, as

both are associated with the risk of TCMR and ABMR (84, 85, 130).

It is important to realize that, even with adequate trough levels of

tacrolimus (between 6 and 7 ug/ml), chronic antibody-mediated

rejection cannot be fully prevented (131). It is not known what the

contribution of MMF, prednisone, or combined tacrolimus use is

to the prevention of c-aABMR. The recognition that c-aABMR is

one of the major causes of death-censored graft loss has diminished

the enthusiasm for immune suppression reduction protocols and

research in this area. As no proven effective treatment is known for

c-aABMR to date, the consensus is “optimization of maintenance

immune suppressive medication” (132), which is translated into

reinstitution of prednisone and/or higher tacrolimus levels in

many instances. Whether this optimization will halt further

deterioration of allograft function is questionable, as the underlying

immunological process is an established coordinated T- and B-

cell response to immunogenic epitopes derived from continuously

exposed proteins.

Biomarkers predict rejection and monitor
alloreactivity against the donor organ

Minimizing the number of HLA mismatches, or HLA-epitope

mismatch load, is the most straightforward strategy for reducing

the risk for both TCMR and ABMR in the early and late periods

after transplantation (133). Pre-transplantation DSA, also non-

complement binding and only detectable in the Luminex assay,

constitutes an increased risk for ABMR early and even many years

after transplantation, leading to an estimated excessive graft loss of

approximately 10–15% at 10 years (134, 135). Why the majority of

DSA are not causing clinically relevant ABMR and/or graft loss is

not well known but may relate to the affinity, complement binding

capacity, and glycosylation profile of the antibodies (136–138).

The current knowledge is insufficient to accurately predict which

recipient with, e.g., a fully HLA-mismatched kidney transplant, will

experience rejection and who will not.

The ELISPOT assay to determine the frequency of interferon-

gamma (IFN)-producing alloreactive T cells in circulation is the

most thoroughly investigated assay in relation to the risk of early

acute rejection. Although a high frequency of IFN-producing T

cells is associated with a higher risk of early acute rejection, the

positive predictive value is rather poor (139). Lowering immune

suppression early after transplantation in recipients with a low IFN-

ELIspot count relative to donor HLA increased the risk of acute

rejection (123). Currently, no biomarkers are available for adequate

prediction of the long-term risk of rejection, but regularmonitoring

for de novo DSA can identify recipients who have developed DSA

and in whom immune suppression should not be lowered.

In conclusion, the intensity of immune suppression needed to

prevent rejection-related graft loss changes over time (Figures 3, 4).

Early after transplantation, high, intense immune suppression is

needed to control high-risk direct alloreactive memory T cells,

which decrease gradually, allowing for dose reduction over time.

Maintenance immune suppression is then needed to control both

persisting levels of low-risk direct alloreactivity and ongoing

indirect alloreactivity. In the very long term (>10–15 years), even

lower doses are likely sufficient to control indirect alloreactivity.

Managing maintenance immune
suppression regimens in relation to
age and taking care of an older
recipient

The age of the recipient has important implications for

the management of immune suppressive drugs, as age impacts

the risk of rejection, infection, and side effects. For instance,

early steroid withdrawal especially benefits older adults in terms

of posttransplant diabetes mellitus prevention. Ahn et al. have

demonstrated in USRDS data in over 12,000 kidney transplant

recipients that recipients over 55 years had a significantly higher

benefit of steroid withdrawal than younger recipients (aHR for

diabetes: 0.71 for>55 years vs. 1.18 in the age category 18–29 years)

(107). Furthermore, a major competitive risk factor for graft loss in

older adults is death with a functioning graft.

The aged immune system makes the older population more

prone to infectious complications (140, 141), which explains the

reverse relation between the risk of TCMR and age, an association

that is continuous throughout adulthood (8, 97). For instance,

recipients over 55 years of age at the time of transplantation

have a twofold reduced risk for TCMR compared to recipients

aged 18–45 years, (7, 8) but an increased risk for death from

especially bacterial infections (142, 143). The number of HLA

mismatches and pre-transplantation anti-HLADSA are risk factors

for ABMR in all age groups, including older adults (8, 68).

Based on studies on for-cause kidney biopsies, time to c-aABMR

diagnosis usually ranges between 4–6 years after transplantation,

with poor graft survival leading on average to 50% graft loss

3 years after c-aABMR diagnosis (144, 145). However, as death

with a functioning graft is the leading cause of graft loss in the

majority of recipients over 55 years of age, mortality constitutes a

significant competitive risk factor for c-aABMR as the cause of late

graft failure.

Based on these data, it was postulated that patients with a

low risk for rejection (<4 HLA MM, no positive PRA or DSA

pre-transplantation) could benefit from tacrolimus monotherapy

at 1-year post-transplantation without increasing the risk for

rejection-related graft loss. An RCT based on this concept

was recently published with 5-year follow-up data and indeed

showed that this may be a feasible approach as the results

showed no development of DSA, no increased rejection rate,

significantly fewer infections, and a much better serological

response after COVID vaccination (112, 146). Tacrolimus was given
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FIGURE 4

The risk for cellular and antibody-mediated rejection in time after transplantation in relation to the frequencies of circulating polyfunctional

alloreactive T cells. The risk of T cell-mediated rejection (the upper panel and the red curve) after kidney transplantation is highest in the first month

after transplantation; it then becomes low after 1 year and rare after 5 years post-transplantation. This coincides with the decrease in time of

circulating polyfunctional CD4T cells with direct alloreactivity (middle panel), while alloreactive CD8T cell numbers become very low only after 10

years post-transplantation. The risk for antibody-mediated rejection (ABMR) can be initially increased post-transplantation (upper panel, green

curve), which is largely determined by the presence of preformed donor-specific antibodies (DSA) at the time of transplantation. Thereafter, there is a

fairly constant incidence of ABMR, which is associated with the cumulative increase of de novo DSA plateauing within 5–10 years after

transplantation (lower panel). The incidence of clinical ABMR becomes very low beyond 10 years post-transplantation.

as a once-daily formulation, increasing medication adherence,

and there were fewer gastrointestinal symptoms after MMF

discontinuation (83, 113, 147). Of note, the mean age of the

recipients in this trial was 59 years, and recipients with a

TCMR treated with T cell-depleting therapy were excluded

from randomization. Therefore, the results showed that, for

monotherapy with a slow-release tacrolimus preparation 1 year

after transplantation in older adults, immunologically standard-

risk recipients is safe and associated with fewer gastrointestinal side

effects and infections. As no DSA development was observed over

a period of 4 years, the likelihood of c-aABMR development is

deemed low.

Whether similar results can be obtained in young

immunologically standard-risk recipients is not known, and

death is not a major cause of graft failure in this age category.

However, additional steering of immunosuppressive therapy by

virus-specific T cell levels showed that, in pediatric patients,

the load of immune suppressive medication could be lowered

(148). In the age group of 19–45 years, the risk for acute

TCMR also becomes virtually zero after 5 years, and the risk

for chronic humoral rejection appears not to be influenced

by age. Particularly in this group of recipients, the cumulative

exposure to immune suppressive drugs may be substantial, as

mortality is low and the expected transplant life, particularly

with a living donor kidney transplant, is very good, at least 15

years. Therefore, although the reasons for lowering immune

suppressive drug doses may differ with recipients’ age, strategies

to lower IS drug doses in the long run after transplantation

can be considered an unmet need in all age categories

of recipients.

Alternative immune suppressive drugs

Several strategies have been attempted to reduce or withdraw

CNI use in the long term, primarily to prevent the potential

nephrotoxicity of CNI, by a switch to or combination with

belatacept (a fusion protein blocking the costimulatory molecule

CTLA-4) or an mTOR inhibitor. De novo use of belatacept is

associated with an increased risk for rejection, but a switch

from CNI to belatacept several years after transplantation may

be a safe choice in selected patients who show progressive loss

of transplant function because of CNI nephrotoxicity (149).

However, belatacept increases the risk of infection and lowers

vaccination responses and may thus not be ideal for older

recipients, although specific clinical data for this age group

are lacking (150). Using mTOR inhibitors in combination with

CNI may allow for lower trough levels of CNI, and the effect

on long-term graft survival and DSA formation at 2 years

was comparable (151). Recently, an RCT has started in elderly

(>65 years) kidney transplant patients comparing the standard

maintenance IS regimen of tacrolimus/MMF/prednisone with
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low-dose tacrolimus/everolimus/prednisone (152). However, the

primary outcome is graft function at 1 year, not patient survival,

infections, or late rejection. The effect of different immune

suppressive drugs on AICD of alloreactive T cells and the

appearance of DSH after transplantation is essentially unknown.

