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Immunologic Challenges Pre-transplant

Roshan George and Howard M. Gebel

 Introduction

There are two major antigen systems that play a role in transplantation, namely, the 
ABO blood group system and the HLA (human leukocyte antigen) complex.

For solid organs, ABO blood group incompatibilities are almost always a contra-
indication to transplantation (except in emergency liver transplantation or ABO- 
incompatible infant heart transplantation) and are rarely crossed. While HLA 
incompatibilities had long been considered to also contraindicate transplantation, 
more recent data indicate that such incompatibilities can be sufficiently mitigated to 
allow transplants to proceed. While the ABO system is limited to four distinct blood 
groups (A, B, AB, and O), the HLA system is far more complex. The current data-
base of HLA alleles cites over 27,000 distinct HLA alleles in the human genome [1].

The importance of the HLA system in transplant outcomes emerged following 
the first successful kidney transplant between identical twin siblings in 1954. 
Subsequent studies between non-identical siblings revealed improved graft survival 
among HLA identical kidney transplant pairs compared with their HLA mismatched 
counterparts [2].
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4

 What Is Human Leukocyte Antigen (HLA)?

The HLA system is encoded by the human major histocompatibility complex 
(MHC) located on the short arm of human chromosome 6 (6p21.3) (Fig. 1.1). The 
MHC is a highly polymorphic region, spanning approximately 3600 kilobases of 
DNA [3] encoding for proteins that distinguish “self” from “non-self.” The gene 
products encoded by the MHC complex are inherited in Mendelian fashion, such 
that each child receives a set of HLA genes (known as a haplotype) from each par-
ent. The proteins encoded by these HLA genes are expressed as co-dominant alleles 
and play an essential role in the immunologic responsiveness and diversity among 
and between individuals across all races and ethnicities [4].

The human MHC is referred to as the HLA (human leukocyte antigen) system as 
these antigens were first identified and characterized using alloantibodies that 
reacted with leukocytes [5].

The human MHC is divided into three regions: class I, class II, and class III 
(Fig. 1.1).

The function of the HLA system is to continually present antigens (in the form 
of small peptides) to T cells, helping each individual’s immune system develop 
tolerance to target tissue expressing “self” antigens and promoting the elimination 
of targets expressing “non-self” antigens. There are three classes of MHC antigens 
(classes I, II, and III) of which classes I and II are critically important from the per-
spective of transplant immunology [6]. Class I antigens include the HLA-A, HLA- 
B, and HLA-C gene clusters, while class II antigens include HLA-DR, HLA-DQ, 
and HLA-DP gene clusters.

Class I HLA proteins are expressed by virtually all somatic nucleated cells and 
platelets and occasionally (approximately in 15% of the population) on red cells 
[7–9]. Class I genes code for the α polypeptide (heavy) chain of the class I 

HLA Complex

Chromosome 6

Centromere

Long arm Short arm

HLA region

DP DQ DR TNF B C A TelomereC’

Class II Class III Class I

Fig. 1.1 Human major histocompatibility complex (MHC), on the short arm of chromosome 6. 
Class I, class II, and class III regions represented
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molecule. The α chain has five domains: two peptide-binding domains (α1 and α2), 
one immunoglobulin-like domain (α3), the transmembrane region, and the cyto-
plasmic tail. The β (light) chain of the class I molecule is encoded by beta2- 
microglobulin, a gene on chromosome 15. While there are ~20 class I genes in the 
HLA region, HLA-A, HLA-B, and HLA-C are class Ia genes (the so-called classic 
genes) and the most clinically relevant class I genes in transplant immunology 
(Fig. 1.2).

Class II proteins are normally expressed by a subgroup of specialized antigen- 
presenting cells including B cells, activated T cells, macrophages, dendritic cells, 
and thymic epithelial cells [7]. Class II genes encode both polypeptide chains (α and 
β) of class II molecules. In the presence of interferon-γ, such as under conditions of 
inflammatory stress (e.g., transplant surgery), other types of cells can also express 
class II HLA molecules [7, 10]. The class II region consists of a series of sub- 
regions, each containing A and B genes encoding α and β chains, respectively [11]. 
Each of the class II α and β chains has four domains – the peptide-binding domain 
(α1 or β1), the immunoglobulin-like domain (α2 or β2), the transmembrane region, 
and the cytoplasmic tail (Fig. 1.2). The DR gene family consists of a single DRA 
gene and up to nine DRB genes (DRB1 to DRB9).

Under the auspices of the World Health Organization and the International Union 
of Immunological Societies, a nomenclature committee met in July, 1975, and 
established an alpha-numeric system of letters and numbers for each antigen that 
includes a letter designation for the locus, followed by a number unique to each 
antigen [12].

Class I molecule Class II molecule

Peptide Binding cleft
Peptide Binding cleft

S
S

S
S

S
S

S
S

S
S

S
S

Antigenic region

microglobulin

Membrane lipid bilayer

Cytoplasmic tail

α1α2

α3

β2

β2

β1α1

α2

Class I HLA antigens (A, B, C)
Comprised of α-chain bound to β2 microglobulin

Class II HLA antigens (DP, DQ, DR)
Comprised of α-chain and β-chain

Fig. 1.2 A representation of the structure of class I and class II human leukocyte antigen (HLA)
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The designation of the HLA loci on chromosome 6 consists of one or two letters 
for classes I and II, respectively: for example, for HLA-A and HLA-DR. For class 
II locus antigens, there are a third letter (A or B) referring to the α or β, respectively, 
and a number referring to which A or B chain (when there are >1), for example, 
HLA-DRB3. After the last letter, there is an asterisk (*) which indicates the HLA 
allele has been identified by molecular methodology. Each individual HLA allele is 
then identified by a unique number corresponding to up to a total of four sets of 
digits, each set separated by a colon. In its simplest form, the numbers before the 
first colon describe the so-called antigen, while the numbers after the colon refer to 
the allele of that antigen. The set of digits after the second colon refer to changes in 
nucleotide sequences for the molecule which do not result in a protein change. The 
numbers after the third colon refer to differences outside the coding region of the 
HLA molecule. Alleles whose numbers differ in the second set of digits differ in at 
least one nucleotide substitution that results in an amino acid change (meaning the 
protein sequence will be different). For example, HLA-DRB1*04:01 and HLA- 
DRB1*04:02 represent two different subtypes of DR4. Note that while reporting is 
typically done in alphabetical order, the actual sequence of the loci on chromosome 
6 is centromere, D, B, C, and A [13].

The Class III region does not encode HLA molecules, but contains genes for 
complement components (C2, C4, factor B), 21-hydroxylase, tumor necrosis factors 
(TNFs), and other genes associated with immune responsiveness [3].

HLA class I and class II gene complex are among the most polymorphic loci in 
the human genome. Polymorphisms (multiple forms of an antigen type each encoded 
by the same HLA locus) that occur within the peptide-binding regions of an HLA 
molecule often lead to variations of peptide-binding abilities and specificities, hence 
playing an important role in an individual’s immunological repertoire [14]. Since 
every individual has two HLA alleles at each HLA locus (A, B, C, DRB1, DRB3/4/5, 
DQA, DQB, DPA, DPB) [15], the degree of possible genetic diversity is enormous, 
leading to increased likelihood of species survival.

Both class I and class II molecules function to initiate the adaptive immune 
response by presenting pathogen-derived peptides to T cells. Unfortunately, in solid 
organ transplantation, the HLA proteins on donor organs and donor cells are per-
ceived as “foreign” or “non-self” antigen. Without immunosuppression, the recipi-
ent will thus immunologically reject the transplanted organ.

 Pre-transplant

 How Does Sensitization Occur?

HLA sensitization refers to the presence of antibodies to HLA antigens in the poten-
tial recipient. If the antibodies are directed against any of the HLA antigens of a 
specific donor, those antibodies are referred to as DSA (donor-specific antibodies). 
Those same antibodies would not be considered donor specific if the donor did not 
possess any of the corresponding HLA antigens. This distinction, while obvious, is 

R. George and H. M. Gebel
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nonetheless critically important. Antibodies to HLA antigens can develop if a 
patient is exposed to non-self HLA and sensitization can occur pre- or post- 
transplantation. Pre-transplant sensitization is found in ~30% adult kidney trans-
plant candidates; post-transplant, donor-specific sensitization occurs in up to 20% 
of recipients; de novo donor-specific antibody (DSA) increases based on factors 
such as donor-recipient mismatch, time since transplant, and compliance with 
immunosuppressive medication [16–19].

In children, these post-transplant HLA antibodies were even more common [20].
Risk factors for HLA sensitization include prior transplantation, blood product 

transfusion, pregnancy, and ventricular assist device use [21]. Of these risk factors, 
the strongest is a history of prior transplantation.

Prior Transplantations In the post-transplant period, over 20% of renal allograft 
recipients will develop de novo HLA-DSA within 10 years [22]. Re-transplantation 
recipients displayed stronger antibody production than recipients of a primary trans-
plant transplantation. Re-transplant candidates also had an increased risk of early 
graft loss compared to their first transplant counterparts [23, 24]. Patients were often 
broadly sensitized after the removal of the failed renal allograft especially when 
immunosuppression was halted [25]. This presents a significant challenge in long- 
term care of pediatric patients as they are more likely to require repeated transplan-
tations in their lifetime.

Pregnancy Sensitization by pregnancy is a significant mechanism by which parous 
(especially multiparous) women develop HLA class I and class II antibodies. Since 
a baby inherits its HLA type from each parent, the mother will be exposed to the 
father’s antigens that are expressed in the cells of the developing baby and cross 
through the placenta into her own system. The HLA antigens from the father which 
are foreign to the mother will stimulate her immune system to produce anti-HLA 
antibodies. Interestingly, HLA antibodies made during pregnancy that would be 
reactive with the baby’s cells and tissues do not cross the placenta and harm the 
baby. This is because the placenta expresses HLA antigens and the antibodies tend 
to be adsorbed on that tissue before reaching the baby. Antibodies to HLA class I are 
more frequent than class II [26]. The prevalence of HLA antibodies increases as the 
number of pregnancies/parities increases [27]. When a wife/mother is in need of a 
kidney transplant, if they were sensitized and have demonstrable HLA antibodies to 
their child or the child’s biological father, neither the child nor its biological father 
would be considered suitable donors [28, 29].

While not commonly encountered in pediatric patients, a history of pregnancy 
should be inquired in all age-appropriate patients during transplant evaluation.

Transfusion Transfusion is a relatively poorly immunogenic stimulus, and mul-
tiple transfusions are typically required to induce persistent HLA allosensitiza-
tion. The use of blood transfusions that matched for HLA-DR antigens was the 
starting point in transfusion therapy. The use of HLA-matched blood and 
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leukocyte-depleted blood products reduces but does not eliminate the risk of HLA 
sensitization [30, 31].

Vaccination Prevention of infections through vaccination, in solid organ transplan-
tation, is important and recommended by several clinical guidelines [32–34]; how-
ever, there have been concerns about the immune response to vaccination triggering 
the undesirable development of HLA antibodies [35, 36]. There are limited studies 
assessing development of de novo DSA and rejection episodes after vaccination in 
solid organ transplant recipients; however, the overall incidence of post-vaccine de 
novo DSA and rejection is low and comparable to non-vaccinated patients [37]. It is 
hence critically important for transplant recipients to get vaccinated as recom-
mended, to be protected from vaccine-preventable infections.

Impact of Sensitization Alloantibodies recognize specific antigenic sequences 
(epitopes, eplets) displayed by the HLA molecule on the transplanted allograft and 
contribute to graft damage. There is a clear association between previous exposure 
to foreign HLA and the occurrence of a high degree of panel reactive antibody 
(PRA) [38]. The percentage of PRA estimates the likelihood of compatibility or 
incompatibility with random donors. The higher the PRA (or the more reliable cal-
culated PRA (cPRA)), the lower the likelihood of compatibility with a random 
donor. Today, cPRA activity is determined using an array of microparticles coated 
with discrete HLA alleles to determine the antibody specificities a patient possesses. 
These antibodies are then entered into a web-based cPRA calculator which quickly 
calculates the percentage of approximately 18,000 HLA-typed deceased donors that 
react with the antibodies. Historically, when transplants were performed across anti-
bodies that were present pre-transplant, recipients with preformed DSA had a higher 
likelihood of graft loss [28, 39].

Female patients receiving kidney allografts from their male partners or offspring 
often experience higher rates of graft rejection [40].

The risk of sensitization increases as there is exposure to more than one sensitiz-
ing factor [38].

Collectively, the impact of sensitization in a potential recipient results in longer 
waiting time for transplantation, post-transplant complications, increased episodes 
of graft rejection, exposure to more adverse effects of immunosuppressive drugs, 
and under the worst of circumstances graft loss [41].

The immune system of children is constantly evolving, and their immune matu-
ration is already impacted by their underlying primary disease as well as exposure 
to pre-transplant immune insults [42]. Approximately 20% of children awaiting 
transplantation have cPRA >80 percent [43]. Importantly, from 2010 to 2012, only 
3% of these children received a kidney transplant [44]. Highly sensitized pediatric 
patients are hence at a significant disadvantage compared to their unsensitized peers.

R. George and H. M. Gebel
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 Why Is HLA Compatibility Important?

HLA matching between potential donor and recipient pair is determined by compar-
ing their HLA antigens. Accurate typing of HLA is critical to avoid transplanting a 
donor organ against which the recipient has preformed antibodies and also to deter-
mine the degree of HLA mismatch between a donor and recipient. Historically, the 
degree of mismatch between the donors and recipients only considered mismatches 
for HLA-A, HLA-B, and HLA-DR antigens. A six-antigen mismatch means that 
two each of the three HLA antigens, namely, HLA-A, HLA-B, and HLA-DR, in the 
recipient are different from those of the donor’s phenotype.

Mismatching for HLA-A, HLA-B, and HLA-DR has been associated with a 
higher risk of HLA sensitization in both adult and pediatric patients listed for a 
second kidney transplant. In a study of 2704 pediatric kidney transplant recipients 
who were relisted after primary graft failure, an increasing number of HLA-DR 
mismatches at first transplantation were associated with a higher degree of sensiti-
zation, and two HLA-DR mismatches at first transplant were associated with a 20 
percent lower likelihood of receiving a second transplant [45].

A zero-antigen mismatch is the absence of HLA-A, HLA-B, or HLA-DR anti-
gens in the donor’s phenotype different from the recipient’s HLA-A, HLA-B, and 
HLA-DR antigens. Thus, six-antigen HLA matches and zero-antigen HLA mis-
matches are associated with the best clinical outcomes. Unfortunately, most living- 
donated allografts for a pediatric recipient are not such identical matches. In fact, 
allografts for children are commonly from a parent, with whom they share a single 
haplotype match. In either deceased donor or living-related transplant, superior 
HLA matching between recipient and donor is associated with improved allograft 
outcomes in children [46]. Optimal HLA matching is also preferred to minimize 
sensitization, particularly for young recipients who will need re-transplantations 
[47, 48].

The number of HLA matches may be a stronger predictor of kidney allograft 
survival compared to the number of mismatches. In a retrospective study of over 
96,000 deceased donor kidney transplants between 1995 and 2012, both HLA 
matching and mismatching were associated with graft survival when analyzed in 
individual models. However, when both HLA matching and mismatching were 
accounted for simultaneously, using a combined model, only the degree of HLA 
matching was found to be a significant predictor of delayed graft function, 1-year 
acute rejection, and 10-year graft survival [49].

It is, however, critical to balance HLA matching for long-term outcomes with 
equitable access to transplantation, since solely using HLA matching for allocation 
may limit access to transplantation for recipients of minority race and ethnicity, who 
may have rare HLA antigens not present in a primarily Caucasian donor pool. It is 
also thus important to advocate for organ donation from a diverse donor pool.

HLA typing was initially performed using serology-based assays, which has 
since been replaced by the use of DNA-based molecular techniques, leading to 
high-resolution and more accurate HLA typing. It has also led to typing of all loci 
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(HLA-A, HLA-B, HLA-C, HLA-DRB1, HLA-DRB3/4/5, HLA-DQA, HLA-DQB, and 
HLA-DPB), as opposed to the historic focus on HLA-A, HLA-B, and HLA-DR loci.

In the United States, the United Network for Organ Sharing (UNOS) mandates 
HLA typing of all loci by molecular methods. Allocation algorithms for deceased 
donor kidney transplants now take into consideration antibodies against all loci 
when determining a patient’s suitability for transplant from a particular donor.

The specific methodology used for HLA typing in solid organ transplantation 
differs between HLA laboratories. Currently, the primary method to type deceased 
donors is referred to as real-time polymerase chain reaction (RT-PCR). High- 
resolution typing methods (such as sequence-based typing, next-generation 
sequencing [NGS]) currently take more time to perform and are not yet typically 
applicable for deceased donor typing. However, this technology-driven and high- 
resolution typing for deceased donors is likely to be the method of choice in the not 
too distant future [50]. Interestingly, serologic-based assays are still utilized by 
numerous laboratories around the world.

Serologic methods: this technique uses a panel of reference sera known to con-
tain antibodies to various HLA antigens. Lymphocytes from the donor or recipient 
are added to several wells of plates containing different sera and incubated to allow 
binding between antibody and antigen, following which a complement is added to 
the wells, and cell lysis is detected using a viability dye. The presence of dead cells 
is a positive test. Comparison of the serologic specificities of the different sera that 
reacted allows one to assign the HLA type.

This method had some significant limitations  – antisera contained antibodies 
against more than one specific HLA molecule causing inconclusive reactivity pat-
terns and large number of HLA specificities could not be reliably identified, espe-
cially antigens with decreased cell surface expression (such as HLA-C and HLA-DP 
antigens) was challenging.

In the United States, Canada, and Europe, HLA typing for kidney transplant 
candidates is performed by intermediate- or high-resolution molecular typing, and 
serologic equivalents for HLA-A, HLA-B, HLA-C, HLA-Bw4, HLA-Bw6, 
HLA-DR, HLA-DR51/52/53, and HLA-DQB antigens are reported for organ shar-
ing. HLA-DPB results are reported exclusively at the allele level (no serological 
equivalents).

 Epitope Mismatch

An epitope, also known as antigenic determinant, is the small configuration of 
amino acids on HLA molecular surfaces, which is recognized by the immune sys-
tem. It is the specific piece or part of the antigen to which an antibody binds. 
Epitopes consist of three-dimensional configurations of approximately 15 to 22 
amino acid residues, which may be contiguous (linear) in the peptide chain or, more 
commonly, brought together (conformational) by protein folding.

Immunogenicity and antigenicity of HLA antigens are determined by their ste-
reostructure, amino acid sequence, and physicochemical properties. As initially 
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proposed by Duquesnoy, antigens are composed of multiple subunits referred to as 
“eplets” [51].

Eplets have been called “functional epitopes” since they include the 2 to 5 amino 
acids that are recognized by anti-HLA antibodies within the larger 15 to 22 amino 
acids of an HLA epitope.

Eplets may be unique to a specific HLA antigen, shared among a few HLA anti-
gens, or common to multiple HLA antigens (Fig. 1.3). The restricted number of 
eplets and their sharing across HLA antigens offer a novel strategy when consider-
ing donor- recipient pairs.

The eplet mismatch load is determined by counting the number of eplets that are 
mismatched between a recipient and the potential donor. The number of donor- 
recipient eplet mismatches can be determined using an available computer algo-
rithm called the HLAMatchmaker [52, 53].

Several observational studies have shown that a higher number of mismatched 
eplets are associated with a higher risk of developing DSA post-transplant and a 
higher risk of graft loss [54–56]. Given the observation that certain HLA allele 
mismatches are more antigenic than others, studies have looked into the conse-
quences of donor-recipient mismatch at the epitope/eplet level. For example, 
while two different donor-recipient pairs may each be mismatched for a single 
HLA antigen, they may be differentially eplet mismatched (e.g., < 5 vs. > 25 eplet 
mismatches), with a higher load mismatch leading to a greater risk of poor out-
comes [54, 57, 58]. Furthermore, the most recent data suggest that not all eplet 
mismatches carry identical risk. Some (possibly immunodominant mismatches) 
may be more deleterious than others, and avoiding those mismatches can promote 
better long-term outcomes. The overall number of donor-recipient eplet mis-
matches (so-called eplet load) has been linked to the development of de novo DSA 

Antigens versus Epitopes

ANTIGEN 1 ANTIGEN 3 ANTIGEN 4

EPITOPE 2 EPITOPE 2 

EPITOPE 3 

EPITOPE 6 

EPITOPE 4 EPITOPE 4 EPITOPE 4 EPITOPE 8 

EPITOPE 7 EPITOPE 7EPITOPE 3 

EPITOPE 5 EPITOPE 1 EPITOPE 2 EPITOPE 5 

EPITOPE 2

ANTIGEN 2 

Fig. 1.3 Representing the differences between antigens and epitopes
Four distinct antigens. Each antigen is made up of multiple epitopes. While each antigen is unique, 
the same epitopes can be shared among different antigens
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and immune-mediated allograft injury [55, 59, 60]. Several researchers have 
sought to identify thresholds of cumulative eplet mismatch loads associated with 
greater risk of immune-mediated injuries post-transplant at the population level. 
Recently, it has been suggested or revealed that similar eplet loads may be com-
posed of eplet mismatches with different properties and some eplets may have 
greater immunogenicity than others [61]. To incorporate eplet matching into 
organ allocation schemes, it is important to identify which eplets have the greatest 
adverse impact across the continuum of immune- mediated injuries such as DSA 
development, reversible and irreversible rejection (e.g., transplant glomerulopa-
thy), and premature graft failure. A recent study by Sapir-Pichhadze et al. reviewed 
more than 100,000 SRTR kidney transplant records and found a statistically sig-
nificant relationship between a particular set of eplet mismatches and death-cen-
sored graft failure across sensitivity and subgroup analysis [62]. These eplet 
mismatches were found to be independent predictors of transplant glomerulopa-
thy in a separate Canadian cohort. The relatively small number of these eplets 
(compared with the comprehensive repertoire of eplets) and their association with 
transplant outcomes suggest that minimization of mismatches of those particular 
epitopes is a reasonable, feasible, and clinically justifiable strategy to introduce 
epitope matching into organ allocation schemes, even for patients who may be 
deemed unsensitized (Fig. 1.4).

 How Are HLA Antibodies Detected and HLA Matching Performed?

To determine pre-transplant HLA sensitization The panel reactive antibody 
(PRA) score is derived using a panel of HLA-typed cells or microparticles which act 

Current

Future

- HLA Antigens
- Classification of an HLA protein

- HLA Epitopes/Eplets
- Basic Unit of an Ab response

- HLA Evolution
- Recognizing importance of epitopes over antigens

- HLA Antibodies
- Immune response to HLA Mismatches

- Allocation
- Balancing equity with utility

- Alternative Allocation
- Achieving Utility with Equity

Fig. 1.4 Current and future utilization of our knowledge of HLA antigens and epitopes
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as surrogate targets representative of organ donors. PRA is broadly used to deter-
mine the degree of HLA sensitization in an individual [63].

As mentioned above, UNOS developed a calculator to determine calculated PRA 
(cPRA) values. The cPRA is based on the frequency of those HLA specificities 
deemed unacceptable for an individual sensitized as evaluated with a historic popu-
lation of HLA-typed deceased donors. Thus, a cPRA represents the percentage of 
donors who are expected to have unacceptable HLA antigens to which the trans-
plant candidate is sensitized [64].

 Antibody Detection

To determine preformed HLA antibodies HLA antibodies are detected through 
cell-based assays or solid-phase immunoassays. Historically, cell-based assays 
were developed first and significantly improved transplant outcomes. However, 
cell-based assays had limited sensitivity and specificity, which led to development 
of so-called solid-phase assays. The term “solid phase” refers to coating of polysty-
rene or latex beads with HLA antigens as opposed to cellular targets with membrane- 
bound HLA molecules [65]. Solid-phase assays are now the most commonly used 
platform in the HLA laboratories. DSA identified by single-antigen bead (SAB) 
array are nonetheless questioned for their sensitivity and lack of event prediction 
after transplantation [66].

 Cell-Based Assays

The Complement-Dependent Cytotoxicity Assay (CDC) Patel and Terasaki, in a 
1969 study, used CDC to predict humoral hyperacute rejection after they found that 
80% of grafts with positive CDC crossmatches failed immediately post-transplant 
compared to a 4% immediate failure rate among those donor-recipient pairs with a 
negative crossmatch [67].

In the CDC method, the recipient’s serum is mixed with individual donor cells 
(or panel cells for PRA determination). Following incubation, an exogenous source 
of complement is added, and viability is then assessed. Dead cells are interpreted as 
a positive reaction [68]. If HLA antibodies are present in the recipient serum, those 
bind to HLA proteins on lymphocytes and complement can then bind. This initiates 
complement-mediated injury, resulting in lymphocyte death [65]. The percent lym-
phocyte death is assessed by microscopy and expressed as a percentage of panel 
reactive antibodies (PRA). If the assay is positive, then antigen specificities of HLA 
antibodies can be determined by follow-up immunoassays.

The major limitations of the CDC method include relatively poor sensitivity and 
specificity, incomplete identification of HLA antibody specificities, a reliance on 
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cell viability, inability to detect non-complement fixing HLA antibodies, and poor 
reproducibility and are typically limited to detection of antibodies to class I antigens 
[69–71].

Solid-phase immunoassays were developed to overcome these challenges.

 Solid-Phase Assays

Since 2009, UNOS has mandated the use of solid-phase assays to identify HLA 
antibodies in potential transplant recipients in the United States. Their technical 
advantages, which enable automation and rapid turnaround, and their ability to 
identify both complement- and non-complement-dependent antibodies make them 
a preferred method. Solid-phase matrix (plates or beads) is coated with single or 
multiple HLA antigens. Antibodies to these antigens are typically detected by flow 
cytometry or with a Luminex® instrument [65].

ELISA-Based Detection of HLA Antibodies Patient’s serum is incubated with 
HLA antigens coated on a microtiter plate. The sensitivity of ELISA for HLA anti-
body detection is higher than CDC (97% versus 78%, respectively) [72], but this 
method is rarely used now. More sensitive, rapid analyses such as single-antigen 
bead assays, which utilize flow cytometry and/or laser-based multiplex technology 
(Luminex®), are now used in place of cell-based assay [65].

Flow Cytometry Detection of HLA Antibodies For HLA antibody detection, 
patient’s serum is incubated with latex beads coated with purified antigens. If 
antibodies are present, they bind and are detected using fluorescent tags and 
expressed as number of beads with bound antibodies to the number tested. The 
beads can be coated with single HLA antigen to increase specificity of the anti-
bodies [72].

Flow cytometry techniques are superior in identifying HLA specificity and to 
identify antibodies to HLA antigens from a pool of donors and perform a cross-
match [73, 74].

Each center determines their threshold for positivity, and this leads to challenges 
in standardization. Variability in fluorochromes and flow cytometers and differences 
in clinical significance of identified antibodies add to these challenges [70].

Luminex®-Based Detection of HLA Antibodies The Luminex® system is a 
multiplex bead-based platform, where patient’s serum is incubated with beads  – 
each coated with a single HLA antigen. Antibodies, if present, bind to the beads and 
are detected with a fluorescently labeled antibody to human IgG, using a dual laser 
to identify the bound antibody as well as the HLA antigen-coated bead [75, 76]. The 
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degree of fluorescence exhibited by the presence of the antibody is resulted in terms 
of its median fluorescence intensity (MFI).

Luminex®-based immunoassays allow rapid turnaround time, HLA determina-
tion of specific HLA antibodies, distinguishing between class I and II positivity, and 
enabling virtual crossmatching. However, there is a high degree of technical varia-
tion with center-specific thresholds and only semi-quantitative results being avail-
able [74].

 Is Median Fluorescent Intensity (MFI) Signal a Surrogate Measure 
of the Level of HLA Antibody?

MFI levels on the beads, using undiluted patient sera, represent a relative amount of 
antibody that is bound to the antigen on the bead and can vary between individual 
beads. MFI threshold cutoffs are established by each HLA laboratory (balancing 
between the sensitivity of the assay and its false-positive rate) and are not 
standardized.

MFI results are provided as a numerical value and can provide some idea of the 
amount and strength of alloantibody present. However, the MFI value cannot be 
used as a quantitative method. MFI values are not synonymous with concentration 
or titer of antibody.

MFI levels can be affected by a number of technical considerations to the assay, 
including the setup of the flow cytometer or Luminex® instrument, the density of 
antigen expressed on the beads, and the fluorochrome detection antibody used.

Existing consensus guidelines suggest that quantification of antibody burden is 
best estimated by titration (serial dilution) studies [70, 77].

 Peri-transplant

 The Virtual Crossmatch (vXM) in Transplantation

The concept of virtual crossmatching evolved from theoretical to practical, after 
solid-phase antibody detection assays were implemented [78]. A vXM is based on 
the specificities of HLA antibodies detected in the transplant recipient compared to 
the HLA antigen profile of a potential donor. If there are no antibodies in the 
patient’s serum complimentary to the antigens found in the prospective donor, the 
vXM is considered negative. Presence of donor antibodies at a given MFI threshold 
(center determined) is considered a positive vXM. Virtual crossmatching enlarges 
the catchment area for organ procurement and reduces transplant wait times while 
having similar long-term outcomes as those transplanted using a traditional pro-
spective cell-based physical crossmatch [79, 80].
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 Unexpected Crossmatch Scenarios

Unexpected/false positive: can occur in the following scenarios:

• High background signal, particularly with B-cell flow cytometry crossmatch. To 
reduce this background fluorescence and improve the specificity of the test, most 
labs use pronase (a cocktail of nonspecific proteases) to treat the cells [81, 82] 
and remove Fc receptors from the target cell surface. However, use of pronase 
can reduce sensitivity to detect the presence of DSA, reducing HLA expression 
or causing false-positive crossmatch results by unveiling cryptic or hidden epit-
opes [83–85].

• The presence of antibodies that react against lymphocyte-specific antigens but 
are unlikely to cause graft injury as the antibody is not directed against HLA on 
the allograft tissue.

• The presence of IgM antibodies, often detected in sera of patients with autoim-
mune disorders [86]. The caveat here is to rule out a newly formed DSA through 
a recent sensitizing event.

• Humanized monoclonal antibody treatment, such as an anti-CD20 monoclonal 
antibody (e.g., rituximab), in which scenario T-cell crossmatch results are not 
impacted but B-cell crossmatches are strongly positive due to binding of the 
CD20 epitopes by the monoclonal antibody.

• Other causes include donor cell viability and a strict cutoff threshold.

Under- recognition of antibodies Failure to consider shared epitopes can lead to 
under-recognition of DSA identified by SAB testing. When a number of beads con-
tain a shared epitope, it is possible for the antibody to become “diluted” by combin-
ing to multiple beads and all of those beads to register MFI values below the 
threshold cutoff [87].

 Clinical Scenarios and Interpretation of Crossmatch Results 
in Kidney Transplantation

Clinicians should communicate closely with their own HLA laboratories and lean 
on their expertise to understand results of the crossmatch and its relevance to their 
patients.

Various potential clinical scenarios are noted in Table 1.1.
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Post-transplant Post-transplantation DSA testing at the time of acute graft dys-
function is also crucial as it may support the diagnosis of antibody-mediated rejec-
tion and is discussed elsewhere in this book.

 Conclusion

Strategies to improve long-term allograft outcomes include more accurate, timely, 
and actionable information about HLA mismatch, now even to the eplet level. 
Aligning the results of all HLA testing can provide an immunologic risk assessment 
between a donor and recipient pair while also considering clinical characteristics 
such as urgency, access to compatible allograft, and immunosuppressive strategies. 
Close and constant communication among the HLA and transplant teams is the 
foundation for successful transplantation. With continued technical advances in 
HLA, some of the challenges in pediatric transplantation may be overcome in the 
coming decades, leading to improved quality of life, limited morbidity, and reduced 
need for re-transplantation in pediatric recipients.

Table 1.1 Clinical scenarios and interpretation of crossmatch results

CDC 
crossmatch

Flow 
cytometry 
crossmatch

DSA by SAB 
assay/virtual 
crossmatch Interpretation Outcome

Positive Positive Positive Indicates high 
antibody burden

Contraindication (CI) for Tx as it 
is associated with hyperacute 
rejection

Negative Positive Positive Moderate 
antibody burden

Not necessarily a CI for Tx but 
intermediate risk for ABMR 
higher rates of AR and early and 
late graft loss

Negative Negative Positive May indicate 
lower thresholds 
of antibody 
detection

Conflicting view on clinical 
significance. The presence of 
DSA does indicate a prior 
exposure to the donor-specific 
HLA antigen, and therefore the 
patient is at risk for a latent 
memory response

Negative Positive Negative Likely clinically 
irrelevant, 
non-HLA 
antibody

Does not appear to correlate with 
graft outcomes (unless in rare 
cases a false negative SAB 
result)

CDC complement-dependent cytotoxicity, DSA donor-specific antibody, SAB single-antigen bead, 
Tx transplantation, CI contraindication, ABMR antibody-mediated rejection, AR acute rejection, 
HLA human leukocyte antigen
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 Questions and Answers with Explanation

Question 1. What are the antigens considered traditionally in a six-antigen mis-
match when assessing the degree of mismatch between the donors and recipients?

 A. HLA-A, HLA-B, HLA-C.
 B. HLA-DR, HLA-DP, HLA-DQ.
 C. HLA-A, HLA-B, HLA-DR.
 D. HLA-A, HLA-B, HLA-DQ.

Answer: C.
Explanation: Historically, only the mismatches of HLA-A, HLA-B, and HLA-DR 
antigens were considered when assessing the degree of matches between donor and 
recipients, and if each two of the three HLA antigens in the recipients are different 
than the donor, then it was considered a six-antigen mismatch. If there was no dif-
ference in these (HLA-A, HLA-B, and HLA-DR) in the donor and recipient pheno-
type, it was considered a zero-antigen mismatch. Currently, the United Network for 
Organ Sharing (UNOS) mandates HLA typing of all loci by molecular methods.
Question 2. Which of the following statements is accurate?

 A. Serology-based HLA typing when compared to molecular techniques pro-
vides higher resolution and more accuracy.

 B. Calculated panel reactive antibody (cPRA) scores take into account eplet 
mismatch load.

 C. Median fluorescent intensity (MFI) can be used as a quantitative comparison 
since they are standardized across laboratories and are independent of techni-
cal considerations.

 D. Solid-phase assays are now most commonly used to determine preformed 
antibodies in HLA laboratories.

Answer: D.
Explanation: Solid-phase assays such as flow cytometry or Luminex-based detec-
tion of antibodies (as opposed to cell-based assays) have improved sensitivity and 
specificity and are now used most commonly to determine preformed antibodies.
Molecular techniques such as real-time polymerase chain reaction (RT-PCR) pro-
vide more accurate HLA typing when compared to serologic methods which have 
significant limitations. The calculated panel reactive antibody (cPRA) scores deter-
mine pre-transplant HLA sensitization and take into account HLA antigens in 
donors and not the eplet mismatch.
Eplet mismatch load has been shown to be associated with higher risk of developing 
post-transplant donor-specific antibody and poorer allograft outcomes but is yet to 
be incorporated into organ allocation schemes. Median fluorescent intensity (MFI) 
threshold cutoffs are laboratory specific and not standardized currently. MFI is also 
affected by technical considerations, such as the setup of the instrument and antigen 
density on the beads, and hence cannot be used as an accurate or reliable quantita-
tive, comparative measure.

R. George and H. M. Gebel



19

Question 3. Virtual crossmatching is now used widely to assess HLA antibodies in 
a recipient as specifically related to the HLA antigen profile of his/her potential 
donor. Which one of the following is an effect of virtual crossmatching?

 A. Longer wait times for transplant recipients.
 B. Greater confidence in accepting offers from import donors.
 C. Increased risk of development of de novo donor-specific antibodies.
 D. Poorer long-term outcomes as compared to prospective physical crossmatch.

Answer: B.
Explanation: Virtual crossmatching has increased the confidence of transplant cen-
ters to accept import offers of deceased donor organs even for highly sensitized 
patients based on its ability to predict a negative physical crossmatch. Prior to solid-
phase antibody detection assays, the technology did not exist to reliably predict a 
negative physical crossmatch. Instead, transplant centers had to wait for the results 
of a physical crossmatch before proceeding to transplant. Besides adding cold isch-
emia time to the imported donor organ, if the crossmatch was positive, the trans-
plant was canceled, and either the organ was offered to a backup recipient (if a 
waiver from the organ procurement organization or OPO had been obtained), or the 
organ was shipped back to be sent to another (next in line) transplant center. This, 
of course, added even more ischemia time. Therefore, and not infrequently, trans-
plant centers would pass on import offers for their highly sensitized patients.
Question 4. A 15-year-old patient with lupus nephritis progressed to end-stage kid-
ney disease after being on various treatments including steroids, monoclonal anti-
body therapy, and antihypertensive medications. She was just actively listed for a 
deceased donor kidney transplantation 2 months ago. A deceased donor offer for 
this patient is received, and on crossmatching, it is found that she has strongly posi-
tive B-cell crossmatch. As a clinician taking this call, what would be your next 
best step?

 A. Cancel this transplant since strongly positive B-cell crossmatch is an abso-
lute contraindication to accepting this donor.

 B. It is unclear if this is an absolute or relative contraindication so discuss with 
the family first, describing the potential high risk of accepting this donor offer.

 C. Review the patient history, especially the timing of monoclonal antibody 
(such as rituximab) administration, and discuss with your HLA lab.

 D. There is no risk, and the transplant offer should be accepted immediately to 
prevent any delays.

Answer: C.
Explanation: Anti-CD20 monoclonal antibody treatment can cause strongly posi-
tive B-cell crossmatch due to binding of the CD20 epitope; hence, it is critical to 
review the timing of such medications and have in-depth communication with your 
HLA laboratory. Patients with autoimmune diseases can also have IgM antibodies 
in their sera. There may still be a risk in accepting this offer, but the most appropri-
ate next step is to discuss with your HLA laboratory to gather all data and together 
assess the risk-benefit in this scenario. Once all information is obtained, it is also 
essential to communicate with the patient and patient family before next steps are 
decided.
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 Challenges in Post-transplant Immunologic Monitoring

Kidney transplant is the preferred modality for renal replacement therapy in chil-
dren, with better outcomes compared to dialysis [1]. Despite substantial improve-
ment over the last several decades in early acute rejection rates and short-term 
allograft survival, the long-term outcome of expected half-life of 10 years remains 
less than optimal [2, 3]. Improving long-term graft survival is especially important 
in children due to the longer expected remaining years of life post-transplant com-
pared to adults.

Management of pediatric kidney transplant (KT) recipients relies in part on data 
derived from adult studies because of the low incidence of end-stage renal disease 
in children and the relatively small size of individual pediatric kidney transplant 
programs. Post-transplant care of children presents unique challenges compared to 
adults, and new diagnostics or therapeutics do not necessarily translate easily from 
adults to children. First, young children with kidney transplants are at higher risk for 
rejection given the greater immunologic responsiveness of a developing immune 
system, higher risk for contracting various viral infections, and variations in the 
metabolism of immunosuppression drugs compared to adults. Second, long-term 
outcomes in older children are in part compromised by risk-taking behaviors and 
struggles with adherence to medications and clinical care during adolescence and 
young adulthood. The propensity for risk-taking behaviors at different stages of 
psychosocial development highlights the need for more frequent monitoring for 
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rejection using validated and non-invasive biomarkers [4]. Considering all the spe-
cific challenges in pediatric transplantation, to ultimately improve graft survival, 
there is a significant need to develop and validate approaches to immunological 
monitoring post-transplant that predict early rejection and allow safe and effective 
therapeutic approaches to decrease risk of infection, drug toxicity, and graft injury.

Monitoring pediatric KT recipients is focused on detection of (1) emerging allo-
immune response that increases risk for rejection, (2) early signs of graft dysfunc-
tion and/or injury, and (3) off-target effects of immunosuppression such as metabolic 
and infectious complications. In this chapter, we review conventional and emerging 
biomarkers used for post-transplant monitoring in children with a focus on risk 
stratification for rejection and/or graft loss. While the assessment for infection or 
drug toxicity must also be taken into account when determining the risk for rejec-
tion or when deciding on a treatment regimen, specifics of monitoring for these 
complications is beyond the scope of this chapter and is covered elsewhere in this 
textbook.

 Conventional Monitoring Post-Transplant

 Serum Creatinine (Graft Function)

Although monitoring kidney function using serum creatinine remains the primary 
method of detecting graft injury and rejection following kidney transplant, this tra-
ditional biomarker has several limitations. First, serum creatinine is an insensitive 
marker of graft function, as substantial injury and loss of function are required to 
result in noticeable alterations in serum creatinine, making it an unreliable marker 
for detecting early or subclinical rejection to facilitate effective intervention. This is 
further exacerbated in small children receiving large donor kidneys given the mis-
match between muscle mass and nephron number [5]. Second, elevations in serum 
creatinine are not specific for rejection and can be affected by hydration status, 
certain medications (e.g., trimethoprim-sulfamethoxazole, angiotensin-converting 
enzyme (ACE) inhibitors, and tacrolimus), urinary obstruction, or bacterial or viral 
kidney infections. However, creatinine is affordable and readily available in all clin-
ical settings and therefore will likely continue to be utilized as a marker of glomeru-
lar filtration rate in conjunction with other more sensitive biomarkers of injury and/
or inflammation.

 Drug Monitoring and Variability

Therapeutic drug monitoring for calcineurin inhibitors and the mammalian or 
mechanistic target of rapamycin (mTOR) inhibitors is standard practice post- 
transplantation to ensure adequate immunosuppressive exposure, with frequent 
monitoring needed due to narrow therapeutic windows and variation in drug metab-
olism between individuals [6]. This is especially important in children, who have 
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greater variability in pharmacodynamic and metabolism of medications throughout 
growth and maturation. Children are also at higher risk for infection at younger 
ages, and they struggle with medication adherence during adolescence and emerg-
ing adulthood, which highlight the need for improved drug monitoring in this 
population.

Tacrolimus (TAC) remains a primary immunosuppressive medication for main-
tenance therapy in solid organ transplant, though it has a narrow therapeutic win-
dow with significant inter- and intra-patient variability (IPV) [6]. Underexposure 
might increase the risk for rejection, and higher levels can lead to acute and chronic 
nephrotoxicity and undesired gastrointestinal and neurologic side effects. Close 
monitoring of TAC trough level is important to maintain levels within the targeted 
range, especially since TAC levels and metabolism are affected by multiple factors, 
particularly early post-transplant, like interaction of concomitant medications and 
food, CYP3A4/A5 phenotype of the patient, presence of diarrhea, hepatic function, 
serum albumin level, hematocrit, and inflammation [6–8]. Non-adherence to immu-
nosuppressive medications has been identified as an important factor contributing to 
intra-patient variability, especially in adolescents and older children >6  months 
post-transplant [8–10].

When evaluating the effect of drug exposure on outcome or monitoring for non- 
adherence, it is difficult to make a clinical judgment based on one or two levels, and 
it is more reasonable to measure the fluctuation of medication levels over a period 
of time. Early studies evaluated standard deviation (SD) of TAC as a surrogate for 
drug exposure. More recent studies used coefficient variation (CV), as higher TAC 
levels can lead to a higher SDs that require manual removal of outliers [11].

Multiple studies found that high IPV in TAC trough levels is associated with 
worse allograft outcomes in solid organ transplant [7, 10]. Tacrolimus CV of >30% 
is associated with the development of donor-specific antibodies (DSA), allograft 
dysfunction, and higher risk of rejection and graft loss in both pediatric [7, 8, 10–
14] and adult KT recipients [15–17]. Thus, especially in the adolescent and emerg-
ing adult populations, the use of variations in immunosuppressive medication levels, 
like TAC CV, may provide a promising and practical tool to monitor medication 
adherence and signal the need for intervention to reduce the risk of rejection [14, 18].

 Surveillance Monitoring of Donor-Specific Antibodies

The presence of anti-human leukocyte antigen (HLA) DSA is not uncommon in 
children following kidney transplant, with reported frequencies of 15–45% by 
1–2 years post-transplant [19–22], and has been associated with antibody-mediated 
rejection (ABMR) and impaired graft survival [22–26]. Serial monitoring for the 
development of DSA post-transplant has been proposed as a method of detecting 
emerging humoral alloimmune response. Consensus guidelines published in 2013 
recommended screening for de novo DSA (dnDSA) in non-sensitized patients at 
least every 3–12 months post-transplant and performing a kidney biopsy to evaluate 
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for ABMR when DSA is detected [27]. Reports of this approach detected a signifi-
cant number of subclinical rejection episodes in patients with dnDSA [28].

Despite existing guidelines, there is variability in the frequency of monitoring 
and management of DSA post-pediatric KT [29]. Several studies suggested de novo 
DSA detection can precede and therefore predict the development of antibody- 
mediated rejection [20], but there are insufficient data to guide clinical management 
for DSA detected in the absence of histologic injury.

While the advent of single-antigen bead assays to detect anti-HLA antibodies 
provides increased sensitivity relative to traditional cellular-based assays, there is a 
debate over the “strength” or threshold to determine clinical relevance of dnDSA 
post-transplant. There has been progress in developing protocols to reduce variabil-
ity between centers in multicenter clinical trials [30–32], but the use of median fluo-
rescent intensities (MFI) to quantify the abundance of dnDSA remains in 
question [33].

The significance and pathogenicity of DSA antibodies for an individual patient 
is not always straightforward, especially in the absence of graft dysfunction or his-
tological evidence of rejection on biopsy [34]. Not every patient with dnDSA devel-
ops acute ABMR or graft loss in these studies, and dnDSA resolve in a few patients 
[19, 20, 22, 24]. To improve decisions for intervention, in the past decade, there 
have been several studies aimed at identifying the characteristics of humoral alloim-
mune responses that are most predictive of pathogenicity. These include evaluation 
of epitope specificity of the antibody (e.g., HLA class I vs II antigens, native versus 
denatured antigens), antibody abundance (e.g., median fluorescent intensity (MFI), 
dilution titrations), and ability to interact with complement as determined by anti-
body isotype (immunoglobulin (Ig)G subclasses, IgG vs IgM) or via direct testing 
of ability to fix complement component 1q (C1q) or C3d complement [35]. Of these 
factors, the ability to interact with complement components appears to be the best 
predictor of overall graft survival and/or acute antibody-mediated rejection [36–39]. 
At this time, however, there has not been widespread adoption of these assays 
because of concerns about variability between centers and about reliability in results 
due to interfering substances [40].

Another challenge with predicting the pathogenic potential of dnDSA lies in the 
evolving definitions and clinico-histological subtypes of antibody-mediated rejec-
tion (ABMR) that have varying manifestations of graft dysfunction and risk and 
rapidity for graft loss [23, 41–43]. The use of additional emerging non-invasive 
biomarkers in combination with DSA may improve prediction and guide therapy. 
For example, active ABMR on biopsy was associated with elevated donor-derived 
cell-free DNA levels among adults with detectable dnDSA [44].

Although DSA development is associated with worse graft survival, it is still 
unclear which interventions prompted by surveillance detection of DSA are effec-
tive at reducing the risk for subsequent ABMR and/or prolonging graft survival 
[34]. There is also a need for improved identification of the most effective approaches 
to prevent DSA development for individual patients, including the evolving chal-
lenges in predicting the risk associated with antigenic mismatch discussed in Chap. 
1. Strategies could be developed to personalize the immunosuppressive regimen 

R. Garro and P. D. Winterberg



29

based on pre-transplant risk stratification for the development of DSA and addi-
tional strategies to address “break-through” DSA development. Inadequate immu-
nosuppression – including high variability in tacrolimus levels due to non-adherence 
and lower antiproliferative drug exposure due to either medication non-adherence, 
variations in drug metabolism, or medically indicated reduction (e.g., during infec-
tions)  – are associated with development of dnDSA in several studies [21, 45]. 
Therefore, as a preventive strategy for dnDSA, some advocate for therapeutic drug 
monitoring of mycophenolate mofetil (MMF) in addition to tacrolimus and appro-
priate dose adjustment.

 Non-HLA Antibodies

There has been recent recognition of non-HLA antibodies as potential mediators of 
allograft injury, rejection, and/or worse graft outcome [46–50]. Autoantibodies 
directed against the angiotensin II type I receptor-antibody (AT1R-Ab), endothelin-
 1 type A receptor, major histocompatibility complex class 1-related chain a (MICA), 
perlecan, and collagen V have all been studied as potential mediators of allograft 
dysfunction [51]. In particular, AT1R-Ab has been the most studied for associations 
with rejection, vascular injury, and graft injury and loss in adult kidney transplant 
recipients, with similar reports in pediatric solid organ transplant recipients [47, 50, 
52]. AT1R-Ab has also been linked to progressive decline in glomerular filtration 
rate (GFR), inflammation, and worse graft outcome in pediatric patients [47].

The prevalence of AT1R-Ab pre- and post-transplantation varies among studies, 
with some suggestion of higher prevalence in children overall and a higher likeli-
hood of developing these antibodies post-transplant [52]. There is also significant 
uncertainty regarding the direct pathogenicity of AT1R-Ab [53], synergetic effect 
with HLA antibodies [50], and the role of other factors like ischemic injury contrib-
uting to the observed associations [53]. Therefore, there is currently no consensus 
on monitoring the presence of AT1R-Ab either pre- or post-transplant. However, 
transplant clinicians should consider evaluating for the presence of non-HLA anti-
bodies in patients with pathologic signs of ABMR on biopsy without detectable 
anti-HLA antibodies or in the setting of ABMR with severe hypertension.

 Surveillance Biopsies (SBs)

While clinical rejection continues to be the most common cause of graft loss in 
pediatric KT recipients, early diagnosis and treatment of subclinical rejection (SCR) 
detected on surveillance biopsies in the absence of graft dysfunction is a modifiable 
risk that can effect long-term graft outcome [54]. Surveillance biopsies have also 
been used to detect early signs of calcineurin inhibitor (CNI) toxicity, viral infec-
tion, and chronic damage like interstitial fibrosis (IF) and tubular atrophy (TA). 
Early identification of these complications can allow prompt modification of 
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immunosuppressive therapy to prevent further chronic allograft damage and 
improve long-term outcome.

The utility of performing surveillance biopsies as part of routine post-transplant 
care in both adult and pediatric centers is debated, with significant variation in adap-
tation, timing, and the management approach to SCR [55]. According to a 2017 
UNOS survey, 17% of responding centers performed surveillance biopsies on all 
patients, with 3- and 12-month post-transplant biopsies being the most common 
[56]. An international pediatric survey reported that 34% of the responding pediatric 
transplant centers performed surveillance biopsies [57].