The benefits of a living donor kidney vs. a
deceased donor kidney in older adults

A kidney from a living donor has some major advantages for

an older recipient. Avoiding an inflamed allograft due to ischemic

reperfusion injury lowers the risk of acute rejection, with delayed

graft function being a rarer event and, on average, having a better

graft function. Currently, the frequency of transplantation with

a living donor kidney is much lower in older adults and is an

underused option (153, 154). Data indicate that the kidneys of

an older donor show almost similar excellent graft survival as the

kidneys of a young donor (155). In addition, kidney donation

by an older living donor in good clinical condition can be safely

performed, even by an 85-year-old, with excellent graft function

for many years (156, 157). Therefore, promoting living kidney

donation in older adults appears to be an attractive strategy for

improving the results of transplantation in older adults. The life-

time risk for end-stage disease may be even lower in an older donor,

and less strict rules for a donation could be acceptable, both given

the diminished life span, e.g., a potential donor over 70 years of age.

Currently, these deliberations are largely hypothetical as there is a

lack of data on this subject, but they are of considerable interest for

further exploration.

The Eurotransplant Senior program (old-for-old program) is

designed to reduce waitlist time in older recipients by allocating

preferentially kidneys of deceased donors from 65 years or older

to recipients of 65 years or older without considering the degree

of HLA matching. In particular, with the acceptance of kidneys

from older donors after circulatory death, the frequency of DGF is

high, and 64% do not reach an eGFR above 30 ml/min (6). Patient

survival in the old-for-old group is similar compared to patients

remaining on the waitlist, and mental and physical performance

improve after transplantation (6, 158). However, results can be

much better with a kidney from a living donor and are more

cost-effective (155, 159). Moreover, given the lower risk of acute

rejection, the risk of morbidity associated with anti-rejection

treatment is lower, and an opportunity for less intense immune

suppression exists.

Future perspectives

The key differences in strategy for older adults compared to

younger recipients are the concept of an age-related decrease

in TCMR (but probably not ABMR), an increase in infection-

related mortality and posttransplant DM (thus a benefit of steroid

and MMF withdrawal), and increased mortality as a major

competitive risk factor (decreasing the risk for c-aABMR-related

graft loss substantially).

As recommendations for further studies in older adults, early

steroid withdrawal is feasible and beneficial, while early tacrolimus

withdrawal or lowering is associated with a substantial risk of acute

rejection and should not be part of a protocol. The immunological

standard-risk patients that have not experienced severe acute

rejection (thus have clinical evidence of low immunological risk)

are likely the most suitable group of recipients for a switch to,

e.g., tacrolimus monotherapy after at least a year and maybe

even at a low dose (trough levels 5 or less), e.g., 10 years after

transplantation, making use of the development of profound DSH

and the plateauing of newly diagnosed c-aABMR.

A major hurdle to answering these questions in an RCT is

the very large number of recipients needed for inclusion and

to be followed for at least 5–10 years when chronic rejection is

taken as the primary endpoint. However, when infectious episodes,

particularly in an older patient, are taken as the primary endpoint,

a significant difference between groups has already been reached,

with approximately 40 recipients per group and a follow-up of 5

years (146). It seems likely that such a difference in the infection

rate will also lead to a difference in infection-related mortality in

older transplant recipients.

In summary, the majority of kidney transplant recipients

have excellent graft survival in the first year, given the efficacy

of current maintenance immune suppression and effective

treatment of acute rejections. The development of donor-specific

hyporesponsiveness and the time-dependent formation of DSA,

which tend to plateau after 10 years, provide an opportunity

to reduce the intensity of immune maintenance suppression,

particularly in older recipients. Given the high burden of infection

and risk of death with a functioning graft in this age group,

an RCT in the older transplant population is warranted with

clinical endpoints other than chronic rejection-related graft

loss.

Author contributions

MB andAD contributed equally to the design and writing of the

manuscript. Both authors contributed to the article and approved

the submitted version.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Frontiers inMedicine 10 frontiersin.org

https://doi.org/10.3389/fmed.2023.1215167
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Betjes and De Weerd 10.3389/fmed.2023.1215167

References

1. Matas AJ, Smith JM, Skeans MA, Thomson B, Gustafson S, Schnitzler MA,
et al. OPTN/SRTR 2012 Annual Data Report: kidney. Am J Transplant. (2014) 1:11–
44. doi: 10.1111/ajt.12579

2. Hart A, Smith JM, Skeans MA, Thomson B, Wilk AR, Castro S, et al.
OPTN/SRTR 2018 Annual Data Report: kidney. Am J Transplant. (2020) 20:20–
130. doi: 10.1111/ajt.15672

3. de Weerd AE Betjes MGH. ABO-incompatible kidney transplant outcomes: a
meta-analysis. Clin J Am Soc Nephrol. (2018) 13:1234–43. doi: 10.2215/CJN.00540118

4. Jacobi J, Beckmann S, Heller K, Hilgers KF, Apel H, Spriewald B, et al.
Deceased donor kidney transplantation in the eurotransplant senior program (ESP):
a single-center experience from 2008 to 2013. Ann Transplant. (2016) 21:94–
104. doi: 10.12659/AOT.895731

5. Gondos A, Döhler B, Brenner H, Opelz G. Kidney graft survival in Europe and
the United States: strikingly different long-term outcomes. Transplantation. (2013)
95:267–74. doi: 10.1097/TP.0b013e3182708ea8

6. Peters-Sengers H, Berger SP, Heemskerk MBA, Arashi DA, van der Heide
JJH, Hemke AC, et al. Stretching the limits of renal transplantation in elderly
recipients of grafts from elderly deceased donors. J Am Soc Nephrol. (2017) 28:621–
31. doi: 10.1681/ASN.2015080879

7. Betjes MGH, Sablik KS, Otten HG, Roelen DL, Claas FH, de Weerd
A. Pretransplant donor-specific anti-HLA antibodies and the risk for
rejection-related graft failure of kidney allografts. J Transplant. (2020)
2020:5694670. doi: 10.1155/2020/5694670

8. Betjes MGH, Roelen DL, van Agteren M, Kal-van Gestel J. Causes of kidney graft
failure in a cohort of recipients with a very long-time follow-up after transplantation.
Front Med (Lausanne). (2022) 9:842419. doi: 10.3389/fmed.2022.842419

9. Halloran PF, Chang J, Famulski K, Hidalgo LG, Salazar IDR, Lopez MM, et al.
Disappearance of T cell-mediated rejection despite continued antibody-mediated
rejection in late kidney transplant recipients. J Am Soc Nephrol. (2015) 26:1711–
20. doi: 10.1681/ASN.2014060588

10. Mason PD, Robinson CM, Lechler RI. Detection of donor-specific
hyporesponsiveness following late failure of human renal allografts. Kidney Int.
(1996) 50:1019–25. doi: 10.1038/ki.1996.404

11. Ghobrial II, Morris AG, Booth LJ. Clinical significance of in vitro donor-specific
hyporesponsiveness in renal allograft recipients as demonstrated by the MLR. Transpl
Int. (1994) 7:420–7. doi: 10.1111/j.1432-2277.1994.tb01261.x

12. DeBruyne LA, Renlund DG, Bishop DK. Evidence that human cardiac allograft
acceptance is associated with a decrease in donor-reactive helper T lymphocytes.
Transplantation. (1995) 59:778–83. doi: 10.1097/00007890-199503150-00024

13. Naesens M, Kuypers DRJ, De Vusser K, Evenepoel P, Claes K, Bammens
B, et al. The histology of kidney transplant failure: a long-term follow-up study.
Transplantation. (2014) 98:427–35. doi: 10.1097/TP.0000000000000183

14. Sellarés J, de Freitas DG, Mengel M, Reeve J, Einecke G, Sis B, et al.
Understanding the causes of kidney transplant failure: the dominant role of
antibody-mediated rejection and nonadherence. Am J Transplant. (2012) 12:388–
99. doi: 10.1111/j.1600-6143.2011.03840.x

15. Einecke G, Sis B, Reeve J, Mengel M, Campbell PM, Hidalgo LG, et al. Antibody-
mediated microcirculation injury is the major cause of late kidney transplant failure.
Am J Transplant. (2009) 9:2520–31. doi: 10.1111/j.1600-6143.2009.02799.x

16. Chamoun B, Torres IB, Gabaldón A, Sellarés J, Perelló M, Castellá E, et al.
Progression of interstitial fibrosis and tubular atrophy in low immunological risk renal
transplants monitored by sequential surveillance biopsies: the influence of tac exposure
and metabolism. J Clin Med. (2021) 10:141. doi: 10.3390/jcm10010141

17. Sellarés J, de Freitas DG, Mengel M, Sis B, Hidalgo LG, Matas AJ,
et al. Inflammation lesions in kidney transplant biopsies: association with
survival is due to the underlying diseases. Am J Transplant. (2011) 11:489–
99. doi: 10.1111/j.1600-6143.2010.03415.x

18. Matas AJ, Helgeson ES, Gaston R, Cosio F, Mannon R, Kasiske BL, et al.
Inflammation in areas of fibrosis: the DeKAF prospective cohort. Am J Transplant.
(2020) 20:2509–21. doi: 10.1111/ajt.15862

19. Wojciechowski D, Wiseman A. Long-term immunosuppression
management: opportunities and uncertainties. Clin J Am Soc Nephrol. (2021)
16:1264–71. doi: 10.2215/CJN.15040920

20. Betjes MG. Uremia-associated ageing of the thymus and adaptive immune
responses. Toxins (Basel). (2020) 12:224. doi: 10.3390/toxins12040224

21. Kilpatrick RD, Rickabaugh T, Hultin LE, Hultin P, Hausner MA, Detels R, et al.
Homeostasis of the naive CD4+ T cell compartment during aging. J Immunol. (2008)
180:1499–507. doi: 10.4049/jimmunol.180.3.1499

22. Ahmed M, Lanzer KG, Yager EJ, Adams PS, Johnson LL, Blackman MA. Clonal
expansions and loss of receptor diversity in the naive CD8T cell repertoire of aged
mice. J Immunol. (2009) 182:784–92. doi: 10.4049/jimmunol.182.2.784

23. Fagnoni FF, Vescovini R, Passeri G, Bologna G, Pedrazzoni
M, Lavagetto G, et al. Shortage of circulating naive CD8(+) T cells
provides new insights on immunodeficiency in aging. Blood. (2000)
95:2860–8. doi: 10.1182/blood.V95.9.2860.009k35_2860_2868

24. Betjes MGH, Langerak A, Klepper M, Litjens N. A very low thymus function
identifies patients with substantial increased risk for long-term mortality after kidney
transplantation. Immun Ageing. (2020) 17:4. doi: 10.1186/s12979-020-00175-z

25. Betjes MG. Clinical consequences of circulating CD28-negative T cells for solid
organ transplantation. Transpl Int. (2016) 29:274–84. doi: 10.1111/tri.12658

26. Koelman L, Pivovarova-Ramich O, Pfeiffer AFH, Grune T, Aleksandrova
K. Cytokines for evaluation of chronic inflammatory status in ageing
research: reliability and phenotypic characterisation. Immun Ageing. (2019)
16:11. doi: 10.1186/s12979-019-0151-1

27. van de Berg PJ, Heutinck KM, Raabe R, Minnee RC, Young SL, van
Donselaar-van der Pant KA, et al. Human cytomegalovirus induces systemic immune
activation characterized by a type 1 cytokine signature. J Infect Dis. (2010) 202:690–
9. doi: 10.1086/655472

28. Liu B, Carle KW, Whisler RL. Reductions in the activation of ERK and JNK are
associated with decreased IL-2 production in T cells from elderly humans stimulated
by the TCR/CD3 complex and costimulatory signals. Cell Immunol. (1997) 182:79–
88. doi: 10.1006/cimm.1997.1226

29. Litjens NHR, van Druningen CJ, Betjes MGH. Progressive loss of renal function
is associated with activation and depletion of naive T lymphocytes. Clin Immunol.
(2006) 118:83–91. doi: 10.1016/j.clim.2005.09.007

30. Huang L, Langerak A, Tettero I, Meijers R, Baan C, Litjens N, et al. End stage
renal disease patients have a skewed T cell receptor Vbeta repertoire. Immun Ageing.
(2015) 12:28. doi: 10.1186/s12979-015-0055-7

31. Huang L, Litjens N, Kannegiester N, Klepper M, Baan CC, Betjees M. pERK-
dependent defective TCR-mediated activation of CD4(+) T cells in end-stage renal
disease patients. Immun Ageing. (2017) 14:14. doi: 10.1186/s12979-017-0096-1

32. Betjes MGH, Huisman M, Weimar W, Litjens NHR. Expansion of cytolytic
CD4+CD28- T cells in end-stage renal disease. Kidney Int. (2008) 74:760–
7. doi: 10.1038/ki.2008.301

33. Huang L, Betjes MGH, Klepper M, Langerak AW, Baan CC, Litjens NHR.
End-stage renal disease causes skewing in the TCR Vbeta-repertoire primarily within
CD8(+) T cell subsets. Front Immunol. (2017) 8:1826. doi: 10.3389/fimmu.2017.01826

34. Betjes MGH, Langerak AW, van der Spek A, deWit EA, Litjens NHR. Premature
aging of circulating T cells in patients with end-stage renal disease. Kidney Int. (2011)
80:208–17. doi: 10.1038/ki.2011.110

35. Meijers RW, Litjens N, Wit E, Langerak A, Baan C, Betjes M. Uremia-associated
immunological aging is stably imprinted in the T-cell system and not reversed by
kidney transplantation. Transpl Int. (2014) 27:1272–84. doi: 10.1111/tri.12416

36. Martin V, Wu Y-C, Kipling D, Walters D. Ageing of the B-cell repertoire. Philos
Trans R Soc Lond B Biol Sci. (2015) 370:20140237. doi: 10.1098/rstb.2014.0237

37. Pahl MV, Gollapudi S, Sepassi L, Gollapudi P, Elahimehr R, Vaziri
ND. Effect of end-stage renal disease on B-lymphocyte subpopulations, IL-7,
BAFF and BAFF receptor expression. Nephrol Dial Transplant. (2010) 25:205–
12. doi: 10.1093/ndt/gfp397

38. Ciocca M, Zaffina S, Salinas AF, Bocci C, Palomba P, Conti MG, et al. Evolution
of human memory B cells from childhood to old age. Front Immunol. (2021)
12:690534. doi: 10.3389/fimmu.2021.690534

39. Blanco E, Andres M, Mendez S, Sanfelicianno T, Criado I, Palak C,
et al. Age-associated distribution of normal B-cell and plasma cell subsets in
peripheral blood. J Allergy Clin Immunol. (2018) 141:2208–19. doi: 10.1016/j.jaci.2018.
02.017

40. Lee JL, Linterman MA. Mechanisms underpinning poor antibody responses to
vaccines in ageing. Immunol Lett. (2022) 241:1–14. doi: 10.1016/j.imlet.2021.11.001

41. Cicin-Sain L, Smyk-Pearson S, Currier N, Byrd L, Koudelka C, Robinson T, et al.
Loss of naive T cells and repertoire constriction predict poor response to vaccination
in old primates. J Immunol. 184: 6739-6745. doi: 10.4049/jimmunol.0904193

42. Crooke SN, Ovsyannikova IG, Poland GA, Kennedy RB.
Immunosenescence and human vaccine immune responses. Immun Ageing. (2019)
16:25. doi: 10.1186/s12979-019-0164-9

43. Litjens NH, Huisman M, Hijdra D, Lambrecht B, Stittlelaar KJ, Betjes
M. IL-2 producing memory CD4+ T lymphocytes are closely associated with
the generation of IgG-secreting plasma cells. J Immunol. (2008) 181:3665–
73. doi: 10.4049/jimmunol.181.5.3665

44. Litjens NHR, Huisman M, van den Dorpel M, Betjes MGH. Impaired immune
responses and antigen-specific memory CD4+ T cells in hemodialysis patients. J Am
Soc Nephrol. (2008) 19:1483–90. doi: 10.1681/ASN.2007090971