Multiple recent single-center pediatric studies evaluated the prevalence of differ-
ent pathological findings, including subclinical rejection, at different time points 
post-transplant. Pathologic abnormalities were found in 30–50% of surveillance 
biopsies in pediatric studies, with subclinical rejection described in 11–40% of 
biopsies [58–60]. Lansberg et al. found that 6-month surveillance biopsy yields the 
greatest pathologic abnormality (57%), with TCMR diagnosed in 43% of the biop-
sies, and led to the most modification in immunosuppressive therapy compared to 
biopsies conducted at 1.5, 3, 12, or 24 months post-transplant [60].

Though there have not been randomized clinical trials in children to determine 
the effectiveness of treatment for subclinical rejection or borderline rejection on 
outcome, several pediatric studies have demonstrated renal function and graft sur-
vival of treated subclinical rejection comparable to patients with normal SB [61, 
62]. This was confirmed in a single-center study by Odum et al., who found that 
treatment of SCR resulted in resolution or improvement in the SCR in 50% and 18% 
on follow-up biopsies, respectively [59]. Furthermore, Seifert et al. found that sub-
clinical inflammation was associated with an increased hazard ratio for clinically 
relevant acute rejection and allograft loss if untreated [63].

Multiple recent pediatric studies examined the safety of surveillance biopsies in 
children and evaluated complications like infection, bleeding, formation of arterio-
venous (AV) fistula, or gross hematuria. Most studies showed very minimal risk 
associated with these biopsies [57–60, 62]. Although the risk of complications of 
SBs is minimal, especially when performed at experienced centers, it is not negli-
gible as children require sedation or general anesthesia to perform the procedure, 
which is not without negative sequelae and is undesired by many families.

Surveillance biopsies are currently the main tool used to monitor for silent 
immunological events, detect early signs of inflammation, detect drug toxicity, and 
diagnose SCR, which can be an important short-term end point for graft survival 
and subsequently affect long-term graft outcome. However, obtaining serial kidney 
biopsies at a frequency to adjust and individualize immunosuppressive medications 
based on subclinical injury and to evaluate the effect of treatment is limited by cost, 
inconvenience, and the potentially serious complications of repeated invasive pro-
cedures. Finally, surveillance biopsies can also be limited by sampling and interpre-
tation errors. With all that in mind, there has been substantial work in the transplant 
community over the last decade to develop non-invasive biomarkers that have suf-
ficient sensitivity and specificity to diagnose early signs of rejection and to discrimi-
nate other sources of graft injury (infection, ischemia, drug toxicity) to provide 
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customized interventions and optimize long-term allograft outcome for individual 
patients [64–67].

 Innovative Biomarkers for Immunologic Monitoring 
Post-transplant

 Donor-Derived Cell-Free DNA (dd-cfDNA)

Elevated total cell-free deoxyribonucleic acid (cfDNA) in plasma is thought to be 
secondary to increased cell turnover of hematopoietic cells in the context of multi-
ple physiologic and pathologic states, including exercise, malignancy, sepsis, myo-
cardial infarction, stroke, and critical illness [68–70]. The level of cfDNA can be 
correlated with illness severity.

Donor-derived cell-free DNA (dd-cfDNA) detected in the plasma of the organ 
recipient has been investigated as a possible non-invasive biomarker to diagnose 
rejection in clinical settings. A key hypothesis in transplantation is that the allograft 
injury induced by rejection will increase cell apoptosis, leading to increased release 
of dd-cfDNA into the recipient plasma. Recent studies have developed the use of 
single nucleotide polymorphisms (SNPs) and computational approaches to deter-
mine the donor type and to quantify dd-cfDNA without the need for separate geno-
typing of the recipient or the donor [71–74].

The validity of dd-cfDNA in diagnosing rejection and graft injury has been stud-
ied over the last decade, with some recent data in adults supporting the validity of 
this biomarker in the diagnosis of antibody-medicated rejection (ABMR) and 
T-cell-mediated rejection (TCMR), which supports its use in clinical settings [72, 
75–77]. In a prospective observation multicenter study, Bloom et al. found that ele-
vated dd-cfDNA levels in the plasma of KT recipients were associated with active 
rejection status, with an estimated NPV 84% and PPV 61% at a cutoff of 1.0% of 
dd-cfDNA [72]. This is consistent with prior reports from single-center studies. 
Donor-derived cfDNA was better in identifying ABMR and high grades of TCMR, 
but did not perform well with a lower grade of cellular rejection [72, 78]. Again, 
dd-cfDNA may also be helpful in determining the clinical significance of emer-
gence of dnDSA that warrants further evaluation for ABMR [44].

Serial monitoring of dd-cfDNA may be useful in detecting early rejection or 
graft injury and guide the decision to obtain kidney biopsies, which continues to be 
the gold standard to diagnose and grade rejection. Given the high NPV of this test, 
detecting low levels of dd-cfDNA may allow avoiding unnecessary kidney biopsies, 
especially in patients who are high risk for complications with the biopsy itself or at 
risk for sedation and anesthesia. In the right clinical settings, the stability of this 
biomarker, which can be assessed monthly, may allow safe tapering and modifica-
tion of immunosuppressive medications to avoid long-term side effects (including 
CNI toxicity) and ultimately improve long-term patient and graft survival. At this 
point, pediatric data are limited to small sample sizes and single-center studies in 
different solid organ transplant populations [73, 79, 80]. Based on adult data, cutoff 
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(>1% dd-cfDNA) has been found to be associated with allograft injury/rejection, 
with a sensitivity of 89% and specificity of 73% [81]. This cutoff has not been vali-
dated in pediatric populations. Younger children who receive adult-sized kidneys 
with higher graft-to-body ratios may have a higher baseline dd-cfDNA compared to 
older children and adults who have a better matched kidney-to-body size.

Puliyanda et al. recently published the first study to evaluate the use of dd-cfDNA 
in pediatric KT recipients [79]. In their sample of 67 patients who received dd- 
cfDNA for frequent monitoring or when suspicious for clinical rejection, the authors 
found that dd-cfDNA >1% was diagnostic of rejection, with a sensitivity of 86% 
and specificity of 100%. Donor-derived cfDNA in their study was highly predictive 
of histological rejection on biopsies and superior to other indicators like graft dys-
function or antibody positivity alone. This is especially important in children in 
whom creatinine may lag behind allograft injury due to having an adult-sized graft 
in a smaller body [82, 83]. With more data emerging, dd-cfDNA has the potential to 
be integrated in clinical and immune monitoring post-transplant, along with other 
biomarkers, to improve early detection of subclinical rejection and improve 
outcomes.

 Urinary Biomarkers

Urinary chemokines are associated with activation of cytotoxic T cells, mediate 
inflammatory response, and were found to correlate with acute kidney injury, 
inflammation, and rejection in both adult and pediatric kidney transplant recipients 
[4, 64]. The most promising chemokines in predicting evolution, severity, and reso-
lution of rejection with treatment are chemokine (C-X-C motif) ligand (CXCL)9 
and CXCL10 [64, 65, 84]. Multiple studies in adults showed that serial monitoring 
of urinary biomarkers was superior to serum creatine in monitoring for allograft 
inflammation over time and more predictive of long-term adverse outcome [66, 85, 
86]. Similarly in pediatric patients, Mincham et al. recently found that change in 
urinary CXCL10-to-creatinine ratio (CXCL10/Cr) and not change in estimated (e)
GFR in pediatric KT recipients correlated with the change in acuity of inflammation 
and degree of rejection found on the allograft biopsies [87]. Furthermore, Mockler 
et al. found that elevated CXCL10 at 6 months post-transplant in pediatric KT recip-
ients was associated with worse graft function and higher risk for graft loss at 
36 months [88]. Finally, Blydt-Hansen et al. recently published the results of a mul-
ticenter observational study evaluating the effects of urinary biomarkers in 97 pedi-
atric KT recipients. CXCL10/Cr predicted acute clinical and subclinical rejection 
and elevated mean CXCL10/Cr correlated with first-year eGFR decline, highlight-
ing the effect of persistent subclinical inflammation on allograft function. Like other 
studies, they also found CXCL10/Cr was elevated in patients with BK nephritis 
[89]. Urinary CXCL10/Cr may improve probability estimates for the risk of rejec-
tion when integrated into clinical decision-making [90].
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 Molecular Diagnostics

Microarray analyses of biopsy tissue have revealed discrepancies between molecu-
lar signatures of rejection and/or renal injury and conventional histologic grading 
[91]. Further, molecular signatures of ongoing renal injury in excess of what is 
appreciated via histopathologic gradings are associated with progressive decline in 
graft function and eventual graft failure [92]. Molecular analysis also helps to pro-
vide more granular phenotyping of rejection and risk prediction of graft failure, 
especially in the case of antibody-mediated rejection [91]. The most recent consen-
sus guidelines from the 2017 Banff Conference now incorporate the use of molecu-
lar assays in the diagnosis of antibody-mediated rejection, especially in the absence 
of C4d staining or detectable anti-HLA antibodies [42]. As such, molecular pheno-
typing of biopsy tissue will likely become more important in clinical decision- 
making over the coming years.

In addition to molecular diagnostic assays of graft tissue, additional studies 
focused on narrowing down large genomic datasets to identify specific gene expres-
sion panels to be used as non-invasive biomarkers for risk prediction and to inform 
clinical management [93, 94]. Additional effort is being applied to identify gene sets 
in peripheral blood [95, 96] or urine [97] to detect subclinical rejection that could 
inform the timing of diagnostic biopsy for the clinician. It is unclear whether non- 
invasive gene transcripts from peripheral blood or urine could one day replace inva-
sive biopsy procedures for diagnosis of rejection [98]. In the near future, they are 
likely best suited to identify patients that would benefit from diagnostic biopsy, 
which will include broader tissue molecular phenotyping to guide therapy [98].

 The Future of Post-transplant Immune Monitoring

Post-transplant monitoring for rejection is likely to change radically in the coming 
decade as non-invasive biomarkers to detect subclinical graft injury/inflammation 
and molecular diagnostic testing mature and become more available to clinicians. 
As individual biomarkers and gene sets are validated, there will also be a need for 
predictive algorithms to integrate clinical and diagnostic variables into a tailored 
approach to monitoring and treatment to achieve personalized therapy and optimize 
long-term outcomes for individual patients.

One could imagine that post-transplant monitoring for an individual patient will 
be tailored based on pre-transplant risk prediction and then altered based on post- 
transplant events. Pre-transplant risk stratification could determine the initial immu-
nosuppressive regimen and monitoring approach, including the mode (i.e., 
non-invasive biomarkers vs surveillance biopsy) and frequency of monitoring for 
rejection. When rejection is suspected, molecular phenotyping of graft tissue holds 
the exciting possibility to provide insight into rejection phenotypes that can guide 
targeted treatment and improve long-term outcomes [38]. Bioinformatics approaches 
can also be leveraged to identify new approaches or repurpose existing therapies 
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[99, 100] for the prevention and treatment of rejection. In addition, biomarkers to 
assess pharmacodynamics and predict therapeutic response to treatment for rejec-
tion are also attractive. Large collaborative studies and pragmatic clinical trials are 
needed to determine how best to utilize the myriad of tools that will soon be avail-
able for predicting and detecting rejection to ultimately achieve personalized ther-
apy for all children with kidney transplant.

 Q&A

 1. A 17-year-old young male presents to transplant clinic for routine outpatient 
visit. He has a history of end-stage kidney disease (ESRD) secondary to renal 
dysplasia and received a deceased donor kidney transplant 4  years ago. The 
patient has missed his regular scheduled labs for the last 2 months. On review of 
prior tacrolimus levels, you noticed large variations in trough levels over the 
prior 6 months. Labs today showed mildly elevated creatinine and a high tacro-
limus trough level. This patient is at high risk for.
 (a) Drug toxicity
 (b) Subclinical and/or acute rejection
 (c) Development of dnDSA
 (d) Worse graft survival
 (e) All the above

The correct answer is: e
High intra-patient variability (IPV) in tacrolimus (TAC) trough levels mea-

sured by standard deviation or coefficient variation of TAC has been found to be 
associated with increased risk of development of donor-specific antibodies 
(DSA), allograft dysfunction, and higher risk of rejection and graft loss in both 
pediatric and adult KT recipients. Non-adherence to immunosuppressive medi-
cations has been identified as an important factor contributing to intra-patient 
variability, especially in adolescents and older children >6  months 
post-transplant.

In this scenario, the patient is 17-year-old and missed labs with high variabil-
ity in TAC levels over the last 6 months period which raise the concern for non-
adherence to medications. Elevated creatinine level in this setting is concerning 
for rejection and/or drug toxicity secondary to elevated TAC level.

Adolescents are at higher risk of non-adherence to medications and worse 
graft outcome compared to young children and adults. This patient population 
warrants closer clinical and immunologic monitoring with close attention to 
variations in therapeutic drug levels. They also benefit from non-invasive bio-
markers to help detect early signs of rejection and allow early intervention.

 2. Which of the following statement is INCORRECT regarding surevillance   
biopsies?
 (a) Surveillance biopsies are useful in detecting early signs of drug toxicity, 

chronic damage, and subclinical rejection especially in smaller children with 
adult-sized kidney.
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 (b) Although associated with minimal complications when performed by expe-
rienced personals, it is still not without risk.

 (c) Majority of pediatric transplant programs perform surveillance biopsies.
 (d) The effectiveness of treatment of subclinical rejection diagnosed on surveil-

lance biopsies on outcome is still unclear.
The correct answer is: c
The utility of performing surveillance biopsies as part of routine post- 

transplant care in both adult and pediatric centers is debated, with significant 
variation in adaptation, timing, and management approaches to subclinical 
rejection. According to a 2017 UNOS survey, 17% of responding centers per-
formed surveillance biopsies on all patients, with 3- and 12-month post- 
transplant biopsies being the most common. An international pediatric survey 
reported that 34% of the responding pediatric transplant centers performed sur-
veillance biopsies.

 3. Which of the following statements is CORRECT?
 (a) DnDSA is uncommon in children.
 (b) There is variability in the frequency of monitoring and management of DSA 

post-pediatric kidney transplant.
 (c) Detection of c1q fixation and MFI thresholds are diagnostic of acute clini-

cal ABMR.
 (d) The development of dnDSA is always associated with acute clinical ABMR.
 (e) Guidelines recommend obtaining dnDSA only with clinical suspicion of 

clinical rejection.
The correct answer is: b
The presence of anti-human leukocyte antigen (HLA) DSA is not uncommon 

in children following kidney transplant, with reported frequencies of 15–45% by 
1–2  years post-transplant. Consensus guidelines published in 2013 recom-
mended screening for de novo DSA (dnDSA) in non-sensitized patients at least 
every 3 to 12 months post-transplant and performing a kidney biopsy to evaluate 
for ABMR when DSA is detected. Despite the presence of such guidelines, there 
is variability among centers in the frequency of monitoring and management of 
DSA post-pediatric kidney transplant.

The significance and pathogenicity of DSA antibodies for an individual 
patient is not always straightforward, especially in the absence of graft dysfunc-
tion or histological evidence of rejection on biopsy. Not every patient with 
dnDSA develops acute ABMR or graft loss. To improve decisions for interven-
tion, in the past decade, there have been several studies aimed at identifying the 
characteristics of humoral alloimmune responses that are most predictive of 
pathogenicity. These include evaluation of epitope specificity of the antibody 
(e.g., HLA class I vs II antigens, native versus denatured antigens), antibody 
abundance (e.g., median fluorescent intensity (MFI), dilution titrations), and 
ability to interact with complement as determined by antibody isotype (immu-
noglobulin (Ig)G subclasses, IgG vs IgM) or via direct testing of ability to fix 
complement component 1q (C1q) or C3d complement [35]. Of these factors, the 
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ability to interact with complement components appears to be the best predictor 
of overall graft survival and/or acute antibody-mediated rejection. At this time, 
however, there has not been widespread adoption of these assays because of 
concerns about variability between centers and about reliability in results due to 
interfering substances.

Disclosure Statement The authors have no financial interests or conflicts of interest to disclose.

Bibliography

 1. Gulati A, Sarwal MM. Pediatric renal transplantation: an overview and update. Curr Opin 
Pediatr. 2010;22:189–96.

 2. Hart A, Smith JM, Skeans MA, et al. OPTN/SRTR 2016 annual data report: kidney. Am J 
Transplant. 2018;18(Suppl 1):18–113.

 3. Dharnidharka VR, Lamb KE, Zheng J, Schechtman KB, Meier-Kriesche HU. Lack of signifi-
cant improvements in long-term allograft survival in pediatric solid organ transplantation: a 
US national registry analysis. Pediatric Transplant. 2015;19:477–83.

 4. Dharnidharka VR, Malone A.  Biomarkers to detect rejection after kidney transplantation. 
Pediatric Nephrol (Berlin, Germany). 2018;33:1113–22.

 5. de Souza V, Cochat P, Rabilloud M, et al. Accuracy of different equations in estimating GFR 
in pediatric kidney transplant recipients. Clin J Am Soc Nephrol. 2015;10:463–70.

 6. Campagne O, Mager DE, Tornatore KM.  Population pharmacokinetics of tacrolimus in 
transplant recipients: what did we learn about sources of Interindividual variabilities? J Clin 
Pharmacol. 2019;59:309–25.

 7. Prytula AA, Bouts AH, Mathot RA, et  al. Intra-patient variability in tacrolimus trough 
concentrations and renal function decline in pediatric renal transplant recipients. Pediatric 
Transplant. 2012;16:613–8.

 8. Defrancq C, De Wilde N, Raes A, et al. Intra-patient variability in tacrolimus exposure in 
pediatric liver transplant recipients: evolution, risk factors, and impact on patient outcomes. 
Pediatric Transplant. 2019;23:e13388.

 9. Leino AD, King EC, Jiang W, et  al. Assessment of tacrolimus intrapatient variability 
in stable adherent transplant recipients: establishing baseline values. Am J Transplant. 
2019;19:1410–20.

 10. Pollock-Barziv SM, Finkelstein Y, Manlhiot C, et al. Variability in tacrolimus blood levels 
increases the risk of late rejection and graft loss after solid organ transplantation in older 
children. Pediatric Transplant. 2010;14:968–75.

 11. Hsiau M, Fernandez HE, Gjertson D, Ettenger RB, Tsai EW. Monitoring nonadherence and 
acute rejection with variation in blood immunosuppressant levels in pediatric renal transplan-
tation. Transplantation. 2011;92:918–22.

 12. Pizzo HP, Ettenger RB, Gjertson DW, et al. Sirolimus and tacrolimus coefficient of variation 
is associated with rejection, donor-specific antibodies, and nonadherence. Pediatric Nephrol 
(Berlin, Germany). 2016;31:2345–52.

 13. Solomon S, Colovai A, Del Rio M, Hayde N. Tacrolimus variability is associated with de 
novo donor-specific antibody development in pediatric renal transplant recipients. Pediatric 
Nephrol (Berlin, Germany). 2020;35:261–70.

 14. Gold A, Tonshoff B, Dohler B, Susal C. Association of graft survival with tacrolimus expo-
sure and late intra-patient tacrolimus variability in pediatric and young adult renal transplant 
recipients-an international CTS registry analysis. Transpl Int. 2020;33(12):1681–92.

 15. Gueta I, Markovits N, Yarden-Bilavsky H, et al. Intrapatient variability in tacrolimus trough 
levels after solid organ transplantation varies at different postoperative time periods. Am J 
Transplant. 2019;19:611.

R. Garro and P. D. Winterberg



37

 16. Rodrigo E, Segundo DS, Fernandez-Fresnedo G, et al. Within-patient variability in tacro-
limus blood levels predicts kidney graft loss and donor-specific antibody development. 
Transplantation. 2016;100:2479–85.

 17. Whalen HR, Glen JA, Harkins V, et al. High intrapatient tacrolimus variability is associated 
with worse outcomes in renal transplantation using a low-dose tacrolimus immunosuppres-
sive regime. Transplantation. 2017;101:430–6.

 18. Knight SR. Intrapatient variability in tacrolimus exposure - a useful tool for clinical practice? 
Transpl Int. 2016;29:1155–7.

 19. Rusai K, Dworak J, Potemkina A, et al. Donor-specific HLA antibodies and graft function in 
kidney-transplanted children - the Vienna cohort. Pediatric Transplant. 2016;20:507–14.

 20. Ginevri F, Nocera A, Comoli P, et  al. Posttransplant de novo donor-specific hla antibod-
ies identify pediatric kidney recipients at risk for late antibody-mediated rejection. Am J 
Transplant. 2012;12:3355–62.

 21. Filler G, Todorova EK, Bax K, Alvarez-Elias AC, Huang SH, Kobrzynski MC. Minimum 
mycophenolic acid levels are associated with donor-specific antibody formation. Pediatric 
Transplant. 2016;20:34–8.

 22. Kim JJ, Balasubramanian R, Michaelides G, et al. The clinical spectrum of de novo donor- 
specific antibodies in pediatric renal transplant recipients. Am J Transplant. 2014;14:2350–8.

 23. Loupy A, Hill GS, Jordan SC.  The impact of donor-specific anti-HLA antibodies on late 
kidney allograft failure. Nat Rev Nephrol. 2012;8:348–57.

 24. Cioni M, Nocera A, Innocente A, et al. De novo donor-specific HLA antibodies developing 
early or late after transplant are associated with the same risk of graft damage and loss in 
nonsensitized kidney recipients. J Immunol Res. 2017;2017:1747030.

 25. Aubert O, Loupy A, Hidalgo L, et al. Antibody-mediated rejection due to preexisting ver-
sus De novo donor-specific antibodies in kidney allograft recipients. J Am Soc Nephrol. 
2017;28:1912–23.

 26. Viglietti D, Loupy A, Vernerey D, et al. Value of donor-specific anti-HLA antibody monitor-
ing and characterization for risk stratification of kidney allograft loss. J Am Soc Nephrol. 
2017;28:702–15.

 27. Tait BD, Susal C, Gebel HM, et al. Consensus guidelines on the testing and clinical manage-
ment issues associated with HLA and non-HLA antibodies in transplantation. Transplantation. 
2013;95:19–47.

 28. Parajuli S, Reville PK, Ellis TM, Djamali A, Mandelbrot DA.  Utility of protocol kidney 
biopsies for de novo donor-specific antibodies. Am J Transplant. 2017;17:3210–8.

 29. Athavale D, Worthington J, Webb NJ, Roberts D, Martin S, Shenoy M.  Pediatric kidney 
recipients may benefit from monitoring for donor-specific antibodies. Pediatric Transplant. 
2014;18:258–65.

 30. Reed EF, Rao P, Zhang Z, et  al. Comprehensive assessment and standardization of solid 
phase multiplex-bead arrays for the detection of antibodies to HLA.  Am J Transplant. 
2013;13:1859–70.

 31. Greenshields A, Bray RA, Gebel HM, Liwski RS.  Getting on target: development of the 
novel, prozone-resistant, dual antibody rapid test (DART) for the LABScreen single antigen 
bead (SAB) assay. Human Immunol. 2019;80:468–77.

 32. Maillard N, Mariat C. Solid-phase bead-based assays limitations are not restricted to inter-
laboratory variability. Am J Transplant. 2013;13:3049.

 33. Tambur AR, Herrera ND, Haarberg KM, et al. Assessing antibody strength: comparison of 
MFI, C1q, and titer information. Am J Transplant. 2015;15:2421–30.

 34. Ma J, Patel A, Tinckam K.  Donor-specific antibody monitoring: where is the beef? Adv 
Chronic Kidney Dis. 2016;23:317–25.

 35. Filippone EJ, Farber JL.  The humoral theory of transplantation: epitope analysis and the 
pathogenicity of HLA antibodies. J Immunol Res. 2016;2016:5197396.

 36. Hayde N, Solomon S, Caglar E, Ge J, Qama E, Colovai A. C1q-binding DSA and allograft 
outcomes in pediatric kidney transplant recipients. Pediatric Transplant. 2020;25(2):e13885.

2 Challenges in Post-transplant Immunologic Monitoring



38

 37. Freitas MC, Rebellato LM, Ozawa M, et  al. The role of immunoglobulin-G subclasses 
and C1q in de novo HLA-DQ donor-specific antibody kidney transplantation outcomes. 
Transplantation. 2013;95:1113–9.

 38. Lefaucheur C, Viglietti D, Hidalgo LG, et al. Complement-activating anti-HLA antibodies in 
kidney transplantation: allograft gene expression profiling and response to treatment. J Am 
Soc Nephrol. 2018;29:620–35.

 39. Cai J, Terasaki PI, Zhu D, et  al. Complement-fixing antibodies against denatured HLA 
and MICA antigens are associated with antibody mediated rejection. Exp Mol Pathol. 
2016;100:45–50.

 40. Taylor CJ, Kosmoliaptsis V, Martin J, et al. Technical limitations of the C1q single- antigen 
bead assay to detect complement binding HLA-specific antibodies. Transplantation. 
2017;101:1206–14.

 41. Loupy A, Haas M, Solez K, et al. The Banff 2015 kidney meeting report: current challenges 
in rejection classification and prospects for adopting molecular pathology. Am J Transplant. 
2017;17:28–41.

 42. Haas M, Loupy A, Lefaucheur C, et al. The Banff 2017 kidney meeting report: revised diag-
nostic criteria for chronic active T cell-mediated rejection, antibody-mediated rejection, 
and prospects for integrative endpoints for next-generation clinical trials. Am J Transplant. 
2018;18:293–307.

 43. Louis K, Hertig A, Taupin JL, et al. Markers of graft microvascular endothelial injury may 
identify harmful donor-specific anti-HLA antibodies and predict kidney allograft loss. Am J 
Transplant. 2019;19:2434–45.

 44. Jordan SC, Bunnapradist S, Bromberg JS, et  al. Donor-derived cell-free DNA identifies 
antibody-mediated rejection in donor specific antibody positive kidney transplant recipients. 
Transplant Direct. 2018;4:e379.

 45. Strommen AM, Moss MC, Goebel J, Bock M. Donor-specific antibodies in a pediatric kidney 
transplant population-prevalence and association with antiproliferative drug dosing. Pediatric 
Transplant. 2019;23:e13511.

 46. Pearl MH, Chen L, ElChaki R, et al. Endothelin type a receptor antibodies are associated with 
angiotensin II type 1 receptor antibodies, vascular inflammation, and decline in renal function 
in pediatric kidney transplantation. Kidney Int Rep. 2020;5:1925–36.

 47. Pearl MH, Zhang Q, Palma Diaz MF, et  al. Angiotensin II type 1 receptor antibodies are 
associated with inflammatory cytokines and poor clinical outcomes in pediatric kidney trans-
plantation. Kidney Int. 2018;93:260–9.

 48. Zou Y, Stastny P, Susal C, Dohler B, Opelz G. Antibodies against MICA antigens and kidney- 
transplant rejection. N Eng J Med. 2007;357:1293–300.

 49. Pineda S, Sigdel TK, Chen J, Jackson AM, Sirota M, Sarwal MM. Novel non- histocompatibility 
antigen mismatched variants improve the ability to predict antibody-mediated rejection risk 
in kidney transplant. Front Immunol. 2017;8:1687.

 50. Fichtner A, Susal C, Schroder C, et al. Association of angiotensin II type 1 receptor anti-
bodies with graft histology, function and survival in paediatric renal transplant recipients. 
Nephrol Dial Transplant. 2018;33:1065–72.

 51. Freischlag K, Pearl MH, Chambers ET. The clinical impact of non-HLA antibodies in solid 
organ transplantation. Clin Transpl. 2016;32:31–43.

 52. Bjerre A, Tangeraas T, Heidecke H, Dragun D, Dechend R, Staff AC.  Angiotensin II 
type 1 receptor antibodies in childhood kidney transplantation. Pediatric Transplant. 
2016;20:627–32.

 53. Pinelli DF, Friedewald JJ, Haarberg KMK, et al. Assessing the potential of angiotensin II 
type 1 receptor and donor specific anti-endothelial cell antibodies to predict long-term kidney 
graft outcome. Human Immunol. 2017;78:421–7.

 54. Rush D, Nickerson P, Gough J, et al. Beneficial effects of treatment of early subclinical rejec-
tion: a randomized study. J Am Soc Nephrol. 1998;9:2129–34.

 55. Racusen LC. Protocol transplant biopsies in kidney allografts: why and when are they indi-
cated? Clin J Am Soc Nephrol. 2006;1:144–7.

R. Garro and P. D. Winterberg



39

 56. Mehta R, Cherikh W, Sood P, Hariharan S. Kidney allograft surveillance biopsy practices 
across US transplant centers: a UNOS survey. Clin Transpl. 2017;35(4):e14225.

 57. Nazario M, Nicoara O, Becton L, et al. Safety and utility of surveillance biopsies in pediatric 
kidney transplant patients. Pediatric Transplant. 2018;22:e13178.

 58. Dharnidharka VR, Vyas N, Gaut JP, Walther L, Hmiel SP. The utility of surveillance biopsies 
in pediatric kidney transplantation. Pediatric Nephrol (Berlin, Germany). 2018;33:889–95.

 59. Odum JD, Kats A, VanSickle JS, et  al. Characterizing the frequency of modifiable histo-
logical changes observed on surveillance biopsies in pediatric kidney allograft recipients. 
Pediatric Nephrol (Berlin, Germany). 2020;35:2173–82.

 60. Landsberg A, Riazy M, Blydt-Hansen TD.  Yield and utility of surveillance kidney biop-
sies in pediatric kidney transplant recipients at various time points post-transplant. Pediatric 
Transplant. 2020;25(2):e13869.

 61. Hymes LC, Greenbaum L, Amaral SG, Warshaw BL.  Surveillance renal transplant biop-
sies and subclinical rejection at three months post-transplant in pediatric recipients. Pediatric 
Transplant. 2007;11:536–9.

 62. Zotta F, Guzzo I, Morolli F, Diomedi-Camassei F, Dello SL. Protocol biopsies in pediatric 
renal transplantation: a precious tool for clinical management. Pediatric Nephrol (Berlin, 
Germany). 2018;33:2167–75.

 63. Seifert ME, Yanik MV, Feig DI, et al. Subclinical inflammation phenotypes and long-term 
outcomes after pediatric kidney transplantation. Am J Transplant. 2018;18:2189–99.

 64. Jackson JA, Kim EJ, Begley B, et al. Urinary chemokines CXCL9 and CXCL10 are non-
invasive markers of renal allograft rejection and BK viral infection. Am J Transplant. 
2011;11:2228–34.

 65. Schaub S, Nickerson P, Rush D, et al. Urinary CXCL9 and CXCL10 levels correlate with the 
extent of subclinical tubulitis. Am J Transplant. 2009;9:1347–53.

 66. Sureshkumar KK, Marcus RJ. Urinary biomarkers as predictors of long-term allograft func-
tion after renal transplantation. Transplantation. 2010;90:688–9.

 67. Suthanthiran M, Schwartz JE, Ding R, et al. Urinary-cell mRNA profile and acute cellular 
rejection in kidney allografts. N Eng J Med. 2013;369:20–31.

 68. Lui YY, Chik KW, Chiu RW, Ho CY, Lam CW, Lo YM. Predominant hematopoietic origin of 
cell-free DNA in plasma and serum after sex-mismatched bone marrow transplantation. Clin 
Chem. 2002;48:421–7.

 69. Rhodes A, Wort SJ, Thomas H, Collinson P, Bennett ED. Plasma DNA concentration as a 
predictor of mortality and sepsis in critically ill patients. Crit Care. 2006;10:R60.

 70. Tug S, Helmig S, Deichmann ER, et al. Exercise-induced increases in cell free DNA in human 
plasma originate predominantly from cells of the haematopoietic lineage. Exerc Immunol 
Rev. 2015;21:164–73.

 71. Beck J, Bierau S, Balzer S, et al. Digital droplet PCR for rapid quantification of donor DNA 
in the circulation of transplant recipients as a potential universal biomarker of graft injury. 
Clin Chem. 2013;59:1732–41.

 72. Bloom RD, Bromberg JS, Poggio ED, et al. Cell-free DNA and active rejection in kidney 
allografts. J Am Soc Nephrol. 2017;28:2221–32.

 73. Preka E, Ellershaw D, Chandler N, et al. Cell-free DNA in pediatric solid organ transplan-
tation using a new detection method of separating donor-derived from recipient cell-free 
DNA. Clin Chem. 2020;66:1300–9.

 74. Sharon E, Shi H, Kharbanda S, et al. Quantification of transplant-derived circulating cell-free 
DNA in absence of a donor genotype. PLoS Comput Biol. 2017;13:e1005629.

 75. Beck J, Oellerich M, Schulz U, et al. Donor-derived cell-free DNA is a novel universal bio-
marker for allograft rejection in solid organ transplantation. Transplant Proc. 2015;47:2400–3.

 76. Gielis EM, Ledeganck KJ, De Winter BY, et al. Cell-free DNA: an upcoming biomarker in 
transplantation. Am J Transplant. 2015;15:2541–51.

 77. Knight SR, Thorne A, Lo Faro ML. Donor-specific cell-free DNA as a biomarker in solid 
organ transplantation. A systematic review. Transplantation. 2019;103:273–83.

 78. Whitlam JB, Ling L, Skene A, et al. Diagnostic application of kidney allograft-derived abso-
lute cell-free DNA levels during transplant dysfunction. Am J Transplant. 2019;19:1037–49.

2 Challenges in Post-transplant Immunologic Monitoring



40

 79. Puliyanda DP, Swinford R, Pizzo H, Garrison J, De Golovine AM, Jordan SC. Donor-derived 
cell-free DNA (dd-cfDNA) for detection of allograft rejection in pediatric kidney transplants. 
Pediatric Transplant. 2020;25(2):e13850.

 80. Ragalie WS, Stamm K, Mahnke D, et al. Noninvasive assay for donor fraction of cell-free 
DNA in pediatric heart transplant recipients. J Am Coll Cardiol. 2018;71:2982–3.

 81. Sigdel TK, Archila FA, Constantin T, et al. Optimizing detection of kidney transplant injury 
by assessment of donor-derived cell-free DNA via massively multiplex PCR.  J Clin Med 
2018;8(1):19.

 82. Birk PE, Stannard KM, Konrad HB, et al. Surveillance biopsies are superior to functional 
studies for the diagnosis of acute and chronic renal allograft pathology in children. Pediatric 
Transplant. 2004;8:29–38.

 83. Birk PE. Surveillance biopsies in children post-kidney transplant. Pediatric Nephrol (Berlin, 
Germany). 2012;27:753–60.

 84. Blydt-Hansen TD, Gibson IW, Gao A, Dufault B, Ho J.  Elevated urinary CXCL10-to- 
creatinine ratio is associated with subclinical and clinical rejection in pediatric renal trans-
plantation. Transplantation. 2015;99:797–804.

 85. Ho J, Wiebe C, Rush DN, et al. Increased urinary CCL2: Cr ratio at 6 months is associated 
with late renal allograft loss. Transplantation. 2013;95:595–602.

 86. Hricik DE, Nickerson P, Formica RN, et al. Multicenter validation of urinary CXCL9 as a 
risk-stratifying biomarker for kidney transplant injury. Am J Transplant. 2013;13:2634–44.

 87. Mincham CM, Gibson IW, Sharma A, et  al. Evolution of renal function and urinary bio-
marker indicators of inflammation on serial kidney biopsies in pediatric kidney transplant 
recipients with and without rejection. Pediatric Transplant. 2018;22:e13202.

 88. Mockler C, Sharma A, Gibson IW, et al. The prognostic value of urinary chemokines at 6 
months after pediatric kidney transplantation. Pediatr Transplant. 2018;22:e13205.

 89. Blydt-Hansen TD, Sharma A, Gibson IW, et  al. Validity and utility of urinary CXCL10/
Cr immune monitoring in pediatric kidney transplant recipients. Am J Transplant. 
2020;21(4):1545–55.

 90. Lamarche C, Sharma AK, Goldberg A, Wang L, Blydt-Hansen TD. Biomarker implemen-
tation: evaluation of the decision-making impact of CXCL10 testing in a pediatric cohort. 
Pediatric Transplant. 2020;25(3):e13908.

 91. Loupy A, Lefaucheur C, Vernerey D, et al. Molecular microscope strategy to improve risk 
stratification in early antibody-mediated kidney allograft rejection. J Am Soc Nephrol. 
2014;25:2267–77.

 92. Halloran PF, Famulski KS, Reeve J. Molecular assessment of disease states in kidney trans-
plant biopsy samples. Nat Rev Nephrol. 2016;12:534–48.

 93. Sigdel TK, Bestard O, Tran TQ, et al. A computational gene expression score for predicting 
immune injury in renal allografts. PLoS One. 2015;10:e0138133.

 94. Khatri P, Roedder S, Kimura N, et al. A common rejection module (CRM) for acute rejection 
across multiple organs identifies novel therapeutics for organ transplantation. J Exp Med. 
2013;210:2205–21.

 95. Shaw BI, Cheng DK, Acharya CR, et al. An age-independent gene signature for monitoring 
acute rejection in kidney transplantation. Theranostics. 2020;10:6977–86.

 96. Zhang W, Yi Z, Keung KL, et al. A peripheral blood gene expression signature to diagnose 
subclinical acute rejection. J Am Soc Nephrol. 2019;30:1481–94.

 97. Suthanthiran M, Schwartz JE, Ding R, et al. Urinary-cell mRNA profile and acute cellular 
rejection in kidney allografts. N Engl J Med. 2013;369:20–31.

 98. Verma A, Muthukumar T, Yang H, et al. Urinary cell transcriptomics and acute rejection in 
human kidney allografts. JCI Insight. 2020;6(8):e588.

 99. Roedder S, Kimura N, Okamura H, Hsieh SC, Gong Y, Sarwal MM. Significance and sup-
pression of redundant IL17 responses in acute allograft rejection by bioinformatics based 
drug repositioning of fenofibrate. PLoS One. 2013;8:e56657.

 100. Yi Z, Keung KL, Li L, et al. Key driver genes as potential therapeutic targets in renal allograft 
rejection. JCI Insight. 2020;5(15):e136220.

R. Garro and P. D. Winterberg



41© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
K. E. Twombley (ed.), Challenges in Pediatric Kidney Transplantation, 
https://doi.org/10.1007/978-3-030-74783-1_3

Rejection Challenges: Diagnosis 
and Management

Samantha Lang, Maziar Riazy, and Tom D. Blydt-Hansen

 A Brief History of Rejection

The Second World War heralded the first breakthrough that rejection is caused by 
immune mechanisms when Peter Medawar and Thomas Gibson attempted, without 
success, to treat burns victims using skin allografts. Subsequent research demon-
strated that where autografts rapidly stabilized, skin allografts were infiltrated with 
native monocytes and lymphocytes, leading to vascular and lymphatic proliferation 
and progressive destruction. These findings and other contemporary research 
cemented our understanding that the basis of rejection is immunological [1].

Research in the decade after the war led further to an understanding of the impor-
tance of cellular immune processes in rejection pathophysiology [2]. Prior to this, 
rejection was thought to be entirely humoral, with Medawar searching but failing to 
find a single causative antibody [3]. Despite progressive improvements in under-
standing the mechanisms for rejection, effective treatment remained elusive. In the 
face of almost guaranteed failure, nine experimental kidney transplantations were 
nonetheless performed in France in 1951, justified on the grounds that no treatments 
for kidney failure existed and life-expectancy was short for these patients [4]. All of 
these people died within weeks secondary to rejection. Without effective anti-rejec-
tion treatment, successful transplantation could only be achieved by avoiding 
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alloreactivity entirely. It was on this basis that the first successful kidney transplant 
was performed in 1954 between identical twins [5].

Continued efforts to treat or prevent rejection were directed at suppressing the 
immune response, and led to the use of total body irradiation, 6-mercaptapurine, 
or azathioprine [6]. Although an improvement, these therapies yielded maximum 
survival of only 6  months, and many considered abandoning human 
transplantation.

In a medical breakthrough, Thomas Starzl, at a conference in 1963, reported 
that the addition of high dose prednisone to azathioprine reversed rejection, 
extending one-year survival rates above 70% [7]. Starzl’s contribution salvaged 
transplantation as a viable treatment for kidney failure, and corticosteroids still 
form the basis of rejection treatment today. This was followed by a further break-
through in the late 1960s, with the discovery of antilymphocyte serum that 
depletes effector T cells through opsonization-induced apoptosis. Anti-lymphocyte 
therapies also remain an effective tool in the management of severe or steroid-
resistant cellular rejection [8].

Since the advent of pediatric transplantation in the mid-1960s [9, 10], pediatric 
recipients have faced unique challenges related to growth [11, 12], neurocognitive 
issues [13], and size mismatch [14]. Specific to rejection, advances in treatment for 
children tend to lag behind adult protocols due to biases that interventions must be 
demonstrated to be both safe and efficacious in adults before pediatric trials are 
commenced [9].

Over the last 70 years, our understanding of rejection has greatly improved and 
become more nuanced. With advances in induction and maintenance immunosup-
pression protocols, the incidence of clinical acute rejection has improved from an 
almost universal certainty to less than 15% in the first post-transplant year [15–
17]. However, beyond improvements in first year survival, the rate of subsequent 
progressive allograft failure has improved little in the last two decades. Chronic 
forms of rejection (chronic, active antibody/T cell-mediated rejection) remain the 
leading cause of graft loss, responsible for 38.5% of graft failures [15, 18, 19]. 
Indeed, the incidence of late acute rejection in children appears now to be increas-
ing [15, 17], which is concerning as late rejection episodes portend a poorer prog-
nosis [20–25]. Some of this increase may be improved ascertainment; ongoing 
research has led to better characterization of acute and progressive forms of 
allograft injury.

As we continue to improve our understanding of the mechanisms that underlie 
inflammation and alloimmune regulation, more targeted treatments may be possible 
that disrupt chronic inflammatory signaling. Such treatments should not only sup-
press inflammation but also promote ongoing tolerance, and would represent 
another significant milestone in the goal of controlling rejection at all phases of the 
alloimmune pathway.
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 An Evolving Paradigm of Rejection: From Discreet Episodic 
Events to a Fluctuating Continuum of Immune Alloreactivity

Rejection is broadly defined as the cognate immunological response by the trans-
plant recipient to the donor kidney and may include cellular (T cell-mediated) or 
humoral (antibody-mediated) responses. A biopsy is needed to confirm the diagno-
sis, classify type and severity, and direct treatment.

Kidney function is routinely relied upon as a marker of graft stability: deteriora-
tion guides biopsy indication and a return to baseline function is used to signal reso-
lution. This reliance on creatinine misses early subclinical rejection and rejection 
that persists at a lower intensity following treatment. The perception of short-lived 
functional disturbances belies the possibility of persistent underlying inflammation, 
lending the impression that rejection is episodic. Later onset of functional decline is 
attributed to the acquisition of donor-specific antibody, antibody-mediated rejec-
tion, and chronic, active T cell-mediated rejection, often without accounting for the 
indolent nature of inflammation that may have persisted. Advances in the detection 
of subclinical inflammation have challenged the notion that stable creatinine equates 
to low allograft risk.

It is now better understood that early rejection episodes and later, more chronic 
forms of rejection are interrelated and may evolve – one into the other – on a con-
tinuum of alloimmune response. Early acute rejection is directly associated with 
later development of donor-specific antibodies and chronic inflammation in areas of 
interstitial fibrosis and tubular atrophy (i-IFTA). In the time interval after initial 
rejection “episodes” are detected and treated, there may be further maturation of 
residual alloimmune reactivity until it manifests again clinically as chronic forms of 
antibody-mediated or T cell-mediated rejection, which remain the leading causes of 
allograft failure.

The adoption of surveillance biopsies in some pediatric transplant centers has led 
to greater ascertainment of rejection, albeit still episodic, with early rejection rates 
as high as 40% [26, 27]. By definition, subclinical rejection is detected at a lower 
level of severity that is not yet causing allograft acute kidney injury. Untreated sub-
clinical rejection is clearly associated with subsequent risk of graft function deterio-
ration (clinical rejection) and adversely impacts graft survival. However, even with 
treatment, subclinical rejection has a worse allograft outcome compared to children 
with no rejection. As with clinical rejection, this may be due in part to failure to 
confirm that alloreactive inflammation has been fully suppressed with treatment. 
Studies that evaluate follow-up biopsies after treatment identify over 50% with per-
sisting rejection after initial treatment [26, 28–31].

Recent data evaluating chemokine profiles post-transplant identify elevated 
risk for rejection and graft failure starting in the first weeks after transplant, and 
that those with persistently greater inflammatory signaling over time do more 
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poorly [32]. This fluctuating inflammatory burden is currently difficult to identify 
and track, but may become more easily detected as better non-invasive monitoring 
tools become routinely available in the clinic. The paradigm may therefore need 
to shift, to consider rejection as a manifestation of a constantly evolving alloim-
mune response. Immunosuppression and adaptive regulatory responses that sup-
press inflammation compete with persistent allograft antigen stimulation that 
sustains the cytotoxic effector responses. The consequence is inflammation that 
waxes and wanes, and periodically is sufficiently severe as to cause overt dysfunc-
tion. The following sections apply this conceptualization to the monitoring and 
management of different forms of rejection in children.

 Pathophysiology of Alloimmune Activation 
and Downstream Processes

Allorecognition refers to the immunological response to tissues or cells from a 
member of the same species, which are not recognized as self. Alloimmune- 
mediated injury begins with T cell recognition of donor HLA alloantigens, which 
initiates cognate T cell activation and mediates an acute anti-donor tissue inflamma-
tory response. Once activated, resolution depends on intensification of immunosup-
pression and sustainment of adaptive regulatory responses that are concurrently 
initiated to ultimately resolve inflammation. However, insufficient suppression of 
inflammation and continued presentation of alloantigen may favor persistence of 
the cognate effector response. This complex series of immune responses may evolve 
over time from acute to more chronic forms of rejection; and with better under-
standing there may be opportunities for more targeted therapies, depending on the 
phase of alloimmune maturation. What follows is a simplified model of rejection 
pathogenesis and its potential for resolution or propagation.

 T Cell Development and Activation

CD4+ T cells are activated in a three-stage process. Signal 1 is T cell receptor 
(TCR) binding: Dendritic cells and other antigen presenting cells (APC) present 
class II HLA with donor antigens to naïve T cells in secondary lymphoid organs 
(SLO) (Fig. 3.1) [33]. In the early post-transplant period, donor-derived APCs play 
a large role in presenting intact class II HLA molecules to naïve T cells after migrat-
ing to SLO from the allograft, in a process known as direct allorecognition [34]. 
Donor APCs present an array of intact donor alloantigens capable of sensitizing a 
broad range of T cells, and induce an early polyclonal T cell response that is strongly 
associated with acute rejection [35]. In animal models with acute rejection, up to 
90% of T cells are responsive to intact donor antigen [36]. Recipient APCs can 
acquire intact class II HLA from donor APCs or graft cells expressing class II HLA 
[37], which can then present intact alloantigen in a process known as semi-direct 
allorecognition. In indirect allorecognition, donor alloantigens (both class I and 

S. Lang et al.



45

Naïve
CD4+
cell

Activated
T cells

Endothelial
Cells

Epithelial
Cells

Basement
Membrane

Granzyme
and perforin
production

Co-amplification of T
cells and macrophages/
monocytes

Phagocytosis
of damaged

epithelial cells

Futher Iymphocyte
and momocyte

recruitment through
chemokine homing

Rejection IS
dampening of
effector T cell
populations
(widespread
mechanisms)

Robust Treg response
with pro-regulatory
cytokine release

IL-10, TGF-β IL-10, TGF-β
Inhibition of
Tregs by Th
cells

Ineffective TreatmentEffective Treatment

Th2 Th17

Th17

Tmem
Th1

Th2

Treg

Treg

Th1

Inadequate suppression of
effector T cells despite
Rejection IS

Ongoing proliferation
and development of
effector memory T

cells

Pro-inflammatory cytokines
CXCL10 IL-2, IL-6, IL-17,
IFN-γ, CXCL9

Suppressed
cytokine and
chemokine
signaling

Pro-inflammatory cytokines
IL-2, IL-6, IL-17, IFN-γ, CXCL9,
CXCL10 IFN-γ induced

cytotoxicity

T
cells

T
cells

Th-1

M/M

M/M

M/M

M/M M/MM/M

Th2 Th17

CD8+
Fas FaslIL-10, TGF

Tre
g

Circulation

Migration of
activated

T cells from
SLO to
allograft

Naïve
CD4+
cell

Naïve
CD4+
cell

Intact donor
HLA with
allo-peptide

Recipient
HLA
presenting
donor allo-
antigen

Donor HLA
with intact
allo-peptide
transferred
onto
recipient
APC

Donor APC Recipient
APC

Recipient APC

Direct Indirect Semi-direct

Migration of
APCs from
allograft (with
antigen)

HLA
II

HLA
II

HLA
II

HLA
II

HLA
II

TCRTCR TCR

HLA
II

S1

S2

S3

a

b

c1 c2

(continued)

3 Rejection Challenges: Diagnosis and Management



46

class II HLA) are internalized and processed by recipient APCs and then presented 
to T cells as peptide fragments within the recipient class II HLA molecules. Direct 
allorecognition is eliminated over the first few months’ post-transplant as donor 
APCs are depleted, and thereafter semi-direct and indirect allorecognition 
predominate.

Following ligation of the TCR to its antigen, signal 2 involves secondary ligand- 
receptor binding between the APC and T cell, known as co-stimulation, which is 
critical to complete T cell activation. Inadequate provision of this second signal 
results in T cell anergy. Thus, co-stimulatory pathways represent important poten-
tial targets to induce more regulatory alloimmune responses. Key co-stimulatory 
ligands include CD28:CD80/CD86 and CD40:CD154. The second signal also 
prompts the production of cytokines that further propagate the cognate alloimmune 
response – including interleukin-2 (IL-2), which is a key promoter of T cell survival 
and proliferation.