Frontiers inMedicine 11 frontiersin.org

https://doi.org/10.3389/fmed.2023.1215167
https://doi.org/10.1111/ajt.12579
https://doi.org/10.1111/ajt.15672
https://doi.org/10.2215/CJN.00540118
https://doi.org/10.12659/AOT.895731
https://doi.org/10.1097/TP.0b013e3182708ea8
https://doi.org/10.1681/ASN.2015080879
https://doi.org/10.1155/2020/5694670
https://doi.org/10.3389/fmed.2022.842419
https://doi.org/10.1681/ASN.2014060588
https://doi.org/10.1038/ki.1996.404
https://doi.org/10.1111/j.1432-2277.1994.tb01261.x
https://doi.org/10.1097/00007890-199503150-00024
https://doi.org/10.1097/TP.0000000000000183
https://doi.org/10.1111/j.1600-6143.2011.03840.x
https://doi.org/10.1111/j.1600-6143.2009.02799.x
https://doi.org/10.3390/jcm10010141
https://doi.org/10.1111/j.1600-6143.2010.03415.x
https://doi.org/10.1111/ajt.15862
https://doi.org/10.2215/CJN.15040920
https://doi.org/10.3390/toxins12040224
https://doi.org/10.4049/jimmunol.180.3.1499
https://doi.org/10.4049/jimmunol.182.2.784
https://doi.org/10.1182/blood.V95.9.2860.009k35_2860_2868
https://doi.org/10.1186/s12979-020-00175-z
https://doi.org/10.1111/tri.12658
https://doi.org/10.1186/s12979-019-0151-1
https://doi.org/10.1086/655472
https://doi.org/10.1006/cimm.1997.1226
https://doi.org/10.1016/j.clim.2005.09.007
https://doi.org/10.1186/s12979-015-0055-7
https://doi.org/10.1186/s12979-017-0096-1
https://doi.org/10.1038/ki.2008.301
https://doi.org/10.3389/fimmu.2017.01826
https://doi.org/10.1038/ki.2011.110
https://doi.org/10.1111/tri.12416
https://doi.org/10.1098/rstb.2014.0237
https://doi.org/10.1093/ndt/gfp397
https://doi.org/10.3389/fimmu.2021.690534
https://doi.org/10.1016/j.jaci.2018.02.017
https://doi.org/10.1016/j.imlet.2021.11.001
https://doi.org/10.4049/jimmunol.0904193
https://doi.org/10.1186/s12979-019-0164-9
https://doi.org/10.4049/jimmunol.181.5.3665
https://doi.org/10.1681/ASN.2007090971
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Betjes and De Weerd 10.3389/fmed.2023.1215167

45. Fulop T, Larbi A, Pawelec G, Cohen AA, Provost G, Khalil A, et al.
Immunosenescence and altered vaccine efficiency in older subjects: a myth difficult to
change. Vaccines (Basel). (2022) 10:607. doi: 10.3390/vaccines10040607

46. Marino J, Paster J, Benichou G. Allorecognition by T lymphocytes and allograft
rejection. Front Immunol. (2016) 7:582. doi: 10.3389/fimmu.2016.00582

47. Degauque N, et al. Cross-reactivity of TCR repertoire: current concepts,
challenges, and implication for allotransplantation. Front Immunol. (2016)
7:89. doi: 10.3389/fimmu.2016.00089

48. Housset D, Malissen B. What do TCR-pMHC crystal structures teach
us about MHC restriction and alloreactivity? Trends Immunol. (2003) 24:429–
37. doi: 10.1016/S1471-4906(03)00180-7

49. Boardman DA, Jacob J, Smyth LA, Lombardi G, Lechler RI.
What is direct allorecognition? Curr Transplant Rep. (2016) 3:275–
83. doi: 10.1007/s40472-016-0115-8

50. Siu JHY, Surendrakumar V, Richard JA, Pettigrew G. T cell
allorecognition pathways in solid organ transplantation. Front Immunol. (2018)
9:02548. doi: 10.3389/fimmu.2018.02548

51. Hughes AD, Zhao D, Dai H, Abou-Daya KI, Tieu R, Rammal R, et al.
Crossdressed dendritic cells sustain effector T cell responses in islet and kidney
allografts. J Clin Invest. (2020) 130:287–94. doi: 10.1172/JCI125773

52. Koritzinsky EH, Tsuda H, Fairchild RL. Endogenous memory T cells with
donor-reactivity: early post-transplant mediators of acute graft injury in unsensitized
recipients. Transpl Int. (2021) 34:1360–73. doi: 10.1111/tri.13900

53. Abrahimi P, Qin L, Chang WG, Bothwell ALM, Tellides G, Saltzman WM, et al.
Blocking MHC class II on human endothelium mitigates acute rejection. JCI Insight.
(2016) 1:85293. doi: 10.1172/jci.insight.85293

54. Dedeoglu B, Salinas T, Lubetzky M, et al. CD4(+) CD28(null) T cells are not
alloreactive unless stimulated by interleukin-15. Am J Transplant. (2018) 18:341–
50. doi: 10.1111/ajt.14480

55. Traitanon O, Gorbachev A, Bechtel JJ, Kesler KS, Baldwin WM, Poggio ES,
et al. IL-15 induces alloreactive CD28(-) memory CD8T cell proliferation and
CTLA4-Ig resistant memory CD8T cell activation. Am J Transplant. (2014) 14:1277–
89. doi: 10.1111/ajt.12719

56. Steinman RM, Inaba K. Stimulation of the primary mixed leukocyte reaction.
Crit Rev Immunol. (1985) 5:331–48.

57. Duneton C, Winterberg PD, Ford ML. Activation and regulation of alloreactive
T cell immunity in solid organ transplantation. Nat Rev Nephrol. (2022) 18:663–
76. doi: 10.1038/s41581-022-00600-0

58. Tait BD, Süsal C, Gebel HM, Nickerson PW, Zachary AA, Claas FHJ, et al.
Consensus guidelines on the testing and clinical management issues associated with
HLA and non-HLA antibodies in transplantation. Transplantation. (2013) 95:19–
47. doi: 10.1097/TP.0b013e31827a19cc

59. Orandi BJ, Luo X, Massie AB, Garonzik-Wang JM, Lonze BE, Ahmed R, et al.
survival benefit with kidney transplants from HLA-incompatible live donors. N Engl J
Med. (2016) 374:940–50. doi: 10.1056/NEJMoa1508380

60. Motter JD, Jackson KR, Long JJ, Waldram MM, Orandi BJ, Montgomery
RA, et al. Delayed graft function and acute rejection following HLA-
incompatible living donor kidney transplantation. Am J Transplant. (2021)
21:1612–21. doi: 10.1111/ajt.16471

61. Betjes MGH, Sablik KA, Litjens NHR, Otten HG, de Weerd AE. ARHGDIB
and AT1R autoantibodies are differentially related to the development and presence of
chronic antibody-mediated rejection and fibrosis in kidney allografts. Hum Immunol.
(2021) 82:89–96. doi: 10.1016/j.humimm.2020.12.003

62. Kamburova EG, Gruijters ML, Kardol-Hoefnagel T,Wisse BW, Joosten I, Allebes
WA, et al. Antibodies against ARHGDIB are associated with long-term kidney graft
loss. Am J Transplant. (2019) 19:3335–44. doi: 10.1111/ajt.15493

63. Senev A, Otten HG, Kamburova EG, Callemeyn J, Lerut E, Van
Sandt V, et al. Antibodies against ARHGDIB and ARHGDIB gene
expression associate with kidney allograft outcome. Transplantation. (2020)
104:1462–71. doi: 10.1097/TP.0000000000003005

64. Reindl-Schwaighofer R, Heinzel A, Kainz A, van Setten J, Jelencsics K, Hu
K, et al. Contribution of non-HLA incompatibility between donor and recipient to
kidney allograft survival: genome-wide analysis in a prospective cohort. Lancet. (2019)
393:910–7. doi: 10.1016/S0140-6736(18)32473-5

65. Carapito R, Aouadi I, Verniquet M, Untrau M, Pichot A, Beaudrey
T, et al. The MHC class I MICA gene is a histocompatibility antigen in
kidney transplantation. Nat Med. (2022) 28:989–98. doi: 10.1038/s41591-022-
01725-2

66. Litjens N, Peeters A, Kal-van Gestel J, Klepper M, Betjes M. The
FCGR3A 158 V/V-genotype is associated with decreased survival of renal
allografts with chronic active antibody-mediated rejection. Sci Rep. (2021)
11:7903. doi: 10.1038/s41598-021-86943-3

67. Ziemann M, Altermann W, Angert K, Arns W, Bachmann A, Bakchoul
T, et al. Preformed donor-specific HLA antibodies in living and deceased donor

transplantation: a multicenter study. Clin J Am Soc Nephrol. (2019) 14:1056–
66. doi: 10.2215/CJN.13401118

68. Kamburova EG, Wisse BW, Joosten I, Allebes WA, van der Meer A, Hilbrands
LB, et al. Differential effects of donor-specific HLA antibodies in living versus deceased
donor transplant. Am J Transplant. (2018) 18:2274–84. doi: 10.1111/ajt.14709

69. van der List ACJ, Litjens NHR, Klepper M, Prevoo F, Betjes MGH. Progressive
loss of donor-reactive CD4(+) effector memory t cells due to apoptosis underlies
donor-specific hyporesponsiveness in stable renal transplant recipients. J Immunol.
(2022) 209:1389–400. doi: 10.4049/jimmunol.2200352

70. Game DS, Hernandez-Fuentes MP, Chaudhry A, Lechler R. CD4+CD25+
regulatory T cells do not significantly contribute to direct pathway
hyporesponsiveness in stable renal transplant patients. J Am Soc Nephrol. (2003)
14:1652–61. doi: 10.1097/01.ASN.0000067411.03024.A9

71. Velthuis JH, Mol WM, Welmer W, Baan CC. CD4+CD25bright+ regulatory T
cells canmediate donor nonreactivity in long-term immunosuppressed kidney allograft
patients. Am J Transplant. (2006) 6:2955–64. doi: 10.1111/j.1600-6143.2006.01566.x

72. Litjens NHR, van de Wetering J, van Besouw NM, Betjes MGH. The human
alloreactive CD4+ T-cell repertoire is biased to a Th17 response and the frequency
is inversely related to the number of HLA class II mismatches. Blood. (2009) 114:3947–
55. doi: 10.1182/blood-2009-03-211896

73. Litjens NH, de Wit EA, Baan CC, Betjes MG. Activation-induced CD137 is a fast
assay for identification and multiparameter flow cytometric analysis of alloreactive T
cells. Clin Exp Immunol. (2013) 174:179–91. doi: 10.1111/cei.12152

74. Chattopadhyay PK, Yu J, Roederer M. Live-cell assay to detect antigen-
specific CD4+ T-cell responses by CD154 expression. Nat Protoc. (2006) 1:1–
6. doi: 10.1038/nprot.2006.1

75. Sadarangani M, Marchant A, Kollmann TR. Immunological mechanisms of
vaccine-induced protection against COVID-19 in humans. Nat Rev Immunol. (2021)
21:475–84. doi: 10.1038/s41577-021-00578-z

76. Diab A, Tykodi SS, Daniels GA, Maio M, Curti BD, Lewis KD, et al.
Bempegaldesleukin plus nivolumab in first-line metastatic melanoma. J Clin Oncol.
(2021) 39:2914–25. doi: 10.1200/JCO.21.00675

77. De Rosa SC, Lu FX Yu J, Perfetto SP, Falloon J, Moser S, et al. Vaccination
in humans generates broad T cell cytokine responses. J Immunol. (2004) 173:5372–
80. doi: 10.4049/jimmunol.173.9.5372

78. Litjens NHR, van der List ACJ, Klepper M, Prevoo F, Boer K, Hesselink
DA, et al. Polyfunctional donor-reactive T cells are associated with acute T-
cell mediated rejection of the kidney transplant. Clin Exp Immunol. (2023)
18:uxad041. doi: 10.1093/cei/uxad041

79. Green DR, Droin N, Pinkoski M. Activation-induced cell death in T cells.
Immunol Rev. (2003) 193:70–81. doi: 10.1034/j.1600-065X.2003.00051.x

80. Inaba M, Kurasawa K, Mamura KK, Kumano K, Saito Y, Iwamato I. Primed T
cells aremore resistant to Fas-mediated activation-induced cell death than naive T cells.
J Immunol. (1999) 163:1315–20. doi: 10.4049/jimmunol.163.3.1315

81. Uehara M, Solhjou Z, Banouni N, Kasinath V, Xiaqun Y, Dai L, et al. Ischemia
augments alloimmune injury through IL-6-driven CD4(+) alloreactivity. Sci Rep.
(2018) 8:2461. doi: 10.1038/s41598-018-20858-4

82. Chen Y, Heeger PS, Valujskikh A. In vivo helper functions of alloreactivememory
CD4+ T cells remain intact despite donor-specific transfusion and anti-CD40 ligand
therapy. J Immunol. (2004) 172:5456–66. doi: 10.4049/jimmunol.172.9.5456

83. van der List ACJ, Litjens NHR, Klepper M, Betjes MGH. Expression
of senescence marker TIGIT identifies polyfunctional donor-reactive CD4+ T
cells preferentially lost after kidney transplantation. Front Immunol. (2021)
12:656846. doi: 10.3389/fimmu.2021.656846

84. Senev A, Loon EV, Lerut E, CoemansM, Callemeyn J, Daniëls L, et al. Association
of predicted HLA T-cell epitope targets and T cell-mediated rejection after kidney
transplantation. Am J Kidney Dis. (2022). doi: 10.1053/j.ajkd.2022.04.009

85. Betjes MGH, Peereboom ETM, Otten HG, Spierings E. The number of donor
HLA-derived T cell epitopes available for indirect antigen presentation determines
the risk for vascular rejection after kidney transplantation. Front Immunol. (2022)
13:973968. doi: 10.3389/fimmu.2022.973968

86. Newell KA, Asare A, Kirk AD, Gisler TD, Bourcier K, Suthanthiran M, et al.
Identification of a B cell signature associated with renal transplant tolerance in humans.
J Clin Invest. (2010) 120:1836–47. doi: 10.1172/JCI39933

87. Duizendstra AA, de Knegt RJ, Mancham S, Klepper M, Roelen DL, Brand-Schaaf
SH, et al. Activated CD4(+) T cells and highly differentiated alloreactive CD4(+) T
cells distinguish operationally tolerant liver transplantation recipients. Liver Transpl.
(2022) 28:98–112. doi: 10.1002/lt.26188

88. Breman E, vanMiert PP, van der Steen DM, Heemskerk MH, Doxiadis II, Roelen
D, et al. HLAmonomers as a tool to monitor indirect allorecognition. Transplantation.
(2014) 97:1119–27. doi: 10.1097/TP.0000000000000113

89. Moral CLD, Wu K, Naik M, Osmanodja B, Akifova A, Lachmann N, et al. The
natural history of de novo donor-specific HLA antibodies after kidney transplantation.
Front Med (Lausanne). (2022) 9:943502. doi: 10.3389/fmed.2022.943502

Frontiers inMedicine 12 frontiersin.org

https://doi.org/10.3389/fmed.2023.1215167
https://doi.org/10.3390/vaccines10040607
https://doi.org/10.3389/fimmu.2016.00582
https://doi.org/10.3389/fimmu.2016.00089
https://doi.org/10.1016/S1471-4906(03)00180-7
https://doi.org/10.1007/s40472-016-0115-8
https://doi.org/10.3389/fimmu.2018.02548
https://doi.org/10.1172/JCI125773
https://doi.org/10.1111/tri.13900
https://doi.org/10.1172/jci.insight.85293
https://doi.org/10.1111/ajt.14480
https://doi.org/10.1111/ajt.12719
https://doi.org/10.1038/s41581-022-00600-0
https://doi.org/10.1097/TP.0b013e31827a19cc
https://doi.org/10.1056/NEJMoa1508380
https://doi.org/10.1111/ajt.16471
https://doi.org/10.1016/j.humimm.2020.12.003
https://doi.org/10.1111/ajt.15493
https://doi.org/10.1097/TP.0000000000003005
https://doi.org/10.1016/S0140-6736(18)32473-5
https://doi.org/10.1038/s41591-022-01725-2
https://doi.org/10.1038/s41598-021-86943-3
https://doi.org/10.2215/CJN.13401118
https://doi.org/10.1111/ajt.14709
https://doi.org/10.4049/jimmunol.2200352
https://doi.org/10.1097/01.ASN.0000067411.03024.A9
https://doi.org/10.1111/j.1600-6143.2006.01566.x
https://doi.org/10.1182/blood-2009-03-211896
https://doi.org/10.1111/cei.12152
https://doi.org/10.1038/nprot.2006.1
https://doi.org/10.1038/s41577-021-00578-z
https://doi.org/10.1200/JCO.21.00675
https://doi.org/10.4049/jimmunol.173.9.5372
https://doi.org/10.1093/cei/uxad041
https://doi.org/10.1034/j.1600-065X.2003.00051.x
https://doi.org/10.4049/jimmunol.163.3.1315
https://doi.org/10.1038/s41598-018-20858-4
https://doi.org/10.4049/jimmunol.172.9.5456
https://doi.org/10.3389/fimmu.2021.656846
https://doi.org/10.1053/j.ajkd.2022.04.009
https://doi.org/10.3389/fimmu.2022.973968
https://doi.org/10.1172/JCI39933
https://doi.org/10.1002/lt.26188
https://doi.org/10.1097/TP.0000000000000113
https://doi.org/10.3389/fmed.2022.943502
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Betjes and De Weerd 10.3389/fmed.2023.1215167

90. Unagami K, Ishida H, Furusawa M, Kitajima K, Hirai T, Kakuta Y, et al.
Influence of a low-dose tacrolimus protocol on the appearance of de novo donor-
specific antibodies during 7 years of follow-up after renal transplantation.Nephrol Dial
Transplant. (2021) 36:1120–9. doi: 10.1093/ndt/gfaa258

91. Beyzaei Z, Geramizadeh B, Bagheri Z, Karimzadeh S, Shojazadeh
A. De novo donor specific antibody and long-term outcome after liver
transplantation: a systematic review and meta-analysis. Front Immunol. (2020)
11:613128. doi: 10.3389/fimmu.2020.613128