The cytokine microenvironment provides signal 3, which directs differentiation 
of the activated T cells into various T helper cell subsets (Th cells). An environment 
rich in IL-12 and IFN-γ drives Th1 production, IL-4 is critical to the development 
of Th2 cells, and IL-21, IL-6, and transforming growth factor beta (TGF-β) promote 

Fig. 3.1 (a) Naïve T cells circulate in lymph and secondary lymphoid organs (SLO). Donor 
(orange) and recipient (green) antigen-presenting cells (APC) deliver antigen from the tissues to 
the SLOs for T cell surveillance. Naïve T cell activation occurs in response to three signals—S1: 
interaction between donor HLA antigen on APC and T cell receptor; S2: co-stimulation; S3: cyto-
kines produced by immune cells within the lymph. Direct allorecognition: donor APCs (orange) 
present intact HLA (orange) to recipient TCR.  Indirect allorecognition: recipient APCs (green) 
present internalized, processed donor HLA allopeptide segments (orange) to TCR. Semi-direct 
allorecognition: recipient APC (green) acquires intact donor HLA (orange) from donor APC, 
which is then presented to the TCR. Once activated, T cells exit the lymph and migrate to the 
allograft. (b) Activated T cells (cytotoxic CD8+ and CD4+ helper T cells) home to the allograft. T 
cells proliferate and mature in response to exposure to their cognate antigen. Inflammatory cyto-
kines produced by CD4+ effector cells upregulate macrophage and monocyte activation and recruit 
further innate and adaptive cells. Monocytes and macrophages produce cytokines that further drive 
T cell proliferation. Epithelial cell injury in T-cell mediated rejection occurs via several mecha-
nisms: CD8+ cells bind via the Fas-Fas Ligand, inducing apoptosis, and release perforins and toxic 
granzymes that cause cell lysis; IFN-γ released by Th cells damages cell integrity; macrophages 
and monocytes phagocytose cellular debris. IL-2 and IFN-γ induce proliferation of regulatory T 
cells (Tregs) aimed at commencing self-resolution. (c1) Effective rejection immunosuppression 
(IS) that is delivered early in the rejection trajectory alongside a robust regulatory T cell (Treg) 
response drives adequate suppression of effector T cells. Effector suppression downregulates 
inflammatory cytokine signaling, minimizing further innate and adaptive cell recruitment. Tregs 
induce Th apoptosis through cell-cell contact and the release of pro-regulatory cytokines (IL-10 
and TGF-β). Corticosteroids and other anti-lymphocyte therapies induce a range of anti-T cell and 
anti-inflammatory responses. (c2) When rejection treatment is ineffective due to an inability to 
fully suppress effector T cells and the development of T cell memory (which is less responsive to 
treatment), there is ongoing recruitment, proliferation, and maturation of effector populations. 
Production of IL-6 in response to persistent antigenic stimulation inhibits Tregs in favor of Thl7 
development and induces conversion of mature Tregs to Th17 cells, further propagating an inflam-
matory response
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Th17 cells [38–43]. An environment rich in IL-2 and TGF-β (conditional on the 
absence of IL-6) directs regulatory T cell (Treg) development, with evidence of 
contributions by other pro-tolerant cytokines such as IL-10 [44]. Nuances in the 
strength and duration of TCR stimulation are also key to Th cell differentiation 
[45, 46].

Similar to CD4+ cells, naïve CD8+ cells are activated in SLO through contact 
with APCs. APCs present intact donor class I HLA antigens to CD8+ cells through 
direct allorecognition or processed class I HLA peptide segments through indirect 
or semi-direct allorecognition, and CD8+ activation is further stimulated by 
IL-12 [47].

The concept of rejection prophylaxis with induction and maintenance immuno-
suppression is directed toward primary prevention of cognate T cell activation. 
Once acute rejection is manifest, cognate T cell activation, differentiation, and prop-
agation of the anti-donor antigen response are by definition already well- established, 
necessitating a different treatment approach that seeks to quell the inflammatory 
response and restore alloimmune quiescence within the allograft.

 T Cell Migration and Mechanisms of Injury in T Cell-Mediated 
Rejection with the Allograft

Once activated in SLO, T cells gain expression of adhesion factors that enable tissue 
migration. They return to circulation via the thoracic duct, adhere to endothelium, 
and migrate within tissues in search of their cognate antigen. Allograft localization 
is facilitated by expression of homing programs that reflect the site of priming 
(regional lymph nodes) and allograft inflammation from ischemia reperfusion injury 
(or other forms of subsequent allograft injury), which upregulates adhesion mole-
cules on renal vascular endothelium [48]. The intensity of T cell proliferation in the 
SLO in response to the amount of antigen is also a factor. Upon TCR ligation of its 
cognate antigen, activated T helper (CD4+) and cytotoxic (CD8+) T cells are 
induced to proliferate in situ, and collectively produce an array of pro-inflammatory 
cytokines/chemokines (IL-2, IL-6, IL-17, IFN-γ, CXCL9, CXCL10) that recruit 
innate immune cells (natural killer cells and phagocytic monocytes) (Fig. 3.1). The 
innate arm of this response is also activated by damage-associated molecular pat-
terns (DAMPs) induced by ischemia or other events and are recognized by pattern 
recognition receptors (PRR) on phagocytic cells causing up-regulation of costimu-
latory molecules and secretion of pro-inflammatory cytokines [49]. In concert, both 
an innate and adaptive component further promotes the influx of activated B and T 
cells to sustain the effector response [50, 51].

Cellular injury occurs through CD4+ production of cytotoxic cytokines capa-
ble of inducing apoptosis such as IFN-γ and by direct interaction between primed 
CD8+ T cells and donor tissues, including tubular epithelial cells (Fig. 3.1) [33, 
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52, 53]. Cytotoxic T cells induce apoptosis through Fas-Fas ligand binding and 
release granzymes and perforins that damage cell integrity and cause lysis [52]. 
Monocytes and macrophages (type 1) trafficked to the graft perpetuate adaptive 
effector responses in their role as APCs and produce a further abundance of pro-
inflammatory mediators including cytokines such as IL-1 and TNF-α that rein-
force ongoing macrophage responses; IL-6 and IL-23 that promote development 
and survival of Th17 cells; and IL-12 and IFN-γ that perpetuate ongoing Th1 
responses [54, 55].

The cognate immune response evolved as an effective, intense, but targeted 
anti- pathogen response that is programmed for self-resolution. Some of the 
same signals that instigate the primary effector response, such as IL-2, also ini-
tiate a recovery response dominated by co-localized proliferation of Treg cells 
[56, 57]. Normally, as the source of novel antigen is destroyed and antigen-
mediated effector cell signalling abates, Tregs restrain the effector response by 
inducing Th cell apoptosis via direct contact and via the release of pro-regula-
tory cytokines such as TGF-β and IL-10 (Fig. 3.1) [58]. Despite the depletion of 
the majority of effector T cells through this process, a small proportion survive 
as long-lived memory T cells [59]. Phagocytic monocytes and macrophages 
(type 2) play a major role in the late inflammatory stages of injury repair through 
production of IL-10 and TGF-β, clearance of cellular debris and fibrogenesis, 
followed by an anti-fibrotic response that restores tissue in scarless healing [55, 
60, 61].

In the setting of transplantation, persistence of the novel (donor) antigen presents 
a unique challenge for immune resolution, since it may perpetuate reactive cognate 
effector cell signalling. The combination of intensified immunosuppression and 
intra-graft Treg proliferation may not be sufficient to regain complete control over 
expanded effector T cell populations (Fig. 3.1). Macrophages and monocytes accu-
mulate in the interstitium and tubules and are unable to progress beyond fibrosis and 
angiogenesis, contributing over time to scarring and chronic inflammatory injury 
[54]. Ultimately, prolonged and sustained exposure to donor HLA antigen [62, 63] 
and inflammatory cytokines like IFN-γ [64, 65] promotes the development of mem-
ory CD4+ T cells generated from effector cells, and evolution of chronic inflammation.

 B Cell Development and Activation

Naïve B cells develop in the bone marrow and migrate to SLO. The B cell receptor 
(BCR) is a membrane-bound immunoglobulin that recognizes free soluble antigen 
in its native form within the lymph or antigen presented by APCs, which is captured 
from the APC by the B cell and internalized [66]. Initial activation follows similar 
stages as their T cell counterparts: BCR/antibody affinity, costimulatory or co- 
inhibitory signals (including ICOS, CD40 ligand, and CD80 and CD86) [67, 68], 
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and then cytokine microenvironment-mediated differentiation. Early B cell activa-
tion is promoted by primed T cells via production of B cell activation factor 
(BAFF) [69].

Following initial activation, immature B cells either develop into marginal B 
cells or follicular B cells. Follicular B cells, having internalized either soluble anti-
gen or antigen presented on dendritic cells, migrate to the T-B zone of germinal 
centers within SLO [70]. B cells are one of the few cell types capable of antigen 
presentation via class II HLA molecules to CD4+ cells [70, 71]. Cognate B cells 
present their internalized antigen peptides for follicular T cell recognition [66]. 
Here, the relative preponderance of follicular T helper cells (TfH) and follicular 
regulatory cells (TfR) determines B cell fate. TfH cells bind follicular B cells, pro-
duce IL-4 and IL-21, and provide co-stimulation via the CD154, all of which pro-
mote B cell activation (Fig. 3.2) [72]. TfR cells suppress IL-21 and IL-4, express 
co-inhibitors CTLA-4 and PD-1, and inhibit B cell metabolism [73, 74]. Dominant 
regulatory influence dramatically suppresses antibody production [73, 75]. Sufficient 
B-TfH cell affinity results in somatic hypermutation with positive selection for B 
cells with the highest antibody-antigen affinity, which become antibody producing 
plasma cells or memory B cells capable of exerting a potent and persisting anti-graft 
response [71, 76, 77].

Although B cells can be activated directly in the absence of TfH cell interaction, 
this process results in short-lived (maximum 14 days) extra-follicular plasmablasts, 
only capable of producing antibody from their original repertoire (Fig. 3.2) [78]. 
Robust B cell responses develop secondary to TfH cell-mediation and reciprocally 
promote ongoing T cell activation through their antigen presenting role. Organized 
intra-graft B cell clusters such as in B cell-rich rejection function as antigen present-
ing centers and provide co-stimulation to co-aggregated CD4+ T cells [79–82].

Regulatory B cells also exist and may dampen B and T cell responses. Regulatory 
B cells both produce IL-10 and stimulate IL-10 production by CD4+ cells [83]. 
Higher levels of regulatory or transitional B cells have also been shown to protect 
against AMR [84]. As at every stage of the alloimmune continuum, it is the balance 
of effector and regulatory responses that determines the clinical outcome.

 Alloantibodies and Antibody-Mediated Rejection

Antibodies are soluble mediators of the humoral immune system generated either 
by immature plasmablasts or by mature, more durable plasma cells. Donor-specific 
antibodies may develop against class I or class II HLA. Class I antigens are expressed 
by virtually all nucleated cells, whereas class II are constitutively expressed on 
APCs and can be induced on other cell types during times of inflammation, particu-
larly vascular endothelium. Antibodies against non-HLA alloantigens, such as 
major-histocompatibility-complex class I–related chain A (MICA) or 
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Fig. 3.2 (a) Immature follicular B cells within germinal centers of the SLOs bind soluble donor 
antigen (orange) or extract antigen from APCs (recipient APC shown in figure (green)) using sur-
face antibody. In T cell-independent processes, B cells develop into short-lived plasmablasts. T 
follicular helper cells produce IL-4, IL-21, and BAFF required for B cell activation and provide B 
cell co-stimulation. TfH support induces B cell somatic hypermutation important for development 
into plasma and memory cells, which lose expression of CD20. B cells reciprocally promote ongo-
ing T cell activation through presentation of internalized antigen via class II HLA. (b) Long-lived 
plasma cells migrate to their niche, often bone marrow (BM), where they produce high affinity 
anti-allograft antibody. B cells including plasma cells also migrate into the allograft. Antibody- 
mediated injury occurs through complement dependent and independent pathways. Antibody acti-
vation of complement induces the complement cascade, culminating in the membrane attack 
complex (MAC). MAC lyses endothelial cells. Byproducts of complement activation include C3a/
C5a (home innate cells and upregulate adhesion markers on endothelial tissue) and C4d (useful 
diagnostic marker due to covalent binding of endothelium). Antibody signaling independent of 
complement induces injury through crosstalk with innate cells. The constant portion of the anti-
body (Fc) activates monocytes and macrophages, inducing innate cell-mediated inflammation, 
known as antibody-cell-dependent cytotoxicity. Monocytes and macrophages also recognize and 
induce apoptosis in cells opsonized with antibody
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autoantibodies, such as anti-endothelial cell antibodies and angiotensin type 1 
receptor antibodies, can play an important role in mediating the intensity or severity 
of antibody-mediated rejection and in some cases are directly implicated in AMR, 
in the absence of alloantibody detection [85].

Allograft directed antibodies bind the capillary endothelium and inflict damage 
via complement dependent and independent pathways (Fig. 3.2) [71, 86]. With a 
high-enough density of antibody-binding, complement fixation leads to formation 
of the membrane attack complex (C5b-C9) resulting in cell lysis [87]. Complement 
activation by-products include C4d, C3a, and C5a. C3a and C5a are chemokines for 
macrophage and neutrophils and induce endothelial cells to release adhesion mole-
cules and pro-inflammatory cytokines. C4d is particularly useful as a diagnostic 
marker, since it binds covalently to the endothelium and can be detected for days 
following antibody binding [88, 89]. Complement driven endothelial damage also 
triggers the release of Von Willebrand factor leading to platelet activation and the 
formation of microthrombi [86, 90].

Antibodies are also involved in an array of complement-independent signaling. 
Following antibody binding, endothelial cells undergo cytoskeletal reorganization 
that stabilizes the endothelium for leukocyte tethering and triggers endothelial pro-
liferation [91, 92]. Antibodies bind and activate NK cells and macrophages using 
the antibody Fc portion, leading to antibody-cell-dependent cytotoxicity [91, 93–
95]. Activation of the coagulation cascade can lead to the deposition of platelets and 
microthrombi, amplifying vascular injury and leading to arteriolar necrosis [96].

 Alloimmune Chronicity

The transition from acute to chronic allograft inflammation is complex and incom-
pletely understood. Persistence of alloantigen and insufficient suppression of 
inflammation may permit continued signalling from cytokines such as IL-6, which 
tip the balance from regulatory to effector cell differentiation. IL-6 simultaneously 
inhibits Treg development [97] and stimulates transformation of Tregs into Th17 
cells [50, 98]. High levels of Th17 and inadequate Treg responses have been associ-
ated with chronic rejection [99–104]. Effector B cell production of immunoglobu-
lins as well as B cell maturation are also stimulated by IL-6 [105, 106]. As with 
Tregs, regulatory B cells are also reduced in chronic AMR (0.98%) compared to 
stable allografts (2.81%) [107]. This disequilibrium between effector and regulatory 
response is mirrored in the innate immune response, where expanded populations of 
intragraft monocytes and macrophages are associated with chronic rejection and 
express higher levels of PAI-1 mRNA, which is a critical mediator for fibrogene-
sis [55].

The activation and proliferation of effector responses are inherently associated 
with the development of immune memory, which likely has a principal role in main-
taining chronic forms of rejection. Both memory B and T cells deliver swifter and 
more effective anti-graft responses, require lower doses of antigen for activation, 
and are more refractory to standard treatments [108]. Chronic, active TCMR is 
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associated with an upregulation of RNA that characterizes CD8+ cytotoxic memory 
T cells [109] and a greater proportion of IL-17 producing memory T cells [103]. 
Memory B cells make up a higher proportion of B cells in chronic rejection [110] 
and are seen in 80% of biopsies with chronic rejection [111]. These memory cell 
populations may be not be accessible to lymphocyte depleting therapies, which 
have renewed efforts to identify alternative treatment strategies that target the sig-
nalling pathways that sustain chronic inflammation for tertiary prevention.

 Detecting Rejection and Monitoring Its Course

Histological confirmation on kidney biopsy remains the gold standard for rejection 
diagnosis. The phase at which the rejection process is detected may be relevant to 
its potential reversibility. Within the allograft, the first signals may be gene expres-
sion, followed by cytokine and chemokine production, and alterations in tissue 
metabolism that result from alloreactive T cell infiltration. With time, inflammatory 
cells continue to infiltrate and accrue, such that they are detectable histologically, 
along with their interactions with the tubular epithelium, arterial vasculature, or 
capillary endothelium. As tissue injury ensues, damage ultimately progresses to 
clinically detectable acute kidney injury (AKI). The introduction of novel, clinically 
accessible monitoring tools has the potential to shift the diagnostic paradigm 
upstream, which may improve early ascertainment and treatment outcomes.

 Clinical Monitoring and Biopsy Indication

A mainstay of clinical monitoring for allograft injury includes surveillance of serum 
creatinine, proteinuria, and donor-specific antibodies (DSA) [112, 113]. Serum cre-
atinine should be monitored daily to weekly for the first few months after transplant, 
with tapering of frequency to every 1–3 months after the first year, depending on 
clinical stability [113]. Detection of AKI with serum creatinine elevation is the most 
common indication for kidney biopsy, after other causes of AKI have been excluded 
such as functional, infectious, obstructive, or drug-related causes. Persistent rise in 
serum creatinine of 10–25% above baseline is usually sufficient to indicate a biopsy, 
a lower threshold than the 33–50% rise recommended for pediatric non-transplant 
AKI diagnosis [114, 115]. This lower threshold implicitly acknowledges a funda-
mental limitation of functional monitoring, which is that significant injury must 
accrue before kidney dysfunction becomes manifest [116–119]. This problem is 
most pronounced in younger children, where functional impairment can be masked 
by compensation from large adult donor kidney mass relative to pediatric body 
size [14].

Although published guidelines set the minimum standard at every 3–12 months, 
monitoring for proteinuria is commonly obtained in children at every clinic visit for 
surveillance. This may also include monitoring of urine albumin to creatinine ratio, 
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which may be more sensitive for detection of hyperfiltration injury associated with 
progression of allograft chronic kidney disease. Worsening proteinuria should indi-
cate a kidney biopsy to evaluate for recurrence of primary kidney disease, de novo 
glomerular disease, or antibody-mediated rejection (AMR). In the setting of AMR, 
proteinuria usually manifests later with progression to chronic AMR and transplant 
glomerulopathy, and so is not sensitive for early AMR detection.

Many pediatric transplant programs now include regular monitoring for de novo 
donor-specific antibody (dnDSA) as part of standard care. The most recent consen-
sus guideline was published by The Transplantation Society in 2013 [112], and 
recommended active testing only at times when risk for AMR is increased, in addi-
tion to annual sampling. The argument against more frequent testing relates to cost-
benefit in the face of ineffective treatment. With the advent of improving treatments 
for AMR, more frequent surveillance is better justified, and many pediatric pro-
grams routinely test for DSA every 3–6 months. Onset of dnDSA should be verified 
by repeat testing in the absence of other clinical findings and, when persistent, iden-
tifies AMR in over 40% of cases [120]. The onset of dnDSA is associated with 
development of AMR within 12 months, eGFR decline, and future graft loss [121, 
122]. AMR detected by DSA-indicated biopsies was associated with a greater than 
5-fold reduction in graft failure, compared to otherwise clinically indicated biopsy 
AMR cases [123]. Detection of dnDSA early in the evolution of antibody-mediated 
injury affords opportunity to modify immunosuppression and mitigate progression, 
and is an important recent addition to routine surveillance for rejection.

 Surveillance Biopsies

Despite greatly improved ascertainment rates for rejection with surveillance biop-
sies, less than half of centers include them as standard practice [26, 124]. The 
procedure- related risk is very low, and more often the arguments against adoption 
relate to cost and burden on patients and families [125, 126].

There is no universally accepted protocol for rejection surveillance using biop-
sies, and yield may depend upon timing. Ascertainment of subclinical rejection fluc-
tuates between 14% and 43% in the first year [26, 27, 124, 127–130]. In children 
receiving IL-2 receptor antibody induction, the biopsy time point with the greatest 
yield for TCMR diagnosis was at 6 months (43%), whereas biopsies at 3 or 
12 months identified rejection in 15% and 21% of biopsies, respectively [27]. In the 
setting of depletional antibody induction with anti-thymocyte globulin, similar rates 
of subclinical TCMR are noted; however the onset is shifted later and peaks instead 
at the 12-month biopsy (31%), relative to the 6-month time point (14%) [131].

The clinical utility of surveillance biopsies was first established in a landmark 
clinical trial by Rush et al. [117] demonstrating improved allograft outcome in the 
surveillance group where rates of subclinical rejection approached 30%. With 
decline of subclinical rejection rates in low-risk adults to less than 5% [132, 133], 
continued use protocol surveillance may no longer be justified. However, even with 
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modern immunosuppression, subclinical TCMR rates in children persist at >30% in 
the first post-transplant year and are associated with progression to late acute 
TCMR, AMR, chronic forms of rejection, and allograft failure [128, 134, 135]. The 
benefits of treating subclinical TCMR parallel those related to treating TCMR on 
clinically indicated biopsies: reduction of subsequent clinical rejection, chronic 
tubulointerstitial damage, functional decline, and allograft failure [128, 129, 
136–138].

 Follow-Up Biopsies

The prevailing wisdom that return to baseline creatinine is highly correlated with 
histological resolution has never been corroborated. To the contrary, several studies 
evaluating serum creatinine monitoring for TCMR treatment show that it correlates 
poorly with histological severity at diagnosis and does not reliably predict resolu-
tion on subsequent biopsy [28, 116, 139, 140]. Almost by definition, a creatinine- 
based approach to monitoring subclinical rejection treatment response is 
nonsensical.

This has led to the adoption of follow-up biopsies in some centers, to more effec-
tively monitor treatment response. The timing varies from 1 to 3 months after treat-
ment and identifies high rates (46–65%) of persistent subclinical TCMR [26, 28–31, 
140]. The risk that persisting TCMR may evolve to more chronic rejection is high-
lighted by rapid development of chronic inflammation (i-IFTA) in 61% of follow-up 
biopsies at a median of 3 months later [141]. One-year biopsies in patients with 
prior TCMR identified >50% with i-IFTA-like changes and 8% with transplant glo-
merulopathy [29]. In the same study, resolution of rejection at 1 year was associated 
with similarly favorable outcome as patients who had not experienced rejection, 
whereas i-IFTA-like changes at 1  year were associated four-fold hazard of graft 
failure.

While follow-up biopsies provide critical information regarding treatment effi-
cacy and ongoing risk for chronic inflammation, there are practical limits to the 
number of biopsies that will be tolerable in a single patient. This provides the stron-
gest rationale for the need of better surrogate biomarkers that are non-invasive, and 
which may be used both for diagnosis and treatment monitoring.

 Biomarkers for Rejection

Although biomarkers may not supplant biopsy to confirm diagnosis, a blended 
approach is likely to follow soon where biomarkers indicate high risk for rejection 
and need for confirmatory biopsy, and additionally indicate low risk such that sur-
veillance biopsy may be safely deferred. The ideal biomarkers will be non-invasive 
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and identify rejection early in its evolution, prior to functional deterioration. This 
permits prompt treatment that limits allograft injury and mitigates entrenchment of 
chronic inflammation. Rather than any one biomarker, a combination of biomarkers 
that evaluate different aspects of the alloimmune response will be optimal to most 
completely evaluate and monitor alloimmune reactivity.

 Gene Expression Signatures
These panels are designed to identify patterns of gene expression using multi-gene 
panels that associate with rejection. TruGraf™ is a 200-gene peripheral blood-based 
test that differentiates acute rejection, non-rejection-related graft damage, and sta-
ble grafts [142, 143]. It has been proposed as a “rule-out” test for rejection with a 
negative predictive value of >90%, facilitating decisions to avoid intervention or 
surveillance biopsy [144]. A different 17-gene signature blood panel (kSORT) has 
been evaluated, but failed to demonstrate robust clinical utility post-implementation 
[145]. Finally, a 3-gene urinary panel (CD3ε mRNA, CXCL10 mRNA, and 18S 
ribosomal RNA) was able to differentiate clinical TCMR samples from those with-
out (AUC 0.74) and from AMR in adults (AUC 0.78) [146]. Notwithstanding their 
potential, neither the TruGraf™ nor the urinary panel has yet been validated in 
children or for diagnosis of subclinical rejection.

 Chemokines
Chemokines (chemotactic cytokines) are a family of signaling molecules that 
induce chemotaxis. Urinary C-X-C motif chemokines 9 and 10 (CXCL9, CXCL10) 
are produced during acute inflammation, stimulated by IFN-γ, and mediate T cell 
homing to the allograft via the CXCR3 receptor expressed on leukocytes [147–151]. 
Elevated levels of urinary CXCL9 and CXCL10 are associated with acute rejection 
[152–161], subclinical rejection [157, 162], and decline in kidney function [153, 
159, 163]. There is mixed evidence as to which is superior in predicting AMR [156, 
164], and both had augmented success when combined with dnDSA monitoring 
[156, 164]. BKV viremia and nephropathy can also cause elevated CXCL10 levels 
and is an important differential diagnosis to consider when interpreting CXCL10 
results [152, 165–167].

The clinical utility of urinary CXCL10 has been validated in children [168] but 
is not yet implemented for clinical use. It is sensitive to detection of subclinical and 
borderline TCMR [169–171], and responsive to changes in histological inflamma-
tion intensity after treatment of rejection on follow-up biopsy [28, 168]. Persistent 
elevation of CXCL10  in the first post-transplant year is associated with eGFR 
decline in the same time period and may be a potent indicator for immunosuppres-
sion titration, to target unresolved inflammation [168, 172].

 Metabolomics
Tissue metabolism is strongly influenced by changes in homeostasis, and stereo-
typic changes in relative metabolite concentrations in biofluids such as urine can be 
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used to detect different types of tissue injury such as TCMR.  Machine learning 
approaches have enabled the development of urine metabolite risk scores in chil-
dren capable of detecting subclinical TCMR, borderline TCMR, and AMR [116, 
173], in addition to allograft AKI and chronic changes of IFTA, glomerulosclerosis, 
and declining GFR [174–176]. The specificity of a metabolomics approach may be 
superior to chemokine biomarkers, with the ability to distinguish acute rejection 
from BKVN [177]. Ho et al. reported that the combination of urinary CXCL10 and 
a metabolite rejection risk score was more accurate than either individually [178]. 
By combining a metabolomics approach with other biomarkers such as CXCL10, 
different aspects of the inflammatory response may be tested to enhance biomarker 
accuracy and precision.

 Cell-Free DNA
Blood-based donor-derived cell-free DNA (dd-cfDNA) identifies donor DNA that is 
released with transplant tissue damage and is therefore more downstream from 
immune signaling, inflammatory cell infiltration, and related changes in tissue 
metabolism. Although two assays are currently approved for clinical use, their util-
ity may be limited to detection of AMR and severe grades of TCMR (Banff ≥1B) 
[179–181], and do not have sufficient negative predictive value to reliably exclude 
the possibility rejection [182]. These assays have not been evaluated against surveil-
lance biopsies to detect subclinical rejection, and there is very limited data on their 
utility in transplanted children [183, 184]. More data will be needed before dd- 
cfDNA can be recommended for rejection surveillance in children, perhaps in com-
bination with another of the promising biomarkers.

 Predisposing Risk Factors for Rejection

Evaluating risk for rejection should incorporate elements that are particular to the 
recipient, the donor, the extent of alloimmune incompatibility, and then subsequent 
immunosuppressive management. In reality, we are not yet at a point where we can 
use this information to proactively personalize immunosuppressive management; 
however, their consideration influences our index of suspicion as it regards to the 
intensity of monitoring and indication for kidney biopsy to identify rejection.

 Recipient-Related Risks

Patient characteristics including adolescent age, female sex, and black race are asso-
ciated with increased risk for rejection. Although non-adherence may be 

S. Lang et al.



57

confounding, it is important to consider first the biological origins of risk associated 
with these recipient characteristics.

Females experience higher rates graft loss in both pediatric and adolescent 
cohorts despite equivalent or better (ages 17 and over) adherence compared with 
males [185–188]. In contrast to adults, this cannot be attributed to prior sensitization 
during pregnancy, which is rare in pediatric transplant recipients. In cases with a 
male donor, H-Y antigens act as an additional alloreactive target [189, 190]. 
Furthermore, increased T cell alloreactivity has been observed in females, indepen-
dent of prior pregnancy or male donor [191]. The basis for this sex difference is 
incompletely understood, but may include estrogen-driven maturation of lympho-
cytes, increased antibody and cytokine responses, as well as localization of some 
immune-related genes on the X chromosome [192].

Adolescence is also associated with higher rates of graft loss and rejection [187, 
193–195]. Immune-related differences in this age group may drive alloreactivity, 
and so rejection during adolescence should not be automatically attributed to non- 
adherence. As opposed to relative immune immaturity that may favor tolerance in 
transplanted infants [196–198], increase in effector cells and immune activity 
through adolescence may contribute to greater alloimmune reactivity [199–202]. 
With further aging in adulthood, gradual immune senescence is associated with 
decreased absolute numbers of total T cells (CD3+), CD4+, CD8+, naive T cells, 
and bone marrow progenitor B cells [203, 204], along with declining rejection risk 
[205]. These changes are independent of sex differences, but may also be influenced 
by sex hormone production in puberty.

The impact of race and social determinants of health is more complex, since the 
two factors may be confounding. Black kidney transplant recipients have a higher 
relative hazard of first rejection, particularly in the USA [17]. This disparity can be 
explained by more polymorphic HLA in black recipients; ethnicity-based HLA dif-
ferences that disproportionately advantage white recipients within predominantly 
white transplant registries; and a potentially higher alloreactivity in black recipients 
[206–208]. These genetic factors intersect with reduced access to medical insur-
ance, medical care, and affordable medication secondary to higher rates of low 
socio-economic status in ethnic minority groups [206, 207].

Other recipient factors are emerging as important, although the mechanism by 
which they prime immunological risk is not clear. Obesity, for example, is associ-
ated with acute rejection risk [209] and subsequent allograft failure [209–211]. 
Vitamin D deficiency has long been linked to inflammation and auto-immune con-
ditions. In kidney transplant recipients, low vitamin D levels are associated with 
higher rates of rejection, and vitamin D supplementation reduces rejection risk 
[212, 213]. The immunomodulatory effects of vitamin D are not completely under-
stood but appear to shift T cell populations from a strongly effector profile (Th1/17) 
to a pro-regulatory response (Treg/Th2) [214]. Recipient inflammatory cell profiles 
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peri-transplant have also been linked to early rejection risk and include low levels of 
Tregs, poor suppressive Treg function, and high levels of effector cytokines [215–
219]. The possibility to use such information to predict rejection risk pre-transplant 
would substantially advance efforts to tailor immunosuppression to individual risk.

 Donor-Recipient Interface

 Donor-Related Risks
Increased donor age is a recognized independent risk factor for rejection in recipi-
ents of all ages [220–223]. Older donor tissue may be more vulnerable to inflamma-
tory stressors and less able to recover from acute injury [221].

 Silent Sensitization
Sensitization refers to elaboration of alloimmune memory responsiveness that 
develops prior to transplantation and may lead to an accelerated amnestic response 
to donor HLA antigen after transplantation. Sensitization may result from transfu-
sion of blood products, previous organ transplantation, or pregnancy. In some cases 
where preformed HLA antibodies are detected, the sensitizing event is obscure and 
presumed to be heterologous sensitization from infection or vaccination. Silent sen-
sitization refers to an amnestic response that is not detected at the time of transplan-
tation. Red blood cell transfusions increase allosensitization rates by approximately 
30% [224], but if screening is not performed within weeks of the exposure, HLA 
antibody titres may fall to undetectable levels and yet immune memory may persist.

A high level of HLA antibody sensitization is not a significant risk in of itself for 
adverse outcome, unless the antibody is donor-specific [225, 226]. Although flow- 
cytometry methods for detecting HLA antibody will sensitively exclude DSA at 
transplant, historical DSA should also be considered in allocation decisions. 
Historical DSA is associated with higher rates of both accelerated TCMR and AMR 
[225, 227], related to activation of memory B or T cell responses that are residual to 
the initial sensitizing event. In cases of TCMR occurring within 24 hours of trans-
plantation, pre-sensitization is presumed to be a factor but may be difficult to estab-
lish with certainty [228].

Clinical testing for donor-specific sensitization only screens for HLA antibody 
and does not detect cognate B or T cell memory. For example, there is a higher rate 
of accelerated TCMR with re-transplantation than in a first transplant [229]. Assays 
that detect B and T cell memory are not available yet in the clinic, but include the 
IFN-γ Enzyme-Linked Immunospot (ELISPOT) assay, which detects T cell mem-
ory by measuring the number or proportion of T cells that rapidly produce IFN-γ in 
response to donor cell contact [230]. Pre-transplant and early post-transplant 
ELISPOT reactivity predicts subclinical and clinical TCMR [231–236], and associ-
ated kidney function declines following transplantation [231, 234, 235, 237, 238]. 
Similarly, the B cell IgG ELISPOT could identify cognate memory B cells 
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responsiveness, even after the associated antibody response has become undetect-
able [239]. B cell priming is associated with AMR development and is predictive of 
more severe rejection [111, 240]. The availability of additional screening for donor- 
specific cellular memory responses would provide important complimentary infor-
mation to HLA antibody screening, to inform allocation decisions and better tailor 
treatment in the setting of elevated risk.

 HLA Mismatch
The benefit of better HLA matching between donor and recipient for rejection risk 
and graft outcome has been appreciated for decades [241]. Considering the A, B, 
DR loci in children, the extent of mismatch is not only associated with allograft 
survival but also with lifetime survival with graft function due to the deleterious 
impact of mismatching on sensitization and access to re-transplantation [242, 243].

More recently, the focus has shifted to class II mismatch at the DQ and DR loci. 
Although more precise quantification of mismatch may be ascertained at the epitope 
level, matching for transplant allocation is still reliant on antigen-level typing. 
Mismatch at either DQ or DR locus is associated with increased risk for acute rejec-
tion [244, 245]. DQ or DR mismatch also accounts for the majority of dnDSA risk 
and antibody-mediated rejection [226, 246], whereas neither HLA-A nor HLA-B 
mismatch was found to be a significant predictor of dnDSA or graft loss [226, 247]. 
HLA-DQ mismatch is more likely to translate into HLA-DQ dnDSA than non-DQ 
dnDSA [248, 249], and is independently associated with increased risk of acute and 
late rejection and a higher risk of graft loss [249–251].

Pediatric prioritization for allocation is recommended by existing guidelines 
[113] and may permit selectivity to await minimum levels of matching for pediatric 
recipients. Several jurisdictions are exploring whether class II matching may be 
incorporated into standard allocation processes [246, 252, 253], with the promise of 
mitigating rejection risk and improving allograft survival.

 Post-transplant Factors

Delayed graft function (DGF) is defined by the requirement for dialysis within 
1 week of transplant. In children, DGF incidence is 4% following living donor, and 
5–8% following deceased donor transplantation [254, 255]. DGF is associated with 
future rejection [256–259] and long-term graft survival. [260] The underlying 
mechanism of delayed graft function is ischemia reperfusion injury (IRI), leading to 
innate immune activation and homing of dendritic cells to the allograft, which can 
precipitate rejection through their role as APCs, activating adaptive immunity [255]. 
Modifiable risk factors that increase DGF include a long dialysis vintage, longer 
cold ischemia time, and grafts from older donors [255, 259, 261].

Inadequate immunosuppression for whatever reason increases risk for acute 
rejection, recognizing that such decisions are a trade-off to deal with adverse 
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symptoms from immunosuppressant toxicity or infectious complications. Increased 
risk has been demonstrated from insufficient tacrolimus exposure in early [262] or 
later time periods after transplant [263], and similarly with inadequate early drug 
exposure to mycophenolate [264] or late drug exposure with dose reductions [265].

Opportunistic viral infections with donor-derived viral pathogens such as cyto-
megalovirus virus (CMV), Epstein-Barr virus (EBV), and BK virus (BKV) are 
associated with increased rates of subsequent rejection [256, 266, 267]. This may 
be due in part to reduction of immunosuppression [268–270], but also to stimula-
tion of the innate immune system, upregulation of pro-inflammatory cytokines, 
and HLA class II expression, which creates a microenvironment that promotes 
activation of cognate T cell responses [271, 272]. Cross-reactive memory T cells 
with specificity to both graft and virus have also been discovered for EBV, CMV, 
and BKV suggesting a sensitizing role for these viruses through heterologous 
immunity [273–276].

Non-adherence to treatment is more commonly observed in adolescents com-
pared to in younger children and adults [277–279]. This reality must be placed in 
the context of need for continued and effective parental supervision into late adoles-
cence, which may be challenged due to adverse home environments [280, 281], 
parental burnout or competing priorities, and stressors for the adolescent [282, 283]. 
Non-adherence is an important risk factor associated with late acute and chronic 
rejection [284–289] and dnDSA [226] and is directly implicated in more than a third 
of pediatric renal allograft losses [18, 277, 278, 290]. The most important aspects of 
forgetfulness and scheduling [291, 292] can be partially mitigated against by reduc-
ing medication complexity [293–295] and employing memory and structured sup-
ports such as a pillbox [292] and coaching [296]. But there is no substitute for a 
redundant system that includes parental or surrogate verification of each 
intended dose.

 Hyperacute Rejection

Hyperacute rejection is the most rapid and severe manifestation of alloimmune 
response to the kidney transplant. High levels of preformed alloantibody immedi-
ately bind vascular endothelium and smooth muscle, triggering diffuse complement- 
mediated injury. There is subsequent intense neutrophilic infiltration of peritubular 
and glomerular capillaries, and micro-thrombosis, leading to cortical necrosis [297, 
298]. Typically, this becomes immediately evident while the patient is still on the 
operating table, as the donor graft becoming visibly mottled and dusky with necro-
sis [297]. The surgeon is left with no option except to remove it.

With improvements in HLA antibody screening and crossmatch, hyperacute 
rejection is an increasingly rare phenomenon. According to the North American 
Pediatric Renal Trials and Collaborative Studies (NAPRTCS) 2014 report, of 1018 
graft failures since 2000, two were attributed to hyperacute rejection (0.2%) [15]. A 

S. Lang et al.



61

20-year pediatric renal transplant follow-up study in India reported a similarly low 
rate (0.8%) [299]. In an era where antigen-specific antibody testing is pervasive, the 
need for donor crossmatch testing has been debated, but is likely to persist in an 
effort to exclude hyperacute rejection risk in the setting of desensitization protocols 
or in the setting where a rare donor HLA antigen has not been included on the 
recipient antibody testing panel.

 Acute T Cell-Mediated Rejection (TCMR)

 Clinical and Histological Features

Acute T cell-mediated rejection (TCMR) is the most common form of rejection in 
the early post-transplant period. The clinical suspicion of TCMR is most commonly 
piqued by a rise in serum creatinine. In an era of modern immunosuppression, more 
classic features of kidney tenderness, swelling, and fever are rarely seen. In the case 
of late rejection, where onset may be more indolent, subtle clinical findings associ-
ated with progressive tubulointerstitial injury may also raise suspicion, including 
worsening of anemia, onset of hyperkalemia, or acidosis. None of these clinical 
signs are specific for rejection.

The diagnosis of TCMR is confirmed histologically. The Banff classification has 
evolved since the initial working group meeting in 1997 to provide criteria for diag-
nosis of different subtypes of allograft injury and grading of severity [300]. Each 
pathological feature is scored from 0 to 3, with 0 indicating minimal or no histologic 
change and progressively higher scores denoting a greater intensity. These features 
are then used to classify types of rejection and grade their severity. A detailed review 
of each criterion is beyond the scope of this chapter. Instead, the principal features 
will be highlighted in the context of relevant clinical features for each type of rejec-
tion. The reader is referred to the 2018 reference guide and the most recent Banff 
reports, which are regularly updated and provide details of the current classification 
scheme [301, 302].

The primary pathological features of TCMR are interstitial inflammation outside 
the fibrotic areas (i-score) and infiltration of mononuclear cells beneath the tubule 
basement membrane (the basolateral aspect of tubular epithelium), referred to as 
tubulitis (t-score) – Fig. 3.3a. The extent of interstitial inflammation and the inten-
sity of tubulitis within areas of unscarred cortex are used to assign progressively 
higher Banff i- and t-scores, which indicate respectively higher grades of severity. A 
Banff score of i1t1 or more is generally sufficient to identify suspicion for TCMR 
diagnosis and is used to dictate need for treatment [303]. A higher grade of TCMR 
severity is also dictated by the presence of inflammation in the arterial compartment 
referred to as intimal arteritis (v-score), which is characterized by the finding of at 
least one inflammatory cell undermining the endothelium within arteries that have 
at least two layers of smooth muscles (v1). The intensity of arteritis is denoted by 
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higher v-scores based on the relative loss of luminal area, the finding of transmural 
arteritis, or destructive changes (fibrinoid necrosis) extending to arterial smooth 
muscle layers.

A “borderline” grade for TCMR is assigned in the absence of intimal arteritis, 
when both inflammation and tubulitis are present but not meeting a minimum Banff 
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Fig. 3.3 Histologic features of common etiologies with acute inflammation in renal allograft. (a) 
PAS-staining of renal cortex showing acute T cell-mediated rejection. There is moderate to severe 
lymphocytic tubulitis with severe interstitial inflammation. The inflammation comprises predomi-
nantly lymphocytes. (b) H&E-stained section of an allograft with pyelonephritis. There is tubu-
lointerstitial inflammation with prominent neutrophilic tubulitis and neutrophilic casts. (C&D) 
Renal allograft with polyomavirus nephropathy: (c) Mild tubulointerstitial inflammation with viral 
cytopathic changes of enlarged nuclei and vesicular chromatin pattern. (d) Immunoperoxidase 
staining for SV40 T large T antigen (a surrogate marker for BK polyomavirus) is positive in atypi-
cal nuclei. (e and f) Acute antibody-mediated rejection: (e) Glomerulitis with segmental near- 
occlusion of capillary lumen due to endothelial cell swelling and inflammatory influx. (f) Indirect 
evidence of DSA interaction with endothelial cell surface is demonstrated by immunoperoxidase 
staining for c4d. Frozen sections from the same biopsy as in (f) showing diffuse staining of the 
glomerular capillary walls as well as peritubular capillary basement membranes
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score of i2t2. This grade is referred to by Banff as “suspicious for acute TCMR.” 
The term “borderline” dates back to the original Banff 1997 criteria, and the ambi-
guity reflected in the terminology is indicative of the relative lack of data on treat-
ment efficacy and outcome at the time. It is now clear that borderline TCMR is 
associated with contemporaneous allograft dysfunction and increased risk of subse-
quent higher grade rejection, progressive tubular atrophy and interstitial fibrosis, de 
novo donor-specific antibodies, and graft loss [134, 304–306]. Treatment of sub-
clinical TCMR, the majority of which are also borderline grade, reduces inflamma-
tion, the risk for persistent rejection, and improves outcome [128, 129, 136, 137]. 
Given the clinical implications, a “borderline” grade may be better regarded as 
equivalent to “mild” TCMR. It is on a spectrum of TCMR severity that may warrant 
a different treatment approach but which, nonetheless, should be regarded as unam-
biguously pathological.

Isolated tubulitis is a term used to describe the finding of tubulitis in the absence 
of significant interstitial inflammation (t > 0,i0). While the identification of tubulitis 
seems to indicate that a cognate alloimmune response has been engaged, the absence 
of associated inflammation suggests that the interaction may not be pathogenic. 
This is supported by recent reports that isolated tubulitis is not associated with 
adverse outcomes and that treatment does not positively impact graft function or 
survival [307, 308]. The existing evidence does not support initiating treatment for 
isolated tubulitis.

 Treatment of TCMR

 Corticosteroids
Corticosteroid medications are among the earliest effective treatments for acute 
rejection. The full breadth of corticosteroid actions is not known but include down-
regulation of lymphocyte adhesion, and genomic and non-genomic alteration of 
cytokines and inflammatory mediators [309]. In autoimmune disorders such as sys-
temic lupus erythematosus, corticosteroids have also been shown to induce Treg 
expansion [310]. Despite the utility for treating active inflammation, their use is 
limited by many off-target effects and the serious adverse effects associated with 
long-term use.

A typical treatment protocol for TCMR would include intravenous (IV) methyl-
prednisolone at a dosage of 10 mg/kg each on three consecutive days, often with an 
increase in the level of baseline immunosuppression [26]. However, high-quality 
clinical trials on optimal dose or treatment duration are relatively lacking. Limitations 
of existing trials include lack of histological confirmation of primary efficacy and 
absence of long-term outcome data. Early studies that evaluated corticosteroid dos-
age were completed in the 1970s, in an era with different induction and maintenance 
immunosuppression, and tested non-inferiority for functional outcomes [311–316]. 
It is therefore difficult to extrapolate to the modern era. These trials affirmed, how-
ever, that risk for corticosteroid toxicity is proportional to the dose, and that gastro-
intestinal bleeding is reduced by delivering treatment intravenously [317–319]. 
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There is also not a clear consensus on whether or how to provide a taper with oral 
prednisone following IV methylprednisolone treatment, and little evidence to favor 
one protocol over another.

Today, IV corticosteroids remain the recommended first-line treatment for acute 
TCMR, given their efficacy in reversing allograft dysfunction in 60–85% of cases 
[25, 311, 320]. These results are less promising when kidney biopsy is used to fol-
low- up histology, with identified rates of steroid refractory rejection that range from 
13% to over 50% [25, 28, 139].

The effectiveness of corticosteroids as primary treatment is diminished with 
higher TCMR grade. An adult systematic review reported the rates of refractory 
rejection measured by clinical resolution: 4% in borderline, 0–25% in Banff grade 
1B, 11–20% in Banff 2A, and 38% in Banff 2B [321]. A similar report identified 
31% with Banff Grade 1 TCMR who failed to respond, whereas the failure rate was 
100% with grade 3 [322]. Histological resolution is also higher in treated borderline 
cases (56%) compared to Banff grade 1 and above (<30%); and treated borderline 
rejection was associated with lower rates of subsequent rejection episodes (7%) 
compared to Banff grade 2 (29%) [29]. Greater TCMR severity also correlated with 
worse death censored graft survival at 8 years, 71–79% for Banff grade 2 compared 
to 93% for borderline rejection [321].

Different transplant programs may tailor corticosteroid dosage or use of addi-
tional medications based on the histological or clinical severity of rejection, but 
without strong evidence in support of any one particular protocol. Ideally, future 
trials will evaluate treatment response stratified for the initial severity of rejection, 
and target objective measures of primary treatment efficacy and long-term outcomes 
such as chronic forms of rejection and allograft survival.

 Lymphocyte-Depleting Therapies
Lymphocyte-depleting therapies include monoclonal antibodies to discreet T cell 
antigens or polyclonal antibodies that are elaborated against multiple T cell surface 
antigen targets. Lymphocyte-depleting therapy is generally reserved for more severe 
cases or those with corticosteroid refractory rejection. One pediatric study reported 
a preference for primary treatment with anti-thymocyte globulin (ATG) in those 
with TCMR with intimal arteritis at diagnosis [323]. After primary treatment with 
corticosteroids, subsequent deterioration of renal function or worsening renal his-
tology was associated with initiation of anti-lymphocyte treatment rates in 40% and 
86% of cases, respectively [324].

The most commonly used polyclonal antibody product is rabbit ATG (thymo-
globulin; rATG). Compared to a similar equine polyclonal antibody (ATGAM), 
rATG has demonstrated superior efficacy in achieving functional and histological 
recovery and reducing TCMR recurrence, particularly at higher Banff grades [325, 
326]. rATG is superior to corticosteroids alone [325, 327–330] for clinical resolu-
tion, but is associated with more profound and persisting immunosuppression with 
increased risk of infectious complications and malignancy. For this reason, IV cor-
ticosteroids remain the first-line therapy of choice [331], and rATG is reserved for 
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more severe or refractory cases [332, 333]. The recommended dose for rATG in 
acute rejection is 1.5 mg/kg for between 5 and 7 doses [334].

The monoclonal antibody muromonab CD3 (Orthoclone OKT3) was previously 
used to treat rejection, but has been discontinued in the USA due to inferior rejec-
tion treatment outcomes [325, 335, 336] and high risk of cytokine release syndrome 
compared to ATG [337, 338].

Alemtuzumab is a monoclonal anti-CD52 antibody, capable of profound long- 
term T cell depletion [339]. It has been used for steroid-resistant rejection and 
severe rejection, stabilizing allograft function in 62.5% of cases [340]. Compared 
with rATG, alemtuzumab may have a superior adverse effect profile for treatment of 
steroid resistant rejection in adults, with greater infection-free survival and fewer 
infusion-related adverse effects [341, 342]. In a small adult case series, alemtu-
zumab stabilized renal function in 4/5 patients with rATG-refractory rejection [343]. 
Alemtuzumab also has the potential advantage over rATG of single dose therapy 
[340, 344]. Similar to rATG, infection-related morbidity may be increased in com-
parison to treatment with IV methylprednisolone alone [345]. Notwithstanding 
positive reports, the quality of data on use of alemtuzumab for rejection is limited, 
and whether it should be preferred over treatment with rATG has not been 
established.

 Late Acute TCMR

Late acute T cell-mediated rejection (LAR) typically presents with declining 
allograft function, since surveillance biopsies are rare after the first year post- 
transplant. Earlier detection and treatment of TCMR is known to result in better 
allograft outcomes [20–25]. LAR may represent a more entrenched immune 
response that has either failed to completely respond to previous early rejection 
treatment or has evolved indolently, evading prior detection and treatment. LAR is 
therefore especially damaging to the allograft, associated more frequently with 
chronic injury [20, 346], decline in kidney function [20], and inferior graft out-
comes [21–24, 127, 347–349]. Compared to children with early TCMR, LAR was 
associated with double the adjusted hazard of graft failure [350].

TCMR that occurs after the first year may show evidence of B cell reinforce-
ment, in the form of B cell or plasma cell infiltrates, or the presence of 
dnDSA.  Compared to early rejection, LAR episodes are more likely to display 
mixed TCMR/AMR phenotypes and are more commonly associated with concur-
rent dnDSA [351–354]. The true prevalence of mixed rejection is unknown, with 
rates reported as low as 6% and as high as 96% [18, 353–355], which may represent 
heterogeneity in methods, cohort, and biopsy sampling/interpretation. Although 
prior TCMR is a risk factor for dnDSA, onset of dnDSA may also be detected con-
currently [356, 357]. The combination of TCMR and dnDSA even without evidence 
of AMR is associated with a threefold increase in graft failure compared to either 
DSA or TCMR alone [357]. It is not clear whether anti- lymphocyte therapy with 
rATG may be effective in such cases, since it is ineffective in depleting B cells or 
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treating antibody-mediated injury. In the setting of mixed rejection, strategies that 
target both the B cell and T cell-mediated responses may be required.

 B Cell-Rich and Plasma Cell-Rich Acute Rejection

B cell- and plasma cell-rich acute rejection (PCAR) have similar morphology to 
TCMR with the additional finding of B cell and/or mature plasma cell clusters 
within the allograft. Such infiltrates are evidence of an increasingly robust mixed B 
and T cell response, even in the absence of DSA or signs of AMR. B cell-rich rejec-
tion and PCAR occur later than TCMR commonly occurs [358], are treatment 
refractory [359, 360], and are associated with a poor prognosis [358–360]. B cell- 
rich rejection is associated with a 4.5-fold increase in graft loss risk at 2 years post 
biopsy [361], and as many as half of those with PCAR lose their grafts within 
6 months of diagnosis [362]. A study in children showed that those with plasma cell 
infiltrates had a 71% chance of allograft loss within 2 years compared to 7% for 
those without [363].