92. Muczynski KA, Ekle DM, Coder DM, Anderson SK. Normal human kidney
HLA-DR-expressing renal microvascular endothelial cells: characterization, isolation,
and regulation of MHC class II expression. J Am Soc Nephrol. (2003) 14:1336–
48. doi: 10.1097/01.ASN.0000061778.08085.9F

93. Roufosse C, Simmonds N, Groningen M, Haas M, Henriksen KJ, Horsfield C,
et al. A 2018 reference guide to the banff classification of renal allograft pathology.
Transplantation. (2018) 102:1795–814. doi: 10.1097/TP.0000000000002366

94. Shi XL, et al. Counter-regulation of rejection activity against human liver
grafts by donor PD-L1 and recipient PD-1 interaction. J Hepatol. (2016) 64:1274–
82. doi: 10.1016/j.jhep.2016.02.034

95. Kervella D, Bas-Bernardet SL, Bruneau S, Blancho G. Protection of transplants
against antibody-mediated injuries: from xenotransplantation to allogeneic
transplantation, mechanisms and therapeutic insights. Front Immunol. (2022)
13:932242. doi: 10.3389/fimmu.2022.932242

96. Kidney Disease: Improving Global Outcomes Transplant Work G. KDIGO
clinical practice guideline for the care of kidney transplant recipients. Am J Transplant.
(2009) 3:S1–155. doi: 10.1111/j.1600-6143.2009.02834.x

97. Tullius SG, Tran H, Guleria I, Malek SK, Tilney NL, Milford E. The
combination of donor and recipient age is critical in determining host
immunoresponsiveness and renal transplant outcome. Ann Surg. (2010)
252:662–74. doi: 10.1097/SLA.0b013e3181f65c7d

98. Krenzien F, ElKhal A, Quante M, Rodriguez H, Hirofumi U, Gabaet
al. A rationale for age-adapted immunosuppression in organ transplantation.
Transplantation. (2015) 99:2258–68. doi: 10.1097/TP.0000000000000842

99. Betjes MGH, Meijers RWJ, de Wit EA, Weimar W, Litjens NHR. Terminally
differentiated CD8+ Temra cells are associated with the risk for acute kidney allograft
rejection. Transplantation. (2012) 94:63–9. doi: 10.1097/TP.0b013e31825306ff

100. Betjes MGH Litjens NHR. High numbers of differentiated CD28null CD8+ T
cells are associated with a lowered risk for late rejection and graft loss after kidney
transplantation. PLoS ONE. (2020) 15:e0228096. doi: 10.1371/journal.pone.0228096

101. Dedeoglu B, Meijers RWJ, Klepper M, Hesselink DA, Baan CC,
Litjens NHR, et al. Loss of CD28 on peripheral T cells decreases the risk
for early acute rejection after kidney transplantation. PLoS ONE. (2016)
11:e0150826. doi: 10.1371/journal.pone.0150826

102. Wiebe C, Nevins TE, Robiner WN, Thomas T, Matas AJ, Nickerson PW
et al. The synergistic effect of class II HLA epitope-mismatch and nonadherence
on acute rejection and graft survival. Am J Transplant. (2015) 15: 2197–
202. doi: 10.1111/ajt.13341

103. Tielen M, van Exel J, Laging M, Beck DK, Khemai R, van Gelder T, et al.
Attitudes to medication after kidney transplantation and their association with
medication adherence and graft survival: a 2-year follow-up study. J Transplant. (2014)
2014:675301. doi: 10.1155/2014/675301

104. Haller MC, Royuela A, Nagler EV, Pascual J, Webster AC. Steroid avoidance
or withdrawal for kidney transplant recipients. Cochrane Database Syst Rev. (2016)
2016:CD005632. doi: 10.1002/14651858.CD005632.pub3

105. Barbour S, Djurdejev O, Gill J, Dong JJ, Gill J. A propensity score matched
analysis shows no adverse effect of early steroid withdrawal in non-diabetic kidney
transplant recipients with and without glomerulonephritis. Kidney Int. (2019) 96:460–
9. doi: 10.1016/j.kint.2019.02.041

106. Batteux B, Gras-Champel V, Lando M, Brazier F, Mentaverri R,
Desailly-Henry I, et al. Early steroid withdrawal has a positive effect on
bone in kidney transplant recipients: a propensity score study with inverse
probability-of-treatment weighting. Ther Adv Musculoskelet Dis. (2020)
12:1759720X20953357. doi: 10.1177/1759720X20953357

107. Ahn JB, Bae S, Schnitzler M, Hess GP, Lentine KL, Segev DL, et al.
Effect of early steroid withdrawal on posttransplant diabetes among kidney
transplant recipients differs by recipient age. Transplant Direct. (2022)
8:e1260. doi: 10.1097/TXD.0000000000001260

108. Tan JY, Zhao N, Wu TX, Yang KH, Zhang JD, Tian JH, et al. Steroid
withdrawal increases risk of acute rejection but reduces infection: a meta-
analysis of 1681 cases in renal transplantation. Transplant Proc. (2006) 38:2054–
6. doi: 10.1016/j.transproceed.2006.06.039

109. Knight SR Morris PJ. Steroid avoidance or withdrawal after renal
transplantation increases the risk of acute rejection but decreases cardiovascular risk.
A meta-analysis Transplantation. (2010) 89:1–14. doi: 10.1097/TP.0b013e3181c518cc

110. Serrano OK, Kandaswamy R, Gillingham K, Chinnakotla S, Dunn TB, Finger
E, et al. Rapid discontinuation of prednisone in kidney transplant recipients: 15-
year outcomes from the University of Minnesota. Transplantation. (2017) 101:2590–
8. doi: 10.1097/TP.0000000000001756

111. Struijk GH, Minnee RC, Koch SD, Zwinderman AH, van Donselaar-van
der Pant KAMI, Idu MM, et al. Maintenance immunosuppressive therapy with
everolimus preserves humoral immune responses. Kidney Int. (2010) 78:934–
40. doi: 10.1038/ki.2010.269

112. Al Fatly Z, Betjes M, Messchendorp AL, Sanders JS, Reinders M, Kho M, et al.
COVID-19 vaccination response in kidney transplant recipients with and without
mycophenolate mofetil: follow-up of a randomized controlled trial kidney. Int Rep.
(2022) 7:1433–4. doi: 10.1016/j.ekir.2022.04.002

113. Fatly ZA, van Gestel J, Verschragen M, Ade Weerd AE. The burden of
gastrointestinal complaints in kidney transplant recipients using tacrolimus with and
without mycophenolate mofetil: a randomized controlled study. Front Nephrol. (2022)
2:933954. doi: 10.3389/fneph.2022.933954

114. Wagner M, Earley AK, Webster AC, Schmid CH, Balk EM, Uhlig
K. Mycophenolic acid versus azathioprine as primary immunosuppression
for kidney transplant recipients. Cochrane Database Syst Rev. (2015)
2015:CD007746. doi: 10.1002/14651858.CD007746.pub2

115. Benjanuwattra J, Chaiyawat P, Pruksakorn D, Koonrungsesomboon
N. Therapeutic potential and molecular mechanisms of
mycophenolic acid as an anticancer agent. Eur J Pharmacol. (2020)
887:173580. doi: 10.1016/j.ejphar.2020.173580

116. Shen B, Cen Z, Tan M, Song C, Wu X, Wang J, et al. Current
status of malignant tumors after organ transplantation. Biomed Res Int. (2022)
2022:5852451. doi: 10.1155/2022/5852451

117. Malvezzi P, Rostaing L. The safety of calcineurin inhibitors
for kidney-transplant patients. Expert Opin Drug Saf. (2015) 14:1531–
46. doi: 10.1517/14740338.2015.1083974

118. Gallagher MP, Kelly PJ, Jardine M, Perkovic V, Cass A, Craig J, et al. Long-
term cancer risk of immunosuppressive regimens after kidney transplantation. J Am
Soc Nephrol. (2010) 21:852–8. doi: 10.1681/ASN.2009101043

119. Rodríguez-Perálvarez M, Colmenero J, González A, Gastaca M, Curell A,
Caballero-Marcos A, et al. Cumulative exposure to tacrolimus and incidence of cancer
after liver transplantation. Am J Transplant. (2022) 22:1671–82. doi: 10.1111/ajt.17021

120. Lichtenberg S, Rahamimov R, Green H, Fox BD, Mor E, Gafter U, et al. The
incidence of post-transplant cancer among kidney transplant recipients is associated
with the level of tacrolimus exposure during the first year after transplantation. Eur J
Clin Pharmacol. (2017) 73:819–26. doi: 10.1007/s00228-017-2234-2