 B Cell-Rich Rejection
On light microscopy, B cell-rich rejection is indistinguishable from TCMR without 
additional immunohistochemical staining for CD20. Finding some scattered intra- 
graft B cells is common, present in 22–53% of biopsy-proven TCMR [364]. 
Identification of B cell clusters, however, has been found to strongly associate with 
steroid resistance, but may be missed at the outset since immunohistochemical 
staining for CD20 is not routinely performed [360]. Addition of immunohistochem-
ical staining for B cells in cases of steroid-refractory TCMR (Fig. 3.4) may be an 
important adjuvant to more completely characterize the pathology and likelihood of 
treatment response.

Rituximab is a CD20 monoclonal antibody that has been evaluated for treatment 
of B cell-rich rejection [365–367], and treatment leads to depletion of CD20 cells 
[368]. Zarkhin et al. carried out a randomized trial in 20 children, examining the 
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Fig. 3.4 By light microscopy, B cell-rich rejection is indistinguishable from T cell-mediated 
rejection. However, immunohistochemical staining in this case shows CD3+ staining T cells (a) as 
well as numerous CD20+ staining B cells (b)
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impact of rituximab compared to pulse IV corticosteroids and/or ATG in acute 
rejection with B cell infiltrates [369]. Rituximab treatment was associated with 
improved histology at 6 months follow-up biopsy and superior functional outcome 
after 12 months. Subsequent B cell repopulation in the rituximab group was pre-
dominantly naïve B cells, whereas those treated with IV corticosteroids maintained 
a high memory-naïve B cell ratio [370]. Further trials are required, but limited evi-
dence would suggest that rituximab may be useful in B cell-rich rejection and has 
been used safely in a pediatric cohort.

 Plasma Cell-Rich Acute Rejection
Plasma cells are long-lived terminally differentiated B cells, which are morphologi-
cally distinct and easier to identify on light microscopy. PCAR is diagnosed when 
plasma cells comprise more than 10% of infiltrating cells in the graft [371] and is 
detected in 3–5% of biopsies performed for allograft dysfunction [371, 372]. The 
infiltration of T cells and otherwise classic features of TCMR defines it as a subtype 
of cellular rejection.

PCAR occurs on average 3 years after transplantation and is associated with 
DSA in roughly two-thirds of cases [371, 372]. The presence of DSA in PCAR is 
an important prognostic feature since cases without DSA had substantially better 
graft survival (82%) than those with DSA (42%) [371]. Yet, in PCAR, the pres-
ence of DSA does not necessarily correlate with classical features of AMR. Despite 
the plasma cell’s primary function of antibody production, plasma cell infiltration 
represents a separate disease entity that can exist independently of both AMR 
and DSA.

PCAR is associated with a worse prognosis compared to B cell-rich rejection 
[373]. Plasma cells do not express significant levels of CD20, and so rituximab is 
not effective for depletion. Adding intravenous immunoglobulin (IVIG) to treat-
ment with IV methylprednisolone has some appeal based on the potential to disrupt 
B cell maturation to plasma cells, but scant reports on its use are inconclusive [372, 
374, 375]. Targeting depletion of plasma cells with proteasome inhibitor medica-
tions such as bortezomib may have theoretical rationale, but evidence as to its utility 
in the setting of PCAR is limited. Alhamoud et  al. compared graft outcomes in 
children with PCAR (treated with IV methylprednisolone 30 mg/kg/dose x5, IVIG, 
rituximab, and bortezomib) to those with TCMR (treated with IV methylpredniso-
lone) [372]. Graft loss in the PCAR group was 43% at 3 months compared to no 
graft losses in the TCMR group. However, in those with PCAR who were treatment 
responsive, eGFR doubled following treatment and matched TCMR controls during 
subsequent follow-up. However, this study does not parse out the efficacy of bort-
ezomib compared to other therapies, and the use of quadruple immunosuppression 
was associated with adverse events including infection. Overall, PCAR is a rela-
tively newly recognized rejection type with a poor prognosis. Further study into 
viable and effective treatment options is needed.
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 Active Antibody-Mediated Rejection (AMR)

 Clinical and Histological Features

Active (or acute) antibody-mediated rejection (AMR) follows the development of 
donor-specific antibodies, which initiate glomerular injury directly via complement- 
mediated injury or indirectly via microvascular inflammation. Microvascular 
inflammation is histologically characterized by endothelial cell swelling and leuko-
cyte congestion of glomerular capillary loops (glomerulitis, g score by Banff clas-
sification [Fig. 3.3e]) and peritubular capillaries (peritubular capillaritis, ptc score 
by Banff classification). Persistent AMR leads to chronic allograft injury, manifest 
as transplant glomerulopathy (glomerular basement membrane double-contours, cg 
by Banff classification [Fig. 3.5d, e]), arterial intimal fibrosis, progressive intersti-
tial fibrosis, and tubular atrophy [226, 376, 377], and is a leading cause of kidney 
allograft failure [19, 378].

The clinical presentation of AMR depends on the nature of DSA formation. 
Patients with pre-formed DSA due to prior sensitization may have persistent or 
rebound of DSA at the time of transplantation. Without prior sensitization, AMR is 
associated with the development of dnDSA. The majority of dnDSA form against 
class II HLA antigens [379]. Class II HLA mismatch therefore serves as a signifi-
cant risk factor in dnDSA development [246, 380]. Additional risk factors for 
dnDSA formation and AMR include non-adherence and prior TCMR [226, 244, 
381]. Haas et al. (2017) reported that previous TCMR including borderline changes 
preceded dnDSA driven AMR in 72% of cases [381].

In the setting of desensitization protocols to overcome DSA incompatibility, 
approximately 30–50% of patients will experience early AMR [382]. This risk is 
less well-defined when low-level DSA are present and a transplant can proceed 
without desensitization and with a negative flow crossmatch. Risk for early AMR or 
TCMR appears to be greater when the DSA is specific for HLA class II [383], in 
particular when the DSA MFI exceeds 5000 [383–385]. With treatment, however, 
intermediate term allograft survival in adult recipients appears to be similar [383, 
384], but there are no equivalent reports in children. In patients with high levels of 
HLA sensitization, willingness to cross low-level DSA may be an appealing option 
to permit more timely access to transplantation, but will require additional vigilance 
to identify and treat early AMR.

Rates of AMR in children from dnDSA are poorly defined and have been esti-
mated as 5–8% [386, 387], but such prevalence estimates will vary dependent on 
duration of follow-up. Risk of DSA accrues with time at an average rate of approxi-
mately 2% per year and is significantly higher in the setting of non-adherence [122]. 
Subclinical AMR is detected at 1 year on surveillance biopsy in approximately 4% 
of adult cases with no DSA at transplant, but as high as 48% of cases when DSA is 
present [135].

In the absence of DSA at transplant, AMR is suspected clinically when there is 
onset of allograft dysfunction or dnDSA identified on surveillance. Proteinuria may 
also indicate need for investigation but is not usually present at the onset until there 
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Fig. 3.5 Chronic active rejection. Representative panels (a–c) are from a biopsy with chronic 
active T cell-mediated rejection (caTCMR). (a) PAS-stained section of cortex with two globally 
sclerotic glomeruli and an ischemic glomerulus embedded in a portion of cortex with severe 
chronic tubulointerstitial injury and dense inflammation (i-IFTA). Many tubules show endocrine- 
type atrophy (lower right) while few partially atrophic tubules are showing moderate to severe 
tubulitis (top left). (b) From the same specimen as in (a), this section demonstrates non-atrophic 
tubules (lower right) adjacent to partially atrophic tubules with corrugated basement membranes, 
one of which also shows tubulitis (top). The glomerulus to the left is globally sclerotic and is sur-
rounded by background inflammation and endocrine-type atrophic tubules. (c) A relatively intact 
glomerulus and adjacent non-atrophic tubulointerstitium can be seen next to few partially atrophic 
tubules with thickened and corrugated basement membranes. There is a minute focus of interstitial 
inflammation and mild tubulitis in a partially atrophic tubules. Panels (d–f) capture salient features 
of chronic active antibody-mediated rejection. (d) Jones (silver)-staining of this glomerulus high-
lights capillary loops with global (i.e., more than 50% of capillary loops) double-contours diagnos-
tic of severe transplant glomerulopathy (TG, cg3 by Banff criteria). (e) Electron micrograph of a 
capillary loop double-contour with replication of basement membrane, interpositioning of cellular 
elements, and swelling of the endothelium with loss of fenestrae. Identification of this change in at 
least three capillary loops by electron microscopy (in the absence of TG by light microscopy) is 
sufficient for designation of cg1a by Banff criteria. (f) Electron micrograph with severe multilayer-
ing of the peritubular capillary basement membranes in chronic active AMR

3 Rejection Challenges: Diagnosis and Management



70

has already been progression to transplant glomerulopathy. Banff criteria are used 
for AMR diagnosis [301], which is suspected morphologically by the presence of 
microvascular inflammation involving the glomerulus (g-score) and peritubular 
capillaries (ptc-score). The diagnosis is confirmed by the presence of C4d staining 
(Fig. 3.3f), or in the presence of DSA, a finding of at least moderate microvascular 
inflammation or increased expression of gene transcripts in biopsy tissue using clas-
sifiers validated for association with AMR. In the absence of microvascular inflam-
mation, intimal arteritis (v  >  0) or thrombotic microangiopathy or acute tubule 
injury may also lead to a diagnosis of AMR, provided there is also evidence of DSA 
and antibody interaction with vascular endothelium and other causes of intimal arte-
ritis, thrombotic microangiopathy, and/or acute tubular injury are excluded.

AMR presenting in the first year after transplant is more likely to be “pure,” 
without associated TCMR [378, 381]. This is more typical of AMR that is associ-
ated with preexisting DSA [381], whereas dnDSA onset is rare before 6 months 
post-transplant [354]. Chronic changes such as transplant glomerulopathy are typi-
cally absent [377, 388], and the associated DSA may be either class I, class II, or 
both [378, 388].

AMR presenting after the first year is more likely to present with a mixed picture, 
with the majority including at least “borderline” TCMR and with predominantly 
class II DSA [226, 354, 378, 381]. These cases are more likely to also have chronic 
features including transplant glomerulopathy (Fig. 3.5d, e), IFTA, and multilayer-
ing of peritubular capillary basement membrane (Fig. 3.5f) at the time of diagno-
sis [381].

 Treatment of AMR

Data on AMR treatment, on the whole, stems from relatively low-quality evidence, 
and no medications are FDA approved specifically for use in AMR [389]. There are 
few RCTs, scarce pediatric data, and no agreed upon standard of care [390]. To 
further confound interpretation, studies are heterogeneous in regard to early and late 
AMR, with varying levels of associated TCMR and chronicity at the time of treat-
ment. Treatment strategies are targeted at removing the DSA, removing antibody- 
producing plasma cells and B cells, and interfering with complement activation in 
the setting of C4d positive rejection. A combination of plasmapheresis (PP) and 
intravenous immunoglobulin G (IVIG) has emerged as a standard approach, with or 
without concomitant treatment with rituximab [391]. A typical treatment regimen 
may include 1.5x plasma volume removal with PP on a daily or alternate-day basis 
for 6–8 treatments, with each treatment followed by IVIG at 100–200 mg/kg, and 
rituximab at 325 mg/m2 for 1–2 doses. Additional PP/IVIG sessions may be pro-
vided depending on the treatment response, based on reduction of the DSA MFI.

 Plasmapheresis and IVIG
Whereas plasmapheresis and immunoadsorption are methods of antibody removal, 
IVIG depletes immature B cells in addition to reducing antibody levels, potentially 
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explaining the complementary effect of using PP and IVIG together [392]. A sys-
tematic review pooled the effects of five randomized trials in adults evaluating anti-
body removal alone and found that when limited to those trials with longer follow-up, 
antibody removal reduced graft failure rates at 3 years post-diagnosis by half (HR 
0.46) [391]. However, treatment with PP alone had inferior graft outcome at 1 year 
compared to combined treatment with PP and IVIG (46% vs. 90% survival) [393]. 
Small case series and retrospective reviews also support the use of IVIG and PP to 
clinically reverse AMR in the majority of patients [394–398].

 Rituximab
Rituximab is a humanized monoclonal antibody against CD20. The utility of ritux-
imab in AMR is controversial with disagreement between the two most recent sys-
tematic reviews. Macklin et al. reported that four of seven studies demonstrated an 
improvement in graft survival associated with rituximab use and postulated that 
rituximab may play a role in the treatment of acute AMR [399]. In contrast Wan 
et al. reported no additional benefits of rituximab beyond plasmapheresis and IVIG, 
or in addition to thymoglobulin for mixed TCMR/AMR [391]. The RITUX-ERA 
multicenter, double blinded, placebo-controlled RCT reported no difference in 
1 year graft outcome based on treatment with rituximab [400]. Both groups received 
corticosteroids, plasma exchange, and IVIG. Long-term outcomes of this trial were 
recently published: graft survival and kidney function at 7 years were also similar 
between the intervention and placebo arm [401]. Ahmadi et al. compared IVIG and 
PP to IVIG, PP, and either high or low dose rituximab. Although not statistically 
significant, rituximab groups had graft survival over 60% in comparison to 37.5% 
in the non-rituximab group [402]. Timing may influence rituximab’s efficacy, since 
non-responders were more likely to have proteinuria and a higher grade of inflam-
mation than responders, suggesting rituximab use in the early stages of AMR may 
be associated with the greater success [403].

Specific to pediatric data, a prospective trial compared rituximab against IV 
methylprednisolone and/or thymoglobulin rather than IVIG and plasmapheresis. 
Rituximab improved graft histology and function up to 6 months in cases of acute 
rejection (including mixed TCMR/AMR) with B cell infiltrates [369]. In a small 
case series, rituximab was prescribed to three patients with AMR refractory to IV 
methylprednisolone, IVIG, and plasmapheresis, but disappointingly, two of three 
continued to have refractory AMR and lost their grafts [387]. In the decision to 
prescribe rituximab, potential benefit should be weighed against infection risk, 
which is particularly important when rituximab is combined with other therapies 
such as bortezomib or lymphocyte depleting agents [404–407].

 Bortezomib
Bortezomib induces plasma cell apoptosis, disrupting antibody production. 
Evidence for its utility in treating AMR is weak. When treatment has been targeted 
at reducing DSA burden, small case series report limited success [408, 409]. 
However, in another report it had no benefit in addition to plasmapheresis on 
dnDSA [410].
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Small case series using bortezomib in adults that suggest benefit for stabilizing 
renal function have lacked suitable randomized controls [411–415]. In two small 
case series, plasma cell-rich AMR was treated with IV methylprednisolone, plasma-
pheresis, ATG, and rituximab [416, 417]. In the first series, early incorporation of 
bortezomib was more successful than rescue therapy after initial treatment to 
achieve plasma cell depletion and stabilizing graft function [417]. In the other 
series, simultaneous bortezomib administration was successful in stabilizing graft 
function over the following 2 years [416]. Similarly, small series using bortezomib 
in children as rescue therapy for refractory AMR have reported improved histology 
and stabilization of graft function [409, 418, 419]. It may also be that bortezomib is 
more appropriate in early AMR that is associated with rebound DSA, which may be 
associated with plasma cell activation and therefore greater susceptibility to bort-
ezomib [410, 420–422].

The BOREJECT trial reports the only randomized evaluation of bortezomib for 
treatment of late AMR (n = 44) compared with placebo, without additional AMR- 
directed therapies [423]. There was no significant difference from placebo for func-
tional decline or eGFR at 24 months follow-up.

 Emerging Treatments
Complement fixation and activation are important mediators of DSA-mediated 
injury in AMR. Innovative approaches to treatment resistant or severe AMR have 
targeted inhibition of C1 and C5 complement proteins. Eculizumab is a C5 mono-
clonal antibody, interrupting complement mediated damage via disruption of the 
membrane attack complex formation. It has shown promise in treating early AMR 
and reducing subsequent transplant glomerulopathy but may be most effective in 
those with prior sensitization and early DSA rebound [424–426]. In one case series, 
splenectomy was required in combination for greatest short-term efficacy, but was 
associated with high rates of infection [427]. In a similar approach, two small stud-
ies using C1 esterase inhibitors have suggested attenuation of AMR at 6 months 
[428, 429], but studies that evaluate longer-term efficacy are lacking.

Inhibition of IL-6 activity is emerging as another potential target for treatment. 
Tocilizumab blocks the IL-6 receptor and has been used more extensively for treat-
ment of chronic AMR, but has been evaluated in one case series with AMR (n = 7) 
and they observed >50% reduction in DSA levels and stabilization of kidney func-
tion [430]. As with the inhibitors of complement pathways, more evidence from 
randomized trials is needed before these treatment approaches can be 
recommended.

 Response to Treatment

Both clinical and subclinical AMR are associated with risk for progression to trans-
plant glomerulopathy and 3.5-fold increased risk of graft loss [135]. Previous trans-
plant and more than one DSA are risk factors for treatment resistant pre-formed 
DSA [431]. C4d negative AMR is now well recognized as a pathological variant and 
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accounts for 20–60% of all adult AMR cases [432]. There has been some evidence 
to suggest that C4d positive AMR is a negative prognostic indicator [433], but this 
has been disputed in several other reports [378, 381, 432, 434, 435]. However, the 
presence of concurrent TCMR in C4d positive AMR is associated with reduced 
allograft survival [381, 436]. Patients with IFTA already present at the time of AMR 
diagnosis also have a worse graft outcome, which is paralleled by a less favorable 
response to treatment in late compared with early AMR [381, 410, 436–440].

Improvement in DSA MFI with treatment indicates superior treatment efficacy 
and is an independent predictor of graft survival [381]. Indeed, successful dnDSA 
clearance is associated with 100% graft survival at 2 years [227, 379, 381]. Risk 
factors for treatment-resistant DSA include class II antibodies, late AMR onset, and 
higher antibody levels [227, 379, 420, 431, 441]. Late presenting dnDSA, which are 
more likely to be class II antibodies, are particularly problematic for future allograft 
survival [227, 379, 442]. In a cohort of pediatric renal transplant recipients, older 
age also predicted dnDSA persistence [379].

Active surveillance for DSA may improve outcome. Early AMR detection was 
associated with better DSA response to bortezomib than late AMR. Those patients 
who experience a > 50% fall in DSA within 2 weeks of treatment had improved 
allograft survival over those whose DSA did not substantially reduce [438]. 
Persistent DSA predisposed to further AMR episodes and more rapid kidney func-
tion decline [227, 379, 381, 439]. Once persistent DSA are established, manage-
ment becomes particularly challenging as the intensive treatments required to clear 
them place patients at significant risk for complications from over- 
immunosuppression [443].

 Chronic Active TCMR

Chronic active TCMR (caTCMR) is diagnosed histologically [Fig. 3.5a–c] and is 
defined by chronic inflammatory changes in areas of IFTA, involving the intersti-
tium (i-IFTA) and tubules (t-IFTA). IFTA represents scaring, as a consequence of 
earlier injury, whereas i-IFTA represents active inflammation in areas of already 
injured renal cortex. The presence of i-IFTA is generally associated with larger 
areas of damaged cortex compared to cases with IFTA with no additional inflamma-
tion. Finding caTCMR is associated with a worse allograft outcome. Three-year 
survival in transplant recipients with i-IFTA falls to 62% versus 82% for those with-
out, with similar findings for individuals with t-IFTA [141, 433].

 Clinical and Histological Features

The term “creatinine creep” has been used to indicate risk for chronic rejection 
beyond the first post-transplant year. When in doubt, the decision is usually made to 
biopsy in order to identify treatable pathology in the allograft. In a phenomenon that 
is unique to pediatric transplantation, the cause for this gradual rise in serum 
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creatinine must be distinguished from the expected creatinine rise that occurs with 
growth and accrual of muscle mass over time. We accommodate for this clinically 
by reporting renal function as a function of body surface area (BSA) with glomeru-
lar filtration rate adjusted for BSA (GFR; ml/min/1.73 m2), which can be measured 
or estimated using standardized equations (eGFR) [444]. However, there is also a 
relative, non-pathological gradual decline in eGFR that becomes apparent with 
growth and increasing BSA. Since the transplanted kidney is usually from an adult 
donor, it is mature and already hypertrophied to meet adult-sized GFR needs, and 
thus has a very limited capacity for additional adaptive hyperfiltration as the small 
child recipient grows to adulthood. The result is that the underlying unadjusted GFR 
(ml/min) may remain stable as the eGFR (size-adjusted to BSA) appears to be in 
gradual decline – especially during the adolescent growth spurt. With this in mind, 
evaluating for stability or decline of the unadjusted GFR over time may provide 
additional context in the decision whether or not to biopsy.

Chronic active TCMR may also be found in the context of acute TCMR, where 
a more sudden rise in serum creatinine acts as an indication to biopsy, uncovering 
both pathological processes. Attention to the deleterious impact of inflammation in 
areas of IFTA is a more recent phenomenon [445]. Whereas pathological evaluation 
of acute rejection changes is restricted to the unscarred cortex, caTCMR is charac-
terized by the amount of total inflammation (ti score), and within areas of IFTA, the 
amount of inflammation (i-IFTA score) and tubulitis (t-IFTA score) [302]. Although 
closely associated with TCMR, i-IFTA is also seen with BK virus nephropathy and 
AMR, [446] and thus the requirement for both i-IFTA and t-IFTA for diagnosis. 
Tubulitis within IFTA is indeed strongly associated with i-IFTA, and the majority of 
those with i-IFTA have concurrent t-IFTA [141, 433, 445]. The current minimum 
criteria for caTCMR diagnosis are a matter of ongoing debate and currently require 
at least moderate level of tubulitis in non-atrophic or partially atrophic tubules 
(t ≥ 2) as well as interstitial inflammation in at least 25% of scarred cortical paren-
chyma (i-IFTA≥2). However, even mild inflammation (i-IFTA1) is associated with 
adverse outcome and should likely be considered as potentially pathogenic [433, 
447]. Moreover, in the right clinical setting and exclusion of other causes, diagnosis 
of caTCMR may be invoked even in the absence of i-IFTA/t requirements. The lat-
ter requires the histologic vascular changes of intimal fibrosis associated with 
mononuclear cell infiltration and neointima formation (grade II by Banff crite-
ria) [302].

The link between fibrosis and inflammation with outcome was first reported in 
2005 by Cosio et al. [448], but criteria for caTCMR diagnosis were only first intro-
duced in the Banff 2015 Kidney Meeting report. [449] Indicators of chronic inflam-
mation such as i-IFTA have now been independently associated with increased risk 
of allograft failure [134, 141, 445, 450, 451]. Early i-IFTA (at 1 year) is associated 
with accelerated IFTA, arterial fibrointimal hyperplasia, and chronic glomerulopa-
thy with functional decline [134]. In patients with early TCMR, the finding of 
i-IFTA on posttreatment biopsy was common (61%) and was associated with accel-
erated progression of IFTA and decreased allograft survival compared to those with-
out [141]. In the setting of late acute TCMR, the presence of i-IFTA is an independent 
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determinant of subsequent graft loss, although it is not directly associated with 
acute TCMR treatment response [25]. In addition, treatment of late acute rejection 
does not seem to modify the attributable risk for graft failure when i-IFTA is pres-
ent [445].

The major risk for early caTCMR relates to acute allograft inflammation. One- 
year surveillance biopsies in adults identified i-IFTA rates of 26–32%, which were 
strongly associated with the presence, number, and severity of early TCMR epi-
sodes [134, 141]. Additional determinants of early i-IFTA risk include BK virus 
nephropathy, HLA-B, and HLA-DR mismatch, whereas protective factors were 
ongoing treatment with oral corticosteroids or inosine-5′monophosphate dehydro-
genase (IMPDH) inhibitor therapy [141].

In the setting of late i-IFTA detection with i-IFTA≥1, rates of concurrent acute 
rejection are high with 46% exhibiting TMCR (including 15% with borderline) and 
32% with AMR; so accounting for a small number with both AMR and TCMR 
(16%), only 38% had no acute features of rejection [447]. The hazard for graft fail-
ure is approximately fourfold increased when i-IFTA presents with either C4d+ 
(36%) or DSA+ (43%), and is worst when both are present [433].

 Management

There is no agreed upon treatments for caTCMR, in part because it is a relatively 
new diagnostic entity. There have been no clinical trials and scant reports that evalu-
ate the outcome in respect to treatment that has been received. Since caTCMR often 
presents in the context of acute AMR or TCMR, it is tempting to propose that treat-
ment of the acute component may affect outcome. There is little data in support of 
this, however, and one study that evaluated treatment of acute rejection did not 
modify outcome [445].

In an absence of evidence, clinicians may consider optimization of immunosup-
pression. This must be individualized to the patient and weighed against potential 
increased risk for adverse effects. For calcineurin inhibitors, tacrolimus has been 
associated with lower rates of i-IFTA than the cyclosporine, and tacrolimus may 
protect against ongoing i-IFTA progression [134, 141]. IMPDH inhibitors and cor-
ticosteroids are considered anti-proliferative or anti-inflammatory, and their active 
use has also been associated with reduced risk for i-IFTA [141]. Whether conver-
sion to or intensification of these medication classes is warranted to suppress chronic 
inflammation needs to be urgently evaluated.

Conversion from tacrolimus to an mTOR inhibitor has been tested in small stud-
ies as an intervention to either prevent or mitigate IFTA [452–457]. None of these 
studies have evaluated the potential effect on i-IFTA and progression. Caution is 
advised in particular for early conversion, given a relative lack of benefit and poten-
tial increased risk for IFTA progression and incident dnDSA [454, 455]. Similarly, 
mTOR inhibitors have been associated with proteinuria, which may already be 
manifest in patients with caTCMR if there is associated transplant glomerulopathy 
[454, 458, 459]. The potential appeal may be in the purported immunoregulatory 
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benefits of mTOR inhibitors [460]. Small studies have evaluated rescue therapy to 
“treat” IFTA with some success in improving graft function [452, 453, 458], 
although these studies were predicated on the notion of resolving CNI toxicity. It is 
not known whether patients in these trials had i-IFTA, and whether mTOR inhibitor 
may be useful in selected populations without concurrent DSA or proteinuria.

With a better understanding of the risk factors and pathogenesis, it is likely that 
treatment options will become better defined with time. Rather than immunosup-
pression, it is possible that immunomodulatory therapies may be more effective, 
such as are now being employed for treatment of chronic autoimmune disorders. 
Until then, aggressive treatment should be weighed in light of prevailing risk factors 
such as C4d or DSA positivity, against the likelihood of treatment success and the 
risks associated with drug toxicity and adverse effects from excess 
immunosuppression.

 Chronic Active AMR

Chronic active AMR (caAMR) is the final phase of continued, progressive alloim-
mune injury that starts either with pre-sensitization against donor HLA or post- 
transplant alloimmune activation in the form of acute TCMR. Each may lead to 
either rebound or de novo DSA production, respectively, that may then progress to 
active AMR (often with concurrent chronic T cell-mediated inflammation) and fur-
ther with progressive damage over time to caAMR. The hallmark feature of caAMR 
is transplant glomerulopathy (TG) (Fig. 3.5d, e], which is a consequence of chronic 
damage to the glomerular basement membrane from unremitting active AMR [461]. 
The term “active” requires that there is also an ongoing, acute injury process, as 
indicated by evidence of both DSA and antibody-mediated injury [301]. The devel-
opment of caAMR signals a poor prognosis. Redfield et al. [462] reported that of 
1722 transplants, 7% were diagnosed with caAMR at a mean of 5.6  years after 
transplant and had a median allograft survival of just 1.9 years after diagnosis. In a 
smaller cohort, caAMR (n = 41) was identified at median of 6.3 years post- transplant, 
with 63% progressing to allograft failure at median 3.3 years after diagnosis [463]. 
Chronic, active AMR is the commonest finding on indication biopsies performed 
prior to graft failure and is the leading cause of graft loss in the modern transplant 
era [18].

In the prevailing literature, risk and outcome of caAMR are more often discussed 
with reference to the characteristic feature of TG. Transplant glomerulopathy is a 
late-presenting lesion, with median time from transplant to diagnosis of 
2.8–7.1 years, which varies in part due to timing of ascertainment [462, 464, 465]. 
The prevalence of TG on indication biopsy also varies, increasing with time post- 
transplant. The DeKAF study reported a prospective cohort, using the first clinical 
indication biopsy after transplant, and a cross-sectional cohort reporting on late 
indication biopsies in patients with good allograft function (serum creatinine 
<2.0 mg/dl) [466]. In the prospective cohort, the mean time to biopsy was 1 year and 
the prevalence of TG was 27%. In the cross-sectional cohort, the median time to 
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biopsy was 7.5 years and prevalence of TG was 67% [447]. In a surveillance biopsy 
series, Stegall et al. [467] reported TG prevalence of 12% at 10 years (in surviving 
transplants). This section will review the clinical features and management of 
caAMR and the impact of concurrent clinical and histological features on outcome.

 Clinical and Histological Features

An insidious rise in creatinine, years after transplant, may be the only presenting 
feature of caAMR, highlighting the importance of dnDSA screening to identify 
AMR early and before there has been progression of TG. Patients with TG may also 
present with proteinuria or worsening hypertension [377]. Proteinuria is relatively 
non-specific, but is usually associated with allograft pathology and should indicate 
need for additional testing to determine the etiology, including biopsy [468]. The 
prevalence ranges from 7% to 45%, depending on the definition and timing post- 
transplant [469]. In patients with at least moderate proteinuria (>1500  mg/day), 
80% were found to have glomerular disease on biopsy [470]. In this cohort, 11% 
were reported with TG, and an additional 50% had either acute rejection or chronic 
allograft nephropathy.

The diagnosis of caAMR is confirmed histologically using Banff criteria [301]. 
Chronic tissue injury must be accompanied by evidence of active antibody- mediated 
injury processes such as with AMR, including (1) evidence of antibody interaction 
with vascular endothelium and (2) evidence of circulating DSA or equivalent. 
Chronicity is usually denoted by proliferation of capillary basement membranes, 
which in the glomerulus is identified by TG (cg score [Fig. 3.5d]) and in the peritu-
bular capillaries by evidence for basement membrane multilayering by electron 
microscopy (ptcml score [Fig. 3.5f]). Arterial intimal fibrosis of new onset, exclud-
ing other causes, may also be used to indicate chronicity. Early ultrastructural 
changes associated with TG are readily detected by electron microscopy and accrue 
with time, and so assessment of multilayering of glomerular basement membrane 
permits earlier detection of TG and diagnosis of caAMR than reliance on light 
microscopy alone (Fig. 3.5e) [471].

It is also important to consider in the differential diagnosis that there are other 
causes of TG, which will affect treatment choices and prognostication. In a series of 
417 biopsies with TG, although 76% were consistent with caAMR, 16% showed 
thrombotic microangiopathy (TMA) lesions, 12% showed a membranoproliferative 
glomerulonephritis (MPGN) pattern, and (16%) remained equivocal with no spe-
cific causes identified [464]. An earlier series also showed association with pre- 
transplant hepatitis C infection [377]. In the absence of an alloimmune etiology, 
outcome of transplant glomerulopathy is dictated by the underlying cause. In a 
small series by Torres et al. [472], patients with TG were both C4d and DSA nega-
tive, were of older age, had lower interstitial and microvascular inflammation scores, 
and had longer allograft survival.

Risk for development of caAMR is not surprisingly strongly associated with 
prior identification of AMR [473], although a substantial proportion present without 
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a prior clinical diagnosis. In keeping with risk from AMR, development of de novo 
HLA class II DSA is also a major risk factor for TG [377, 473]. The risk is accentu-
ated in patients with prior sensitization; and in those with AMR at 3 months post- 
transplant, 43% had developed transplant glomerulopathy at 1 year [474]. In later 
presenting caAMR, prior acute rejection is an additional risk factor [377]. In a series 
of 797 patients without pre-sensitization, patients with early TCMR had signifi-
cantly higher rates of HLA class II DSA (21%) and TG (8%) was seen more often 
at 1 and 2 year biopsies, compared to those without early TCMR (11% and 1%, 
respectively) [29].

In a recent series, it is relatively uncommon that TG presents as an isolated find-
ing, accounting for as few as 16% of indication biopsies [464]. In a series of biop-
sies with confirmed caAMR, concurrent histologic abnormalities included 
concurrent intimal arteritis (v-lesion; 27%), tubulitis (9%), and IFTA of at least mild 
(57%) or moderate-severe (23%) severity [463]. This series did not report i-IFTA 
rates; however in the DeKAF prospective cohort, 48% of biopsies with Banff cg >0 
(mean 1-year post-transplant) had at least Banff i-IFTA1; and in the cross-sectional 
cohort, the rate was 75% [447]. Neither of these series reported TCMR grade in 
relation to TG.

The prognosis for patients with caAMR is related in part to the presence of 
potentially reversible inflammation and the extent of chronic damage that may be 
considered irreversible. More advanced TG is associated with poorer allograft func-
tion and proteinuria at the time of diagnosis, and with subsequent allograft failure 
[377, 475, 476]. Clinical features of advanced chronicity such as proteinuria [476, 
477] and worse kidney function at the time of diagnosis [477, 478] are independent 
risk factors for allograft failure. Prognostic histological indicators include arteriolar 
hyalinosis [476] and IFTA severity [381, 463, 476]. Indeed, when the extent of 
IFTA is considered in patients with active AMR, TG drops off as an independent 
predictor of allograft failure [381]. These histological indicators can be used in 
combination with the above clinical indicators along with total inflammation (ti) 
and arteritis (v) Banff scores to predict risk for allograft failure [464, 477].

From the perspective of acute inflammation, the presence of C4d staining in the 
peritubular capillaries (Fig. 3.3f) has been associated with particularly poor out-
comes [478, 479], and is also associated with higher levels of HLA class II DSA 
[473]. In an archetypal analysis of outcome using 552 biopsies with TG, Aubert 
et al. [464] identified five archetypes, of which the worst prognosis was in patients 
typified by advanced clinical and histological chronicity (15% of patients). In con-
trast, the second worst was typified by less chronicity but the highest acute inflam-
matory scores (i, t, v, ptc and g-scores) and with c4d deposition (12% of patients). 
Relatively less inflammation and chronicity defined the remaining archetypes, 
which were associated with better prognosis. These data suggest that a subgroup of 
patients with advanced chronicity at diagnosis may not benefit from treatment, but 
that among the rest, the severity of tubulointerstitial and microvascular acute inflam-
mation is most directly associated with progression and may be amenable to 
intervention.
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 Management

As with treatment of AMR, the available evidence to guide treatment of caAMR is 
weak and inconclusive. With progression of glomerular pathology to include TG, 
the extent of chronic injury is by definition more advanced. Because there may also 
be serious infection and malignancy risks associated with most of these treatment 
approaches, it is important to identify those patients who are unlikely to benefit. For 
this reason, aggressive treatment in patients who already manifest signs of advanced 
chronic injury on clinical assessment and histology (as described above) may be 
associated with more harm than benefit [480, 481]. This approach is endorsed by 
The Transplantation Society’s (TTS) international consensus guideline regarding 
the treatment of caAMR [390]. It recommends that those with extensive chronicity 
but minimal inflammation may be a subset of patients in whom treatment confers a 
high risk of toxicity with little chance of improving allograft longevity [390].

There was also agreement that the current goals of management must focus on 
stabilizing further deterioration of histology, DSA, and kidney function [390]. 
However, the consensus concluded a lack of evidence prevents recommendation of 
any specific therapy or combination of therapies based on these criteria. As such, the 
expert consensus recommends optimizing maintenance immunosuppression with 
close monitoring of tacrolimus levels and to re-commence steroids (if on a steroid- 
free regimen) [390].

The TTS guideline also acknowledges that patients most likely to benefit from 
treatment include those with high levels of active inflammation and relative preser-
vation of allograft function, in order to slow graft decline [390]. This is highlighted 
by Haas et al. [381], where the response of AMR to treatment with PP, IVIG, and 
rituximab was predicted by efficacy of removing DSA (median Banff scores g = 1 
and ptc = 2), with poor response predicted by the severity of IFTA, and not the pres-
ence or absence of TG. For the most part, treatments directed to the inflammatory 
process in caAMR are the same as those for AMR and extends to include treatment 
of concurrent TCMR when it is present. For AMR, this includes various combina-
tions of IVIG, PP, and/or rituximab [480–485].

In a study exclusively of patients with caAMR by Kahwaji et al. [486], stabiliza-
tion of kidney function with IVIG and rituximab treatment was restricted to those with 
more severe microvascular injury (ptc score ≥ 2 or g + ptc score ≥ 4). This subset had 
relatively preserved kidney function at treatment onset (mean serum creatinine 2.1 
and 2.3  mg/dL, respectively), and reduction of g and ptc score was restricted to 
patients treated with rituximab. By contrast, IVIG and rituximab demonstrated no 
efficacy in another study where the mean g + ptc score for the cohort was <1 [484]. 
Moreso et al. [485] conducted a small (n = 25) trial of rituximab and IVIG vs. placebo 
and did not demonstrate a difference; however this result is confounded by more 
advanced chronicity in the patients assigned to intervention (eGFR 35 vs. 45  ml/
min/1.73 m2 and ci + ct score 3.0 vs. 2.4 for intervention vs. control). These studies 
exemplify the importance of identifying and stratifying for caAMR subgroups based 
on inflammation and chronicity when evaluating therapeutic efficacy.
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In adults, triple therapy for caAMR using plasmapheresis/plasma exchange, 
IVIG, and rituximab positively impacted graft survival compared to placebo in two 
reports [381, 487]. In a larger cohort comparing non-randomized controls (n = 62), 
there was no difference with this combination therapy; however the treatment group 
may have had more severe disease prior to treatment (C4d + 83% vs. 44% in con-
trols) [488]. In all of these studies, a higher rate of infections requiring hospitaliza-
tion was observed in the treatment arms, highlighting the need to carefully select 
which patients would be suitable for such intensive management.

 Emerging Therapies

Interleukin-6 (IL-6) activity inhibition is a novel immune modulator therapy for 
treating caAMR [489, 490]. Tocilizumab is an IL-6 receptor blocker and is well- 
studied for treatment of autoimmune diseases such as arthritis [491]. Receptor 
blockade leads to high levels of IL-6 circulation, which in the event of missing or 
stopping medication could lead to rebound phenomena [490]. Clazakizumab is a 
monoclonal antibody against IL-6 that is currently undergoing clinical trials and 
may be preferred over tocilizumab due to its ability to directly block IL-6, and avoid 
excess IL-6 production that occurs when the IL-6 receptor is blocked.

Tocilizumab was offered as a rescue therapy to 32 adult and 4 pediatric patients 
with caAMR (DSA positive and TG present) that did not respond to IV corticoste-
roids, IVIG, and rituximab with or without plasmapheresis or eculizumab [492]. 
There was no control group, but the study saw significant fall in C4d deposition and 
g/ptc scores on post-treatment biopsy, a reduction in DSA at 2 years, and 90% graft 
survival as far out as 6 years post treatment. Estimated GFR was maintained in both 
adults and children following treatment for 18 months. Lavacca et al. in 2020 repli-
cated these findings, also demonstrating improvements in histology and C4d depo-
sition, reduction in DSA, and stabilized renal function [493]. Randomized trials for 
IL-6 blockade in caAMR are still required. Three randomized trials are either 
recruiting or underway to establish the efficacy of tocilizumab or clazakizumab in 
chronic and late AMR, respectively [494, 495].

 Post Rejection Infection Prophylaxis

Opportunistic infections that are amenable to anti-infective prophylaxis with treat-
ment of rejection include cytomegalovirus (CMV), herpes simplex virus (HSV), 
and Pneumocystis jiroveci pneumonia (PJP). In addition, viral disease activity from 
donor-derived infections such as with BK virus (BKV) and Epstein-Barr virus 
(EBV) may flare in response to intensified immunosuppression. In general, rates of 
opportunistic viral infections have risen over time with the introduction of tacroli-
mus and mycophenolic acid formulations and the increased use of multi-modal 
maintenance immunosuppressive regimens [496–500]. Further intensification of 
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immunosuppression to treat rejection is therefore an independent risk factor for 
infection.

Viral opportunistic infections are both more common and more serious when 
donor-derived infections are transmitted with transplantation to virus naïve recipi-
ents [501–504]. In recipients with prior acquired immunity, there still remains some 
risk due to reinfection or viral re-activation. The impact of opportunistic infection 
on transplant outcomes is significant: mortality rates for PJP in transplant recipients 
are as high as 44% [505–508], EBV is a prominent risk factor for post-transplant 
lymphoproliferative disorder (PTLD) [509], and BKV nephropathy is an important 
cause of graft loss [510]. Factors that predict increased risk and severity of opportu-
nistic infections with rejection treatment include the use of intravenous corticoste-
roids, lymphocyte depletion therapy, and lymphopenia [503, 511–514].

After treatment of rejection, additional screening for EBV, CMV, and BKV is 
recommended in addition to baseline monitoring, in order to pre-emptively identify 
incipient viremia [515, 516]. In the event of rising viral titers, the approach is tai-
lored to the specific infection. In the cases of EBV and BKV there is a lack of evi-
dence to support the use of anti-viral prophylaxis post-rejection treatment. 
Management of viremia is therefore targeted to adjustment of maintenance immu-
nosuppression in order to permit an effective cognate anti-virus response [113, 
268–270, 517].

In the case of CMV, valganciclovir is effective at preventing CMV disease, and 
can be used as prophylaxis when rejection treatment is initiated in high-risk recipi-
ents (donor positive, recipient naïve). Donor-derived CMV infection can still occur 
on valganciclovir prophylaxis, but symptomatic infection and CMV disease are rare 
[268, 518]. The incidence of CMV infection overall in the first year with prophy-
laxis is 21% but CMV disease is only 10% [504]. According to the International 
Consensus Guidelines on the Management of Cytomegalovirus in Solid-organ 
Transplantation, valganciclovir prophylaxis should be re-implemented in children 
following rejection requiring treatment with IV steroids or a T cell depleting anti-
body [519]. There is inadequate data to recommend a specific duration in children, 
and this is likely to vary on a center by center basis, but periods of long prophylaxis 
up to 200 days have been shown to be well tolerated and safe [519, 520]. In adults, 
the KDOQI guidelines recommend valganciclovir for 6 weeks following the use of 
anti-lymphocyte therapy [517]. In cases where valganciclovir is not tolerated (e.g., 
neutropenia), letermovir has been used successfully for CMV prophylaxis in hema-
topoietic stem cell transplants [521–523].

In most cases, prophylaxis for herpes simplex virus (HSV) overlaps with CMV, 
and HSV is successfully suppressed from 9.8% without prophylaxis to 3% with 
valganciclovir [524]. However, in instances where donor and recipient are seronega-
tive for CMV, CMV prophylaxis is not required [519]. In the case of HSV, reactiva-
tion is the main concern in patients who have been previously exposed, and so if 
valganciclovir is not indicated for CMV prophylaxis, then acyclovir prophylaxis 
should be given after treatment for rejection in order to mitigate the risk of HSV 
reactivation [525–527].
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Rates of Pneumocystis jiroveci pneumonia (PJP) in transplant recipients prior to 
widespread prophylaxis were between 5 and 15% [514]. Pneumocystis jiroveci 
pneumonia prophylaxis with trimethoprim-sulfamethoxazole has been consistently 
shown to be highly effective, reducing PJP occurrence by 85% [528]. The KDIGO 
guidelines recommend that trimethoprim-sulfamethoxazole prophylaxis for PJP 
should be restarted following treatment for rejection and continued for 3–4 months 
[529]. Despite this, almost one third of pediatric solid organ transplant providers do 
not re-start PJP prophylaxis for any reason (including rejection) following comple-
tion of initial post-transplant prophylaxis [530].

 Special Circumstances: Infection and Rejection

 AGPN and Rejection

Acute graft pyelonephritis (AGPN) is usually easy to differentiate from acute rejec-
tion clinically, based on urinary symptoms of lower urinary tract infection such as 
dysuria, frequency, urgency, and cloudy urine, and the addition of symptoms of 
allograft inflammation that may include allograft tenderness, fever, and malaise. 
Diagnosis is usually confirmed with mid-stream or catheterized urine culture and 
finding of abundant leukocytes on urine analysis. The risk for AGPN may be 
increased in kidney transplant recipients due to vesicoureteral reflux in the trans-
planted ureter, which is common.

Diagnosis is sometimes confounded in children who depend on intermittent 
bladder catheterization to evacuate the bladder, where there may be chronic low- 
grade pyuria or asymptomatic bacteriuria. This is particularly the case when the 
bladder has been surgically augmented with bowel. Classical symptoms and signs 
of AGPN may also be attenuated in the transplant recipient. Immunosuppression 
with corticosteroids in the first post-transplant months and after treatment for rejec-
tion may obscure the typical signs of inflammation. The use of prophylactic antibi-
otics such as PJP prophylaxis may partially treat urinary tract infection and inhibit 
growth of susceptible bacteria in urine culture.

In a small number of cases, the only clinical sign of AGPN is allograft dysfunc-
tion, and the diagnosis is only made on kidney biopsy. Over 70% of AGPN episodes 
identified on kidney biopsy are associated with a negative urine culture [531]. 
Subclinical pyelonephritis has also been rarely detected on surveillance kidney 
biopsy [131].

APGN can occur simultaneously alongside rejection. In a study of biopsy proven 
AGPN, 37% of cases also had histological evidence of acute rejection [532]. The 
distinctive histological features of pyelonephritis include neutrophilic interstitial 
inflammation, neutrophilic tubulitis with or without neutrophil casts, and micro- 
abscesses (Fig. 3.3b) [531]. Lymphocytic infiltration may accompany neutrophilic 
infiltration in pyelonephritis and doesn’t necessarily indicate rejection, although 
areas of pure mononuclear cell infiltration and associated tubulitis apart from areas 
with neutrophil involvement may imply an additional alloimmune process [533]. 
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Follow-up biopsies comparing patients with AGPN to a control group showed that 
the AGPN group had higher rates of tubulitis, especially in patients whose creati-
nine did not resolve post-infection [534]. Another study showed a rejection rate of 
22% in biopsies performed soon after AGPN [535].

AGPN may also precipitate a rejection episode, although the temporal associa-
tion is difficult to confirm definitively [535–538]. Activation of the cell-mediated 
immune reactivity is initiated in association with the immune response to the bacte-
rial pathogen. This includes upregulation of macrophages and dendritic cells, 
upregulation of adhesion molecules, and production of pro-inflammatory cytokines 
within the allograft, which may also activate endothelial cell expression of class II 
HLA [535, 539].

When both AGPN and acute rejection are diagnosed concurrently, treatment 
should be first for AGPN. This should include hospitalization for IV antibiotics, 
either guided by urine/blood culture results or for cases with a negative culture, 
prescribed empirically [529]. Successful treatment of AGPN and rejection with 
simultaneous administration of steroids and antibiotics have been reported [532]; 
however the preference may be to delay rejection treatment if kidney function is 
sufficiently stable, in order to suppress the active infection before initiating intensi-
fied immunosuppression. In cases where a diagnosis of rejection is unclear, a fol-
low-up biopsy may be preferred after 6–8 weeks if the kidney function has stabilized, 
in order to evaluate for APGN-instigated or ongoing rejection.

 BK Virus and Rejection

BK virus (BKV) is a member of the polyoma virus family and is sometimes referred 
to simply as polyoma virus. BKV infects the majority of individuals asymptomati-
cally during childhood [540, 541] and then establishes latent infection in the urinary 
tract [542, 543]. BKV infection can therefore be transmitted to the recipient with 
kidney transplantation. Active infection that is donor derived is usually manifested 
in the first several months post-transplant. It is heralded by onset of viruria followed 
by viremia, which may progress to renal parenchymal infection known as BKV 
nephropathy (BKVN) [544]. BKVN is associated with poor graft outcomes [545–
549]. Lack of prior or waning immunity may be identified by serological testing for 
BKV IgG and is most common in transplant recipients less than 5  years of age 
[550]. Seronegativity of the recipient has been associated with increased likelihood 
of developing BKV nephropathy [501, 550]. The incidence of BKVN has risen 
since the introduction of more potent immunosuppressants [496–499, 551] and cur-
rently affects between 3% and 8% in the pediatric renal transplant population [501, 
552, 553].

The time period of greatest early rejection risk and manifestation of BKVN post- 
transplant are relatively superimposed. As a form of viral interstitial nephritis, 
BKVN is associated with interstitial inflammation and tubulitis that may be indis-
tinguishable for TCMR [548, 554, 555]. The hallmark of BKVN on kidney biopsy 
is the presence of abnormally large nuclei with or without viral intranuclear 
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inclusions that resemble tumor cells (Fig. 3.3c) and is confirmed by positive SV40 
large T antigen (a surrogate marker for BKV infection) immunoperoxidase staining 
of infected tubule cells (Fig. 3.3d) [548, 555]. The features of AMR are histologi-
cally distinct, and should not be confused with BKVN.

Control of BKVN ultimately requires the recipient to mount a cognate response 
to the viral infection and suppress viral replication [165, 548, 554, 556, 557]. Direct 
antiviral therapy with medications like cidofovir is usually avoided due to their 
nephrotoxicity. Treatment is therefore directed at reducing immunosuppression. 
This creates a paradox in some cases, if there is concern that rejection is present 
concurrently. There are no trials or even large observational studies that guide treat-
ment in this instance. There are several reports of success in managing simultaneous 
BKV and rejection with early pulse steroids followed by down-titration immuno-
suppression [544, 558, 559]. However, others have reported adverse outcomes when 
any attempt was made to treat the rejection before the BKVN was under control 
[496, 513, 555, 560–562]. This may be due to steroid-response elements in the BKV 
virome that may induce viral proliferation or reactivation [563] and exacerbate 
nephropathy. Howell et al. showed improvement in 4/6 patients that were managed 
with reduced maintenance MMF, regardless of whether steroids were given or not; 
the 2/6 who had significant graft decline both had in common no reduction in their 
baseline immunosuppression and the use of IV methylprednisolone [556].

In cases where mycophenolic acid medications are withdrawn, leflunomide may 
be considered as an alternative antimetabolite that maintains a lower level of immu-
nosuppression and also has purported anti-viral activity. Leflunomide is an inhibitor 
of human dihydroorotate dehydrogenase leading to selective inhibition of the mTOR 
signalling pathway. Although there are multiple case series reporting efficacy, the 
quality of evidence is low [564]. Its use may also be associated with anemia and 
liver toxicity, and so although it is used in such scenarios, caution and monitoring 
for signs of toxicity are required.