121. Dantal J, Hourmant M, Cantarovich D, Giral M, Blancho G, Dreno B,
et al. Effect of long-term immunosuppression in kidney-graft recipients on cancer
incidence: randomised comparison of two cyclosporin regimens. Lancet. (1998)
351:623–8. doi: 10.1016/S0140-6736(97)08496-1

122. Karpe KM, Talaulikar GS, Walters GD. Calcineurin inhibitor withdrawal
or tapering for kidney transplant recipients. Cochrane Database Syst Rev. (2017)
7:CD006750. doi: 10.1002/14651858.CD006750.pub2

123. Bestard O, Meneghini M, Crespo E, Bemelman F, Koch M, Volk H, et al.
Preformed T cell alloimmunity and HLA eplet mismatch to guide immunosuppression
minimization with tacrolimus monotherapy in kidney transplantation: results
of the CELLIMIN trial. Am J Transplant. (2021) 21:2833–45. doi: 10.1111/ajt.
16563

124. Dugast E, Soulillou J-P, Foucher Y, Papuchon E, Guerif P, Paul C,
et al. Failure of calcineurin inhibitor (Tacrolimus) weaning randomized trial in
long-term stable kidney transplant recipients. Am J Transplant. (2016) 16:3255–
61. doi: 10.1111/ajt.13946

125. Hayde N, Bao Y, Pullman J, Ye B, Calder RB, Chung M, et al. The clinical
and genomic significance of donor-specific antibody-positive/C4d-negative and donor-
specific antibody-negative/C4d-negative transplant glomerulopathy. Clin J Am Soc
Nephrol. (2013) 8:2141–8. doi: 10.2215/CJN.04240413

126. Sablik KA, Groningen M, Looman C, Damman J, Roelen J, Agteren M, et al.
Chronic-active antibody-mediated rejection with or without donor-specific antibodies
has similar histomorphology and clinical outcome - a retrospective study. Transpl Int.
(2018) 31:900–8. doi: 10.1111/tri.13154

127. Parajuli S, Redfield RR, Garg N, Aziz F, Mohamed M, Astor BC,
et al. Clinical significance of microvascular inflammation in the absence of
anti-HLA DSA in kidney transplantation. Transplantation. (2019) 103:1468–
76. doi: 10.1097/TP.0000000000002487

128. Halloran PF, Madill-Thomsen KS, Pon S, Sikosana MLN, Böhmig GA,
Bromberg J, et al. Molecular diagnosis of ABMR with or without donor-
specific antibody in kidney transplant biopsies: Differences in timing and intensity
but similar mechanisms and outcomes. Am J Transplant. (2022) 22:1976–
91. doi: 10.1111/ajt.17092

Frontiers inMedicine 13 frontiersin.org

https://doi.org/10.3389/fmed.2023.1215167
https://doi.org/10.1093/ndt/gfaa258
https://doi.org/10.3389/fimmu.2020.613128
https://doi.org/10.1097/01.ASN.0000061778.08085.9F
https://doi.org/10.1097/TP.0000000000002366
https://doi.org/10.1016/j.jhep.2016.02.034
https://doi.org/10.3389/fimmu.2022.932242
https://doi.org/10.1111/j.1600-6143.2009.02834.x
https://doi.org/10.1097/SLA.0b013e3181f65c7d
https://doi.org/10.1097/TP.0000000000000842
https://doi.org/10.1097/TP.0b013e31825306ff
https://doi.org/10.1371/journal.pone.0228096
https://doi.org/10.1371/journal.pone.0150826
https://doi.org/10.1111/ajt.13341
https://doi.org/10.1155/2014/675301
https://doi.org/10.1002/14651858.CD005632.pub3
https://doi.org/10.1016/j.kint.2019.02.041
https://doi.org/10.1177/1759720X20953357
https://doi.org/10.1097/TXD.0000000000001260
https://doi.org/10.1016/j.transproceed.2006.06.039
https://doi.org/10.1097/TP.0b013e3181c518cc
https://doi.org/10.1097/TP.0000000000001756
https://doi.org/10.1038/ki.2010.269
https://doi.org/10.1016/j.ekir.2022.04.002
https://doi.org/10.3389/fneph.2022.933954
https://doi.org/10.1002/14651858.CD007746.pub2
https://doi.org/10.1016/j.ejphar.2020.173580
https://doi.org/10.1155/2022/5852451
https://doi.org/10.1517/14740338.2015.1083974
https://doi.org/10.1681/ASN.2009101043
https://doi.org/10.1111/ajt.17021
https://doi.org/10.1007/s00228-017-2234-2
https://doi.org/10.1016/S0140-6736(97)08496-1
https://doi.org/10.1002/14651858.CD006750.pub2
https://doi.org/10.1111/ajt.16563
https://doi.org/10.1111/ajt.13946
https://doi.org/10.2215/CJN.04240413
https://doi.org/10.1111/tri.13154
https://doi.org/10.1097/TP.0000000000002487
https://doi.org/10.1111/ajt.17092
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Betjes and De Weerd 10.3389/fmed.2023.1215167

129. Koenig A, Mezaache S, Callemeyn J, Barba T, Mathias V, Sicard A, et al. Missing
self-induced activation of NK cells combines with non-complement-fixing donor-
specific antibodies to accelerate kidney transplant loss in chronic antibody-mediated
rejection. J Am Soc Nephrol. (2021) 32:479–94. doi: 10.1681/ASN.2020040433

130. Wiebe C, Rush DN, Nevins TE, Birk PE, Blydt-Hansen T, Gibson IW, et al.
Class II eplet mismatch modulates tacrolimus trough levels required to prevent
donor-specific antibody development. J Am Society of Nephrol. (2017) 28:3353–
62. doi: 10.1681/ASN.2017030287

131. Sablik KA. Clahsen-van Groningen MC, Hesselink DA, van Gelder
T, Betjes MGH. Tacrolimus intra-patient variability is not associated
with chronic active antibody mediated rejection. PLoS ONE. (2018)
13:e0196552. doi: 10.1371/journal.pone.0196552

132. Schinstock CA, Mannon RB, Budde K, Chong AS, Haas M, Knechtle
S, et al. Recommended treatment for antibody-mediated rejection after kidney
transplantation: the 2019 expert consensus from the transplantion society working
group. Transplantation. (2020) 104:911–22. doi: 10.1097/TP.0000000000003095

133. Senev A, Coemans M, Lerut E, Van Sandt V, Kerkhofs J, Daniëls L, et al. Eplet
mismatch load and de novo occurrence of donor-specific anti-hla antibodies, rejection,
and graft failure after kidney transplantation: an observational cohort study. J Am Soc
Nephrol. (2020) 31:2193–204. doi: 10.1681/ASN.2020010019

134. Bagnasco SM, Zachary AA, Racusen LC, Arend LJ, Carter-Monroe N,
Alachkar N, et al. Time course of pathologic changes in kidney allografts of positive
crossmatch HLA-incompatible transplant recipients. Transplantation. (2014) 97:440–
5. doi: 10.1097/01.TP.0000437177.40551.f4

135. Amrouche L, Aubert O, Suberline C, RabantM,Huyen J,Martinez F, et al. Long-
term outcomes of kidney transplantation in patients with high levels of preformed
DSA: the necker high-risk transplant program. Transplantation. (2017) 101:2440–
8. doi: 10.1097/TP.0000000000001650

136. Guidicelli G, Guerville F, Lepreux S, Wiebe C, Thaunat O, Dubois V, et al. Non-
complement-binding de novo donor-specific anti-HLA antibodies and kidney allograft
survival. J Am Soc Nephrol. (2015) 27:615–25. doi: 10.1681/ASN.2014040326

137. Louis K, Lefaucheur C. DSA in solid organ transplantation: is it a matter of
specificity, amount, or functional characteristics? Curr Opin Organ Transplant. (2022)
27:392–8. doi: 10.1097/MOT.0000000000001006

138. Pernin V, Bec N, Beyze A, Bourgeois A, Szwarc I, Champion C, et al.
IgG3 donor-specific antibodies with a proinflammatory glycosylation profile may be
associated with the risk of antibody-mediated rejection after kidney transplantation.
Am J Transplant. (2022) 22:865–75. doi: 10.1111/ajt.16904

139. Udomkarnjananun S, Kerr SJ, Townamchal N, Besouw N, Hesselink D, Bann
CC. Donor-specific ELISPOT assay for predicting acute rejection and allograft function
after kidney transplantation: a systematic review and meta-analysis. Clin Biochem.
(2021) 94:1–11. doi: 10.1016/j.clinbiochem.2021.04.011

140. Betjes MG. Immune cell dysfunction and inflammation in end-stage renal
disease. Nat Rev Nephrol. (2013) 9:255–65. doi: 10.1038/nrneph.2013.44