Treatment with IVIG has also been used in refractory BKVN and in cases where 
there is suspected concurrent TCMR. The level of evidence is similarly low, com-
prised mostly of small case series and without controlled trials [565–569]. The 
rationale is to provide passive immunization with BKV-specific neutralizing anti-
bodies in pooled IVIG. Indeed, significant increases in titers are observed in kidney 
transplant recipients post-IVIG administration [570]. In a recent randomized pilot 
clinical trial in patients with low levels of BKV neutralizing antibodies at transplant, 
IVIG prophylaxis was associated with a fivefold reduction in BKV viremia after 
12 months compared to a similarly high-risk control group [571]. Adverse effects of 
IVIG are mostly infusion related and in general treatment is well tolerated.

Overall, the ability to make definitive treatment recommendations is limited by 
low level of available evidence. Resolution of BKV viremia in higher-risk individu-
als can take months. Safe reintroduction of immunosuppression is usually guided by 
attainment of persistently low-level if not absent viremia, with frequent monitoring 
for rebound viremia. Similar to AGPN, concern about BKV infection instigating 
alloimmune reactivity may be an abiding concern even after BKV viremia is cleared. 
Evidence of rejection following reduction in immunosuppression can be as high as 
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25% [548]. In such cases, a follow-up biopsy may be considered once BKV viremia 
is resolved, and full maintenance immunosuppression has been restored, to identify 
subclinical rejection. In addition, regular HLA antibody monitoring should be initi-
ated with reduction of immunosuppression, to identify early onset of DSA that may 
result [334].

 Case Studies

 1. A 13-year-old girl with end-stage kidney disease with a hypoplastic solitary kid-
ney is 2 years post-transplant and presents with a 40% rise in serum creatinine 
over a 1-month period and was subsequently diagnosed with grade 1B TCMR on 
biopsy. Following treatment with IV methylprednisolone, her creatinine initially 
fell but did not return to baseline and has begun climbing again after 2 months. 
What is the most appropriate next step in her management?
 (a) Ongoing close monitoring of creatinine.
 (b) Treat with a second course of IV methylprednisolone empirically.
 (c) Treat with ATG empirically.
 (d) Follow-up biopsy.

 2. A 4-year-old boy with end-stage kidney failure from ANCA vasculitis presents 
with BKV viremia first detected at 5 months post-kidney transplant and progres-
sively increasing viral load (2 log-fold) over the ensuing 4 weeks. There has been 
a ~10% increase from his baseline serum creatinine at the time of his 6-month 
surveillance biopsy. At the time of the biopsy, his MMF dose has already been 
reduced by half. The histology shows foci of moderate interstitial inflammation 
and tubulitis (i2t2), which extends into the medulla. There is associated viral 
cytopathic change in tubule epithelial cells in areas of inflammation, and SV40 
stain is positive, confirming BKV nephropathy. The pathologist is equivocal 
about whether there is TCMR that is distinct from the BKV nephropathy. 
Acknowledging that good-quality evidence in this circumstance is limited, what 
is the safest way to proceed in the first instance?
 (a) Further reduce baseline immunosuppression in order to control 

BKVN. Discontinue MMF and consider substituting leflunomide. Consider 
adding regular IVIG treatment until viremia is cleared. Closely monitor cre-
atinine and serial BKV viral loads every 2  weeks. Consider a follow-up 
biopsy once BKV viremia has resolved, if creatinine has not definitively 
returned to baseline to identify ongoing TCMR.

 (b) Manage BKVN with anti-viral medication and augment baseline immuno-
suppression to target TCMR.  Closely monitor creatinine and serial BKV 
viral loads every 2 weeks, and arrange follow-up biopsy to ensure resolution 
of viremia.

 (c) Treat acute TCMR in the first instance with IV methylprednisolone and aug-
mentation of baseline immunosuppression. Closely monitor creatinine and 
serial BKV viral loads every 2  weeks, and reduce immunosuppression if 
viremia intensifies.
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 (d) Maintain the current immunosuppression to balance risk of BVK and rejec-
tion, and follow serum creatinine. If creatinine further increases, then treat 
for rejection with IV methylprednisolone.

 3. A 15-year-old boy, with posterior urethral valves, is 6 years post-kidney trans-
plant. He had grade 1A TCMR at 8 months post-transplant that was treated with 
IV corticosteroids, with return to baseline creatinine. In the last 2  years, his 
tacrolimus levels have been in the 4–5 μg/L range. His creatinine has been slowly 
creeping higher for the past 12 months, and initially evaluated for worsening 
obstructive uropathy as the cause. But in the last 3 months the rate of increase is 
greater, and he has developed hypertension; and he is now nearly double the 
baseline from 2 years earlier. Because of onset of low-grade proteinuria, DSA 
screening was obtained and identified a single class II DSA at high MFI 
(>10,000). You arrange a biopsy, which shows evidence of caAMR, i2, t1, g2, 
ptc3, C4d+, cg1, and mild IFTA (ci1ct1), i-IFTA0. How do you proceed?
 (a) caAMR has no effective treatments, so continue on current immunosuppres-

sion to avoid effects from drug toxicity. Counsel the family regarding the 
inevitable caAMR progression and implications of sensitization on 
re-transplantation.

 (b) Optimize baseline immunosuppression and trial treatment for the active 
AMR component with plasmapheresis and IVIG. Follow DSA for treatment 
response.

 (c) Optimize baseline immunosuppression and trial treatment for the active 
TCMR, since this is likely the primary cause of acute allograft dysfunction.

 (d) Optimize baseline immunosuppression. Initiate treatment to address inflam-
mation from both active AMR and TCMR, with IV methylprednisolone, 
plasmapheresis, and IVIG. Follow DSA and consider additional treatment 
based on treatment response.

Answers:

 1. (d)
Monitoring of kidney function is valuable, but obtaining a kidney biopsy to 

confirm diagnosis and severity of rejection is an important consideration before 
initiating treatment. ATG may be required in cases of steroid refractory rejection, 
depending on the ongoing severity of inflammation. If there has been significant 
improvement in histology but persisting rejection changes, a second course of 
treatment with corticosteroids may be preferred. Late acute rejection has a higher 
rate of chronic inflammation, and changes related to i-IFTA should be reviewed. 
In the setting of persisting inflammation, identification of plasma cell infiltrates 
and additional staining to identify B cell clusters may provide additional infor-
mation on prognosis and consideration of additional targeted treatment 
approaches. In the setting of chronic inflammation, intensification of baseline 
immunosuppression should also be considered. Late acute rejection is also asso-
ciated with a higher risk of developing donor-specific HLA antibodies, and the 
patient should be screened and monitored after rejection.
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 2. (a)
The optimal treatment for concurrent BKVN and TCMR is unknown. It is 

difficult to assign etiology of the interstitial nephritis to an alloimmune vs. viral 
process with certainty. However, it should be clear that some component of the 
inflammatory response is related to viral nephropathy. Options to further reduce 
immunosuppression include discontinuation of MMF, dose reduction of tacroli-
mus, or both. Leflunomide may be used as an alternative anti-metabolite with 
potential direct anti-viral activity, but careful monitoring for lymphopenia, ane-
mia, and hepatotoxicity is warranted. Due to the long half-life, toxicity may take 
several weeks to recover once it is manifest. IVIG may be used safely to pas-
sively provide anti-BKV antibody and is relatively low-risk, other than the 
requirement for infusion and risk for infusion-related side effects. It is unclear if 
there is additional IVIG activity for treating TCMR. Treatment with high-dose 
corticosteroids may be considered as a last resort, but in most cases the BKV 
nephropathy will resolve over several months without it; and there is concern 
that steroids may directly exacerbate the viral nephropathy. Regular monitoring 
for onset of donor-specific HLA antibodies should be performed while immuno-
suppression is reduced. Once BKV viremia has resolved, gradual re-titration to 
full immunosuppression while monitoring for rebound viremia is advised. 
Clinicians may also consider at that time to perform a surveillance biopsy to 
ensure that post-resolution of BKV, there is not subclinical rejection.

 3. (d)
This person has a new diagnosis of caAMR with relatively low chronicity and high 

microvascular inflammation. He also has concurrent TCMR that is borderline 
grade. He is at risk due to previous early rejection and relative underimmunosup-
pression. Although not conclusively demonstrated in the literature, this subgroup 
may be most amenable to treatment of active inflammation – targeting both the 
AMR and TCMR aspects. Adding rituximab to initial therapy with plasmapher-
esis and IVIG may also be considered. Sustained decrease in DSA is an indicator 
of primary treatment efficacy. A follow-up biopsy may also be considered to 
evaluate treatment response. In the setting of refractory DSA and continued 
AMR, there is increasing evidence that novel treatments that inhibit IL-6 may be 
effective but at this point should still be considered investigational.
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 Pretransplant Infectious Disease Evaluation

Infections are one of the leading causes of death in pediatric kidney transplant recip-
ients [1]. Candidates awaiting kidney transplant are at an increased risk of infections 
due to immunological abnormalities resulting from the chronic kidney disease [2]. 
Furthermore, patients on dialysis are at risk of unique infections such as catheter- 
associated access site infections, bloodstream infections, and peritonitis. Congenital 
anomalies of the kidney and the urinary tract (CAKUT) are frequently associated 
with urinary tract infections and colonization with multidrug-resistant organisms. 
Identification and treatment of active and latent infections prior to transplant are 
critical for preventing overwhelming posttransplant infections.

The goals of pretransplant infectious disease evaluation are to identify and treat 
active and latent infections, to identify colonization patterns with multidrug- resistant 
organisms, and to assess immunity against vaccine-preventable diseases. The evalu-
ation informs perioperative antibiotic management plan to prevent perioperative 
infections and an antimicrobial prophylaxis plan to prevent posttransplant reactiva-
tion of latent infections. Additionally, pretransplant evaluation is aimed at screening 
potential donors for active or latent infections to prevent posttransplant donor- 
derived infections.
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 Evaluation of the Pediatric Kidney Transplant Candidate

Pretransplant evaluation includes a detailed medical history, physical examination, 
laboratory investigations (serological and molecular diagnostic tests), and radio-
graphic studies. Medical history should focus on current and past infections, animal 
exposure, travel to or residence in areas with unique endemic infections, exposure 
to tuberculosis, lifestyle history, risk factors for HIV and other sexually transmitted 
diseases, risk factors of hepatitis viruses, and history of conditions predisposing to 
infections (urinary tract anomalies, Mitrofanoff, neurogenic bladder, vesicoureteral 
reflux, clean intermittent catheterization). All access sites and indwelling catheters 
should be examined for signs of infection.

Active infections are a contraindication to transplant and must be adequately 
treated or controlled prior to the transplant [3]. Active infections should be ruled out 
with tests including blood cultures, urine cultures, stool cultures, and respiratory 
cultures/PCR tests as clinically indicated. Table 4.1 lists organisms for which rou-
tine pretransplant screening is recommended [4]. Screening for additional organ-
isms (Table 4.2) is considered depending on candidate’s risk factors such as exposure 
to areas with unique endemic infections [3, 4].

 HIV and Hepatitis Viruses

As indicated in Table 4.1, all transplant candidates need pretransplant screening for 
HIV, hepatitis B, and hepatitis C viruses. Although active HIV infection is not a 
contraindication, the patient should be on adequate viral suppression therapy prior 
to transplant [3]. Hepatitis B-positive patients must undergo evaluation for active 
liver disease and must also be treated with antiviral therapy prior to transplant. Once 
started, the therapy for hepatitis B should continue indefinitely pre- and 

Table 4.1 Standard pretransplant infectious disease screening for transplant candidates

Infections Tests
Human immunodeficiency 
virus

HIV antibody/antigen
Nucleic acid amplification testing

Cytomegalovirus IgG
Epstein-Barr virus VCA IgG, IgM
Hepatitis B virus HBsAg, HBcAb IgM and IgG, HBsAb

Nucleic acid amplification testing
Hepatitis C virus HCV antibody

Nucleic acid amplification testing
Toxoplasma IgG
Syphilis Rapid Plasma Reagin, or Venereal Disease Research 

Laboratory
Tuberculosis Purified protein derivative or Interferon gamma release assay

Chest radiograph
Urinary infection Urine culture
Bloodstream infection Blood culture
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posttransplant [5]. Patients with no evidence of viremia but positive hepatitis B core 
antibody may develop hepatitis B reactivation posttransplant. Although routine pro-
phylaxis is not recommended in these patients due to the low incidence of reactiva-
tion, it may be considered with agents such as lamivudine [5]. Kidney transplant 
candidates with hepatitis C viremia should be evaluated for liver disease. [3] These 
patients should also be considered for direct-acting antiviral therapy prior to trans-
plant [3].

 Cytomegalovirus/Epstein-Barr Virus Serostatus of Donor 
and Recipient

CMV and EBV are common viral complications posttransplant. Knowledge of the 
donor and recipient serostatus helps to guide both viral surveillance and prophylaxis 
strategies posttransplant. A primary viral infection is defined as infection in a recipi-
ent who is seronegative at the time of transplant. Reactivation infection occurs in the 
setting of a patient who is seropositive. Pediatric patients are at higher risk for pri-
mary infection due to higher rates of recipient seronegativity at the time of trans-
plant. Recent US data demonstrated that 43% of pediatric kidney transplant recipient 
were EBV seronegative and 62% were CMV seronegative at the time of transplant 
[6]. The combination of a donor who was positive for cytomegalovirus and a pedi-
atric recipient who was negative occurred in 39% of deceased donor transplants and 
in 29% of living donor transplants. The combination of a donor who was positive 
for Epstein-Barr virus and a recipient who was negative occurred in 37% of deceased 
donor transplants and in 52% of living donor transplants. [6]

 Cytomegalovirus
CMV, a DNA virus of the herpes virus family, is perhaps the single most important 
pathogen in solid organ transplantation [8, 9]. Its importance lies in the fact that 
CMV not only causes significant morbidity by direct infection but its immunomod-
ulatory effects also predispose to other infectious complications. Consensus guide-
lines from AST, KDIGO, and the Transplantation Society International CMV 
Consensus Group recommend universal prophylaxis for high-risk patients (sero-
negative recipients of seropositive organs or seropositive recipients of seropositive 

Table 4.2 Pretransplant 
infectious disease screening 
for candidates from 
endemic areas

Infection Tests
Strongyloides Serology
Trypanosoma cruzi Serology
Coccidioides Serology, antigen enzyme 

immunoassay
Histoplasma Serology, antigen enzyme 

immunoassay
Blastomyces Antigen enzyme immunoassay
Malaria Blood smear
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organs in the setting of anti-T-cell antibody immunosuppression), based on the 
available data suggesting better graft survival and clinical outcomes [8, 9]. 
Recommendations guide the duration of therapy based on the serostatus of the 
donor and recipient [8, 9]. For CMV D+/R- patients, 3–6 months of prophylaxis 
with oral ganciclovir or valganciclovir is recommended. For CMV R+ patients, 
3 months is recommended, but 6 months should be considered if anti-lymphocyte 
induction is used. No prophylaxis is recommended in the CMV D−/R- patient. In 
addition, treatment of rejection with anti-lymphocyte antibodies in at-risk recipients 
(D+/R-) should prompt re-initiation of prophylaxis or preemptive therapy for 
1–3 months [8, 9].

The timing and frequency of screening for CMV is largely center-specific and 
influenced by donor and recipient CMV serostatus, as well as whether universal or 
preemptive therapy is employed. Published guidelines recommend regular monitor-
ing using a quantitative viral load assay for the first year posttransplant; however, 
the duration and frequency may vary depending on the type of CMV prevention 
strategy [8, 9].

 Epstein-Barr Virus
For EBV, the primary goal of viral surveillance is to prevent the development of 
posttransplant lymphoproliferative disorder (PTLD). Awareness of risk factors 
associated with PTLD guides viral surveillance strategies. Numerous risk factors 
have been identified including young age, Caucasian race, male gender, specific 
immunosuppressive medications, and type of organ transplanted [7–10]. However, 
primary EBV infection is considered to be the most important. Due to the seroepi-
demiology of primary EBV infection, pediatric patients are often EBV seronegative 
making them an exceptionally vulnerable population. Surveillance strategies differ 
based on recipient serostatus. KDIGO recommends the following posttransplant 
EBV schedule for high-risk D+/R- patients: once in the first week after transplant, 
at least monthly for the first 3–6 months, and then at least every 3 months until the 
end of the first year with re-initiation of monitoring after treatment for acute rejec-
tion. While the D−/R– patient might be at decreased risk of developing EBV dis-
ease compared to D+/R–, they are still at increased risk relative to the R+ patient 
and therefore warrant close monitoring. Some centers may choose to measure EBV 
loads more frequently. Beyond the first year, selective monitoring, such as in those 
with persistently high viral loads or in those with higher than normal immunosup-
pression, may be performed based on center preferences. Some centers recommend 
continued monitoring for an indefinite period for all patients. For seropositive indi-
viduals, selective monitoring may be considered.

 Mycobacterium tuberculosis

Tuberculosis (TB) is the second most common infectious cause of death across the 
world [5, 11]. It is caused by members of the M. tuberculosis complex, most com-
monly Mycobacterium tuberculosis. Transplant recipients are at a particularly 
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increased risk with a 4–30 times higher incidence compared with the general popu-
lation [6, 12]. The prevalence of TB in the developed world among transplant recipi-
ents is estimated to be 1.2–6.4% [13].

In most cases, posttransplant TB is caused by reactivation of the latent disease. 
However, donor transmission and primary exposure posttransplant may also play a 
role [8, 14]. Risk factors for TB include history of residence outside the United 
States, homelessness, incarceration, cigarette smoking, chronic kidney disease, and 
exposure to a known case of TB [12]. Pretransplant screening for TB should include 
a detailed history of TB risk factors for all candidates and living donors. All candi-
dates and living donors should undergo purified protein-derived test or interferon 
gamma release assay test (IGRAs). Since end-stage renal disease may be associated 
with anergy resulting in false negative tests, all candidates should also undergo 
chest radiographs [3]. Conventional PPD is considered positive if there is >5 mm 
induration at 48 to 72 hours [11]. Patients with negative results should be considered 
for a second skin test 2 weeks later, as false negative may become positive due to 
“immune boosting” for remote exposures [15]. The IGRA test is more sensitive 
compared with PPD in patients with end-stage renal disease and those who are 
immunocompromised. IGRA is also the preferred test in the setting of Bacillus 
Calmette-Guerin (BCG) vaccination [15, 16]. All patients who are immunocompro-
mised at the time of evaluation, such as those with nephrotic syndrome or those on 
treatment for autoimmune diseases, should be evaluated with a combination of 
IGRA, chest radiograph, detailed history, and ascertainment of risk factors for TB 
[17]. Candidates with latent TB should initiate treatment prior to or immediately 
following the transplant in low-prevalence areas [3]. Commonly used regimen 
includes isoniazid for 6–9 months. For patients who develop toxicity to isoniazid, 
alternative regimens, such as rifampin for 4 months, may be considered in consulta-
tion with infectious disease experts [12].

Although successful treatment of active TB is possible posttransplant, it is com-
plicated by drug toxicities and drug-drug interactions. KDIGO recommends com-
pletion of treatment for active TB prior to transplant [3]. The treatment regimen 
(isoniazid, rifampin, pyrazinamide, and ethambutol) in transplant recipients is the 
same as that in the general population. The usual duration is 6 months; however, it 
may be 20 months long for multidrug-resistant TB [12, 18]. Directly observed ther-
apy (DOT) programs have improved treatment adherence and should be considered 
for transplant candidates/recipients.[6, 12]

Since TB may be transmitted to recipients via transplantation [14], active donor 
TB is a contraindication to donation. All living donors should complete therapy for 
active or latent TB prior to donation. Candidates who receive organs from donors 
with untreated TB must complete treatment for latent TB posttransplant [4]. All 
candidates with a pretransplant TB history must be vigilantly followed for disease 
reactivation during the first year posttransplant.
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 Fungal Infections and Endemic Mycoses

Transplant recipients are at an increased risk of invasive fungal infections. Risk fac-
tors for posttransplant fungal infections include environmental exposures, pretrans-
plant colonization, and the state of net immunosuppression [2, 19]. Fungal infections 
in transplant recipients may be broadly divided into two categories: reactivation of 
fungi not causing invasive disease in an immunocompetent host and disseminated 
infection with fungi that are geographically limited. Candidiasis is the most com-
mon fungal infection in pediatric kidney transplant recipients [20]. While pretrans-
plant fungal colonization is not a contraindication to transplant, active fungal 
infections must be treated prior to the transplant [3]. Posttransplant antifungal pro-
phylaxis should be modified based on pretransplant colonization patterns and 
susceptibilities.

Endemic mycoses refer to fungi that are restricted to certain geographic regions 
with a worldwide distribution. The most common endemic mycoses in the United 
States include histoplasmosis, blastomycosis, and coccidioidomycosis. Histoplasma 
and Blastomyces are found in the Mississippi and the Ohio River Valleys, while 
Coccidioides is endemic in the Southwestern United States and areas of California’s 
Central Valley. Endemic mycoses account for 5% of the fungal infections in solid 
organ recipients in the United States [4, 21]. Although rare, endemic mycoses can 
cause severe and disseminated disease in transplant recipients [19, 22]. Reactivation 
of pretransplant latent disease and donor transmission are preventable causes of 
posttransplant disease. Hence, pretransplant screening of donors and recipients is 
necessary.

Histoplasmosis is the most common endemic mycosis in transplant recipients in 
the United States. It is caused by H. capsulatum and is acquired via inhalation 
through the pulmonary route. Environmental exposures include disrupted soil 
around construction sites, caves inhabited by bats, chicken coops, and other build-
ings where birds live [26]. Pretransplant screening should begin with a detailed 
history about former and current areas of residence, a detailed travel history, and 
history of environmental exposures. Radiographs of candidates from endemic areas 
may show old and healed lesions of histoplasmosis such as calcified granulomata in 
the lungs, liver, and spleen. Evidence of old but healed infection is not a contraindi-
cation to transplant [21]. Although routine posttransplant prophylaxis for histoplas-
mosis is not recommended, azole prophylaxis may be considered for seropositive 
transplant recipients and recipients of organs from seropositive donors to prevent 
posttransplant reactivation [21]. Recipients at risk of posttransplant histoplasmosis 
should be vigilantly followed posttransplant.

Coccidioidomycosis is caused by Coccidioides immitis and Coccidioides posa-
dasii, and it is also acquired via inhalation [23]. The incidence of coccidioidomyco-
sis in transplant recipients in endemic areas is 1.45–6.9% [24]. Coccidioidomycosis 
may also be acquired through donor transmission or reactivation of a latent infec-
tion. It usually manifests within the first year posttransplant as disseminated disease 
associated with a mortality rate of ~30% [21]. Pretransplant screening of candidates 
is challenging, as serology may be negative in patients with end-stage renal disease. 
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Antigen testing, direct visualization, PCR, and culture are other diagnostic strate-
gies that may be used. Candidates with active disease must complete treatment prior 
to transplant. It is recommended that all candidates from endemic regions receive 
6–12  months of azole prophylaxis. Recipients of organs from donors with prior 
infection should also receive azole prophylaxis [21].

Blastomycosis is caused by Blastomyces dermatitidis. Blastomycosis in solid 
organ recipients is exceedingly rare [24]. Routine prophylaxis to prevent posttrans-
plant infection is not recommended [21].

 Parasitic Infections

Parasitic infections are increasingly being recognized as a cause of morbidity and 
mortality in transplant recipients. Like other infections, parasitic disease may occur 
by reactivation of a dormant infection or may be acquired from the donor through 
transplantation.

Toxoplasmosis is the most prevalent parasitic infection worldwide. It is esti-
mated to affect 30–50% of the world’s population [25]. Infection rates in the United 
States are estimated to be 11% [26]. The American Society of Transplantation 
Infectious Diseases Community of Practice recommends screening of all donors 
and recipients for Toxoplasma using serology [4]. While all solid organ recipients 
are at an increased risk of developing toxoplasmosis, the risk is the highest in heart 
transplant recipients [27]. Seronegative recipients who receive organs from sero-
negative donors (D+/R-) are at the highest risk of disease reactivation. It is recom-
mended that all D+/R- and all seropositive recipients receive prophylaxis with 
Bactrim to prevent disease reactivation. Those who are allergic to Bactrim may be 
treated with dapsone for prophylaxis [26]. Bactrim and dapsone also have the 
advantage of providing protection against Pneumocystis jirovecii infection.

Strongyloides stercoralis, an intestinal parasite, is another common parasite that 
may cause disseminated infection in transplant recipients. It is estimated to infect 
30–100 million individuals worldwide [28, 29]. In the United States, the prevalence 
is <6%, and it is mostly seen in the immigrant population in the Southeastern Unites 
States [29]. A recent retrospective study of 1689 adult kidney transplant candidates, 
referred to a transplant center in Texas from July 2012 to June 2017, showed a sero-
positivity rate of 9.9% [30]. Strongyloides may cause a chronic infection in human 
hosts that may persist for decades with few to no symptoms. However, in the setting 
of posttransplant immunosuppression, Strongyloides may cause a disseminated dis-
ease with mortality rates ranging from 50% to 89% [30, 31]. Due to the disease 
severity in transplant setting, all candidates and prospective donors residing in 
endemic areas are required to complete pretransplant screening for Strongyloides 
[32]. Serology screening is much more sensitive than stool screening. Patients who 
test positive must complete treatment with ivermectin or thiabendazole prior to 
transplant [32].

Based on epidemiological risk factors, other parasites for which pretransplant 
screening may be considered include malaria, Trypanosoma, Cryptosporidium sp., 
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Giardia lamblia, Schistosoma, and Entamoeba histolytica. KDIGO recommends 
malaria screening with a blood smear for candidates with exposure to endemic 
areas. Patients screening positive should be adequately treated prior to transplant [3].

 COVID-19

The coronavirus disease 2019 (COVID-19), characterized by significant respiratory 
and multiorgan disease, is caused by the novel severe acute respiratory syndrome 
coronavirus 2 (SARS-COV-2). This virus first emerged in December 2019  in 
Wuhan, China [33]. As of October 24, 2020, COVID-19 has caused 8.47 million 
cases in the United States with 223,393 deaths [34].

Droplets expelled during talking, coughing, sneezing, or eating are the most 
common mode of transmission. Transmission may also occur through aerosol; how-
ever, it is unclear if this is a significant mode of transmission outside of laboratory 
settings. Common symptoms of COVID-19 infection include fever, dry cough, 
shortness of breath, fatigue, myalgias, nausea and vomiting, diarrhea, headaches, 
weakness, and rhinorrhea. Common complications include pneumonia, acute respi-
ratory distress syndrome, liver injury characterized by elevation of liver enzymes, 
cardiac injury marked by troponin elevation, acute heart failure, myocarditis, pro-
thrombotic coagulopathy, acute kidney injury, and acute cerebral vascular disease. 
Rare complications include cytokine storm and macrophage activating syndrome. 
Patients become contagious about 2 to 3 days prior to the onset of symptoms until 
about 8 days after symptom onset [33].

Nearly 80% of patients with COVID-19 have mild manifestations, 15% develop 
severe illness, and 5% become critical. Data are limited on the impact of COVID-19 
on kidney transplant recipients. It is speculated that transplant recipients are at high 
risk of complications due to their immunocompromised status. However, anecdotal 
reports describe a mild course in most pediatric kidney transplant recipients.

The American Society of Transplantation has published guidelines to screen 
donors for COVID-19. According to these guidelines, nucleic acid amplification 
testing (NAT) for COVID-19 must be performed on at least one sample from the 
respiratory tract within 3 days of procurement. A second viral test should be consid-
ered 24 hours after the first and within 24–48 hours of procurement. For donors with 
a history of COVID-19, either a negative NAT test should be documented, or the 
donor should be asymptomatic with the onset of symptoms 21 to 90 days prior to 
the donation. Living donors should be advised to follow universal masking precau-
tions and strict social distancing for 14 days prior to donation. Donors should also 
be encouraged to self-quarantine after the pre-operative COVID-19 test [35]. 
Similarly, all transplant candidates should self-quarantine or follow strict social dis-
tancing for a 14-day period prior to the transplant. All candidates should also have 
a negative NAT test documented prior to surgery.
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 Urinary Tract Infections

Urinary tract infection (UTI) is the most common bacterial infection in kidney 
transplant recipients, in both adults and children [36]. UTIs will develop in 20–40% 
in the first year posttransplant and 40–60% by 3 years posttransplant. UTI is not 
only a cause of morbidity but is also associated with higher rates of graft loss and 
patient death [37, 38]. The urogenital tract is the most common entry point for sys-
temic sepsis [39]. Numerous risk factors have been identified for UTIs posttrans-
plant. Urologic anomalies such as neurogenic bladder, urinary tract obstruction, 
vesicoureteral reflux, bladder augmentation, clean intermittent catheterization, and 
UTIs prior to transplant have all been associated with an increased risk of UTI post-
transplant [10, 40–42]. It is recommended that children with any of these risk fac-
tors be referred for urological evaluation prior to transplant to mitigate risk factors 
for posttransplant recurrent UTIs [3]. KDIGO guidelines do not recommend routine 
native kidney nephrectomy in children for hydronephrosis/vesicoureteral reflux 
associated with recurrent UTIs [3]. The European guidelines recommend nephrec-
tomy for children with significant vesicoureteral reflux and recurrent UTIs to 
decrease the risk of posttransplant urosepsis [43]. Transplant centers vary in their 
practice regarding nephrectomy for UTIs. A retrospective study by Ghane et al. of 
49 pediatric kidney recipients documented nephrectomy for vesicoureteral reflux 
and recurrent UTIs in 11 recipients [44]. The decision about nephrectomy should be 
individualized based on risk factors in consultation with transplant surgery and 
urology.

Not all organisms found in the urine culture are pathogenic. Multiple organisms 
in a culture likely indicate contamination. Similarly, organisms like Lactobacillus 
and Gardnerella vaginalis are unlikely to cause disease [45]. Asymptomatic bacte-
rial and fungal colonization are frequently seen in children with structural abnor-
malities of the genitourinary system and do not constitute a contraindication to 
transplant [3].

 PHS Increased Risk Donors

The increased risk donor (IRD) classification identifies donors who are most at risk 
of inadvertently transmitting HIV, hepatitis B, and hepatitis C to recipients via 
transplantation. This classification does not denote the quality of the donor in rela-
tion to graft survival. IRDs may transmit HIV, hepatitis B, and/or hepatitis C 
infection(s) to recipients through transplantation despite testing negative on enzyme- 
linked immunosorbent assay (ELISA) and/or viral NAT test due to the inability of 
these tests to detect window period infections [46]. The window period refers to the 
interval between virus acquisition and virus detection, and it varies from virus to 
virus. The Centers for Disease Control and Prevention (CDC) first published criteria 
to identify IRDs in 1994. The initial intent was to reduce HIV transmission to recip-
ients via transplantation. The criteria were updated in 2013 to also include risk fac-
tors for hepatitis B and hepatitis C infections (Table  4.3). [46] As illustrated in 
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Table 4.3, a donor may be labeled as an IRD for several different exposures, and not 
all exposures are equal in the term of the risk magnitude. In April 2019, the Advisory 
Committee for Blood and Tissue Safety and Availability revised the 2013 guidelines 
and recommended shortening the period for risk ascertainment from 12 months to 3 
months prior to donation [47].

 Window Period Duration and the Risk of Virus Transmission

The duration of the window period varies based on the test. Since ELISA requires 
serological conversion prior to detection, the window period is shorter for NAT 
compared with ELISA. The window period for HIV is 22 days for ELISA but only 
5–10 days for NAT. Similarly, the window period for hepatitis B is 38–50 days for 
ELISA but 20–26 days for NAT. For hepatitis C, NAT reduces the duration of win-
dow period by approximately 60 days compared with ELISA [48]. The risk of inad-
vertent virus transmission is extremely low for exposures that occur more than 3 
weeks prior to donation. According to a systemic review and meta-analysis, the risk 
of an undetected hepatitis C infection ranges from 0.027 to 32.4 per 10,000 IRDs, 
[49] and the risk of an undetected HIV infection ranges from 0.04 to 4.9 per 10,000 
IRDs [50]. The risk of transmitting an undetected hepatitis B infection is also small. 
In 2007, an IRD, who tested negative on ELISA but retrospectively tested positive 
on NAT, transmitted HIV and hepatitis C to four solid organ recipients. All four 
recipients were adult recipients. Pediatric data provides no evidence of HIV, hepati-
tis B, and/or hepatitis C transmission in children following a kidney transplant. A 
retrospective study of 11,188 pediatric solid organ transplant recipients, 

Table 4.3 The Centers for Disease Control and Prevention criteria for increased risk donors

2013 guidelines
Men having sex with men in the preceding 12 months
Non-medical injection drug use in the preceding 12 months
Sex in exchange for money or drugs in the preceding 12 months
Sex with a known or suspected case of HIV, hepatitis B, or hepatitis C in the preceding 
12 months
Women who have had sex with a man who had had sex with men in the preceding 12 months
Sex with a person who had sex in exchange for money or drugs in the preceding 12 months
Sex with a person who injected non-medical drugs in the preceding 12 months
A child ≤18 months born to a mother with a known history of or at high risk for HIV, Hepatitis 
B, or hepatitis C infection
A child breastfed in the preceding 12 months by a mother with a known history of or at high 
risk for HIV infection
People in a correctional facility for more than 72 consecutive hours in the preceding 12 months
People with a new diagnosis of or who have been treated for syphilis, gonorrhea, chlamydia, or 
genital ulcers in the preceding 12 months
Hemodiluted deceased donor’s blood sample (can result in false negative testing)
People on hemodialysis in the preceding 12 months
When deceased donor’s medical or behavior history cannot be ascertained, donor should be 
considered increased risk
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transplanted between 2008 and 2013, found no cases of donor-derived HIV, hepati-
tis B, or hepatitis C infections in any of the pediatric kidney transplant recipients 
[51]. Vaccination for hepatitis B and curative direct-acting antiviral therapy for 
hepatitis C have further mitigated the risks of adverse long-term consequences of an 
inadvertent transmission.

 Outcomes of PHS Increased Risk Donors in Pediatric 
Kidney Transplantation

According to the 2013 criteria, 20% of all deceased donors in the United States are 
IRDs [52]. Despite the high proportion of IRDs in the deceased donor pool, only 
13% of all pediatric deceased donor kidney transplants in 2015 were IRD trans-
plants [53]. IRDs have a high discard rate despite the growing gap between the 
organ supply and demand. In 2019, 1010 kidneys form IRDs were discarded [52]. A 
retrospective study of 45,112 deceased donors showed that IRDs were 8.2% less 
likely to be used for transplantation compared with non-IRD donors [54]. Concerns 
about transmitting stigmatized infections and fears of legal repercussions dissuade 
providers from accepting IRD organs. A recent survey of 22 pediatric nephrologists 
from 11 UNOS regions showed that only 14% would routinely accept IRD kidneys 
and 41% would not accept an IRD organ under any circumstances. Only 55% of the 
respondents were comfortable counseling patients and families about IRDs [55]. 
Increased education of patients and providers about risks and benefits may improve 
IRD utilization.

Except for the risk of infection transmission, IRDs are usually high-quality kid-
neys. IRD donors are more likely to be young, have lower kidney donor profile 
index scores (KDPI), and have anoxia as their cause of death. [56–58] A pediatric 
study of 328 IRD recipients found the mean KDPI score of IRD donors to be 19.0 
(standard deviation: 15.1) portending excellent graft survival [53].

IRD kidney transplants in children are associated with similar patient and graft 
survival compared with non-IRD kidney transplants. A retrospective study compar-
ing 328 pediatric IRD recipients with 4850 non-IRD recipients found no difference 
in patient and graft survival between the groups. This study also found no difference 
in graft losses and deaths due to infections between IRD and non-IRD recipients. 
Importantly, the study found a significant survival benefit of IRD transplantation in 
children compared with remaining on the waiting list for a non-IRD deceased donor 
transplant [53]. This study illustrates that IRD transplants are beneficial for chil-
dren. Among pediatric candidates on the deceased donor waiting list, 15–20% wait 
>3 years, and 20% have PRA of >80% [59]. IRD transplantation should be consid-
ered for these children given the survival benefit compared with remaining on the 
waiting list.
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 Informed Consent

Public health service (PHS) recommends that informed consent should be obtained 
from candidates prior to proceeding with an IRD transplant. The risks and benefits 
of both accepting and rejecting an IRD kidney should be discussed with the candi-
date. The candidate should be informed that all donors are screened for HIV, hepa-
titis B, and hepatitis C infections but that no test or screening question can eliminate 
the risk of infection [60].

 Posttransplant Testing

In 2019, the Advisory Committee for Blood and Tissue Safety and Availability rec-
ommended that all transplant recipients should undergo testing for HIV, hepatitis B, 
and hepatitis C 4–6 weeks after the transplant, regardless of the donor’s risk profile 
[47]. Routine posttransplant testing is important for early detection of donor-derived 
infections to allow timely intervention (viral suppression for HIV and hepatitis B 
and curative therapy for hepatitis C) to minimize adverse consequences [61]. For all 
viruses, NAT is the preferred method of testing due to its short window. If a donor- 
derived HIV, hepatitis B, and/or hepatitis C infection is detected, OPTN, the center 
that procured organ/tissues, and all centers that transplanted the organ/tissues should 
be promptly notified [61].

 Immunizations

 Preparing the Dialysis Patient for Transplantation

Morbidity and mortality from vaccine-preventable illness are significant concerns 
in the pediatric dialysis population. However, children with ESRD are often under 
the care of numerous physicians at multiple sites where vaccinations are adminis-
tered, and the vaccine history in these complex patients may be overlooked. Pediatric 
dialysis patients should receive routine childhood vaccinations on a timely sched-
ule, and every effort should be made to complete the vaccination program prior to 
transplantation—using an accelerated schedule if necessary.

Increased adherence to vaccine recommendations has been observed when the 
nephrologist assumes responsibility for the administration and surveillance of 
immunizations. In addition, ensuring that family members are up to date with their 
immunizations will help to maximize the preventive benefits of this intervention. 
Small studies in pediatric dialysis patients demonstrate vaccine responsiveness, but 
an important issue still not well studied is the duration of the immunity following 
vaccination in this patient population. Thus, it is important for practitioners to be 
diligent, measure titers when possible, and revaccinate to maintain the health of this 
vulnerable population.
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Achieving immunity to vaccine-preventable childhood infections prior to renal 
transplantation is critical. Ideally, all routine immunizations should be up to date 
prior to referral for transplant. Particular attention and priority should be given to 
the live/attenuated vaccines (MMR and varicella) that are generally not recom-
mended following organ transplantation. If no immunization records are available, 
routine immunizations should be “caught up” according to the recommendations of 
the AAP and ACIP guidelines [62–64].

 Vaccine Schedule: Current American Academy 
of Pediatrics Recommendations

In general, patients on dialysis should receive the standard immunizations accord-
ing to the time frames suggested by the Advisory Committee on Immunization 
Practices (ACIP), the American Academy of Pediatrics (AAP), and the American 
Academy of Family Physicians [62–64]. Routine childhood immunizations cur-
rently include vaccination against diphtheria, Haemophilus influenzae type B (HIB), 
hepatitis A and B, human papillomavirus, influenza, measles, mumps, Neisseria 
meningitides, pertussis, polio, rotavirus, rubella, Streptococcus pneumoniae, teta-
nus, and varicella.

Numerous studies document the safety of vaccination of dialysis patients. Killed 
or component vaccines have not been associated with any deterioration in dialysis 
efficacy. Live-virus vaccines have also been shown to be safe in the pediatric dialy-
sis population.

There are several vaccines (e.g., hepatitis B, influenza, and pneumococcus) with 
specific recommendations in the AAP Red Book for individuals with chronic kid-
ney disease.

 Summary of recommendations with end stage kidney disease, 
including transplant candidates [62–64]
Children and adolescents with chronic or end-stage kidney disease, including kid-
ney transplant candidates, should receive all vaccinations as appropriate for age, 
exposure history, and immune status. Patients 2 years or older should be given a 
dose of PPSV23, if not previously given. (Patients with end-stage kidney disease 
should receive PPSV23 if they have not received a dose within 5 years and have not 
received two lifetime doses.) PCV13 is administered if not previously received, 
even for those 6  years or older. When PCV13 and PPSV23 both are indicated, 
PPSV23 should be given at least 8 weeks after the last PCV13 dose. Kidney trans-
plant candidates who are hepatitis B surface antibody (anti-HBs) negative should 
receive the hepatitis B vaccine (HepB) series, followed by serologic testing and 
further doses if serologic test results are negative (as indicated for an immunocom-
petent vaccinee who remains seronegative). Patients 12 months or older who have 
not received hepatitis A vaccine (HepA) did not complete the vaccination series or 
who are seronegative should receive the HepA vaccine series. The MMR vaccine 
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can be given to infants 6 through 11 months of age who are kidney transplant can-
didates and who are not immunocompromised, repeating the dose at ≥12 months if 
still awaiting a transplant that will not occur within 4 weeks of vaccination. Living 
kidney donors should have up-to-date vaccination status. Household members of 
these patients should be counseled about risks of infection and should have vaccina-
tion status made current.

 Hepatitis B
Hepatitis B vaccination is recommended for all chronic hemodialysis patients. 
Vaccination is also recommended for chronic kidney disease patients prior to them 
reaching end stage [65]. Compared to immunocompetent individuals, hemodialysis 
patients are less likely to have protective levels of antibody after vaccination with 
standard vaccine dosages. Protective levels of antibody developed in 67–86% of 
hemodialysis patients who received 3–4 doses in various dosages and schedules 
[66]. Higher seroprotection rates have been identified in patients with chronic kid-
ney failure who were vaccinated prior to reaching end stage and starting dialysis. 
Based on this, higher vaccine dosages or an increased number of doses are recom-
mended for those on hemodialysis. Testing after vaccination is recommended for 
hemodialysis patients to determine their response to the vaccine. Testing should be 
performed 1–2 months after administration of the last dose of the vaccine series by 
using a method that allows determination of a protective level of anti-HBs (e.g., >10 
mIU/mL). If the patient has anti-HB levels of <10 mIU/mL after the primary vac-
cine series, they should be revaccinated with a second hepatitis B vaccination series. 
Administration of three or four doses on an appropriate schedule followed by anti-
 HB testing 1–2 months after the third dose is usually more practical than serologic 
testing after one or more doses of vaccine [ 66]. For hemodialysis patients, the need 
for booster doses should be assessed annually by testing for antibody to hepatitis B 
surface antigen. A booster dose should be administered when anti-HB levels decline 
to <10 mIU/mL [ 66].

 Influenza Vaccine
Children with kidney failure are identified to be at high risk for severe complica-
tions of influenza. [67]

Therefore, annual influenza vaccination is recommended with the inactivated 
vaccine. Live attenuated influenza vaccine is not generally recommended for chil-
dren on dialysis. To allow time for production of protective antibody levels, vacci-
nation should ideally occur before onset of influenza activity in the community. 
Therefore, vaccination should start as soon as vaccine is available.

 Pneumococcal Vaccine [68, 69]
For children ages 2–5 yrs. on dialysis or posttransplant:

 1. Administer one dose of PCV13 if any incomplete schedule of three doses of 
PCV (PCV7 and/or PCV13) were received previously.
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 2. Administer two doses of PCV13 at least 8 weeks apart if unvaccinated or any 
incomplete schedule of fewer than three doses of PCV (PCV7 and/or PCV13) 
were received previously.

 3. Administer one supplemental dose of PCV13 if four doses of PCV7 or other age- 
appropriate complete PCV7 series was received previously.

 4. The minimum interval between doses of PCV (PCV7 or PCV13) is 8 weeks.
 5. For children with no history of PPSV23 vaccination, administer PPSV23 at least 

8 weeks after the most recent dose of PCV13.

For children ages 6 to 18 yrs. on dialysis or posttransplant:

 1. If neither PCV13 nor PPSV23 has been received previously, administer one dose 
of PCV13 now and one dose of PPSV23 at least 8 weeks later.

 2. If PCV13 has been received previously but PPSV23 has not, administer one dose 
of PPSV23 at least 8 weeks after the most recent dose of PCV13.

 3. If PPSV23 has been received but PCV13 has not, administer one dose of PCV13 
at least 8 weeks after the most recent dose of PPSV23.

For children ages 6 to 18 yrs. on dialysis or posttransplant who have not received 
PPSV23, administer one dose of PPSV23. If PCV13 has been received previously, 
then PPSV23 should be administered at least 8 weeks after any prior PCV13 dose.

A single revaccination with PPSV23 should be administered 5 years after the 
first dose.

 Special Situations [70, 71]
In heavily immunosuppressed patients, live vaccines are usually not recommended. 
This is primarily a safety concern, because persons who have altered immunocom-
petence and receive live vaccines might be at increased risk for an adverse reaction 
because of uninhibited growth of the attenuated live virus or bacteria. Vaccines 
might also be less effective in this population. Inactivated vaccines might best be 
deferred during a period of altered immunocompetence due to concern about their 
effectiveness. Additionally, if an inactivated vaccine is administered during the 
period of altered immunocompetence, it might need to be repeated after immune 
function has improved. For the purpose of the AAP Redbook, high-level immuno-
suppression is defined as receiving daily corticosteroid therapy at a dose ≥20 mg 
(or > 2 mg/kg/day for patients weighing <10 kg) of prednisone or equivalent for 
≥14  days or receiving certain biologic immune modulators, for example, tumor 
necrosis factor-alpha (TNF-α) antagonists (e.g., adalimumab, certolizumab, inflix-
imab, etanercept, and golimumab) or anti-B-lymphocyte monoclonal antibodies 
(e.g., rituximab), and low-level immunosuppression is defined as receiving a lower 
daily dose of systemic corticosteroid than for high-level immunosuppression for 
≥14 days or receiving alternate-day corticosteroid therapy and receiving methotrex-
ate at a dosage of ≤0.4 mg/kg/week, azathioprine at a dosage of ≤3 mg/kg/day, or 
6-mercaptopurine at a dosage of ≤1.5  mg/kg/day [71]. Live-virus vaccination 
should be deferred for at least 1  month after discontinuation of high-dose 
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systemically absorbed corticosteroid therapy administered for ≥14 days. In general, 
live vaccines should be withheld 3 months following biologic immune modulators, 
and both inactivated and live vaccines should be withheld at least 6 months follow-
ing therapy with anti-B-cell antibodies.

 Household/Live Donor Vaccination
In an effort to protect the dialysis patients from infection, especially if live vaccines 
are contraindicated for the patient, every effort should be made to ensure that all 
household contacts are fully vaccinated per standard vaccine schedules. If time per-
mits, potential live organ donors (who may not be household members) should also 
be fully vaccinated per standard vaccine schedules.

 Live Vaccines

 Varicella Vaccine
Administer a two-dose series of varicella vaccine at ages 12 through 15 months and 
4 through 6 years. The second dose may be administered before age 4 years, pro-
vided at least 3 months have elapsed since the first dose. If the second dose was 
administered at least 4  weeks after the first dose, it can be accepted as valid. 
Immunity to varicella zoster virus (VZV) should be assessed in dialysis patients, 
and seronegative patients should be re-immunized prior to transplantation. VZV 
vaccine may be given as early as 9 months of age if early transplant is anticipated. 
It can be given simultaneously with MMR or at least 4 weeks later. It is generally 
recommended that transplant not occur for a minimum of 4–6 weeks after varicella 
immunization due to the live virus it contains.

 Measles-Mumps-Rubella Vaccine
Administer a two-dose series of MMR vaccine at ages 12 through 15 months and 4 
through 6 years. The second dose may be administered before age 4 years, provided 
at least 4 weeks have elapsed since the first dose. Immunity to measles and rubella 
should be assessed prior to transplant in dialysis patients. Immunity to mumps 
remains more challenging and potentially concerning in view of recent epidemics of 
mumps in both Europe and the United States, but in general can be assumed to be 
present in the face of adequate responses to measles and rubella. Seronegative 
patients should be re-/immunized prior to transplant. MMR is approved for use 
down to 6 months of age and could be given if early transplant is anticipated, but 
such patients should still receive the two-dose series once they are greater than 
1 year old. Two catch-up doses may be given at least 1 month apart. In general, 
patients should not undergo transplantation for a minimum of 4–6  weeks after 
immunization with MMR due to the live viruses it contains.
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 Recombinant and Inactivated (“Killed”) Vaccines

 DTaP/Tdap/dT Vaccine
Children aged 2 months to 7 years should be vaccinated according to the routine 
immunization schedule: Administer a five-dose series of DTaP vaccine at ages 2, 4, 
6, 15 through 18 months, and 4 through 6 years. The fourth dose may be adminis-
tered as early as age 12 months, provided at least 6 months have elapsed since the 
third dose. However, the fourth dose of DTaP need not be repeated if it was admin-
istered at least 4 months after the third dose of DTaP. The fifth dose of DTaP vaccine 
is not necessary if the fourth dose was administered at age 4 years or older. Patients 
should receive the Tdap booster by age 11 to 12 years and then every 10 years there-
after. For the catch-up vaccination schedule and for information about the appropri-
ate use of Tdap and Td in older patients, please see CDC/ACIP recommendations [70].

 Poliovirus Vaccine
A total of four doses of inactivated trivalent polio vaccine are recommended for all 
children: Administer a four-dose series of IPV at ages 2, 4, 6 through 18 months, 
and 4 through 6 years. The final dose in the series should be administered on or after 
the fourth birthday and at least 6 months after the previous dose. The first three 
doses can be given a month apart in children over 6 years of age who have not 
received any vaccines. Oral polio vaccine is no longer recommended in the United 
States and should not be administered to children awaiting transplantation.

 Haemophilus Influenzae Type B Vaccine

Administer a two- or three-dose Hib vaccine primary series and a booster dose 
(dose 3 or 4 depending on vaccine used in primary series) at age 12 through 
15 months to complete a full Hib vaccine series. One booster dose (dose 3 or 4 
depending on vaccine used in primary series) of any Hib vaccine should be admin-
istered at age 12 through 15 months. The number of vaccinations required and the 
catch-up immunization schedule with HIB vaccine are influenced by the specific 
vaccine product used; please see CDC/ACIP guidelines for more detail [ 62].

 Hepatitis A Vaccine
Initiate the two-dose Hep A vaccine series at 12 through 23 months; separate the 
two doses by 6 to 18 months. In those greater than 2 years old not previously vac-
cinated, a total of two doses given 6 months apart is recommended.