141. Betjes MGH. Uremia-associated immunological aging and severity of COVID-
19 Infection. Front Med (Lausanne). (2021) 8:675573. doi: 10.3389/fmed.2021.675573

142. Meier-Kriesche HU, Ojo AO, Hanson JA, Kaplan B. Exponentially increased
risk of infectious death in older renal transplant recipients. Kidney Int. (2001) 59:1539–
43. doi: 10.1046/j.1523-1755.2001.0590041539.x

143. Karim A, Farrugia D, Cheshire J, Mahboob S, Begaj I, Ray D, et al. Recipient age
and risk for mortality after kidney transplantation in England. Transplantation. (2014)
97:832–8. doi: 10.1097/01.TP.0000438026.03958.7b

144. Sablik KA. Clahsen-van Groningen MC, Damman J, Roelen DL, Betjes MGH.
Banff lesions and renal allograft survival in chronic-active antibody mediated rejection.
Transpl Immunol. (2019) 56:101213. doi: 10.1016/j.trim.2019.101213

145. Sablik KA. Clahsen-van Groningen MC, Looman CWN, Damman J,
van Agteren M, Betjes MGH. Treatment with intravenous immunoglobulins

and methylprednisolone may significantly decrease loss of renal function
in chronic-active antibody-mediated rejection. BMC Nephrol. (2019)
20:218. doi: 10.1186/s12882-019-1385-z

146. de Weerd AE, Fatly ZA, Boer-Verschragen M. Kal-van Gestel JA, Roelen
DL, Dieterich M, et al. Tacrolimus monotherapy is safe in immunologically low-risk
kidney transplant recipients: a randomized-controlled pilot study. Transpl Int. (2022)
35:10839. doi: 10.3389/ti.2022.10839

147. van Zanten R, de Weerd A, Betjes M, Boer-Verschragen M, Massey EK.
Is simplification of immunosuppressive medication a way to promote medication
adherence of kidney transplant recipients? Findings from a randomized controlled
trial. Transpl Int. (2021) 34:1703–11. doi: 10.1111/tri.13993

148. Ahlenstiel-Grunow T, Liu X, Schild R, Oh J, Taylan C, Weber LT, et al.
Steering transplant immunosuppression by measuring virus-specific T cell levels:
the randomized, controlled IVIST trial. J Am Soc Nephrol. (2021) 32:502–
16. doi: 10.1681/ASN.2020050645

149. Bertrand D, Matignon M, Morel A, Ludivine L, Lemoine M, Hanoy M, et al.
Belatacept rescue conversion in kidney transplant recipients with vascular lesions
(Banff cv score > 2): a retrospective cohort study. Nephrol Dial Transplant. (2022)
38:481–90. doi: 10.1093/ndt/gfac178

150. Lombardi Y, François H. Belatacept in kidney transplantation: what
are the true benefits? a systematic review. Front Med (Lausanne). (2022)
9:942665. doi: 10.3389/fmed.2022.942665

151. Berger SP, Sommerer C, Witzek O, Tedesco H, Chadban S, Mulgaonkar S,
et al. Two-year outcomes in de novo renal transplant recipients receiving everolimus-
facilitated calcineurin inhibitor reduction regimen from the TRANSFORM study. Am
J Transplant. (2019) 19:3018–34. doi: 10.1111/ajt.15480

152. de Boer SE, Sanders JSF, Bemelman FJ, Betjes MGH, Burgerhof JGM, Hilbrands
L, et al. Rationale and design of the OPTIMIZE trial: OPen label multicenter
randomized trial comparing standard IMmunosuppression with tacrolimus and
mycophenolate mofetil with a low exposure tacrolimus regimen In combination with
everolimus in de novo renal transplantation in Elderly patients. BMC Nephrol. (2021)
22:208. doi: 10.1186/s12882-021-02409-8

153. Raissi A, Bansal A, Ekundayo O, Bath S, Edwards N, Famure O, et al. Older
age is associated with lower utilization of living donor kidney transplant. Kidney Int
Reports. (2023) 8:282–93. doi: 10.1016/j.ekir.2022.11.002

154. Wu DA, Robb ML, Watson CJE, Forsythe JLR, Tomson CRV, Cairns J,
et al. Barriers to living donor kidney transplantation in the United Kingdom: a
national observational study. Nephrology Dialysis Transplantation. (2017) 32:890–
900. doi: 10.1093/ndt/gfx036

155. Gill J, Bunnapradist S, Danovitch GM, Gjertson D, Gill JS, Cecka M. Outcomes
of kidney transplantation from older living donors to older recipients.Am J Kidney Dis.
(2008) 52:541–52. doi: 10.1053/j.ajkd.2008.05.017

156. Okidi O, Sharma V, Piscoran O, Biggins F, Singh R, Augustine T.
The altruistic elderly, a valuable but unrecognised kidney donor group. A
case report of an 85-year-old unspecified kidney donor. BMC Geriatr. (2022)
22:826. doi: 10.1186/s12877-022-03511-8

157. Serrano OK, Yadav K, Bangdiwala A, Vock DM, Dunn TB, Finger EB,
et al. Age alone is not a contraindication to kidney donation: Outcomes of donor
nephrectomy in the elderly. Clin Transplant. (2018) 32:e13287. doi: 10.1111/ctr.
13287

158. Schachtner T, Otto NM, Reinke P. Two decades of the Eurotransplant
Senior Program: the gender gap in mortality impacts patient survival after
kidney transplantation. Clin Kidney J. (2020) 13:1091–100. doi: 10.1093/ckj/
sfz118

159. Jassal SV, Krahn MD, Naglie G, Zaltzman JS, Roscoe JM, Cole
EH, et al. Kidney transplantation in the elderly: a decision analysis.
J Am Soc Nephrol. (2003) 14:187–96. doi: 10.1097/01.ASN.0000042166.
70351.57

Frontiers inMedicine 14 frontiersin.org

https://doi.org/10.3389/fmed.2023.1215167
https://doi.org/10.1681/ASN.2020040433
https://doi.org/10.1681/ASN.2017030287
https://doi.org/10.1371/journal.pone.0196552
https://doi.org/10.1097/TP.0000000000003095
https://doi.org/10.1681/ASN.2020010019
https://doi.org/10.1097/01.TP.0000437177.40551.f4
https://doi.org/10.1097/TP.0000000000001650
https://doi.org/10.1681/ASN.2014040326
https://doi.org/10.1097/MOT.0000000000001006
https://doi.org/10.1111/ajt.16904
https://doi.org/10.1016/j.clinbiochem.2021.04.011
https://doi.org/10.1038/nrneph.2013.44
https://doi.org/10.3389/fmed.2021.675573
https://doi.org/10.1046/j.1523-1755.2001.0590041539.x
https://doi.org/10.1097/01.TP.0000438026.03958.7b
https://doi.org/10.1016/j.trim.2019.101213
https://doi.org/10.1186/s12882-019-1385-z
https://doi.org/10.3389/ti.2022.10839
https://doi.org/10.1111/tri.13993
https://doi.org/10.1681/ASN.2020050645
https://doi.org/10.1093/ndt/gfac178
https://doi.org/10.3389/fmed.2022.942665
https://doi.org/10.1111/ajt.15480
https://doi.org/10.1186/s12882-021-02409-8
https://doi.org/10.1016/j.ekir.2022.11.002
https://doi.org/10.1093/ndt/gfx036
https://doi.org/10.1053/j.ajkd.2008.05.017
https://doi.org/10.1186/s12877-022-03511-8
https://doi.org/10.1111/ctr.13287
https://doi.org/10.1093/ckj/sfz118
https://doi.org/10.1097/01.ASN.0000042166.70351.57
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

	Lowering maintenance immune suppression in elderly kidney transplant recipients; connecting the immunological and clinical dots
	Highlights
	Introduction
	The aging immune system and kidney transplantation
	The immunology of graft rejection: direct, semi-direct, and indirect T-cell alloreactivity
	The direct pathway of alloreactivity
	The semi-direct pathway of alloreactivity
	The indirect pathway of alloreactivity and the formation of donor-specific antibodies

	Donor-specific hyporesponsiveness after kidney transplantation
	Loss of direct alloreactive T cells post-transplantation
	The indirect alloreactive pathway and development of post-transplantation donor-specific antibodies

	The intensity of maintenance immune suppression regimens—Balancing between donor-specific hyporesponsiveness and ongoing indirect alloreactivity
	Biomarkers predict rejection and monitor alloreactivity against the donor organ

	Managing maintenance immune suppression regimens in relation to age and taking care of an older recipient
	Alternative immune suppressive drugs
	The benefits of a living donor kidney vs. a deceased donor kidney in older adults

	Future perspectives
	Author contributions
	Conflict of interest
	Publisher's note
	References