 Hepatitis B Vaccine
A three-dose series should be administered to all children beginning at birth and 
concluding by 6 months of age. Catch-up immunization should be initiated for all 
children as soon as possible due to the high risks associated with hepatitis B infec-
tion in patients receiving hemodialysis or posttransplant. Response to vaccination 
can be assessed by determining the antibody level at 1 to 2 months after the third 
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dose, and if <10 mIU/mL, the patient can receive up to three more doses. Please see 
earlier section which describes repeating the hepatitis B vaccine series.

 Meningococcal Vaccine
One dose of meningococcal vaccine is recommended for all adolescents. With high- 
risk condition (e.g., functional or anatomic asplenia, complement deficiency, HIV 
infection, eculizumab exposure), vaccination in infancy followed by boosters every 
5 years is recommended. Many new meningococcal vaccine formulations and sub-
types have been approved recently, and the recommended age ranges have been 
revised. The CDC/ACIP recommendations should be reviewed for the most up-to- 
date guidelines [70].

 Human Papillomavirus
Administer a three-dose series of HPV vaccine to all adolescents aged 11 through 
12 years. Either HPV4 or HPV2 may be used for females, and only HPV4 may be 
used for males. The vaccine is approved for use starting at age 9 years old. In order 
to maximize the efficacy of vaccination, consider vaccinating dialysis patients at 
age 9 in order to increase the chance of completing the series before they are immu-
nosuppressed for organ transplantation [ 72].

 Updating Immunizations for the Dialysis Patient 
Awaiting Transplant

The immunization status of patients on the transplant waiting list should be moni-
tored and updated as appropriate. Hepatitis B antibody status should be assessed 
with annual antibody testing and vaccine re-administered using either brand of 
commercially available vaccine (Recombivax HB or Energix) when antibody levels 
decline below 10 mIU/mL. Recommendations using Recombivax vaccine include a 
repeat dose 1 to 2 months after the third dose if the antibody levels decline below 10 
mIU/mL. Patients should receive the Tdap booster by age 11 to 16 years and then 
every 10 years. The influenza vaccine should be given annually once a year to both 
the patient and his/her family.

 Questions

 1. Which of the following is a contraindication to transplant?
 (a) Active tuberculosis infection
 (b) HIV infection on antiviral therapy
 (c) CMV seropositivity
 (d) Hepatitis B infection on antiviral therapy

(a). KDIGO recommends completion of treatment for active TB prior to 
transplant.
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 2. Pretransplant testing for the following are recommended for ALL patients except:
 (a) COVID-19
 (b) CMV
 (c) Histoplasmosis
 (d) Hepatitis B

(c). Histoplasmosis testing is only recommended in endemic areas.
 3. All of the following are criteria for increased risk donors except:

 (a) Hemodiluted deceased donor’s blood sample.
 (b) When deceased donor’s medical or behavior history cannot be ascertained, 

donor should be considered increased risk.
 (c) Donor on ECMO in the week prior to donation.
 (d) Sex in exchange for money or drugs in the preceding 12 months.

(c). Donor on ECMO does not place the donor in the increased risk category.
 4. All of the following statements about pretransplant vaccination are true except:

 (a) Vaccination of household contacts of dialysis patients is not recommended.
 (b) Hepatitis B antibody status should be assessed with annual antibody testing 

and vaccine re-administered when antibody levels decline.
 (c) For transplant candidates, priority should be given to the live vaccines since 

they are generally not recommended following organ transplantation.
 (d) Hepatitis B vaccination is recommended for all chronic hemodialysis 

patients.
(a). Household contacts of dialysis patients should be vaccinated to help pro-

tect the patient.
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Post-transplant Recipient Infectious 
Challenges

Isa F. Ashoor and Sonia Solomon

 Introduction

Significant progress has been made in the field of pediatric transplantation over the 
past couple of decades as evidenced by an overall decline in early acute rejection 
rates and improvement in both patient and graft survival [1–3]. This is largely attrib-
uted to improvement in surgical techniques, donor and recipient selection, and 
immunosuppression protocols. Despite that, achievement of tolerance – the holy 
grail of transplantation medicine – remains elusive, and personalized medicine is 
still far from routine application. As such, the majority of pediatric kidney trans-
plant recipients continue to receive non-selective immunosuppressive protocols that 
contribute to an increased risk of opportunistic infections and cancer following 
transplantation. In fact, infections have surpassed kidney transplant rejection as the 
most common cause of hospitalization [4]. This chapter will focus on challenges 
related to the prevention, diagnosis, and treatment of opportunistic post-kidney 
transplant infections (infections caused by CMV, EBV, and BK virus and PJP), 
resurgent outbreaks of measles and mumps, cancer risk, specifically post-transplant 
lymphoproliferative disorder (PTLD), and urinary tract infections (UTIs).
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 Opportunistic Post-Kidney Transplant Infections (CMV, EBV, 
and BK Virus and PJP)

 Cytomegalovirus (CMV)

Cytomegalovirus (CMV) is common in the general population, but it poses a prob-
lem in the immunocompromised transplant patients [5, 6]. CMV remains a great 
contributor to morbidity and mortality. CMV infection is common up to 6 months 
after transplant without the use of prophylaxis [7]. The majority of pediatric CMV 
guidelines have been extrapolated from adult research as there is limited data on 
pediatrics [5].

 Risk Factors
Those at highest risk for primary or secondary CMV infection include seronegative 
recipients of seropositive donors [7, 8]. In pediatrics, about 62% of deceased donor 
renal transplant recipients and about 32% of living donor renal transplant recipients 
were seronegative for CMV [9]. Recent studies have demonstrated that risk stratifi-
cation of seropositive donor to seropositive recipients and seronegative donors to 
seronegative recipients did not increase transplant wait times and there was no dif-
ference in graft outcomes [10]. CMV infections are most often seen after the com-
pletion of prophylaxis [7]. Other risk factors include administration of T-cell 
depleting agents, steroid pulses, graft rejection, coinfection with other herpes 
viruses, and neutropenia [5, 7]. Zhang et al. demonstrated in murine models that 
ischemia/reperfusion injury itself is also a risk factor for CMV reactivation [11].

 Clinical Presentation
Patients can present with asymptomatic CMV infection which is defined by CMV 
replication in the absence of clinical symptoms. They may also present with pri-
mary infection which can occur with seronegative recipients of seropositive donor 
organs [6]. Although unusual, primary infection can be secondary to person-to- 
person contact or blood transfusions [6]. Reactivation of latent infection can also 
occur depending on the degree of immunosuppression. Superinfection may occur in 
seropositive donor and seropositive recipient pairs [6]. They may also present with 
CMV disease which is defined as evidence of CMV infection with symptoms 
including fever, fatigue, leukopenia, thrombocytopenia, hepatitis, pneumonitis, 
colitis, retinitis, or encephalitis [5, 7]. It is prudent to be mindful that CMV levels 
may be low or undetectable in those with GI or CNS disease [7]. In addition, CMV 
has been known to contribute to acute or chronic nephropathy in kidney transplant 
recipients [5].

 Screening
At this time, the most commonly used assays to monitor CMV infection are the 
quantitative molecular assays [5, 7]. Quantitative nucleic acid testing (QNAT) CMV 
DNA assays are frequently used [12]. This testing employs polymerase chain reac-
tion (PCR) to detect CMV DNA in plasma, with higher levels being associated with 

I. F. Ashoor and S. Solomon



147

more severe disease [6]. CMV can be detected in the whole blood or plasma, being 
cognizant that whole blood assays have higher viral loads than plasma assays [5]. 
Other assays that have been used to detect CMV include pp65 antigenemia assays 
and cell culture [5, 13]. pp65 antigenemia assay is based on the presence of infected 
cells in peripheral blood which is detected by a fluorescence assay [5]. This meth-
odology has higher sensitivity and specificity than cell cultures but is akin to CMV 
PCR monitoring [5]. Cell culture technique is another traditional method of CMV 
detection [14]. In this method, clinical specimens are inoculated into human fibro-
blast cells which then are allowed to incubate for up to 3 weeks [14]. The degree of 
cytopathic effect CMV demonstrates is associated with CMV titers [14]. Given the 
length of time needed for definitive results using the traditional tissue culture results, 
the shell vial assay was developed which uses a centrifuge amplification technique 
for faster results [14]. The infectivity of CMV within the fibroblasts increases dur-
ing the centrifugation process [14]. After 16 hours of incubation, CMV viral anti-
gens may be detected by monoclonal antibodies via immunofluorescence [14]. 
However, tissue diagnosis is important in invasive disease [6, 7]. QNAT is not only 
used to diagnose CMV disease but it is also used to help guide management [7]. 
Low-level viremia is defined as a quantitative viral load <2500 IU, but no specific 
cutoff for initiation of treatment is known and varies by center [7]. Tissue diagnosis 
is based on the detection of viral inclusion bodies or CMV antigens using DNA 
hybridization or immunohistochemistry [15]. Frozen biopsy tissue is transferred to 
slides, in which fluorescently labeled secondary antibodies are used to visualize 
antibodies against CMV antigens [14]. Light or fluorescent microscopy is used to 
analyze the slides [14].

 Prophylaxis and Preemptive Therapy
Prevention of CMV is attempted with prophylaxis or preemptive therapy [5]. 
Prophylaxis uses either ganciclovir or valganciclovir. However, the ideal length of 
prophylaxis remains unknown [16]. Prophylaxis varies by center but is guided by 
risk stratification, with concern that shorter prophylaxis can increase the risk of 
CMV detection and disease [17]. A suggested risk-based CMV prophylaxis strategy 
is summarized in Table 5.1. Donor seropositive/recipient seronegative pairs are the 
patients at the highest risk. These patients would require CMV prophylaxis for at 

Table 5.1 Risk-based prophylaxis strategy for CMV monitoring [7, 12, 18]

Induction with lymphocyte depleting agents
High risk: D+/R- Prophylaxis for 6 months
Intermediate risk: D+/R+, D-/R+ Prophylaxis for 6 months
Low risk: D-/R- Pre-emptive therapya

Induction with IL-2 receptor antibody
High risk: D+/R- Prophylaxis for 3–6 months
Intermediate risk: D+/R+, D-/R+ Pre-emptive therapya

Low risk: D-/R- Pre-emptive therapya

aPre-emptive therapy: CMV monitoring weekly or biweekly from month 1 to 3, followed by 
monthly monitoring from month 3 to 6
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least 3–6 months [7, 12, 19]. More recently, cytomegalovirus cell-mediated immu-
nity (CMI) has been proposed as a factor in determining the duration of prophylaxis 
[6, 20]. CMV levels should be monitored biweekly or monthly [7]. In intermediate-
risk patients (donor seronegative/recipient seropositive or donor seropositive/recipi-
ent seropositive), either preemptive therapy or 3  months of prophylaxis can be 
utilized [5, 7, 12]. Seropositive recipients who received T-cell-depleting agents typi-
cally receive at least 6  months of prophylaxis [7, 19]. Moderate- and low-risk 
patients may require CMV monitoring with levels checked weekly or biweekly [7]. 
Prophylaxis can be completed with valganciclovir, acyclovir, or ganciclovir [7], but 
if using valganciclovir, the doses must be adjusted for renal clearance [12].

Preemptive therapy is a cost-effective practice employed by some centers, which 
is defined by routine strategic monitoring for positive CMV assays. If replication is 
noted, patients are treated to prevent significant disease [5].

 Treatment
It has been noted that CMV disease is not common with prophylaxis. However, after 
the completion of prophylaxis, the risk of disease increases up to 37% in high-risk 
patients [7]. If patients have CMV disease, the Kidney Disease Improving Global 
Outcomes (KDIGO) guidelines recommend weekly monitoring of CMV levels 
[19]. Adult treatment guidelines include oral valganciclovir or intravenous ganci-
clovir for a minimum of 2–3 weeks and until there are at least two negative CMV 
tests a week apart [5–7]. This should be followed by 3 months of prophylaxis [7]. 
KIDGO recommends that pediatric patients with CMV disease be treated with 
intravenous (IV) ganciclovir [19]. However, oral valganciclovir is equally effective 
as IV ganciclovir [7]. If patients have hypogammaglobulinemia, the addition of 
CMV hyperimmunoglobulin may be of benefit [7]. Providers should be aware of 
and monitor for CMV ganciclovir antiviral resistance [6, 7]. Common genetic resis-
tance testing can determine common mutations such as the UL97 and UL54 which 
may guide treatment options in patients that do not respond to first-line treatment 
[7]. For example, IV ganciclovir cannot be used in UL97 mutations [7]. UL97 muta-
tions lead to impaired phosphorylation of ganciclovir in virus-infected cells, with 
resultant lack of synthesis to the active form of the drug, ganciclovir triphos-
phate [21].

Other intravenous treatment options include cidofovir and foscarnet [6, 7]. Of 
note, multiple studies have demonstrated that mTOR inhibitors can be associated 
with a lower incidence of CMV infection, which may lead clinicians to use low- 
dose calcineurin inhibitors and mTOR inhibitors for maintenance immunosuppres-
sion in patients at high risk for CMV or post-CMV infection. mTOR inhibitors have 
been demonstrated to improve CMV-specific effector memory T-cells, increased 
cytokine release, and improved function of CMV-specific cytotoxic CD 8+ T-cells 
[22–25].
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 BK Virus

BK is an abbreviation of the name of the first patient whom the virus was isolated 
from in 1971 with renal failure and obstruction. BK is a polyomavirus that can 
infect many species, including humans [7]. Primary infection is typically asymp-
tomatic and is found in up to 80% of healthy adults as they have antibodies against 
the BK virus [26]. BK virus can cause infection in up to 10% of renal transplant 
recipients and most occur within the first 2 years after transplant [7, 18]. In pediat-
rics, BK viremia can occur as early as the first 4 months of post-transplant [26]. In 
adult patients, 30–60% of transplant recipients will develop viremia which could 
cause nephropathy [7, 27]. In pediatric patients, 3.8% of patients developed 
nephropathy and 10–24% developed graft loss [26, 28, 29]. In adults, graft loss 
ranges from 10% to 60% which can occur secondary to late diagnosis or treatment 
failure [30, 31]. Fifty percent of renal transplant recipients will have asymptomatic 
urinary shedding as the virus will become latent in rental tubular cells and ureteral 
cell layers [7, 30]. Viruria and tubular cell lysis is followed by replication in the 
interstitium crossing into the peritubular capillaries leading to nephropathy [26]. 
BK reactivation typically occurs within the tubular cells from the donor kidney [32]. 
Acute rejection and graft failure have been associated with BK nephropathy 2 years 
after diagnosis [27, 29].

 Risk Factors
Risk factors include deceased donor renal transplants, human leukocyte antigen 
(HLA) mismatch, donor antibodies positive to BK, younger recipients, T-cell 
depleting agents, tacrolimus, mycophenolic acid, steroids, obstructive processes as 
primary disease, ureteric stenting, history of acute rejection, and retransplantation 
secondary to BK viremia [7, 8, 26, 27]. In a retrospective study in pediatric renal 
transplant recipients, 78% of patient with viremia and nephropathy had used tacro-
limus, whereas 81% of patients with self-limited viremia were treated with mTOR 
inhibitors and cyclosporine A [33]. Hisadome et al. demonstrates that BK-antibody 
negative recipients who received a kidney from BK-antibody positive donors were 
at higher risk for developing decoy cells [34]. However, recipients with pre- 
transplant BK viruria were not found to have an increased risk of BK viremia or 
nephropathy post-transplant in a prospective study of pediatric and adult kidney 
transplant recipients [35]. Adult and pediatric studies have demonstrated that an 
increase in BK-virus-specific T cells correlates with BK virus clearance. Those with 
loss of BK-virus-specific T cells were noted to be at increased risk for BK viremia 
[36–38].

 Clinical Presentation
Primary symptoms of BK viremia include viruria and viremia [7, 39]. Without 
screening of BK viruria or viremia, patients can present with allograft dysfunction 
or occasionally with ureteric smooth muscle proliferation manifesting as stenosis 
[7, 40]. Other non-renal symptoms include encephalitis, pneumonitis, polyomavirus- 
associated multifocal leukoencephalopathy (PML), or hemophagocytic syndrome 
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[7, 41]. Gold standard of diagnosis requires an allograft biopsy [7]. Renal biopsy 
may demonstrate intranuclear polyomavirus inclusion bodies in tubular epithelial 
cells (Fig. 5.1), epithelial cell necrosis, tubulointerstitial nephritis with cytopathic 
changes, and positive immunohistochemistry staining with antibodies for SV40 
large T antigen, BK virus antigen, or in situ hybridization for BK virus nucleic acids 
[7, 30, 32].

 Screening
Standard of care in renal transplant recipients requires frequent monitoring of 
BK viruria and/or BK viremia and renal dysfunction [7, 18]. Screening varies by 
center but KIDGO recommendation includes screening monthly for the first 
3–6 months, then every 3 months until 12 months, followed by yearly evaluation 
for the 5 years post-transplant [7, 18, 19, 32]. Screening should also be com-
pleted in recipients with worsening allograft function or after treatment of acute 
rejection [18, 19]. This allows for early detection of virus replication which can 
lead to reduction in immunosuppression to assist with viral clearance [7]. 
Screening can include urine cytology for decoy cells and urine, plasma, or whole 
blood PCR for BK virus [18]. Whether to screen via urine or blood remains con-
troversial. Negative urine studies have nearly 100% negative predictive value 
[18, 32]. Urine studies look specifically for decoy cells or BK deoxyribonucleic 
acid (DNA); however, these are less specific [7]. Positive urine tests include the 
presence of decoy cells or urine BK loads over 7 log gEq/mL or urine DNA load 
>107  copies/mL [7, 41]. KDIGO, and other studies, generally suggest plasma 
levels greater than 10,000 copies/mL and whole blood PCR >1500 copies/mL are 
considered positive [7, 18, 19, 27]. Studies have demonstrated that BK viruria 
precedes BK viremia by 4 weeks and that BK viremia precedes BK nephropathy 
on average by 8 weeks [30].

a b

Fig. 5.1 BK virus nephropathy. (a) Tubular cell with intranuclear viral inclusion bodies (arrow). 
(b) Positive SV40 immunostaining (arrow) in a patient with BK virus nephropathy
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 Treatment
Monitoring for plasma BK DNA and appropriate immunosuppressive reduction has 
been proven to treat BK viremia [27, 30]. Preemptive therapy should be based off of 
plasma levels as opposed to viruria [30]. Plasma levels should be monitored every 
2 weeks to help guide treatment management, and the level to start treatment is 
center dependent [30]. If there is a rise in serum creatinine, a biopsy should be con-
sidered [30]. Once rejection is ruled out and the biopsy is concerning for BK 
nephropathy, treatment can be initiated; however, if concomitant rejection is pres-
ent, treatment for rejection should occur first [30]. Treatment for BK nephropathy 
requires minimizing immunosuppression [7]. The method for minimizing immuno-
suppression can vary. Options include (1) reduction of calcineurin inhibitors, fol-
lowed by reduction or discontinuation of anti-metabolite [18, 30], (2) discontinuation 
of anti-metabolite followed by reduction of calcineurin inhibitors, or (3) reduction 
of both calcineurin inhibitor (CNI) and anti-metabolite [18, 30]. Reduction of CNI 
includes decreasing the dose by 15–20%, with goal troughs of less than 6 ng/mL 
[18, 30, 32, 42]. Other centers may switch from tacrolimus to cyclosporine (goal 
trough levels of 50–75 ng/mL) or to an mTOR inhibitor (goal trough levels less than 
6 ng/mL) [6, 18, 30, 32].

Regardless of the choice of treatment, viral loads, renal function, and drug levels 
should be monitored frequently [7]. The main risk of minimizing immunosuppres-
sion includes rejection [7]. However, the treatment of rejection can subsequently 
incite flares of BK viremia [7]. If viremia persists in spite of immunosuppression 
reduction, other adjunctive therapies should be considered. There have been no 
studies, only case reports, that demonstrate the efficacy of these other therapies in 
children, which include cidofovir, brincidofovir, leflunomide, fluoroquinolones, or 
intravenous immunoglobulin G (IVIG) [7, 27, 39]. Much of the data involved in BK 
viremia are from the adult literature. Cidofovir has been used but needs to be moni-
tored for nephrotoxicity [7, 27]. Brincidofovir is currently undergoing testing in 
clinical trials as an alternative therapy to cidofovir [27]. Leflunomide has antiviral 
along with some immunosuppressive properties with few case reports of clearance 
of viremia in pediatric patients, but adult studies have demonstrated significant side 
effects with its use [7, 27]. Side effects of leflunomide include diarrhea, nausea, 
transaminitis, neuropathy, hair loss, visual disturbances, and arthralgia [43]. In a 
small pediatric case series, 67% of the pediatric transplant patients (six kidney 
transplant recipients and one lung transplant recipient) responded to leflunomide 
with concomitant discontinuation of mycophenolate; they suggested a leflunomide 
target level of 30–40 mg/L [44]. Fluoroquinolones are not routinely recommended 
with minimal evidence showing little efficacy [27]. Intravenous immunoglobulins 
in the setting of standard treatment can assist in prolonged clearance in adults, but 
no difference was seen in graft survival [27]. However, Bentomane et al. demon-
strated that treating patients with low titers of BK virus neutralizing antibodies with 
adjunctive IVIG had similar outcomes compared to those with high neutralizing 
antibodies, demonstrating that IVIG might be excellent in preventing BK viremia 
[45]. Another therapy that is currently undergoing investigation is T-cell adoptive 
immunotherapy [46].
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If patients require retransplantation, the ideal time is after immunosuppressive 
agents have been discontinued for 6 months with low levels of BK viremia and BK 
viruria [7]. Transplant nephrectomy does not preclude BK viremia in the subse-
quent transplants, but may be needed if minimizing immunosuppression is not pos-
sible or viremia persists [7]. There has been evidence of excellent graft survival 
following retransplantation after BK nephropathy [47].

 Epstein-Barr Virus

Epstein-Barr virus (EBV) is a herpesvirus that is found in the majority of people by 
the age of 5 years [27]. EBV infection post-transplant can be either primary through 
oral transmission or secondary as a result of either reactivation of latent virus in 
seropositive recipients or reactivation of latent disease from a seropositive donor in 
a seronegative recipient [30]. In pediatric patients, about 40% of deceased donor 
renal transplant recipients and about 58% of living donor renal transplant recipients 
were EBV serology negative at the time of transplant [9].

 Risk Factors
Risk factors for EBV viremia include deceased donor renal transplant, recipients 
younger than 5 years old, greater than 5 HLA mismatches, and EBV seronegative 
recipients [48]. Symptomatic EBV viremia is more frequent in pediatric renal trans-
plant recipients compared to adult renal transplant recipients as it is more likely to 
be a primary infection in younger patients with developing naive immune systems 
producing a more robust response [30, 49]. Due to frequent surveillance for EBV 
viremia, patients may develop subclinical viremia. Li et al. demonstrated the risk 
factors for subclinical viremia which included EBV seronegative status, recipients 
less than 5 years old, steroid use, and lack of prophylaxis. They also demonstrated 
that these patients were at risk of developing hypertension, lower 3-year graft func-
tion, high incidence of acute rejection, and high incidence of graft loss [50].

 Clinical Presentation
The diagnosis of EBV can be made through symptoms, laboratory values, and 
imaging [30]. Patients can present with a wide array of symptoms including menin-
gitis, encephalitis, tonsillitis, mononucleosis, diarrhea, pancreatitis, hepatospleno-
megaly, atypical lymphocytosis, thrombocytopenia, anemia, adenopathy, allograft 
dysfunction, disseminated disease, or post-transplant lymphoproliferative disease 
(PTLD) [27, 30, 51]. In pediatric renal transplant recipients, 35–40% of patients 
have subclinical viral infection [8]. Renal transplant recipients have a lower inci-
dence of PTLD than other solid organ transplants, given the use of less aggressive 
immunosuppressive regimens [27, 52]. Further discussion of PTLD can be seen 
later in this chapter.
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 Screening
Serologies may not be as useful in immunocompromised patients due to delayed or 
impaired humoral response after the initiation of immunosuppressive agents [8, 27, 
53]; therefore, viral load of EBV DNA is used for serial monitoring [27]. Recipients 
who were EBV negative at the time of transplant were generally at high risk of hav-
ing higher viral loads [30].

The goal of frequent monitoring of EBV viremia is to prevent the development 
of PTLD [18, 54]. KIDGO recommends screening patients at high risk for EBV 
primary infection/reactivation once in the first week after transplantation, then 
monthly for the first 3–6 months, then every 3 months until the end of the first year 
of transplant, and with any episodes of rejection [19].

Whether to use whole blood or plasma remains up for debate, but what is known 
is that levels should be monitored using the same type assay completed within the 
same lab to keep consistency [18]. The level to initiate intervention is also not 
defined and is center specific [18].

Antiviral prophylaxis is controversial without sufficient data to support its use [7, 
27]. Often prophylaxis such as ganciclovir or valganciclovir is used in CMV pro-
phylaxis and treatment which may also prevent EBV viremia [27]. However, there 
are recent studies that do not demonstrate any effect on the prevention of EBV- 
related PTLD [27]. A systemic review demonstrated that EBV prophylaxis had no 
effect on the development of PTLD in high-risk EBV patients [55].

 Treatment
Treatment for EBV viremia includes reduction of immunosuppression in the setting 
of viremia, along with antivirals, IVIG, and monoclonal antibodies in severe disease 
[18]. Patients with primary or secondary EBV viremia can initially be treated with 
reducing immunosuppression; however, it may not be successful in patients with 
persistent high viral loads [7, 19, 30]. However, PTLD should be considered in 
those who remain viremic [7]. Infiltrating PTLD and acute rejection should be con-
sidered in patients with rising serum creatinine and viremia [7]. Response of EBV 
treatment is generally diagnosed by clearance of viremia [30]. Some groups opt to 
use anti-CD20 monoclonal antibody treatment to deplete B cells that act as the EBV 
host cell, including as a pre-emptive measure before development of actual viremia 
[30, 56, 57]. However, data are lacking to determine if this approach leads to sus-
tained viral clearance or simply masks persistent disease [30]. Patients with persis-
tent viremia may require changes in their immunosuppression [30]. If there is 
coinfection with CMV, this must be treated as well [7]. Further discussion of PTLD 
can be seen later in this chapter.

 Pneumocystis jirovecii pneumonia (PJP)

Pneumocystis jirovecii formerly known as Pneumocystis carinii is an opportunistic 
fungus that invades the alveoli causing an uncommon cause of pneumonia in renal 
transplant recipients [6]. In adult renal transplant recipients, mortality is high at 
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around 50%. Fortunately, due to prophylaxis, the incidence is low in both pediatric 
and adult patients [39]. Without PJP prophylaxis, the risk is greatest in the 6 months 
immediately post-transplant and during other periods of increased immunosuppres-
sion [40]. However, since the advent of generalized prophylaxis, the risk of PJP is 
now highest during the second-year post-transplant as PJP prophylaxis has gener-
ally been discontinued by this time and PJP prophylaxis has not been proven to be 
effective during this year of transplant [58]. Risk factors for PJP include higher 
donor age, higher recipient age, increased immunosuppression, high-dose steroids, 
CMV coinfection, lymphopenia, acute rejection, treatment with anti-thymocyte 
globulin for rejection, and exposure to PJP [6, 59]. Symptoms of PJP include fever, 
dyspnea, and non-productive cough with hypoxia [39]. CXR and CT scans may 
demonstrate “ground glass” interstitial infiltrates (Fig. 5.2) [39]. Diagnosis requires 
a bronchoscopy for sputum, bronchoalveolar lavage, or tissue samples which would 
then be sent for cytology, PCR, and the Silver or Giemsa stains [6, 39]. Serum-based 
1,3, beta-D-glucan, a component of fungal cell wall component, has been utilized in 
the diagnosis of invasive fungal infections [40, 60]. There have been case reports of 
using direct metagenomic next-generation sequencing to diagnose PJP in difficult 
cases [61]. Interestingly, hypercalcemia has been seen in both adult and pediatric 
PJP patients, which is thought to be secondary to a granulomatous mechanism of 
PJP [62, 63]. Treatment includes reduction of immunosuppression and high-dose 
trimethoprim sulfamethoxazole (TMP) along with high-dose steroids in those who 
are critically ill [6, 39]. Trimethoprim sulfamethoxazole should be given for 
14–21 days and the dose should be adjusted for renal function [39]. The low inci-
dence of PJP is noted to be secondary to prophylaxis, which emphasizes the impor-
tance of prophylaxis [6]. Prophylaxis should be given for 6–12  months after 

Fig. 5.2 “Ground-glass” 
appearance on chest X-ray 
in a child with 
Pneumocystis jirovecii 
pneumonia (PJP) infection
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transplant, especially in patients with robust immunosuppression or after treatment 
of rejection [6]. Alternatives to trimethoprim sulfamethoxazole, which can be less 
than ideal, include atovaquone, dapsone, clindamycin, pentamidine (inhaled or IV), 
or TMP plus dapsone (G6PD should be checked prior to administration) [6, 39, 
40, 64].

 Resurgent Viral Infection Outbreaks: Measles and Mumps

The past decade has seen a resurgence of some vaccine-preventable infections, such 
as measles and mumps due to a combination of imported infections from unvacci-
nated travelers, and waning herd immunity levels in populations with an increasing 
prevalence of non-vaccinated individuals [65, 66]. Pediatric kidney transplant recip-
ients are particularly vulnerable to measles and mumps infections in communities 
that experience an outbreak. This is due to a potential lack of vaccination against 
measles and mumps in recipients who were transplanted at a very young age before 
completing their primary vaccination series [67]. In those who were previously vac-
cinated, an impaired antibody response due to chronic kidney disease and/or declin-
ing antibody levels due to post-transplant immunosuppression may be other 
contributing factors [67, 68].

Both measles and mumps are highly contagious and spread via airborne and 
droplet routes, respectively [69, 70]. Measles can present with a generalized macu-
lopapular rash, fever, cough, coryza, or conjunctivitis in immunocompetent hosts 
[69]. A more serious presentation of pneumonia and/or meningoencephalitis can be 
seen in some patients, particularly immunocompromised hosts [71, 72]. Symptoms 
may take weeks to months to develop in immunosuppressed patients following ini-
tial exposure, and progression can be rapid with a high rate of mortality [71]. 
Treatment is supportive and involves reduction of net immunosuppression. In addi-
tion, provision of vitamin A is recommended by the World Health Organization for 
all affected children older than 1 year of age [69]. Intravenous immunoglobulin and 
the antiviral ribavirin have been used in the treatment of measles in immunosup-
pressed patients, though no definitive data exist regarding their efficacy in this set-
ting [71]. A stronger case can be made for the use of immunoglobulin to infer 
passive immunity to measles in patients who have not received the measles vaccines 
or have no documented protective antibody titers. Administration of intramuscular 
or intravenous immunoglobulin within 6–7 days of exposure to a confirmed case of 
measles provides significant protection against measles and is recommended for 
most patients [73, 74]. Mumps infection manifests as an acute viral syndrome with 
fever, fatigue, myalgia, and a viral exanthem and generally follows a benign course 
in immunocompetent individuals [70]. Swelling of the parotid glans due to parotitis 
is characteristic, while less frequent but well-described complications include asep-
tic meningitis, encephalitis, orchitis, and oophoritis [70]. In addition, kidney trans-
plant recipients can experience interstitial nephritis in the allograft that may lead to 
transplant failure [75]. Treatment is largely supportive in conjunction with reduc-
tion of immunosuppression [76].
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Due to the lack of effective antiviral therapies for measles and mumps, primary 
prevention via vaccination is paramount. There is growing evidence that administra-
tion of the measles-mumps-rubella (MMR) vaccine can be safe in a subset of kidney 
transplant recipients who meet specific criteria for low-level immunosuppression 
[77]. This may be a particularly useful strategy in the context of a community out-
break to protect recipients with missing pre-transplant MMR vaccination or docu-
mented suboptimal post-transplant antibody titers [78].

 Cancer Risks

The rarity of individual post-kidney transplantation cancer events makes this com-
plication one of the most challenging to address for pediatric nephrologists. A high 
index of suspicion informed by the recipient risk factor profile for developing a 
post-transplant malignancy is critical for prevention, early diagnosis, and effective 
treatment. The following discussion will briefly review the current literature regard-
ing post-kidney transplantation cancer incidence, then focus on recipients’ risk 
assessment for cancer (specifically PTLD), and end with a brief discussion of chal-
lenges related to current cancer prevention and treatment strategies.

 Cancer Incidence

Cancer events following pediatric kidney transplantation can be divided into two 
main categories: lymphoproliferative disease (most commonly EBV-driven PTLD) 
and non-lymphoproliferative solid tumors. PTLD is the most common cancer fol-
lowing pediatric kidney transplantation with an incidence ranging from 1% to 2% in 
the first 5 years of post-kidney transplantation [79] and a 25-year cumulative inci-
dence of 3.3% as reported by the Australian and New Zealand Dialysis and 
Transplant Registry [80]. The North American Pediatric Renal Trials and 
Collaborative Studies (NAPRTCS) registry reported 316 malignancy events over 
30 years since its inception in 1987 till the end of 2017, of which 85% were PTLD 
diagnoses [2]. As for non-lymphoproliferative solid tumors, an analysis of the 
NAPRTCS registry identified 35 patients with a solid tumor diagnosis in 10,474 
registry participants for an observed incidence rate of 72.1 per 100,000-person 
years. Those events were diagnosed at a median of 726 days post-transplant and 
represented a 6.7-fold increased risk compared to the general pediatric population 
[81]. The most common types of solid tumors in this cohort were renal cell carci-
noma, followed by thyroid carcinoma and melanoma. Differences in cancer epide-
miology could be regional. In an analysis of 1734 pediatric kidney transplant 
recipients in the Australian and New Zealand Dialysis and Transplant Registry over 
a median follow-up period of 13.4 years, the most common type of cancer was non- 
melanoma skin cancer in 196 recipients [82]. This is similar to data reported from 
adult solid organ recipients where non-melanoma skin cancers (squamous cell and 
basal cell carcinomas) are the most common types of cancer occurring in up to 15% 
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of recipients at 15 years of post-transplantation [79]. Of concern is an increase in 
cancer rates reported in the NAPRTCS registry most recent cohort from 2012 to 
2017 after a period of steady decline since 2001. Overall, cancer rates in the most 
recent NAPRTCS cohort are at 1.03% and 2.31% at 1- and 3-year post- transplantation 
up from 0.83% and 1.51% in the 2007–2011 cohort [2]. Better understanding of 
cancer risk factors is needed to reverse this trend.

 Cancer Risk Factors

Several large-scale registry analyses and smaller scale observational cohorts have 
identified a variety of factors that contribute to increased risk of cancer post-kidney 
transplantation, particularly PTLD.

 Immunosuppression Burden
The cumulative burden of immunosuppression refers to both the intensity and dura-
tion of immunosuppressive regimen. The effect of immunosuppression duration is 
reflected in higher risk for post-transplant malignancy with greater time elapsed 
since the index transplant event as discussed later. Data on the intensity of immuno-
suppression and its relationship with post-transplant malignancy can be indirectly 
deduced from worse odds in recipients with fewer HLA matches [83] or recipients 
of deceased donor grafts relative to living donor grafts [84, 85]. Interestingly, in a 
study of 195 kidney transplant recipients who consented to electronic monitoring of 
their medication adherence, and followed up for a median of 10.1 years, those most 
adherent to their medication regimen had the highest cancer risk at 59.4%. This was 
significantly higher than the risk in the less adherent groups which ranged from 
36.1% to 38.1% [86]. The occurrence of PTLD events was noted to be more com-
mon with belatacept treatment, a newer intravenous long-term maintenance immu-
nosuppressive regimen, relative to cyclosporine, particularly in EBV seronegative 
recipients [87]. A recent Cochrane Database Systematic Review examining the use 
of belatacept in adult kidney transplantation did not reveal any significant difference 
in PTLD occurrence relative to those treated with calcineurin inhibitor-based regi-
mens, which may reflect better patient selection for long-term belatacept therapy 
based on PTLD baseline risk [88].

Various induction therapy regimens have been linked to different cancer risks 
likely reflecting their contribution to the overall immunosuppression burden, though 
this relationship may be compounded by the potential higher risk of acute rejection 
with less potent induction therapies or no induction leading to subsequent escalation 
of immunosuppressive therapy. No association was found between the use of inter-
leukin- 2 receptor antibody (IL2R-Ab) induction and subsequent cancer risk in 461 
pediatric kidney transplant recipients in the Australia and New Zealand Dialysis and 
Transplant registry in comparison to 197 recipients without induction [89].

Polyclonal antibody induction with antithymocyte globulin (ATG) has been 
linked to increased risk of PTLD relative to IL2R-Ab induction or no induction in 
an older registry analysis of 59,560 kidney transplant recipients in the Organ 
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Procurement and Transplantation Network/United Network for Organ Sharing 
(OPTN/UNOS) databases [90]. The Australian and New Zealand Dialysis and 
Transplant Registry reported a higher risk for PTLD with any induction agent other 
than IL2R-Ab induction [80]. However, a recent Cochrane Database Systematic 
Review that included both adult and pediatric studies revealed uncertain effects of 
anti-thymocyte globulin (ATG) induction on either early (1–2 years) or late (5 years) 
malignancy rates [91]. An analysis of the NAPRTCS registry did not reveal a differ-
ence in time to development of PTLD between recipients of a low versus high 
cumulative dose of rabbit ATG induction at a threshold of 7.5 mg per kg of body 
weight [92]. With an overall trend toward lower cumulative ATG dose exposure and 
more frequent use of antiviral prophylaxis, PTLD rates with ATG induction have 
generally remained at less than 1% in kidney transplant recipients [93, 94]. 
Alemtuzumab is emerging as an induction therapy choice for pediatric recipients on 
steroid avoidance protocols [95]. Data on PTLD risk with alemtuzumab induction 
are limited and, so far, uncertain [91]. This will be important to analyze as pediatric 
experience with this agent grows.

 EBV Recipient-Donor Sero-Mismatch
EBV-positive tumors constitute ~50–80% of all PTLD cases [96]. Primary EBV 
infection in seronegative pediatric and adult recipients of seropositive donor kid-
neys has been identified as a major risk factor for PTLD [80, 97, 98]. EBV viremia, 
and specifically a higher EBV viral load peak, has been associated with PTLD 
development [99], though a clear cut link between the duration of viremia and the 
EBV viral load threshold at which the PTLD risk starts or increases is a subject of 
controversy and ongoing research [100]. There have also been cases of PTLD with 
low viral loads, making diagnosis even more challenging. Another challenging 
entity is the patient who develops a chronically high viral load (i.e., carrier state) 
following a primary EBV infection. This chronic high viral load state has been 
reported in as high as 24% of pediatric recipients in one cohort and may persist for 
months to years following the primary infection [101]. The risk of subsequent 
development of PTLD in pediatric recipients with chronic high EBV viral loads 
remains unclear with two small studies, including a combined total of 30 patients, 
demonstrating no PTLD development over a median follow-up period of 6.9 and 
7.8 years, respectively [101, 102], and spontaneous resolution of the chronic high 
viral load state in 15 of 16 patients in one study [102].

 Time Since Transplant
The risk of cancer increases over time as demonstrated in a retrospective analysis of 
884 pediatric kidney transplant recipients at the University of Minnesota between 
1963 and 2015, where the overall risk increased from 13% at 20  years of post- 
transplant to 26% at 30 years [103]. This is supportive of the hypothesis that both 
aging and cumulative chronic exposure to immunosuppression contribute to loss of 
anti-tumor surveillance mechanisms.

I. F. Ashoor and S. Solomon



159

 HLA Haplotypes
An analysis of 9202 pediatric kidney transplant recipients from the Collaborative 
Transplant Study in Germany identified a higher risk (hazard ratio 2.04) for post- 
transplant non-Hodgkin’s lymphoma in recipients with 2 HLA-DR mismatches 
relative to those with 0–1 DR mismatches. This finding was consistent across two 
decades from 1997 to 2007 [104]. Fewer HLA matches were also significantly asso-
ciated with PTLD development in an analysis of the US Renal Data Systems 
(USRDS) database involving 25,127 kidney transplant recipients [83]. Those find-
ings may be an indirect reflection of the higher risk for rejection (with subsequent 
escalation of immunosuppression) in those with 2 HLA-DR mismatches or fewer 
HLA matches, respectively. In another study looking at novel association of certain 
HLA antigen types and PTLD, both HLA-B40 and HLA-B8 antigens were associ-
ated with increased risk for PTLD in EBV seronegative and EBV seropositive recip-
ients, respectively [85]. Another study suggested a higher risk for PTLD in solid 
organ transplant recipients with HLA-A1 carrier status presumably due to reduced 
ability to mount an effective cytotoxic T-cell response in those individuals to control 
latent EBV infection [105]. In another multi-center case-control study comparing 
155 PTLD cases in solid organ transplant recipients with 1996 controls who did not 
develop PTLD, expression of HLA-A03 or HLA-DR7 was each independently 
associated with a reduced risk of PTLD, whereas expression of HLA-B18 or HLA 
B-21 was associated with a higher risk [106].

 Pre-transplant Malignancy
The occurrence of pre-transplant malignancy that leads to ESRD requiring kidney 
transplantation is infrequent. Typical scenarios involve children with a history of 
bilateral Wilms’ tumor or a prior PTLD with subsequent graft failure. Pre-transplant 
kidney candidate evaluation guidelines recommend a minimum waiting period for 
individual malignancies prior to proceeding with kidney transplantation that is 
determined based on receipt of curative treatment and in consultation with oncology 
[107]. This stems from concerns regarding higher risk for cancer recurrence post- 
transplantation with shorter remission times. The risk of cancer recurrence follow-
ing kidney transplantation was found to be 2.4% per 100 person-years in a 
meta-analysis of 39 studies, with a greater risk in those transplanted within 5 years 
of cancer diagnosis [108]. While data are limited, pediatric recipients with pre- 
transplant malignancy have comparable patient and graft survival to recipients with-
out that history [109], and no cases of PTLD recurrence have been reported in the 
NAPRTCS registry [110].

 Age
In an analysis of data from the Scientific Registry of Transplant recipients (SRTR), 
Dharnidharka et al. demonstrated young recipient age (<18 years) as an indepen-
dent risk factor for PTLD with a 2.81 higher odds relative to other age groups [111]. 
Further risk stratification within this age group reveals a pattern suggestive of higher 
risk in adolescents based on a few studies. In a study of 46 EBV seronegative pedi-
atric kidney transplant recipients who developed primary EBV infection, 
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adolescents were significantly more likely to develop PTLD compared to younger 
transplant recipients [112]. Similarly, in the University of Minnesota cohort of 884 
pediatric kidney transplant recipients from 1963 to 2015, older recipient age at 
transplantation was associated with a higher risk of post-transplant malignancy 
(34.6% of which was PTLD) with an adjusted hazard ratio of 3.14 for adolescents 
of ages 14–17 relative to children younger than 3 years [103]. A 2001 analysis of 
NAPRTCS data did not reveal younger children (0–5 years old) to be at higher risk 
for PTLD [84]. Taken together, the propensity of adolescents to bear the highest risk 
may reflect higher incidence of acute rejection in this age group with subsequent 
escalation of immunosuppression.

 Gender
Male gender was found to have 1.4 higher odds relative to female gender for devel-
opment of PTLD in an analysis of SRTR data from 1988 to 1999 [111]. This was 
not seen in an analysis of NAPRTCS data from 2001 [84].

 Race
African-American race was found to be associated with decreased risk for PTLD 
[85, 113], whereas Caucasian race was found to have a 2.22 higher odds relative to 
other race groups for the development of PTLD in an analysis of SRTR data from 
1988 to 1999 [111]. The higher risk in Caucasian children was also seen in the 
NAPRTCS registry [84].

 Donor Source
Receipt of a deceased donor kidney transplant has been identified as a risk factor for 
subsequent development of PTLD compared to receipt of a living donor kidney 
transplant [84, 85]. However, due to study design limitations, it is unclear if this is 
independent of immunosuppression burden which is likely higher in deceased donor 
recipients relative to living donor recipients.

 Recombinant Growth Hormone (rGH) Use
Early data from NAPRTCS suggested a possible association of pre-transplant use of 
rGH and later development of PTLD in patients with chronic kidney disease (CKD) 
who subsequently go on to receive a kidney transplant [114]. In a more recent study 
of 650 pediatric kidney transplant recipients in the Australian and New Zealand 
Dialysis and Transplant registry, this association was not seen with rGH use at any 
time point in 8 of 20 patients who developed PTLD [115].

 Cancer Prevention Strategies

Primary prevention of post-transplant malignancy involves strategies aimed at elim-
inating or reducing cancer risk factors. This encompasses vaccination against viral- 
induced tumors. So far, the only effective vaccine for cancer prevention in clinical 
practice is the human papilloma virus (HPV) vaccine which has shown efficacy in 

I. F. Ashoor and S. Solomon



161

preventing HPV-related disease such as warts and cervical cancer [116]. However, 
given the immunosuppressed nature of kidney transplant recipients, response to 
vaccination may be blunted if delivered post-transplantation [117]. Similarly, regu-
lar application of sunscreen may be an effective primary prevention strategy for 
non-melanoma skin cancer in this population [118]. De novo use or conversion to 
sirolimus as a backbone for the post-transplant immunosuppressive regimen was 
associated with a 40% reduced risk of post-transplant malignancy in a systematic 
review of 21 randomized trials involving 5876 kidney transplant recipients [119]. 
Similarly, early (within 90  days) use of sirolimus-based regimen was associated 
with a 29% risk reduction of skin cancer in a large registry analysis of 45,164 kid-
ney transplant recipients relative to a tacrolimus-, mycophenolate-, and prednisone- 
based regimen [120]. However, in both studies, sirolimus was associated with a 
higher risk of overall mortality from cardiovascular, cerebrovascular, and infectious 
causes, thus discouraging its use for cancer prevention in this population.

Secondary prevention focuses on early detection of disease or disease-specific 
surrogate markers with subsequent attempts to reduce progression. Serial monitor-
ing of EBV viral load has been used as a surrogate measure of immunosuppression 
burden and, by extension, for PTLD risk [121]. This remains the current standard 
for PTLD prevention due to lack of other specific effective measures, though the 
exact viremia thresholds at which PTLD risk increases and at which intervention 
should occur are yet to be determined. Given the variations in EBV viral load moni-
toring assay techniques between different labs and variable viremia levels in the 
same patient based on the assay sample source (whole blood, plasma, or peripheral 
blood mononuclear cells) [100], protocols to guide immunosuppression modulation 
in response to viral load monitoring are institution specific. Pre-emptive use of 
rituximab for treatment of EBV viremia to prevent PTLD has been reported in very 
small- scale pediatric and adult cohorts and requires further study before routine use 
[57, 122].

 Cancer Treatment

Due to the rare nature of post-transplant malignancy in pediatric kidney transplant 
recipients, a multidisciplinary treatment approach in consultation with an oncolo-
gist is desirable for optimal outcomes. With regard to PTLD, the first line of treat-
ment involves reduction of the overall burden of immunosuppression [123]. While 
there are no standardized protocols, typical approaches include elimination of anti- 
metabolites and reduction of CNI dose or target trough level. EBV-positive tumors 
and those with CD20-positive expression predict a better survival likely due to 
rituximab treatment being effective in this subset of patients [124, 125]. Poor prog-
nostic risk factors include central nervous system (CNS) and bone marrow involve-
ment [126, 127]. Infusion of EBV-specific cytotoxic T cells (for EBV-positive 
tumors) and systemic chemotherapy are additional treatment options for more 
advanced disease that fails initial reduction of immunosuppression [128, 129].
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 Cancer Outcomes

In a recent analysis of 1810 children included in the Australian and New Zealand 
Dialysis and Transplant Registry, who were followed up for a median of 13.4 years, 
cancer-related deaths accounted for 12% of all mortality events (50 of 431 total 
deaths) [1]. This was similar to the data from the latest NAPRTCS registry report, 
where 608 deaths were recorded over a 30-year period of which 68 (11.3%) were 
attributed to cancer [2]. Of note, the relative risk of dying from the same cancers is 
higher in pediatric kidney transplant recipients relative to the general pediatric pop-
ulation [130]. This is despite improvements in early detection, prevention, and treat-
ment that have led to an overall improved survival following PTLD diagnosis. In a 
review of 92 PTLD cases from the NAPRTCS registry, there were 12 deaths, only 
10 of which were directly attributable to cancer. Patient survival rates post-PTLD 
diagnosis in the NAPRTCS registry were 90.6% at 1 year and 87.4% at 5 years, with 
most recent year of PTLD diagnosis significantly being associated with better 
patient survival [110].

 Urinary Tract Infections (UTI)

UTIs in kidney transplant recipients encompass a spectrum of presentations ranging 
from lower tract involvement (cystitis), graft infection (pyelonephritis), and urosep-
sis. By definition, given the immunocompromised nature of kidney transplant recip-
ients, all UTIs in this population are considered complicated UTIs [131].

 Prevalence

UTIs are the most common infectious complication following kidney transplanta-
tion [8]. A Dutch pediatric cohort study of 234 patients demonstrated an increase in 
UTI rates over the past 30 years from 3.3 infections per 100 patient years (1980–1989) 
to 4.4 infections per 100 patient years (2000–2010) [132]. In an analysis of 60,702 
recipients in the USRDS database, 32% experienced a UTI in the first-year post- 
kidney transplantation [133]. Pediatric specific rates vary by cohort examined but 
are largely similar. In a German cohort of 110 pediatric kidney transplant recipients, 
febrile UTIs occurred in 36% of children at a median of 0.98  years post- 
transplantation [134]. In a Canadian cohort of 76 pediatric kidney transplant recipi-
ents, UTIs occurred in 28% over a mean follow-up duration of 3.3 years with the 
majority of episodes occurring in the first year [135]. In another Spanish pediatric 
prospective cohort of 36 consecutive kidney transplant recipients, 28 UTI episodes 
were noted during the 2 year follow-up period with seven episodes classified as 
pyelonephritis [136]. In a Nigerian cohort of 62 children post-kidney transplant, 
40.3% developed a UTI over a mean follow-up period of 36.9 months with multiple 
episodes reported per patient (89 UTI episodes in 25 patients) [137].
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 Risk Factors

 1. Kidney disease etiology: Children with underlying urological abnormalities such 
as obstructive uropathy, neurogenic bladder, and vesicoureteral reflux (VUR) as 
their etiology for end-stage kidney disease (ESKD) are at higher risk for UTIs 
[138, 139]. In a study of 155 pediatric kidney transplant recipients, of whom 32 
had severe bladder pathology, UTI incidence was significantly higher than those 
with a normal bladder (68.8% vs 23%) [138]. Similarly, in another study of 117 
kidney transplant recipients younger than 20 years old who developed ESKD 
due to obstructive and reflux uropathy, UTIs were noted in 45% compared to 2% 
in 117 matched controls whose ESKD was due to other reasons [139].

 2. Ureteral stents: Placement of a ureteral stent at the time of kidney transplanta-
tion to maintain the patency of the donor ureter to recipient bladder anastomosis 
is a common though not universal practice in kidney transplantation and varies 
by center. The ureteral stent is generally left in place for up to 6 weeks post- 
transplantation before removal. The presence of the stent prevents complete clo-
sure of the ureteral orifice during bladder contraction, which can lead to 
vesicoureteral reflux into the graft raising concerns for increased UTI risk. In a 
single-center study of 129 pediatric kidney transplant recipients over a 10 year 
period, stent placement was found to be a significant risk factor for early UTI 
[140]. Early stent removal (defined as less than 15 days post-op) was found to 
prevent UTIs relative to later removal in a Cochrane Database Systematic Review 
that included 1127 patients (across five studies, one with pediatric enrollment) 
with a relative risk of 0.49 for the early removal group [141].

 3. Vesicoureteral reflux and voiding dysfunction: The UTI frequency was not sig-
nificantly different in pediatric kidney transplant recipients with VUR (46%) 
compared to those without VUR (33%) in a study of 67 pediatric patients; how-
ever, pyelonephritis accounted for 82% of all UTIs in the VUR group compared 
to 14% of all UTIs in those without VUR (p < 0.01) [142]. Native nephrectomy 
of refluxing systems prior to kidney transplantation is occasionally recom-
mended to reduce the risk of post-transplant febrile UTI in the native kidney, 
though the practice is not universal. Small studies have demonstrated some ben-
efit to pre-transplant native nephrectomy or surgical reimplantation of refluxing 
native ureters, though the contribution of voiding dysfunction management on 
post-transplant outcomes in those studies makes it difficult to ascertain the spe-
cific benefit of surgical intervention [143, 144]. Voiding dysfunction is common 
after kidney transplantation irrespective of underlying etiology of ESKD. In a 
study of 68 kidney transplant recipients between 5 and 20 years of age, voiding 
dysfunction manifested as abnormal bladder capacity, abnormal urine flow, and 
post-void residual urine in 72% of patients. Notably, voiding dysfunction was as 
prevalent in those with congenital disorders with urinary tract malformations to 
those with congenital disorders without urinary tract malformations or those 
with acquired kidney disorders [145].

 4. Host-pathogen interaction: The state of overall immunosuppression contributes 
to the increased UTI risk in kidney transplant recipients due to impaired 
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systemic and localized host defense mechanisms against bacterial pathogens 
[131]. Specific pathogen virulence factors may also be at play. In adult kidney 
transplant patients, use of whole genome sequencing to examine virulence fac-
tors in Escherichia coli (E. coli) isolates from patients with either asymptomatic 
bacteriuria or pyelonephritis identified a significantly higher prevalence of a 
gene cluster encoding P fimbriae which allows the E. coli to colonize the kidney 
[146]. There is emerging evidence that alterations in gut microbiota following 
kidney transplantation, specifically a relative gut abundance of uropathogens 
such as E. coli and Enterococcus species, are associated with an increased risk of 
UTIs [147].

 Prevention

Given the significantly higher risk of UTIs following kidney transplantation in chil-
dren with underlying urologic abnormalities, a comprehensive pre-transplant uro-
logic evaluation and treatment plan focusing on maximizing bladder capacity and 
relieving obstructed urinary tracts is desirable [148]. In the post-transplantation 
period, prevention strategies center around the use of prophylactic antibiotics, man-
agement of voiding dysfunction, and surgical techniques to correct VUR into the 
transplant kidney. The benefit of routine long-term low-dose antibiotic prophylaxis 
for UTI prevention in otherwise healthy children with primary VUR compared to no 
treatment remains an area of controversy with a recent Cochrane Database 
Systematic Review demonstrating minimal or no difference with regard to repeat 
symptomatic and febrile UTIs in this population [149]. Limited data exist to inform 
decision-making in the pediatric kidney transplant population. In a small cohort of 
18 pediatric kidney transplant recipients with VUR (12 girls and 6 boys), almost all 
of those who presented with recurrent febrile UTI (8 of 9) required surgical inter-
ventions for their VUR, whereas those without recurrent febrile UTIs were success-
fully managed with bladder training and prophylactic antibiotics [150]. The use of 
daily trimethoprim-sulfamethoxazole as PJP prophylaxis for the first 6 months post-
kidney transplant was not associated with reduction of asymptomatic bacteriuria or 
UTI risk in one adult study, and instead it was associated with increased bacterial 
resistance rates [151]. One small retrospective adult study suggested a possible ben-
efit to the use of ciprofloxacin for 30 days in addition to routine PJP prophylaxis for 
6 months in reducing UTI risk [152]. Post-transplant VUR surgical correction can 
be accomplished via minimally invasive techniques such as endoscopic subureteral 
transurethral injection of dextranomer/hyaluronic acid; however, this carries a 
potential risk of ureteral obstruction that may require open reimplantation [153]. An 
open ureteral reimplantation using an extra-vesical approach has been shown to be 
safe and effective in pediatric patients, though VUR may persist in some cases with 
lower urinary tract dysfunction [154].
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 Treatment

There is consensus that all symptomatic urinary tract infections in kidney transplant 
recipients should be managed with appropriate antibiotic therapy based on culture 
and sensitivity results [155]. Empiric coverage should be tailored based on local 
epidemiologic sensitivity patterns and a patient’s prior history of UTIs if any. 
Treatment duration recommendations are not standardized, though it is common to 
target a longer 14-day treatment course in febrile kidney transplant patients with 
evidence of graft dysfunction suggestive of graft pyelonephritis. Reduction of 
immunosuppression is not commonly done. Treatment of asymptomatic bacteriuria 
is an area of controversy and is discussed below.

 Asymptomatic Bacteriuria
The Infectious Diseases Society of America (IDSA) defines asymptomatic bacteri-
uria (ASB) as the presence of one or more species of bacteria growing in the urine 
at a significant colony count (≥105 colony-forming units [CFU]/mL), irrespective of 
the presence of pyuria, in the absence of signs or symptoms attributable to UTI 
[156]. Data on the risk of progression of ASB into a clinically significant symptom-
atic UTI are conflicting. In a retrospective cohort of 189 adult kidney transplant 
recipients of whom 96 developed at least one episode of ASB and received antibi-
otic treatment, there was a sevenfold higher risk of pyelonephritis compared to 
recipients without ASB [157]. In another retrospective study of 77 adult kidney 
transplant recipients who experienced a total of 334 ASB episodes, 30% of ASB 
episodes were treated with antibiotics. Prior treatment of ASB with antibiotics was 
not associated with significant difference in subsequent development of symptom-
atic UTI in that study. Despite the high number of ASB episodes, only four symp-
tomatic UTIs developed in the entire cohort [158]. A Cochrane Database Systematic 
Review noted an incidence of symptomatic UTIs ranging from 19% to 31% in those 
with untreated ASB in the qualified studies. Treatment of ASB with antibiotics was 
not associated with prevention of symptomatic UTI in that review [159]. A random-
ized controlled trial comparing universal treatment of all ASB episodes occurring 
between 2 and 24 months post-kidney transplantation in 53 adult recipients to no 
treatment in 59 controls found no difference in the occurrence of acute pyelonephri-
tis or lower urinary tract infection [160]. Pediatric data are limited. In a single- 
center retrospective study of 37 pediatric kidney transplant recipients with a total of 
171 ASB episodes among them between 2- and 24-months post-kidney transplanta-
tion, the majority (95.9%) were left untreated. Of those, 91.5% did not progress to 
a clinical UTI [161]. The updated 2019 IDSA guidelines recommend against screen-
ing and treatment of ASB in kidney transplant recipients beyond 1 month from their 
kidney transplant surgery and make no recommendations for or against that practice 
in the first post-transplant month due to insufficient evidence [156].
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 Outcomes

In an analysis of 870 pediatric kidney transplant recipients in the USRDS database, 
those with an early UTI (defined as occurring before 6 months of post-kidney trans-
plantation) were found to be at higher risk for graft loss (adjusted hazard ratio of 
5.47 [95% CI 1.93–15.4]). However, graft loss risk was not increased in those with 
a late UTI.  Similarly, early but not late hospitalized UTI was associated with a 
higher risk of post-transplant death. When all UTIs were taken into account regard-
less of need for hospitalization, neither early nor late UTI had an impact on patient 
survival [162].

 MOC Questions

 1. In which scenario may a patient present with CMV disease but have low 
viral loads?
 A. Pneumonitis
 B. Encephalitis
 C. Retinitis
 D. Leukopenia

Answer: B
CMV disease is defined as evidence of CMV infection with a multitude of 

symptoms including fever, fatigue, leukopenia, thrombocytopenia, hepatitis, 
pneumonitis, colitis, retinitis, or encephalitis. However, CMV viral load levels 
may be low or undetectable in those with gastrointestinal (GI) or CNS disease

 2. Which of the following represents the cornerstone for treatment of BK viremia 
post-kidney transplantation?
 A. Reduction of immunosuppression
 B. Conversion from steroid-free to steroid-based immunosuppression
 C. Leflunomide
 D. Cidofovir

Answer: A
Treatment for BK nephropathy requires minimizing immunosuppression. The 

method for minimizing immunosuppression varies. Options include reducing 
calcineurin inhibitors, followed by reduction or discontinuation of the anti-
metabolite. Other strategies include discontinuation of anti- metabolite followed 
by reduction of calcineurin inhibitors, while others may reduce both calcineurin 
inhibitors along with the anti-metabolite. Cidofovir and leflunomide are adjunct 
treatment options that have been used with variable success. The addition of 
steroids without discontinuation or lowering of another immunosuppressive drug 
would be counterproductive as it increases the overall burden of 
immunosuppression.

 3. Which of the following is the most significant risk factor for development of 
PTLD following primary EBV infection in a kidney transplant recipient?
 A. EBV seronegative status at transplantation
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 B. Non-adherence to immunosuppression
 C. mTOR-based maintenance immunosuppression
 D. IL-2 receptor antibody induction therapy

Answer: A
Primary EBV infection in seronegative pediatric and adult recipients of sero-

positive donor kidneys has been identified as a major risk factor for 
PTLD.  Interestingly, in a study of 195 kidney transplant recipients who con-
sented to electronic monitoring of their medication adherence, and followed up 
for a median of 10.1 years, those most adherent to their medication regimen had 
the highest cancer risk at 59.4%. This was significantly higher than the risk in the 
less adherent groups which ranged from 36.1% to 38.1%. De novo use or conver-
sion to sirolimus as a backbone for the post-transplant immunosuppressive regi-
men was associated with a 40% reduced risk of post- transplant malignancy in a 
systematic review of 21 randomized trials involving 5876 kidney transplant 
recipients. Various induction therapy regimens have been linked to different can-
cer risks likely reflecting their contribution to the overall immunosuppression 
burden, though this relationship may be compounded by the potential higher risk 
of acute rejection with less potent induction therapies or no induction leading to 
subsequent escalation of immunosuppressive therapy. No association was found 
between the use of interleukin-2 receptor antibody induction and subsequent 
cancer risk in 461 pediatric kidney transplant recipients in the Australia and New 
Zealand Dialysis and Transplant registry in comparison to 197 recipients without 
induction.

 4. Which of the following is associated with a higher UTI risk following pediatric 
kidney transplantation?
 A. Asymptomatic bacteriuria
 B. Early ureteral stent removal
 C. Presence of native kidneys
 D. ESKD secondary to congenital anomalies of kidney and urinary 

tract (CAKUT)
Answer: D

Children with underlying urological abnormalities such as obstructive urop-
athy, neurogenic bladder, and vesicoureteral reflux as their etiology for end-
stage kidney disease (ESKD) are at higher risk for UTIs. Data on the risk of 
progression of asymptomatic bacteriuria (ASB) into a clinically significant 
symptomatic UTI are conflicting. Pediatric data are limited. In a single-center 
retrospective study of 37 pediatric kidney transplant recipients with a total of 
171 ASB episodes among them between 2- and 24-months post-kidney trans-
plantation, the majority (95.9%) were left untreated. Of those, 91.5% did not 
progress to a clinical UTI. The presence of a ureteral stent prevents complete 
closure of the ureteral orifice during bladder contraction which can lead to 
vesicoureteral reflux into the graft raising concerns for increased UTI risk. In a 
single-center study of 129 pediatric kidney transplant recipients over a 10-year 
period, stent placement was found to be a significant risk factor for early UTIs. 
Early stent removal (defined as less than 15 days post-op) was found to prevent 
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UTIs relative to later removal in a Cochrane Database Systematic Review that 
included 1127 patients with a relative risk of 0.49 for the early removal group. 
Native nephrectomy of refluxing systems prior to kidney transplantation is 
occasionally recommended to reduce the risk of post-transplant febrile UTI in 
the native kidney, though the practice is not universal. In the absence of VUR 
into the native kidneys, the contribution of native nephrectomy to post-trans-
plant UTI prevention is uncertain.
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Urological Considerations for Pediatric 
Renal Transplantation: CAKUT 
Challenges

Oana Nicoara, Hailey Silverii, and Shumyle Alam

Congenital anomalies of the kidney and urinary tract (CAKUT) represent a spec-
trum of disease conditions that have a large impact on chronic kidney disease (CKD) 
and CKD progression in children. Whereas most cases of CKD in adults result from 
diabetes and hypertension, CAKUT disorders are the most common causes of CKD 
in pediatric patients. The main diagnoses include obstructive uropathy (21%), renal 
dysplasia/aplasia (18%), reflux nephropathy (8%), and polycystic kidney disease 
(4%). This grouping often seen in databases such as US Renal Data System 
(USRDS) and the North American Pediatric Renal Trials and Collaborative Studies 
(NAPRTCS) does not necessarily represent unique disease conditions. The main 
reason is that roughly 30–40% of children with CKD have a concomitant urological 
issue as the underlying cause. For example, a single child with posterior urethral 
valves may also have reflux nephropathy, renal dysplasia, and even in some cases 
carry a diagnosis of cystic kidney disease. This heterogenicity in patient disease 
condition has made it difficult to track transplant outcomes and progression of dis-
ease, given the inherent overlapping conditions (Table 6.1). Use of CAKUT may 
allow more rationale data collection and help us better understand outcomes. The 
focus of this chapter will be to explore how CAKUT has significant urologic chal-
lenges that can impact transplant, progression of renal disease, and the overall well- 
being of the child.

The remainder of cases of CKD in children results from glomerular diseases like 
focal segmental glomerulosclerosis and acquired conditions like hemolytic uremic 
syndrome and calcineurin inhibitor toxicity [1]. Renal infarction and Wilms’ tumor 

O. Nicoara 
Department of Pediatrics, Division of Pediatric Nephrology, MUSC Shawn Jenkins 
Children’s Hospital/Medical University of South Carolina, Charleston, SC, USA 

H. Silverii · S. Alam (*) 
Department of Urology, MUSC Shawn Jenkins Children’s Hospital/Medical University of 
South Carolina, Charleston, SC, USA
e-mail: alams@musc.edu

6

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-74783-1_6&domain=pdf
https://doi.org/10.1007/978-3-030-74783-1_6
mailto:alams@musc.edu


180

also contribute to ≤1% of cases of end-stage renal disease (ESRD) in children. In 
one study, cases that progressed to ESRD occurred in 41% of patients with glo-
merular diseases and 29% with non-glomerular diseases [2]. Predictors of faster 
CKD progression were proteinuria, hypoalbuminemia, hypertension, dyslipidemia, 
and anemia. The rate of CKD and ESRD is higher in boys due to increased risk of 
CAKUT including posterior urethral valves (PUV), renal dysplasia, and prune belly 
syndrome [1, 3]. Boys account for about 60% of cases of ESRD and subsequent 
renal transplants. Ultimately, a third of children with CKD who require renal 
replacement therapy will be found to have a urologic abnormality, and 39% of chil-
dren on the transplant waiting list carry a CAKUT diagnosis [4].

The high prevalence of urologic pathology in CAKUT children with CKD and 
ESRD necessitates early urological evaluation and treatment. Abnormal urinary 
tract function can have a deleterious effect on kidney function, and intervention may 
be able to delay the need for transplantation. The goals of any pediatric urologist as 
part of a multidisciplinary team with nephrologists and transplant surgeons should 
be to optimize the bladder or appropriately reconstruct it prior to transplant and 
consider appropriate management of the native kidneys [5]. Workup generally 
involves serum chemistries including a cystatin C, a renal ultrasound, a functional 
assessment of the bladder, and in some cases a cystoscopy to characterize or treat 
structural abnormalities.

A main concern in patients with CAKUT relates to the bladder. Bladder dysfunc-
tion is relatively poorly understood outside of the patient with neurogenic bladder 
dysfunction in the patient with a spinal dysraphism. In this group, much is discussed 
regarding high storage pressures and incomplete bladder emptying. Voiding pres-
sures are not necessarily well understood as it relates to the upper tract. In the 
CAKUT patient, the bladder dysfunction is not always similar to the patient with 
neurogenic bladder from a spinal anomaly, and the management is often quite 
different.

Cloaca
Anorectal

Malformations 
Exstrophy/Epispadias Prune Belly Syndrome

OEIS/Cloacal Exstrophy Spinal Dysraphisms VUR PUV

Ureterocele
Neurogenic Bladder 
(Often a secondary 

diagnosis) 

Table 6.1 Underlying etiologies for CAKUT
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Regarding bladder dysfunction, storage pressures over 40  cm H2O have been 
shown to have damaging effects on renal function through increased papillary pres-
sure and intrarenal urine reflux [6], although patients with severe vesicoureteral 
reflux (VUR) can demonstrate the same deleterious effects to the upper tracts and 
renal parenchyma as a consequence of voiding (Fig. 6.1). The long-term effects this 
has on either native or transplant kidneys are poorly understood.

Detrusor sphincter dyssynergia, secondary vesicoureteral reflux (VUR), hydro-
nephrosis, and chronic urinary tract infections (UTI) all contribute to upper tract 
deterioration. However, in industrialized countries, progressive CKD from neuro-
genic bladder, especially in spina bifida, has become quite rare due to improvement 
in management of this patient population.

Despite challenges regarding care standards for bladder dysfunction, the main-
stay of management is a high level of suspicion for bladder involvement and early 
workup in the CAKUT population. Urodynamic studies can be performed in select 
patients to evaluate bladder compliance, leak point pressure, voiding pressure, and 
residual volumes. Pending results, these patients might benefit from aggressive 
bladder management including non-operative interventions such as anticholinergics 
with clean intermittent self-catheterization (CIC) or operative interventions such as 
urinary tract diversions, ureteral reimplantation, and/or augmentation cystoplasty to 
mitigate some of the potential damage from a poorly compliant bladder.

A CAKUT condition requiring transplant that is often discussed is PUVs. PUV 
patients require a thorough urologic evaluation prior to transplantation. Progression 
to ESRD develops in up to 50% of patients diagnosed with PUVs [7]. The manage-
ment of these infants has improved over time which has resulted in more pulmonary- 
based survival most likely due to early diagnosis and intervention. The rate of 
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Fig. 6.1 Serum creatinine (sCr) over 13  years after deceased donor transplant. X-axis  =  time 
(years), Y-axis = sCr (mg/dl). We see that the patient’s sCr (purple line) was already >1.5 mg/dl 
immediately post-transplant. Available records indicate that there was never an sCr nadir <1.0.mg/
dl. Reference ranges for expected high (blue line) and low (green line) sCr by age are provided
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progressive CKD however is not known to have changed. In the last few years, some 
centers have experienced an uptick in ESRD patients with PUV secondary to the 
better success rates by our Maternal Fetal Medicine colleages in decreasing pulmo-
nary complications in this patient cohort. Prenatal imaging has allowed a better 
opportunity for birth planning and the involvement of a multidisciplinary approach 
to care.

Imaging demonstrating hydronephrosis, VUR, or cystic changes to the kidneys 
may underline the often subtle changes in loss of bladder compliance and the devel-
opment of high pressures in the bladder from either storage of urine or voiding. 
These changes may portend long-term deterioration of renal function without inter-
vention. Pressure in the bladder is transmitted to the kidneys irrespective of 
VUR. This pressure can result in damage to the kidney and result in an injurious 
state which can create a concentrating defect. In some cases, infants with PUV have 
such a profound concentrating defect in the kidney and, therefore, they require a 
gastrostomy tube for feeds and fluid balance. The resulting cycle is simple fluid 
mechanics. Increased volume of urine results in filling of the bladder to capacity, at 
times faster than the child can void, resulting in increased bladder pressures and 
more damage to the kidney.

This cycle of injury can be seen despite early intervention and valve ablation as 
patients born with PUV can have life-long bladder dysfunction. As there is no care 
standard for management of the bladder, especially in the neonatal period, we find 
that almost a quarter of these patients will still progress to ESRD [8]. Patients exhib-
iting high voiding pressures and low bladder compliance often necessitate interven-
tion such as urinary diversion with a vesicostomy versus high-dose anticholinergic 
therapy with CIC [9].

Historically, undiversion was thought to be necessary prior to transplantation to 
evaluate bladder function and determine if there is a need for augmentation [10]. 
However, recent series has demonstrated the safety of transplanting a kidney into a 
diverted system [11]. Older children exhibit low voiding pressures and large bladder 
capacities, so efforts including timed voiding, CIC, and/or overnight catheterization 
should focus on maintaining a low post-void residual volume to prevent urinary 
stasis and infections [12]. Despite recommendations for bladder management, there 
remains a paucity of evidence regarding the impact of elevated voiding pressures 
over time to a graft or even native kidneys in the CAKUT patient population. A 
multidisciplinary approach including pediatric urologists may be of benefit in the 
care of these patients before, during, and after their transplants.

Interestingly enough, the pathophysiology of the bladder seen in PUV patients 
can also be seen in many other patients with CAKUT. For example, a female patient 
with a cloacal anomaly may have high pressure voiding, reflux, and incomplete 
bladder emptying. All of the diseases shown in Table 6.1 can result in the same 
pathophysiology as seen in PUV. Utilizing the CAKUT description to group patients 
may assist us with better data to understand the management of the bladder pre- and 
post-transplant.

Despite a lack of evidence in CAKUT, bladder management is a big part of the 
management of the child with spina bifida. Using the principles that are well known 
in this patient cohort, we can benefit the child with CAKUT. Simple intermittent 
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catheterization and anticholinergic therapy can decrease the need for surgery and 
stabilize renal function (Figs. 6.2 and 6.3). VUR is often secondary to the bladder 
condition in children with CAKUT and does not always require surgery for man-
agement. In some cases, surgery can actually worsen the progression of renal dis-
ease as it does not address the abnormal bladder.

The relationship between high intravesical pressures and transplant graft deterio-
ration is well established, so pre-transplant intervention is aimed at creating a low- 
pressure reservoir. When medical management fails, augmentation cystoplasty is 
sometimes necessary to guarantee a low-pressure reservoir [13, 14]. In several small 
case series, graft survival seems to be equivalent in patients with augmented blad-
ders compared to those who have normal bladders [15–17]. Interestingly enough, 
graft survival and patient outcomes may not always correlate in the manner that this 
data is interpreted (Figs. 6.1 and 6.4).

Graft outcomes in CAKUT patients may be affected by the bladder in ways that 
are not being universally followed. In the case of the patient referenced above, his 
graft prevented dialysis for 13 years but did not result in any metabolic gain includ-
ing growth and height. In addition, the child is still functioning at the mental capac-
ity of a fifth grader and had no risk factors for developmental delay except his 
CAKUT. Despite the specific outcome for the patient, the reported long-term out-
come of his graft is favorable.

After transplant, the graft can be impacted by the bladder in the CAKUT popula-
tion and potentially affect all patients who after transplant have structural 

Fig. 6.2 VCUG. A VCUG image showing bilateral grade 5 VUR in a CKD CAKUT patient. The 
image on the right is without any surgery – simply bladder management with CIC and oxybutynin
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complications [28]. There are multiple options to mitigate these issues, although 
there is no real standard of care. The extreme consequence of no bladder manage-
ment prior to transplant is shown in Figs. 6.5 and 6.6. Options for bladder manage-
ment vary but range from clean intermittent catherization (CIC), use of 
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Fig. 6.3 Serum creatinine (sCr) of a patient with CAKUT. X-axis = time (years), Y-axis = sCr 
(mg/dl). This is a graph of the same CAKUT patient showing preservation of renal function with 
bladder management alone. There will likely not be a need for renal transplant in the future, despite 
the elevated birth sCr. SCr measured in mg/dl

Fig. 6.4 Growth of CAKUT patient. This same child with CAKUT never caught up from a meta-
bolic standpoint after transplant
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anticholinergics, timed voiding, and bladder surgery. There is not an accepted stan-
dard for which management is applicable to the CAKUT patient.

From a surgical standpoint, in the case of a small or poorly compliant bladder, 
ileocystoplasty is the most common method of bladder augmentation, but risks 
include mucus production, bladder stones, difficulty emptying, and metabolic aci-
dosis. Acidosis tends to be seen in patients with CKD stage 3–5 and is a result of the 
absorptive nature of the bowel segments used. In the bowel, sodium and bicarbonate 
are secreted in exchange for hydrogen and chloride ions. As this absorption is a 
function of stasis, contact, and time, a well-configured augment is a must. The cre-
ation of a sphere after augmentation gives a better chance of complete emptying 
than a patient with a figure of eight deformity [18].

Alternatively, gastrocystoplasty can obviate some of these problems, but it has 
distinct disadvantages including hematuria/dysuria syndrome and rare hypochlore-
mic metabolic alkalosis, due to loss of hydrogen and chloride ions, and an increased 
concern for malignancy. One theory for the etiology of hematuria/dysuria is irrita-
tion caused by the production of hydrochloric acid by the gastric segment. However, 
the symptoms have been seen even with urine acidity in the normal range. An alter-
native explanation proposed by some was irritation from Helicobacter pylori infec-
tion, which with treatment showed improvement.

Dysuria is generally only seen is sensate patients, and it is not advisable to use 
stomach when the urethra is still the conduit for catheterization. Hematuria becomes 
an issue depending on the segment chosen. Care should be taken to utilize the body 

Fig. 6.5 Voiding urodynamics. This is an image from a Voiding Urodynamics study of the same 
CAKUT patient with unmanaged bladder since transplant
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of the stomach away from the cardia and antrum. Although parietal cells are found 
throughout the stomach, this section reconfigures nicely and has a lower tendency 
to secrete acid.

The risk of malignancy is a concern for some, but it is estimated to occur in <5% 
of cases [19]. Regardless, surveillance with cystoscopy and ultrasound is recom-
mended beginning 10 years after augmentation [20]. Autoaugmentation and uretero-
cystoplasty were performed historically, but both techniques have fallen out of favor 
[21]. Autoaugmentation, which is basically the creation of a diverticulum, did not 
hold up over time and patients did not reliably experience an improvement in compli-
ance and capacity. Ureterocystoplasy is a simple operation and can be performed 
without opening the peritoneal cavity, but it has the tendency to create a diverticulum 
or a deformity that impairs drainage and can promote stasis and UTI. Utilizing the 
dilated ureter also sacrifices the kidney, and when performed on the lateral wall of the 
bladder, it can impact the reimplant of the transplant kidney [22].

Augmentation can be performed either when the patient is ready for transplant 
listing or 6 to 12 weeks before a scheduled living donor transplant, prior to starting 
immunosuppression. For patients on peritoneal dialysis, it is important to realize 
that any transperitoneal surgery can compromise this approach by creating serosal 
disruptions and adhesions which will interfere with ultrafiltration.

Fig. 6.6 Voiding urodynamics after a trial of intermittent catheterization and anticholinergics. The 
same patient after a trial of intermittent catheterization and anticholinergics. Patient’s bladder 
ready for re-transplant with simple bladder management
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The management of retained native renal units can also be a concern for urolo-
gists. Residual excretory capacity and erythropoietin production can provide physi-
ologic benefit; however, issues like reflux and infection can present challenges [23]. 
Some studies have suggested an increased incidence of bacteriuria in patients with 
VUR [24]. The management of VUR in this setting is controversial with options 
including observation, endoscopic bulking injection, ureteral reimplantation, and 
native nephrectomy. One study showed no difference in infection rates between 
observation and native nephrectomy but showed decreased infections with reim-
plantation [25]. For high-grade reflux, reimplantation is preferred because it main-
tains the native ureters in case they are needed for future complication management 
with ureteroureterostomy or ureteropyelostomy.

Native nephrectomy is indicated for patients with persistent high-grade reflux, 
chronic renal infections (i.e., xanthogranulomatous pyelonephritis), infected renal 
stones, large cystic kidneys, or refractory hypertension. Heavy proteinuria (>40 mg/
m2/hour) can also merit native nephrectomy to eliminate protein loss and potentially 
decrease risk of thrombotic events [23, 26, 27]. Nephrectomy can be performed 
early, several weeks before transplant, or simultaneously with transplant. However, 
some conditions like xanthogranulomatous pyelonephritis or polycystic kidney dis-
ease may make nephrectomy at the time of transplant too difficult or risky. 
Widespread use of minimally invasive techniques for nephrectomy has decreased 
some of the concerns regarding timing and impact on dialysis [28]. Finally, nephrec-
tomy may reduce the risk of graft hypoperfusion by reducing organ steal and vol-
ume depletion from large native urine output [23]. The decision to perform native 
nephrectomy should be individualized with a discussion of potential risks and ben-
efits of this strategy.

 Urological Complications Post-transplant

Acute urological complications occur in 5–22% of pediatric transplants [29, 30]. 
Postoperative urinary obstruction and urine extravasation are the most common 
complications. Extravasation results from anastomotic leak, ureteral necrosis, or 
bladder injury and is managed conservatively with stenting and bladder drainage or 
surgically with nephrostomy drainage, dilation, or reimplantation. Case series have 
shown that urological complications are not associated with donor type, preexisting 
urological pathology, surgical technique, or patient age [29]. Ureteral obstruction is 
more common in boys with PUV, but it can also result from transient ureteral edema, 
anastomotic stricture, or hematuria with clots. In one case series, half of the patients 
with ureteral obstruction presented within 100 days of transplant and 79% were 
found to have obstruction at the level of the ureterovesical junction [31].

Urolithiasis can also affect transplant recipients. Stones are formed in 6% of 
adults and 1% of pediatric patients after transplant [32]. Diagnosis and treatment 
can be challenging since obstruction will not cause typical renal colic, and endo-
scopic access to a transplant kidney can be problematic. In the largest series of 20 
patients, presenting signs/symptoms were UTI (40%), hematuria (35%), dysuria or 
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straining (45%), and asymptomatic (10%) [33]. Risk factors identified included 
retained suture material, hypercalciuria, recurrent UTI, and urinary stasis. Other 
factors that contribute to stone formation in transplant patients are low urine output, 
alkaline urinary pH, hypomagnesuria, hypocitraturia, and hyperparathyroidism 
[34]. Stones can be treated with extracorporeal shock wave lithotripsy, retrograde 
ureteroscopy, or percutaneous nephrolithotomy, but comparative effectiveness data 
between these techniques are scant.

Postoperative VUR is noted in up to 58% of transplants [35]. If incidentally 
detected during screening or imaging, there appears to be no effect on graft survival 
[29, 36]. However, if hydronephrosis and/or pyelonephritis develop, outcomes are 
worse [37, 38]. As discussed, earlier graft survival is not the only metric that can be 
assessed when it comes to the health and well-being of a pediatric transplant 
recipient.

Urologic disorders that predispose patients to transplant VUR include noncom-
pliant bladder, detrusor overactivity, posterior urethral valves, or urethral stricture 
[39]. In certain cases with incompletely controlled bladder dysfunction, aggressive 
bladder management with anticholinergic pharmacotherapy and CIC can be enough 
to decrease urinary stasis and prevent renal damage. Ideally this should all be 
addressed prior to transplant. In a few patients, endoscopic management with injec-
tion of collagen bulking agents has been attempted in transplanted kidneys with 
limited success [40, 41]. Ureteral reimplant and/or submucosal tunnel lengthening 
has been shown to have success rates of almost 100% [39]. This procedure is per-
formed in a small fraction (2%) of pediatric transplant recipients nationally [42].

The management of the CAKUT patient with CKD and ESRD is not standard-
ized. Although the focus of this chapter was to educate the reader about successful 
ESRD management and ensuring graft survival, there exist multiple opportunities to 
utilize these lessons to improve native kidney function and potentially delay the 
progression of CKD.  Many of the principles mentioned in this chapter can be 
applied earlier in the patient’s life to preserve renal function. We are hopeful that a 
broader understanding of the CAKUT patient will help the medical community con-
tinue to improve care and treatment of this condition as time progresses.

 1. Conditions that comprise congenital anomalies of kidney and urinary tract 
(CAKUT) include all of the following except:
 (a) Posterior urethral valves
 (b) Ureteropelvic obstruction
 (c) Autosomal recessive polycystic kidney disease
 (d) Megaureter
 (e) Renal scarring

Congenital anomalies of the kidney and urinary tract (CAKUT)
Kidney anomalies Urinary tract anomalies
Renal agenesis Posterior urethral valves
Renal hypoplasia Bladder malformations
Renal dysplasia Prune-Belly syndrome
Multicystic dysplastic kidney Vesicoureteral reflux
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Kidney anomalies Urinary tract anomalies
Autosomal recessive 
polycystic kidney disease

Megaureter

Ureteropelvic junction (UPJ) 
obstruction

Ureterovesical junction 
(UVJ) obstruction

Duplex renal collecting 
system

Answer: (e)

 2. Native nephrectomy prior to kidney transplant is indicated in the following situ-
ations except:
 (a) High-grade urinary reflux
 (b) Chronic urinary infections
 (c) Renal dysplasia
 (d) Large proteinuria
 (e) Refractory hypertension

Native nephrectomy is indicated for patients with persistent high-grade 
reflux, chronic renal infections (i.e., xanthogranulomatous pyelonephritis), 
infected renal stones, large cystic kidneys, or refractory hypertension. Heavy 
proteinuria (>40 mg/m2/hour) can also merit native nephrectomy to elimi-
nate protein loss and potentially decrease the risk of thrombotic events.

Answer: (c)
 3. Which of the following is true regarding bladder dysfunction:
 (a) Storage pressures over 40 cm H2O have been shown to have damaging effects on 

renal function.
 (b) Children with large volume urine output CAKUT do not need to have their blad-

der evaluated pre-transplant.
 (c) Patients exhibiting low voiding pressures and high bladder compliance often 

necessitate intervention such as urinary diversion with a vesicostomy versus 
high-dose anticholinergic therapy with CIC.

 (d) VUR is often secondary to the bladder condition in children with CAKUT and 
does require surgery for management.

The correct answer is that storage pressures over 40 cm H2O have been shown to 
have damaging effects on renal function. The amount of urine does not correlate 
to the degree of bladder dysfunction. It can be an effect of the damage on the 
kidney and loss of concentrating ability. Patients exhibiting high voiding pres-
sures and low bladder compliance often necessitate intervention such as urinary 
diversion with a vesicostomy versus high-dose anticholinergic therapy with 
CIC. VUR is often secondary to the bladder condition in children with CAKUT 
and does not always require surgery for management. In some cases, surgery can 
actually worsen the progression of renal disease as it does not address the abnor-
mal bladder. VUR is often secondary to the bladder condition in children with 
CAKUT and does not always require surgery for management.

Answer: (a)

6 Urological Considerations for Pediatric Renal Transplantation: CAKUT Challenges
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Rheumatologic Challenges

Sonia I. Savani and Mileka Gilbert

 Systemic Lupus Erythematosus

 Introduction

Systemic lupus erythematosus (SLE) is a rare, chronic autoimmune disease that can 
result in multi-organ damage and is known for its waxing and waning disease course 
[1–3]. SLE is characterized by the abnormal immune dysregulation of both the 
innate and adaptive immune processes, leading to the breakdown of self-tolerance 
and the development of autoantibodies directed against self-antigens (most notably 
against endogenous nuclear antigens) [4]. Autoantibody and self-antigen immune 
complexes deposit in various tissues and organs, causing localized inflammation [4] 
and triggering activation of complement and accrual of neutrophils, monocytes, and 
self-reactive lymphocytes [4]. While genetic, environmental, and hormonal ele-
ments all are believed to contribute to the development of SLE, the exact pathogen-
esis is exceedingly complex and remains largely unknown [4].

The American College of Rheumatology (ACR), in conjunction with the 
European League Against Rheumatism, has developed an updated set of classifica-
tion criteria for SLE (revised in 2019) based on presence of a positive antinuclear 
antibody (ANA) at titer of ≥1:80 with additive clinical and immunologic criteria 
[5]. The clinical criteria include the domains of constitutional, hematologic, neuro-
psychiatric, mucocutaneous, serosal, musculoskeletal, and renal manifestations. 
The immunological criteria include presence of antiphospholipid antibodies, 
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hypocomplementemia, and presence of SLE-specific antibodies [5]. The Systemic 
Lupus International Collaborating Clinics (SLICC) has also published a new set of 
classification criteria in 2012, which includes 11 clinical and 6 immunologic items 
[6]. These sets of classification criteria serve as guides for identifying SLE; how-
ever, diagnosis is largely clinical and does not depend on meeting criteria for either 
ACR or SLICC.

SLE predominantly affects young, non-white women [1, 2] with a 3:1 female-to- 
male ratio in children and a 10:1 female-to-male ratio in the reproductive years [7]. 
Between 10 and 20% of SLE cases are diagnosed in the pediatric population prior 
to 18 years of age [1–3, 8]. There is wide variability in upper limit of ages in the 
literature used to define childhood-onset SLE (cSLE), ranging from 14 years to 21 
years of age [1]. The mean age of onset is between 11 and 12 years [3]. In the United 
Sates, studies have suggested an annual incidence of cSLE of 0.6 per 100,000 popu-
lation [9]. Others suggest an annual incidence of 0.3–2 cases per 100,000 patient- 
years and a prevalence of 1.89–25.7 per 100,000 children worldwide [2, 3]. Patients 
with cSLE typically have a more severe disease course when compared to adult 
counterparts [10], and mortality can approach 95% if the disease is left untreated [11].

Although mortality for cSLE has improved over the years with some advance-
ments in treatment, there continues to be significant associated morbidity depending 
on the extent of organ involvement. Comorbidities, such as progression to end-stage 
renal disease (ESRD), have become more prominent as the overall survival of 
patients with SLE increases. Lupus nephritis (LN) is one of the most severe compli-
cations of SLE and serves as a strong predictor of poor outcome and increased 
mortality rates in SLE [2, 12], often occurring in the first years of disease [13]. It is 
reported that as many as 40–80% of patients with cSLE will develop kidney involve-
ment in the form of LN during their disease course [1, 2, 7, 12, 14], with approxi-
mately 80% of childhood LN occurring at or within the first year of diagnosis [15]. 
cSLE characteristically presents with a more aggressive disease course with a 
reported 10–30% higher prevalence of LN when compared to adults [1].

 Clinical Course of Renal Involvement and Outcomes

Renal involvement significantly contributes to increased morbidity and mortality in 
SLE. In the literature, kidney disease as a predictor of death in adults and children 
is consistently reported [2]. Prior to use of corticosteroids, patients with LN did not 
survive greater than 5 years [1]. Outcomes improved by the 1990s in children with 
LN with 10-year patient survival of 92–95% and 10-year renal survival 89–90% 
after diagnosis, but these numbers have since plateaued [1]. Yet, mortality rates can 
be as high as 20% in cSLE in some parts of the world [2, 16].

Renal involvement in SLE can range broadly from mild hematuria and/or pro-
teinuria to progression to acute or chronic kidney disease (CKD) and ESRD [17]. 
Per the 2012 “Kidney Disease: Improving Global Outcomes (KDIGO) Clinical 
Practice Guidelines for Glomerulonephritis,” renal involvement should be consid-
ered in any patient with lupus with new impairment of kidney function or presence 
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of proteinuria, active urine sediment, or elevated blood pressures. LN is most often 
due to deposition of immune complexes in the glomerulus leading to inflammation. 
The gold standard for diagnosis of LN is kidney biopsy [1]. Histological classifica-
tion of renal pathology is graded according to the 2003 International Society of 
Nephrology and Renal Pathology Society (ISN/RPS) classification system [Table 
7.1] and can range from minimal mesangial involvement (class I LN) to prolifera-
tive glomerulonephritis (GN) (class III and IV LN) to advanced sclerosing LN 
(class VI LN) [17]. Class V LN represents a membranous form of LN and can occur 
in combination with class III or IV LN. ISN/RPS class IV LN, the most common of 
the histological classifications, is the most active disease class and is associated with 
worse prognosis [2, 18]. Extent of kidney involvement, including features of activ-
ity and chronicity seen histologically, often predicts kidney outcomes and guides 
treatment decisions [2].

While a full discussion of treatment protocols for cSLE and LN are outside the 
scope of this text, it should be noted that several international groups have produced 
protocols that are based on an intensive period of induction therapy, often with high 
doses of corticosteroids and either mycophenolate mofetil (MMF) or IV cyclophos-
phamide (CYC), followed by maintenance immunosuppressive therapy for LN with 
close monitoring of disease activity to ensure disease remission [2]. However, 

Table 7.1 ISN/RPS 2003 classification of lupus nephritis [17]

Class Definition Description
I Minimal 

mesangial LN
Light microscopy – normal
IF – mesangial immune deposits

II Mesangial 
proliferative LN

Light microscopy – purely mesangial hypercellularity and matrix 
expansion with mesangial immune deposits
IF and EM – few isolated subepithelial or subendothelial deposits

III Focal LN Active or inactive focal, segmental, or global endo- or extracapillary 
glomerulonephritis involving <50% of all glomeruli
Focal subendothelial immune deposits with or without mesangial 
alterations
Proportion of glomeruli with active and chronic lesions indicated

IV Diffuse LN Active or inactive focal, segmental, or global endo- or extracapillary 
glomerulonephritis involving ≥50% of all glomeruli
Diffuse subendothelial immune deposits with or without mesangial 
alterations
Further divided into diffuse segmental or diffuse global
Proportion of glomeruli with active and chronic lesions indicated
Proportion of glomeruli with fibrinoid necrosis and/or cellular 
crescents indicated

V Membranous LN Global or segmental subepithelial deposits by light microscopy, IF, 
or EM with or without mesangial alterations
May occur in combination with class III or IV

VI Advanced 
sclerosis LN

≥90% of glomeruli globally sclerosed without residual activity

Indicate and grade (mild, moderate, severe) tubular atrophy, 
interstitial inflammation and fibrosis, severity of arteriosclerosis or 
other vascular lesions

7 Rheumatologic Challenges
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despite advancements in immunosuppressive treatment protocols, rates of LN flare 
or remain between 25 and 50% [1]. Only approximately 55% of cSLE with prolif-
erative LN are able to achieve remission of renal disease [1]. Additionally, 90% of 
patients with membranous LN are able to reach renal remission; however, only 76% 
are able to maintain remission despite immunosuppression [1]. Renal relapse rate in 
a cohort of 73 patients with cSLE was reported as occurring in 35% of those with 
cumulative partial or complete response to induction therapy within 1 year of treat-
ment, which is comparable to data published in the adult population [19]. Those 
patients who fail to achieve a complete response are at risk of progressing to ESRD 
[19]. Even with optimal treatment, 10–30% of adult patients that develop clinically 
significant LN will progress to ESRD and ultimately require consideration of renal 
replacement therapy (RRT), oftentimes within 10 years of lupus diagnosis [13, 20–
22]. A similar trend is seen in the pediatric population, with the risk of progressing 
to ESRD in children with LN ranging from 18 to 50% [9, 12, 18, 19], oftentimes 
within 5 to 6 years of diagnosis [7, 18].

Risk factors for progression to ESRD include demographic factors (male gender 
and African American race), clinical features (presence of hypertension, nephrotic 
syndrome, antiphospholipid antibodies, low C3  in conjunction with an elevated 
serum creatinine, poor response to induction therapy, and occurrence of renal flare), 
and histologic features on renal biopsy (class IV LN, chronicity, and high glomeru-
lar staining for monocyte chemoattractant protein-1) [1, 9, 18, 19, 21]. In a cohort 
of 72 children with LN, risk factors for developing ESRD included failure to reach 
complete remission, higher serum creatinine at beginning of therapy, and not receiv-
ing CYC pulse treatment [12]. Predictors for achieving complete remission in this 
cohort included younger age of diagnosis of LN, lower serum creatinine and C3 at 
treatment, and receiving CYC pulse treatment [12]. Additionally, Freedman et al. 
demonstrated through genotyping studies that African American adults with LN 
were more likely to progress to ESRD if they had two of the APOL1 risk alleles 
(G1/G1, G1/G2, or G2/G2) [21, 23]. APOL1 G1/G2 alleles are more common in the 
African American population and are felt to strongly impact the risk of developing 
LN and ESRD and to influence the time of progression to ESRD in this population 
[21, 23].

In both adults and children with LN, there is increased mortality on dialysis, 
more commonly related to cardiovascular causes and infections, when compared to 
patients that have ESRD from other causes [17]. There is limited data on the out-
comes of children with ESRD secondary to LN. One review reports the mortality 
rate on dialysis for cSLE is 22% at 5 years, similar to the mortality rate reported in 
other causes of pediatric ESRD [1, 8]. However, a survival analysis using retrospec-
tive data from the US Renal Data System (USRDS) that included 171 children dem-
onstrated that pediatric patients with LN and ESRD on dialysis have a twofold 
increased risk of death when compared to other pediatric patients with ESRD, even 
after adjusting for gender, race, and age at death [17]. Upon progression of LN to 
ESRD, it is generally believed that lupus activity decreases in the majority of 
patients through an unclear mechanism [21], including extra-renal manifestations 
[24]. However, this is not always the case. Higher risk of disease flare in ESRD 
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occurred in those that had a history of hematologic disease activity, positive anti- 
cardiolipin IgM antibody, lower C4 levels, and a younger age of beginning RRT [22].

 Renal Transplantation in Lupus Nephritis

Prior to 1975, patients with SLE with renal failure had poor prognosis with signifi-
cant mortality after hemodialysis was initiated [9]. For many years, the concerns of 
poor long-term outcomes and risk of development of recurrent disease in the 
allograft precluded these patients from receiving renal transplants [25–27]. This 
changed in 1975 when the Advisory Committee to the Renal Transplant Registry 
reported reassuring results of renal transplantation in 56 lupus patients at 1 and 
2 years of follow-up [9, 28]. Since that time, most published articles involving renal 
transplant outcomes in the adult lupus population have generally been encouraging, 
though graft survival is variable and has not been equivalent across all studies [9]. 
Pediatric data remain sparse in this regard; however, it is now reported that one third 
of children with LN who progress to ESRD receive a kidney transplant within 
5 years [1, 8].

Achieving remission of SLE and clinical control of disease prior to transplant is 
felt to be important in preventing post-transplant complications [21], as there are 
risks involved in transplanting patients with active systemic inflammatory disease 
processes associated with cytopenias, hemolysis, and pro-coagulation antibodies as 
an example [2]. It should be noted that at time of listing for transplant, serological 
activity (such as the level of anti-double stranded DNA antibody elevation) does not 
always correlate with clinical disease activity [21]. Historically, a “waiting period” 
of 1–2 years of pre-transplant dialysis was advised for LN patients to allow a period 
of time for the disease to become quiescent; however, there are presently no stan-
dardized recommendations regarding the length of time a patient with LN-related 
ESRD should wait prior to receiving a kidney transplant [21]. Additionally, no pedi-
atric studies exist to help clarify this question in children with LN. When investi-
gated in the adult population, there does not appear to be a significant advantage of 
longer intervals of dialysis pre-transplant in graft survival or recurrence of lupus in 
the graft [26]. In fact, in the adult population, it has been suggested that an increased 
wait time on dialysis could be associated with an increased risk of graft failure post- 
transplantation [21, 29]. In a study of 40 adult patients with LN, it was demonstrated 
that mortality worsened by 1.3% for every additional month of dialysis, and in those 
that exceeded 24 months on dialysis, there was almost a threefold increase in mor-
tality [21, 30]. The adult literature also suggests in some reports superior graft sur-
vival and patient survival in patients with ESRD due to LN who received pre-emptive 
kidney transplantation [31]. However, data is conflicting in some reports. For exam-
ple, Wu et al. reported that outcomes of patient and graft survival in LN patients 
undergoing renal transplantation with 1 year of ESRD were not worse than those 
receiving transplant 1 year later [32]. Thus, the decision of when best to transplant 
LN patients has to be carefully weighed against the risks of long-term dialysis [2]. 
Additional factors found to be associated with worse renal transplant outcomes in 
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LN include the number of pre-transplant pregnancies, prior transplantation, and 
both non-use of calcineurin inhibitors and the use of both tacrolimus and cyclospo-
rine post-transplant (the latter possibly indicating the need to switch to a second 
agent in the setting of poor response) [21, 33].

Studies evaluating the outcomes of renal transplantation in pediatric patients 
with LN are sparse with small sample sizes, and information of predictors and out-
comes of LN in cSLE is often extrapolated from adult data. Pediatric-specific data 
on the ideal timing of performing a renal transplant is not available and thus remains 
uncertain [2]. Pediatric-specific studies relating to renal transplantation outcomes 
are summarized here.

One pediatric study (Gipson et al.) retrospectively investigated 254 patients with 
LN receiving renal transplant for ESRD in the United Network for Organ Sharing 
(UNOS) registry in the United States between 1987 and 1997 [7]. Pediatric LN 
patients were more commonly older (median age 19), female, and African American 
when compared to pediatric patients without LN. After a median follow-up of 4.2 
years, mortality was almost 1.8 times higher in those with LN when compared to 
those patients without LN in a multivariate analysis after adjusting for sex, race, 
age, and allograft source (95% CI 1.14–2.74, p = 0.01) [7]. Univariate survival rates 
in patients with LN were 98%, 92%, and 91% at 1, 3, and 5 years, respectively 
(compared to 98%, 96%, and 95% at 1, 3, and 5 years in those without lupus) [7]. 
African American race, deceased donor kidney transplant (DDKT), and receiving 
renal transplant before 1993 were associated with increased risk of mortality in this 
study [7].

In regard to allograft function, Gipson et al. showed that 33% of patients with LN 
compared to 27% of patients without LN lost allograft function (p = 0.04), and uni-
variate graft survival among patients with LN was 90%, 80%, and 71% at 1, 3, and 
5 years, respectively, compared to 93%, 86%, and 77% in those without LN [7]. 
However, there was no difference between the two groups with regard to long-term 
renal allograft survival after adjusting for sex, race, age, and use of DDKT (p = 0.98) 
[7]. There was also no difference in number of allograft rejection episodes [7]. This 
study also showed that LN patients with DDKT were 1.9 times more likely to lose 
their graft compared to living donor transplants (95% CI 1.1–3.3, p = 0.02) after 
controlling for sex, age, race, and type of graft received [7]. The 5-year graft sur-
vival rate was 56% with DDKT allografts compared to 85% with living donor grafts 
in LN patients [7]. This was also observed, though to a lesser degree, in patients 
without LN (5-year allograft survival for DDKT 70% compared to 83% for living 
donor grafts). The same study showed that LN-ESRD patients receiving DDKT had 
a longer duration of pre-transplant dialysis, which in adults has been linked with 
increased risk of DDKT allograft failure [7].

Another prominent pediatric study (Bartosh et al.) retrospectively investigated 
100 kidney transplant recipients in 95 patients with lupus using the North American 
Pediatric Renal Transplant Cooperative Study registry in the United States between 
1987 and 1998 as part of a case-control study comparing patient and allograft out-
comes of cSLE renal transplant recipients against an age, race, and gender matched 
control group (consisting of 470 children with 501 renal transplants) [9]. 
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Immunosuppressive medications were also reportedly similar between the two 
groups. At baseline the LN cohort was less likely to be pre-emptively transplanted, 
received longer pre-transplant dialysis, and was more likely to have received five 
pre-transplant transfusions [9]. After transplant, there was no significant difference 
in 3-year patient survival (89% vs. 95%) or in overall graft failure rates (31% vs. 
29%) between the LN and non-LN groups, respectively, although graft survival was 
uniformly better in all patients receiving living donor grafts versus DDKT [9]. The 
authors did not find significant differences in graft failure related to race, though 
they noted a trend toward worse graft survival in non-white LN patients compared 
to white LN patients receiving living donor grafts (33% vs. 6% graft failure, respec-
tively, p = 0.05) [9]. There was no difference in graft failure rate related dialysis 
mechanism in living donor transplants, but there was an unexplained increased graft 
failure rate in patients with SLE who received PD prior to DDKT when compared 
to controls and compared to patients with SLE receiving HD [9]. There was no dif-
ference seen in the overall incidence of acute rejection and graft loss due to chronic 
rejection; however, there was an unexplained increase in incidence of recurrent 
rejections (>4 episodes) in cSLE with living donor grafts [9]. Overall Bartosh et al. 
concluded that the outcomes of renal transplantation in patients with cSLE were 
comparable to an age, race, and gender-matched control group with similar overall 
patient and graft survival. The authors also note that the trends of increased graft 
failures in non-white patients with SLE receiving living donor transplants need fur-
ther investigation [9].

Finally, a retrospective analysis using data from the European Society for 
Pediatric Nephrology (ESPN) and the European Renal Association-European 
Dialysis and Transplant Association (ERA-EDTA) registry investigated 1955 chil-
dren from 33 countries who underwent renal transplantation before age 20 years old 
between 1990 and 2009 [34]. In this analysis, patients transplanted specifically for 
LN had no significant increase in one and five-year risk of graft loss when compared 
to the 1048 patients transplanted for congenital abnormalities of the kidney and 
urinary tract (CAKUT) (20.3% increased risk of graft loss in LN patients compared 
to 14.4% in CAKUT patients, NS). However, LN patients underwent pre-emptive 
transplantation significantly less often than CAKUT patients (even after adjusting 
for age, gender, and time period) and had lower rates of living donor transplant (OR 
3.5, 95% CI 1.14–10.8). Without adjusting for variables, there was no difference in 
graft loss between SLE and CAKUT patients, but after adjusting for this pre- emptive 
and donor type, along with age at start of RRT, age at transplant, gender, and era of 
transplantation, the differences between cSLE and CAKUT patients significantly 
demonstrated a threefold increased risk of graft loss for patients with LN compared 
to CAKUT patients (HR 3.21 with CI 1.19–8.69) [34]. The authors did not provide 
information on whether increased risk of graft loss was related to recurrence of 
disease.

While these three studies show similar rates of graft survival in pediatric patients 
with LN compared to those without LN [7, 9, 34], only one of the two studies that 
report mortality data suggests an increased mortality rate in cSLE after renal trans-
plantation [7]. These studies and other small studies [8, 35] suggest a benefit in 
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receiving a living donor graft over DDKT in pediatric patients with LN. It is unclear 
if this is secondary to increased immunosuppression that is sometimes needed with 
DDKT patients or if there is a direct effect from the graft itself. Given that the type 
of renal transplant appears to have implications for survival of the transplanted kid-
ney, additional updated pediatric studies in this area are needed.

Taking existing data into account, renal transplantation is the treatment of choice 
for most patients with LN-related ESRD [21]. There is no absolute contraindication 
for renal transplantation in this patient population aside from the typical contraindi-
cations applicable to all patients undergoing consideration of renal transplantation 
(such as presence of infection, ongoing cancer therapies, and substance abuse) [21]. 
While active lupus may be a relative contraindication, there are no currently existing 
guidelines regarding recommended wait periods till transplant [21], though a rea-
sonable approach may be to wait a period of 6–12 months of disease remission to 
ensure no chance of native renal recovery [2]. Others feel that with advanced CKD 
or ESRD due to LN without evidence of clinically active SLE, pre-emptive kidney 
transplant should be considered without a wait period [21]. In the adult and pediat-
ric populations, the recommendation is that patients with SLE should be referred for 
transplant evaluation when glomerular filtration rate (GFR) is 20 mL/min or less 
[21]. Finally, from available pediatric data, overall allograft survival is not different 
for children with lupus with ESRD requiring renal transplant compared to those 
without lupus [7].

 Recurrence of Lupus Nephritis Post-transplantation

Recurrence of LN after renal transplantation can present as decline in renal func-
tion, new proteinuria, and/or new hematuria [21]. Despite the underlying immuno-
logic characteristics of SLE, clinically significant recurrence of disease in renal 
transplant patients is felt to be relatively rare [9]. However, the true incidence has 
been difficult to establish, and there is little consensus among studies. This may be 
attributable to widespread use of immunosuppression post-transplant with regimens 
that are often felt to be appropriate therapies for SLE as well [36].

Again, the pediatric data on this topic are limited. In adults, the risk of recurrence 
of LN in transplanted kidney may be higher than previously considered, ranging 
between 1 and 13% [7, 9, 20, 27, 36, 37], though some series report higher numbers 
ranging between 10 and 50% of transplanted patients having histologically con-
firmed recurrence of LN [38–40]. In a cross-sectional study using surveillance biop-
sies to assess incidence of LN recurrence post-transplant, Norby et al. reported 54% 
biopsy-proven recurrence of LN (22 out of 41 adult patients), the majority of which 
were subclinical cases characterized as Class I and Class II LN [40]. Those that had 
recurrence of LN had increased proteinuria, more frequent presence of lupus anti-
coagulant, and had more often received the kidney transplant from a living donor 
[40]. Of note, when analysis was corrected for non-related living donors, the statisti-
cal association of the latter became marginal [40]. Classic indicators of lupus 
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activity, however, such as Systemic Lupus Erythematosus Disease Activity Index 
(SLEDAI) and SLICC indices, were low and did not differentiate between the two 
groups with regard to LN recurrence [40]. Importantly, there was also no difference 
in primary immunosuppressive regimen between the two groups [40]. The authors 
commented that the higher recurrence rate than previously reported may be due to 
the fact that the majority of biopsies assessing for recurrent LN are performed for 
clear clinical indications (i.e., increasing serum creatinine or active urinary sedi-
ment on urine), whereas this study demonstrated that silent recurrence of LN may 
be more frequent than originally thought [40]. There was no longitudinal data on 
this cohort of patients.

In another study, Stone and colleagues, in a large single medical center retro-
spective analysis of LN patients that underwent renal transplant (with disease 
quiescent at time of transplant), demonstrated that 8.5% (9 out of 106 patients) 
had pathologic recurrence of LN following first renal biopsy during a mean fol-
low-up period of 250.4 weeks [25]. In this cohort of lupus patients, recurrent LN 
contributed to 7.7% of all allograft losses during study duration [25]. The patients 
with recurrence of disease were slightly younger at time of transplant (29.9 years 
compared to 35.1 years, p = 0.12) but otherwise were similar in terms of demo-
graphics (such as sex and race), pre-treatment disease activity, immunosuppres-
sion, HLA matching, and episodes of acute rejection [25]. The authors also note 
that recurrent LN was oftentimes noted even without clinical and serological evi-
dence of active disease [25]; thus, it is important to detect presence of LN recur-
rence by histologic exam of renal biopsies with use of light microscopy, 
immunofluorescence (IF), and electron microscopy for diagnosis [21]. The histo-
logic patterns of recurrent LN are typically identical to the original glomerulone-
phritis process [26], though this is not always the case. A study of 177 patients 
with ESRD due to LN had recurrence of mostly Class II lesions in transplanted 
kidneys as opposed to having previously class III, IV, or V LN in native kidneys 
[21, 39].

In a review by Wong et al., LN recurrence was reported anywhere from 5 days to 
16 years after transplant (median time of 4.3 years) [21]. While primary disease 
recurrence after transplant has been associated with allograft failure in the literature, 
it appears to only constitute approximately 7–8% of graft loss in this population 
[38]. We again emphasize that the overall survival of allografts in adults with lupus- 
induced ESRD has not been shown to be different than allograft survival in other 
causes of ESRD [7]. Additionally, the recurrence of LN post-transplant has not been 
shown to impact patient survival in adults, despite having an association with 
allograft loss [20, 39]. The features in adults that have been associated with an 
increased risk for LN recurrence in a transplant include non-Hispanic black race 
(1.88-fold increased risk), female gender (1.70-fold increased risk), and younger 
age less than 33 years old (1.69-fold increased risk) [21, 41]. There is also a sugges-
tion of lupus anticoagulant being found more frequently in patients that experienced 
recurrence of LN post-transplantation [40]. However, while there are not many 
studies investigating baseline clinical or serological features that increase risk of 
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recurrent LN post-transplant, other serologic parameters do not seem to be reliable 
predictors of LN recurrence [21]. Goss et al., in a 1991 study, found a relationship 
between presence of a positive ANA and an elevated anti-double stranded DNA 
antibody pre- and post-transplant with recurrence of SLE. The authors suggested 
that seropositive patients who remain seropositive post-transplant should be moni-
tored closely for recurrence of disease. However, this study had a very small sample 
size (a review of seven cases of recurrent LN post-transplantation in a single cen-
ter) [26].

Interestingly, in the adult population of patients with ESRD due to LN receiv-
ing living-related kidney transplants, increasing haplotype match was associ-
ated with lower rates of allograft loss due to recurrence of LN [42]. Additionally, 
one retrospective adult study (n = 7826) compared use of cyclosporine and aza-
thioprine (AZA) post-transplant with the use of cyclosporine and mycopheno-
late mofetil (MMF) in patients with deceased donor and living donor kidney 
transplants and showed no difference in renal allograft loss due to recurrence of 
LN with either form of therapy after follow-up for 10  years [21, 43]. As it 
stands, there are no existing evidence-based guidelines on which immunosup-
pressant to choose to treat recurrent LN after transplantation, although Wong 
et al. suggest that MMF is likely the easiest choice, given its regular use in kid-
ney transplant regimens and current recommendations for use in the treatment 
of native LN [21].

In the limited pediatric data, LN recurrence post-transplantation is reported to be 
as low as <3% of patients having symptomatic disease and only 3–7% of graft fail-
ures attributable to recurrent LN [1, 9]. Bacchetta et al., in a comprehensive review 
investigating disease recurrence after pediatric renal transplantation, noted 0–30% 
recurrence rate of LN after first renal transplant with 0–5% graft loss due to recur-
rence [38]. However, other reviews are contradictory, indicating that if recurrent LN 
does occur, there is a fourfold increased risk of graft failure [1]. Interestingly, there 
have been isolated case reports in the pediatric literature of de novo LN developing 
in pediatric patients post-renal transplant, including a case report in a patient with 
prune belly syndrome [37]. While this phenomenon is exceedingly rare, the pres-
ence of new-onset nephritic syndrome post-renal transplantation should encourage 
consideration of de novo LN, even without the presence of other clinical manifesta-
tions of SLE [37].

In summary, given limited reports overall of recurrence of LN in the kidney 
allograft, concerns about recurrent LN should not impede consideration of pursuing 
renal transplantation in patients with ESRD secondary to SLE in either pediatric or 
adult populations [25], but should be taken into consideration when picking immu-
nosuppression protocols. Recurrence, when it occurs, generally appears to be mild 
in severity without significant association with decreased patient survival (though 
there is some association with a higher rate of allograft loss as noted above). 
Prediction of patients that are at higher risk of LN recurrence after kidney transplant 
remains challenging and deserves dedicated investigation in the pediatric lupus 
population.
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 Health Disparities in Systemic Lupus Erythematosus 
and Lupus Nephritis

It is essential in discussion of renal outcomes in SLE to discuss the significant dis-
parities that exist in LN outcomes in African Americans. In the Hopkins Lupus 
Cohort with over 1500 adult patients with lupus, it was shown that 75% of African 
Americans with SLE develop LN compared to 30–40% of whites [44]. African 
Americans have a threefold increase in incidence of SLE with development of lupus 
at younger ages (presenting at 12.6 years compared to 14.6 years in white patients) 
and more frequent development of LN compared to other races (62% vs. 45% in 
white patients), along with more rapid progression to ESRD despite similar treat-
ments [7, 45]. These results are statistically significant independent of age, disease 
duration, presence of hypertension, or activity/chronicity indices on renal biopsy 
[7]. Sule et al. found that both African American children and African American 
adults with ESRD due to SLE in the United States Renal Data System (USRDS) 
have increased mortality when compared to white patients with ESRD due to SLE 
and when compared to African Americans with ESRD due to other etiologies [14]. 
African American children with ESRD due to SLE had a twofold increase in risk of 
death compared to African American children with other causes of ESRD [14], and 
mortality is almost doubled for African American children when compared to white 
children with ESRD from LN [1, 8]. African American children with LN have also 
been found to have more treatment resistance when compared to other popula-
tions [19].

These disparities were further highlighted by Hiraki et al., who investigated pedi-
atric patients in the USRDS between 1995 and 2006 with regard to identifying pre-
dictors for being listed for renal transplantation. It was demonstrated that significantly 
fewer kidney transplants were done among children that had Medicaid (vs. private 
insurance) and who were older (vs. younger), African American (vs. white), and 
Hispanic (vs. non-Hispanic) [1, 8]. In a recent 2020 review by Rubinstein et al., it 
was suggested that African American children with ESRD from SLE are half as 
likely to receive renal transplants when compared to white children and are almost 
twice as likely to die [46]. More studies are needed in investigating these health dis-
parities in the pediatric lupus and LN population to better understand and serve this 
vulnerable population. These reports highlight the need for aggressive monitoring of 
African American patients (adults and children) with ESRD secondary to lupus.

 Conclusion

Despite advancements in immunosuppressive treatment regimens, 18–50% of chil-
dren with SLE and LN will progress to ERSD [7, 18]. Renal transplantation is the 
preferred choice of RRT in these patients with overall reassuring results related to 
long-term patient survival, graft survival and function, and generally low rates of 
recurrent LN in the allograft. Renal transplant outcomes in LN-ESRD have been 
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shown to be similar to those receiving transplant for other causes of ESRD. Timely 
consideration of renal transplant should be part of the routine care for patients with 
SLE with ESRD from LN, and efforts should be made to improve access to renal 
transplant in this vulnerable population (with special attention given to the health-
care disparities that exist in this regard) in hopes of improving long-term outcomes 
(Box 7.1).

 IgA Vasculitis

 Introduction

Immunoglobulin A vasculitis (IgAV) (formerly Henoch-Schonlein Purpura, HSP) is 
a systemic vasculitis involving small vessels. IgA nephropathy (IgAN) will be dis-
cussed in a separate chapter. HSP was renamed IgAV by the International Chapel 
Hill Consensus Conference in 2012 [47]. It is the most common vasculitis of child-
hood with an incidence of 3–27 cases per 100,000 children and a slight male pre-
dominance of 1.5:1. It can occur at any age but peaks around 4 to 6 years old with 
90% of cases occurring before 10 years of age. There appears to be a genetic predis-
position as evidenced by its geographical variation in incidence and is more com-
mon in the Asian population. The pathophysiology is still being investigated but 
appears to involve abnormal IgA1 glycosylation [48]. The most sensitive and spe-
cific classification criteria for IgAV were proposed by the European League Against 

Box 7.1 Key Points for Lupus Nephritis
• cSLE has a more aggressive disease course compared to adults.
• LN is a strong predictor of poor outcome and mortality in SLE.
• LN develops in 40–80% of children with SLE (often within first year of 

diagnosis) with 18–50% progressing to ESRD despite optimal treatment.
• Class IV LN is the most active disease class and carries worst prognosis.
• Renal transplantation is the recommended treatment of choice for most 

patients with LN-related ESRD.
• Allograft survival is similar for children with ESRD from lupus compared 

to those with other causes of ESRD.
• Clinically significant recurrence of LN in renal allograft is relatively rare, 

and concerns about this should not discourage consideration of renal 
transplant.

• No current guidelines exist regarding appropriate wait time prior to receiv-
ing renal transplant in the pediatric population.

• Significant health disparities exist in SLE and LN with African American 
children having increased risk of LN, increased treatment resistance, more 
rapid progression to ESRD, and a twofold increased risk of mortality com-
pared to white children with ESRD from LN.
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Rheumatism (EULAR) and the Pediatric Rheumatology European Society (PRES) 
in 2005 and validated by the Pediatric Rheumatology International Trials 
Organization (PRINTO) in 2010. It is classified by the presence of a palpable pur-
puric rash in dependent areas in addition to at least one of the following at diagno-
sis: abdominal pain, arthritis or arthralgia, renal involvement, or histopathology 
showing IgA deposition [49, 50]. IgAV without renal involvement has a very good 
prognosis with resolution of symptoms by 1  month in the majority of children, 
although it may take on a persistent or refractory course with complete recovery in 
94% of cases by 2 years. Recurrence of disease can occur usually within the first 
2 years in 25% of cases [48].

 Clinical Course of Renal Involvement and Outcomes

Renal involvement varies from mild proteinuria or hematuria to nephritis with CKD 
and ESRD and is a major contributor to poor outcomes of IgAV. Any renal involve-
ment occurs in about one third to half of children with IgAV with the majority of 
children developing renal involvement in the first month of disease activity [48, 51]. 
In a study of 1133 children with IgAV without renal involvement at diagnosis in 
2005, 34% subsequently developed proteinuria and/or hematuria: 85% of these 
cases occurred within 4 weeks of diagnosis, in 91% within 6 weeks of diagnosis, 
and in 97% within 6 months of diagnosis [52]. Of those children with renal involve-
ment, 20% of cases developed nephritic or nephrotic syndrome [52]. Given the risk 
of development of nephritis and ESRD, there is consensus agreement that all 
patients with IgAV should undergo renal monitoring with urinalysis and blood pres-
sure checks for at least 6  months with more frequent monitoring in the first 
1–3 months as onset of renal disease is usually asymptomatic [48, 53, 54]. Published 
review of the literature in 2009 found that the most significant risk factors for later 
developing IgAV nephritis were persistent or recurrent purpura, severe abdominal 
symptoms, and older age [51].

Corticosteroid is helpful in treatment of severe gastrointestinal (GI) and joint 
involvement, but the literature does not support early use of prednisone to prevent 
subsequent development of renal involvement in IgAV. Several retrospective studies 
and a few randomized controlled trials (RCT) have mostly found little to no benefit 
with prednisone [51]. Two more recent Cochrane Systematic Reviews (one pub-
lished by the KDIGO group) have confirmed the lack of benefit in use of early short- 
term prednisone to prevent persistent kidney disease in IgAV with relative risk (RR) 
0.74, 95% confidence interval (CI) 0.42–1.32 [55, 56].

Renal involvement is the only organ linked to long-term morbidity and mortality 
in IgAV. Progression to ESRD occurs in 5–15% of children with IgAV nephritis 
[38], and IgAV nephritis comprises ~1–2% of all ESRD in children [48]. Some 
tertiary care centers report numbers as high as 5–18% CKD or ESRD at 5 years, 
10–20% at 10 years, and 20–32% at 20 years [51]. Over time, progression to CKD 
and ESRD is increased in children with persistent or refractory IgAV nephritis. 
Progression to CKD occurs in 41% of children when low GFR or nephritic or 
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nephrotic syndrome is present in the acute period versus 15% of children when only 
microscopic urine abnormalities occur [57, 58]. A more recent meta-analysis of 
nine case-control studies of children with IgAV nephritis published in 2019 con-
firmed these risk factors, in addition to older age at onset and renal biopsy with 
crescentic nephritis, for progression to CKD [59]. However, Coppo et al. reported 
somewhat different risk factors for poor renal outcomes in a study that included 
both children and adults [60]. Multivariate analysis of patients with IgAV nephritis 
in 2006 showed poor renal outcomes, including renal survival, doubling of baseline 
serum creatinine level, and dialysis therapy, and were significantly worse in adults 
(compared to children), in females, and in patients with high mean follow-up pro-
teinuria values, whereas proteinuria values at baseline, presence of crescents on 
renal biopsy, histologic class, and therapy were not predictive of poor renal out-
comes [60].

Groups in Europe have recommended that a renal biopsy should be performed if 
there is severe proteinuria (>250 mg/mmol for at least 4 weeks), persistent moderate 
proteinuria (100–250 mg/mmol), or impaired glomerular filtration rate [48, 53]. 
Nephritis from IgAV is graded histologically according to the International Study 
on Kidney Diseases in Children (ISKDC) classification: grade I, minimal glomeru-
lar abnormalities; grade II, mesangial proliferation without crescents; grade III, 
focal (IIIa) or diffuse (IIIb) mesangial proliferation with <50% crescents; grade IV, 
mesangial proliferation with 50–70% crescents; grade V, mesangial proliferation 
with >75% crescents; grade VI, membranoproliferative-like lesions [61] [Table 
7.2]. Glomerular sclerosis, tubular loss, interstitial fibrosis, and hyaline arteriolo-
sclerosis may be present and indicate chronic damage. IgA deposition in the mesan-
gium is seen on IF with variable IgG, IgM, and C3 staining. Electron microscopy 
shows mesangial and subendothelial deposits and may show subepithelial deposits. 
A scoring system for activity, chronicity, and tubulointerstitial indices has also been 
proposed [48]. One study showed IgAV in children with nephrotic syndrome, acute 
nephritic syndrome, and creatinine clearance less than 30 mL/min/1.73 m2 were at 
increased risk of developing higher grades (IV and V) of IgAV nephritis on biopsy 
[62]. Furthermore, the risk of long-term renal impairment is increased in children 
with higher grades of IgAV nephritis on biopsy, particularly in children with 
nephritic or nephrotic syndrome at presentation and/or had >50% crescents or scle-
rosing lesions in glomeruli or interstitial fibrosis on biopsy [51, 63–65].

Table 7.2 ISKDC classification of nephritis in IgA vasculitis [60]

Grade Definition
I Minimal glomerular abnormalities
II Mesangial proliferation without crescents
III Focal segmental (IIIa) or diffuse (IIIb) mesangial proliferation with <50% crescents
IV Mesangial proliferation with 50–75% crescents
V Mesangial proliferation with >75% crescents
VI Membranoproliferative-like lesions
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Treatment of IgAV nephritis is highly variable, and there is a lack of evidence in 
the literature to support a specific therapy in mild, moderate, or severe nephritis. 
Therapy options have been reported in several retrospective case series, uncon-
trolled studies, and RCTs, including prednisolone, IV pulse methylprednisolone, 
angiotensin converting enzyme (ACE) inhibitor, fish oil, AZA, cyclosporine, MMF, 
cyclophosphamide (CYC), rituximab (RTX), and plasmapheresis, alone or in com-
bination [48, 51, 65]. There are also reports of use of antiplatelet and/or anticoagu-
lant agents. Additionally, tonsillectomy and improving dental hygiene to eradicate 
infection have been employed with or without drug therapy [48, 51, 53]. New inter-
national consensus guidelines proposed treatment recommendations for renal dis-
ease in IgAV based on best available evidence that include oral prednisolone in mild 
nephritis (grade II or IIIa), IV prednisolone in combination with AZA, MMF, or IV 
CYC in moderate nephritis (grade IIIb), or intravenous (IV) corticosteroids and IV 
CYC in severe nephritis (grade IV–V) to induce remission followed by a period of 
maintenance therapy. In addition, consensus guidelines recommend that all patients 
should receive adjunctive ACE inhibitor or angiotensin receptor blocker (ARB) for 
persistent proteinuria. Use of calcineurin inhibitors or oral CYC was not recom-
mended [53].

Adults with IgAV nephritis may have worse outcomes compared to children. In 
a study of 57 children and 95 adults with IgAV nephritis who had renal biopsy 
with IgA deposits, 25% of children and 32% of adults had renal function impair-
ment. These patients were treated with variable regimens and had follow-up for 1 
to 20 years. Rates of remission defined as normal renal function and proteinuria 
<4 mg/kg/day in children and <200 mg/day in adults were similar in children 
(25%) and adults (33%). ESRD developed in 7% of children compared to 16% of 
adults [66].

In another study of 83 children and 136 adults with biopsy-proven IgAV nephri-
tis in Italy [60], most patients had mesangial proliferation with or without endocap-
illary or extracapillary proliferation and less than 50% crescents on biopsy; 25% of 
children and 15% of adults had nephrotic syndrome; close to 30% of children and 
adults had renal function impairment and hypertension at onset; gross hematuria 
was uncommon. Treatment varied widely but included steroid therapy in 60% of 
children and 72% of adults alone or in addition to various regimens of immunosup-
pressants, antiplatelet drugs, plasma exchange, and ACE inhibitors. No treatment 
was given to 29% of children and 21% of adults. Mean follow-up was 6.7 years in 
children and 5.5 years in adults. There were zero deaths in children; however 15% 
doubled baseline creatinine level, and 7% developed ESRD requiring dialysis. In 
adults, 5% died of neoplasia or cerebrovascular accidents, 25% doubled baseline 
creatinine level, and 13% reached ESRD and required dialysis. Renal survival rates 
at 10 years were 90% in children and 76% in adults. Eight patients (three children) 
underwent renal transplantation, and none developed IgAV recurrence in the 
graft [60].
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 Renal Transplantation in IgAV Nephritis and Outcomes

Pediatric patients with IgAV nephritis who undergo renal transplantation have good 
outcomes. A pediatric registry of IgAV nephritis and IgAN found no increased risk 
of graft loss at 5 years in comparison to patients with CAKUT [34]. Additional case 
series that include children and adults also report good outcomes. In the United 
Network of Organ Sharing database from 1987 to 2005, 0.18% of 189,211 patients 
with renal allografts had a primary diagnosis of IgAV.  A retrospective matched 
cohort study was done with 333 IgAV patients with renal transplantation. Average 
age of IgAV patients at time of transplant was 25 years old, and 47% were women 
and 77% Caucasian. Renal graft survival in IgAV was 80% at 5 years and 59% at 10 
years similar to IgAN and the rest of the population. However, there was increased 
graft loss from disease recurrence in IgAV with 14% compared to 7% in non-IgAV 
patients [67].

In a 1994 study of pooled data of 78 total renal transplants in adults and children 
with IgAV, the risk of recurrence of IgAV nephritis in the graft was 35%, and risk of 
graft loss was 11% at 5  years post-transplant. The report suggested that shorter 
duration of the original disease was associated with recurrence of IgAV nephritis. In 
addition, recurrence can occur despite 1 year of disease remission and on immuno-
suppressive therapy [68].

In a study in Korea, ~2% of 1139 patients between 1972 and 2007 who received 
kidney transplants were diagnosed with nephritis from IgAV. Twenty patients with 
IgAV nephritis (15 men, average age 22 years at transplant) were retrospectively 
reviewed and outcomes compared to 40 patients with IgAN and 40 patients with 
other diseases matched for age, sex, and donor source who required kidney trans-
plant. IgAV nephritis was treated with steroids, calcineurin inhibitors, and inhibitors 
of purine synthesis, and patients were on dialysis for an average of 8 months prior 
to transplant. Source of graft in 90% of IgAV patients was living donor. The inci-
dence of acute and chronic rejection in IgAV was 21% and 26%, respectively, and 
recurrence of IgAV occurred in three patients (15%) at 10 year follow-up, not statis-
tically different compared to IgAN and other diseases. All patients with recurrence 
of IgAV had transplantations from a related donor. Cumulative 5-year and 10-year 
graft survival rates were 95% and 88%, respectively [69].

In a cohort of 43 patients with IgAV nephritis who received renal transplant in 
Belgium and France, rate of disease recurrence was 12%. Three patients lost their 
first graft due to IgAV.  Overall risk of graft loss was 3% at 5  years and 8% at 
10 years. The authors note that severity of disease at presentation and type of immu-
nosuppression used after transplantation did not affect recurrence [70].

In a pooled data from 12 published international case series, the rate of incidence 
of recurrent IgAV ranged from 0% to 62%, and rate of graft loss due to recurrent 
IgAV ranged from 0% to 25%. Related donor transplants showed a trend to higher 
risk of cumulative recurrence as compared to unrelated donor transplants [69]. 
Despite the small but significant risk of graft loss, the long-term graft outcomes are 
similar to transplanted patients with other diseases [67].
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There is no clear data to provide guidance to recommend a particular immuno-
suppressant therapy regimen to protect against or treat recurrence of IgAV in renal 
graft [68, 71, 72]. Successful use of plasmapheresis [73] and tonsillectomy [74] 
have also been reported in young adults with recurrent IgAV nephritis.

In summary (Box 7.2), renal involvement occurs in a significant proportion of 
children with IgAV, and about 15% will progress to ESRD. Outcomes of renal trans-
plantation in these patients based on available evidence are comparable to children 
with other diseases, although there may be increased risk of graft loss from recur-
rence of disease. More pediatric studies are needed to provide better evidence for 
appropriate immunosuppressant therapies in children with nephritis from IgAV and 
to better inform outcomes of renal transplantation.

 ANCA-Associated Vasculitis

 Introduction

Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is a 
small-vessel vasculitis that includes granulomatosis with polyangiitis (GPA), micro-
scopic polyangiitis (MPA), and eosinophilic GPA (EGPA). The definitions of these 
separate entities of AAV have been proposed by the 2012 Chapel Hill Consensus 
Conference [47]. Development of diagnostic and classification criteria for AAV is 
underway [75]. GPA is more commonly associated with ANCA targeting proteinase 
3 (PR3), whereas myeloperoxidase antibody (MPO) is more commonly associated 
with MPA and EGPA, although they all can be ANCA negative. The pathogenesis 
of AAV is under investigation but appears to involve a necrotizing vasculitis induced 
by loss of T cell and B cell tolerance to self PR3 or MPO neutrophil proteins. PR3- 
ANCA and MPO-ANCA activate neutrophils which cause microvascular 

Box 7.2 Key Points for IgA Vasculitis (IgAV) Nephritis
• Renal involvement occurs in one third to half of children with IgAV.
• Treatment of IgAV nephritis is highly variable, as there is no good evi-

dence for specific therapy regimens in IgAV nephritis.
• Risk factors for CKD include the older age at onset, presence of low GFR, 

nephritic or nephrotic syndrome in the acute period of disease, and cres-
centic nephritis on renal biopsy.

• Progression to ESRD occurs in 5–15% of children with IgAV nephritis.
• Renal graft survival ranges 80–95% at 5 years and 59–88% at 10 years.
• Recurrence of IgAV nephritis in renal graft ranges from 0% to 62%, with 

rate of graft loss from disease recurrence ranging 0–25%.
• Despite the small but significant risk of graft loss, the long-term graft out-

comes are similar to transplanted patients with other diseases.

7 Rheumatologic Challenges



210

endothelial inflammation leading to extravascular inflammation, progressive injury, 
tissue destruction, fibrosis, and loss of function [76].

There is evidence that genetics, environmental factors, and infection contribute 
to the onset of disease, and infection influences disease chronicity and relapse [76]. 
GPA and MPA typically involve small vessels in the upper and lower respiratory 
tract and the kidneys but can affect any organ, although GPA may be limited to the 
upper airway. EGPA is characterized by asthma, eosinophilia, and in many cases 
vasculitis [76]. The hallmark of AAV pathology is fibrinoid necrosis and inflamma-
tion of small vessels. In addition, granulomas are defining features in GPA, whereas 
EGPA has prominent eosinophilic infiltrates [76]. In the kidney, AAV is character-
ized by segmental necrosis of glomerular loops with little to no immune deposits, 
“pauci-immune,” focal necrotizing and crescentic GN [76]. Histopathological clas-
sification system proposed for ANCA-associated GN [77] has been validated in a 
pediatric population [78]. Glomerular lesions are used to stage renal disease based 
on this classification system to help with prognostication: sclerotic lesions (≥50% 
global sclerosis, worst outcomes), focal lesions (≥50% normal glomeruli, best out-
comes), crescentic lesions (≥50% cellular crescents, intermediate outcomes), and 
mixed (no single dominant type lesion, outcomes between crescentic and sclerotic 
classes) [77] [Table 7.3].

AAV is very rare in the pediatric population and few studies exist in children. 
The annual incidence of AAV in children is unknown, but a few studies report any-
where from 0.22 to 6.39 per million children in two studies with median age at 
diagnosis of 11 to 14 years [79, 80]. One study reported an estimated prevalence of 
3.41 to 4.28 per million children [81]. Additionally, one study reported that only 2% 
of all the pediatric patients with GN at their center were ANCA-positive GN [82]. 
The European League Against Rheumatism (EULAR), Paediatric Rheumatology 
International Trials Organisation (PRINTO), and Pediatric Rheumatology European 
Society (PRES) proposed classification criteria specifically for children with GPA 
in 2008 that includes the presence of at least three of the following criteria: granu-
lomatous inflammation on histopathology, upper airway involvement, laryngo- 
tracheo- bronchial stenosis, pulmonary involvement, ANCA positivity, and renal 
involvement [50]. Children with GPA can present with constitutional symptoms, 
pulmonary, renal, ear, nose, throat (ENT), musculoskeletal, mucocutaneous, ocular, 
cardiovascular, gastrointestinal, and nervous system involvement, and greater than 
50% have renal involvement with hematuria and proteinuria similar to adults [82, 

Table 7.3 Classification of ANCA-associated glomerulonephritis

Required Light microscopy: ≥1 glomerulus with necrotizing crescentic GN
and
Immunofluorescence microscopy: pauci-immune staining pattern

Focal class ≥50% normal glomeruli
Crescentic class ≥50% glomeruli with cellular crescents
Mixed class No single dominant type lesion

<50% normal, <50% crescentic, <50% globally sclerotic glomeruli
Sclerotic class ≥50% globally sclerotic glomeruli

Adapted from [76]
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83]. However, female involvement, constitutional, ENT, respiratory symptoms, and 
conductive hearing loss are more frequent than in adults [83]. MPA in children more 
predominantly presents with hematuria, proteinuria, and purpura, but may also have 
a pulmonary-renal syndrome [82, 84]. The Pediatric Vasculitis Activity Score 
(PVAS) [85], based on modification of the Birmingham Vasculitis Activity Score 
(BVAS) in adults [86], was developed and preliminarily validated to assess disease 
activity in children with vasculitis. While 21% of the 63 patients in this study were 
diagnosed with GPA, only 8% had renal involvement at initial assessment [85].

There are no RCTs for the treatment of AAV in children, and thus recommenda-
tions for treatment in children have been extrapolated from primarily adult data [79, 
87]. A combination of glucocorticoids and either CYC or RTX is recommended for 
induction therapy in adults and children with organ- or life-threatening AAV disease 
[88–90]. RTX has been found to be non-inferior to CYC in remission induction in 
adults [91, 92]. Despite the lack of RCTs in children, there has been an increasing 
trend in use RTX over CYC in children hospitalized for AAV in the United States 
between 2004 and 2014 [93]. The lack of adverse effect on fertility and apparent 
lower risk of malignancy likely contribute to increased use of RTX in the pediatric 
population. MMF was recently found to be non-inferior to CYC in inducing remis-
sion in AAV but resulted in higher relapse rate [94]. The use of plasmapheresis to 
reduce risk of ESRD is controversial [95, 96]. AZA, methotrexate, MMF, RTX, and 
belimumab have been studied primarily in adults for maintenance therapy with 
varying rates of disease relapse [80, 87]. Pediatric-specific studies of AAV report 
92–100% with disease remission and relapse rate of 41–75% [80].

 Clinical Course of Renal Involvement and Outcomes

The majority of patients with AAV present with renal involvement, although the 
clinical spectrum in children ranges from isolated proteinuria, microscopic hematu-
ria, and/or red blood cell casts to rapidly progressive glomerulonephritis (GN) with 
acute kidney injury [80]. Studies in children with AAV have shown 33–88% renal 
involvement in GPA, 75–100% in MPA, and 0–16% in EGPA [80]. The risk of 
ESRD is 20–40% in patients with GN caused by AAV, and thus is a significant con-
tributor to morbidity and mortality in AAV [38, 97].

The Pediatric Vasculitis (PedVas) Initiative study evaluated early outcomes of 
children with AAV in the ARChiVe registry from 22 international sites [98]. In 105 
children with AAV (81% GPA, 13% MPA, and 6% EGPA), 78% had renal involve-
ment at diagnosis: 73% had hematuria, 70% had proteinuria defined as >0.3 gm/24 
hours, 35% had rise in serum creatinine >10% or fall in creatinine clearance >25%, 
and renal failure requiring dialysis in 16% with ESRD in 5%. After 12 months of 
induction and maintenance therapy, a third of children with AAV had evidence of 
renal damage: proteinuria remained in 20%, GFR ≤50% of normal was found in 
18%, and ESRD had increased to 12% of children. Two patients had received renal 
transplants and there were zero deaths [98]. Analysis of predictors of worse renal 
outcomes in children with AAV was not performed in the PedVas study. Predictors 
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for worse renal outcome and overall survival in adults include older age, female 
gender, higher serum creatinine, and chronic histologic lesions [99].

Cabral et  al. also published a description of pediatric patients with GPA and 
MPA from the ARChiVe registry whose diagnosis was reclassified according to an 
algorithm proposed by the European Medicines Agency to distinguish all types of 
AAV and polyarteritis nodosa [100]. In this cohort of 183 children with GPA and 48 
children with MPA, 83% of GPA and 75% of MPA presented with renal involve-
ment similar to the numbers in the PedVas study: 72% of GPA and 60% of MPA 
presented with hematuria or red blood cell casts, 72% and 69% had proteinuria 
(nephrotic syndrome in 11% and 23%), 54% and 58% had fall in creatinine clear-
ance >25% or abnormal urine protein/creatinine ratio, and renal failure requiring 
dialysis in 13% and 25% with ESRD of 7% and 10% in GPA and MPA, respectively 
[100]. Thus, more children with MPA had severe renal disease at presentation com-
pared to GPA.  Data on outcomes following treatment were not presented in 
this study.

Outcomes of a series of 22 pediatric patients specifically with AAV GN at a 
single center in the United States from 1991 to 2013 were published [82]. These 
patients presented with a median serum creatinine of 2.7 mg/dL, and median urine 
protein/creatinine ratio of 1.5. 41% had cytoplasmic-ANCA with PR3 antibody, and 
another 41% were positive for perinuclear-ANCA/MPO. Renal pathology on biopsy 
found 53% of patients with crescentic histological classification, 21% mixed focal 
and crescentic, and 26% sclerotic. Thirty-six percent of patients required RRT at 
presentation, and half of those discontinued dialysis after sufficient recovery of 
renal function. Plasmapheresis was performed in 23% of patients. Induction therapy 
included pulse dose methylprednisolone followed by prednisone in all patients, and 
80% were treated with oral or IV CYC. Maintenance immunosuppression therapies 
included MMF, AZA, hydroxychloroquine, or etanercept. Two patients were refrac-
tory to induction therapy. Serologic or clinical relapse occurred in 55% of patients. 
ESRD occurred in 32% of patients [82].

 Renal Transplantation in Childhood AAV and Outcomes

There are several studies in the literature that include children in their analyses of 
outcomes in AAV, ESRD, and renal transplantation, but only a few case reports and 
series exist that describe renal transplant outcomes in AAV specifically in pediatric 
populations [38, 82]. Renal transplantation before 1 year of vasculitis remission was 
the strongest predictor of death post-renal transplant in univariate and multivariate 
analyses of 107 patients with AAV that included children [101]. Thus, the KDIGO 
2012 Guidelines and other experts recommend performing transplantation after at 
least 12 months of disease remission [101, 102].

In the series of 22 pediatric patients with AAV GN, ESRD occurred in 32% of 
patients, and renal transplantation occurred at a median time of 3.5 years after pre-
sentation. Additionally, 63% of those that required RRT at presentation ultimately 
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required renal transplant. None of the patients had recurrence of disease in the renal 
graft or died post-transplantation. One patient died during the acute illness [82].

A cohort of seven pediatric patients with AAV and ESRD were transplanted in 
Canada between 2000 and 2014, accounting for 2.5% of all renal transplants at a 
single center [103]. Four patients were diagnosed with MPA and three had 
GPA. Renal biopsy category was crescentic in three and sclerotic in four. All patients 
were treated with pulse dose methylprednisolone and CYC, and three patients addi-
tionally received plasmapheresis due to pulmonary hemorrhage and severe rapidly 
progressive GN. Six of the patients required dialysis by 6 months. Mean time to 
renal transplantation was 30 months, and six patients received a deceased donor 
graft. All patients had quiescent disease by at least 12 months and were ANCA 
negative by the time of transplant. After a median follow-up of 27 months, there was 
no recurrence of AAV in the graft, and only one graft loss due to severe acute cel-
lular rejection secondary to poor medication adherence [103].

Additional case studies report no recurrence of disease in the renal graft of chil-
dren with AAV 3–4 years after transplantation [104, 105], although there is one 
report of a pediatric patient thought to likely have AAV as their primary disease who 
had recurrence of disease shortly after renal transplantation [106]. Thus, there is low 
risk of disease recurrence and renal graft loss in children with AAV.

In adult patients, the risk of relapse of AAV is lower in patients who have been 
transplanted than in those with chronic kidney disease or on dialysis [107–109]. 
Disease recurrence was 5% in a cohort of 107 patients with AAV who had renal 
transplant, and overall graft survival was 70% after 10 years [101]. However, the 
evidence is less clear regarding the risk of relapse associated with the persistence of 
ANCA positivity [102]. Marco et al. found increased relapse rates for adults with 
positive ANCA titers [110], whereas another study found no association of relapse 
rate with ANCA positivity [111]. Relapse of AAV can occur even with a negative 
ANCA [111, 112] and within the first month of transplantation [106, 113–115]. In 
addition, those who relapse after transplantation may be at increased risk of graft 
loss as one study reported 36% of adult patients with recurrence of AAV experi-
enced graft loss within 5  years of transplantation [111], although older studies 
report few to no cases of graft loss due to recurrence of AAV [112, 116].

There is no pediatric data available regarding risk of graft loss after recurrence of 
AAV, although risk of graft loss after recurrence of other rheumatologic diseases in 
children is low [38]. Thus, close monitoring of recurrence of symptoms of systemic 
vasculitis and evidence of GN after renal transplantation is warranted. KDIGO sug-
gests screening for hematuria and proteinuria in AAV after transplant once in the 
first month as a baseline, then every 3 months during the first year, and annually 
thereafter, in addition to monitoring serum creatinine [117].

In summary (Box 7.3), the majority of children with AAV present with renal 
involvement and a significant proportion progress to ESRD. Renal outcomes post- 
transplantation are very good with low risk of disease recurrence in renal graft and 
loss of graft in children with AAV.
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 Conclusion

Progression of renal involvement to ESRD in children with LN, IgAV, and AAV 
continues to cause significant morbidity and mortality despite advancements in 
medical therapy for these diseases. Pediatric specific data to guide management of 
ESRD and describe outcomes of renal transplantation are sparse. However, avail-
able studies suggest good outcomes and improved patient survival in pediatric 
patients with rheumatic diseases. Recurrence of pediatric rheumatic diseases like 
LN, IgAV, and AAV is associated with limited risk of graft loss compared to other 
primary diseases of the kidney in children. As a result, rheumatologic disease alone 
should not exclude pediatric patients from renal transplantation. Despite the many 
challenges that exist for managing children with ESRD from rheumatic diseases, 
renal transplantation should be pursued under good disease control in a multidisci-
plinary team approach.

Questions
 1. Approximately 80% of lupus nephritis occurs _____________ of child-

hood SLE?
 (a) At time of diagnosis or within first year of diagnosis
 (b) 3–5 years after diagnosis
 (c) 6–9 years after diagnosis
 (d) >10 years after diagnosis

Correct Answer: (a)
Explanation: Approximately 40–80% of patients with cSLE will develop kid-

ney involvement at some point during their disease [1, 2, 7, 12, 14], with approx-
imately 80% of childhood LN occurring at or within the first year of diagnosis 
[15]. cSLE characteristically presents with a more aggressive disease course 
with 10–30% higher prevalence of LN when compared to adults [1].

Box 7.3 Key Points for Glomerulonephritis in ANCA-Associated Vasculitis
• Studies in children with AAV have shown 33–88% renal involvement in 

GPA, 75–100% in MPA, and 0–16% in EGPA.
• More children with MPA have severe renal disease at presentation com-

pared to GPA.
• Treatment guidelines for glomerulonephritis in children with AAV are 

extrapolated from adult data.
• The risk of ESRD is 20–40% in patients with GN caused by AAV.
• Expert guidelines recommend performing renal transplantation after at 

least 12 months of disease remission due to increased risk of death post- 
transplantation with shorter disease-free intervals.

• There is low risk of disease recurrence in renal graft and loss of graft in 
children with AAV.
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 2. A 15yo Caucasian female presents to clinic with her mother for follow-up of 
newly diagnosed SLE with Class IV lupus nephritis on recent renal biopsy. 
Which of the following are risk factors for progression to ESRD in this particular 
patient?
 (a) Class IV lupus nephritis
 (b) Female gender
 (c) Caucasian race
 (d) Choices a and b
 (e) Choices b and c
 (f) All of the above

Correct Answer: (a)
Explanation: Risk factors for progression to ESRD include demographic fac-

tors (male gender, African American race), clinical features (hypertension, 
nephrotic syndrome, antiphospholipid antibodies, low C3 with an elevated 
serum creatinine, poor response to induction therapy, and occurrence of renal 
flare), and histologic features on renal biopsy (class IV LN, chronicity, and high 
glomerular staining for monocyte chemoattractant protein-1) [1, 9, 18, 19, 21].

 3. Per the 2012 KDIGO guidelines, how long should disease be in remission in 
childhood ANCA associated vasculitis prior to performing renal transplant?
 (a) At least 3 months
 (b) At least 6 months
 (c) At least 12 months
 (d) At least 18 months
 (e) At least 24 months

Correct Answer: (c)
Explanation: In this cohort, renal transplant before 1 year of vasculitis remis-

sion was the strongest predictor of death post-renal transplant in univariate and 
multivariate analysis of 107 patients with AAV (that included pediatric patients) 
[101]. Thus, the KDIGO 2012 Guidelines and other experts recommend per-
forming transplantation after at least 12 months of disease remission in ANCA 
associated vasculitis [101, 102].

 4. A 5yo male presents to clinic with newly diagnosed IgA vasculitis, diagnosed 
with features of purpuric rash, arthritis, and abdominal pain. Initial urine studies 
have been unremarkable. His blood pressure is normal during the clinic visit. 
How long should this patient undergo monitoring for the development of kidney 
disease with urinalysis and blood pressure checks?
 (a) At least 3 months with more frequent monitoring in the first 1 month
 (b) At least 6 months with more frequent monitoring in the first 1–3 months
 (c) At least 9 months with more frequent monitoring in the first 1–6 months
 (d) At least 1 year with more frequent monitoring in the first 1–6 months
 (e) Only if he becomes symptomatic

Correct Answer: (b)
Explanation: In a 2005 study of 1133 children with IgAV without renal 

involvement at diagnosis, 34% developed proteinuria and/or hematuria: 85% 
occurred within 4 weeks of diagnosis, 91% within 6 weeks of diagnosis, and 
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97% within 6 months of diagnosis [52]. Given the risk of development of nephri-
tis and ESRD, there is consensus agreement that all patients with IgAV should 
undergo renal monitoring with urinalysis and blood pressure checks for at least 
6 months with more frequent monitoring in the first 1–3 months as onset of renal 
disease is usually asymptomatic [48, 53, 54]. The most significant risk factors 
for later developing IgAV nephritis have been shown to be persistent or recurrent 
purpura, severe abdominal symptoms, and older age [51].
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 Introduction

For some pediatric transplant recipients, the risk for native disease recurrence fol-
lowing successful kidney transplantation remains a worrisome and stark reality. 
Overall recurrence of disease accounts for 7–8% of graft losses in pediatric kidney 
transplant recipients and is the fourth most common cause of graft loss after chronic 
rejection, acute rejection, and death with a functioning graft [1]. Recurrent diseases 
leading to graft loss are most commonly glomerulonephritis (70–80%) and inherited 
metabolic diseases (Table 8.1) [1].

Disease recurrence within the graft may render the graft unsalvageable and/or 
lead to years of patient and graft life lost. General features of disease recurrence 
may include elevated creatinine, hematuria, and/or proteinuria. Recurrence may 
occur at variable time points post-transplant with some diseases such as focal 
segmental glomerulosclerosis (FSGS) having the potential to recur within hours to 
days after transplant.

In a report from the European Society of Pediatric Nephrology/European Renal 
Association – European Dialysis and Transplant Association registry, a competing 
risk analysis of 1955 European children transplanted before age 20 from 33 
European countries demonstrated that the highest rates of graft failure were seen in 
those children with FSGS, membranoproliferative glomerulonephritis (MPGN), 
and systemic lupus erythematosus compared to children with end-stage kidney 
disease (ESKD) secondary to congenital anomalies of the kidney and urinary tract 
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[2]. Statistically significant differences in 5-year graft losses were seen for children 
with FSGS (25.7%) and MPGN (32.4%) compared to transplant recipients with 
congenital anomalies (14.4%) as the cause of ESKD [2].

The percentage of children listed as having either FSGS or other glomerular 
disease as the cause of their ESKD has been decreasing over the past decade, 
perhaps related to improved therapeutics and success in treating glomerulonephritis 
in children. Despite improvements, glomerulonephritis (non-FSGS) is the identified 
cause of ESKD in 6.5% of children undergoing kidney transplant in the USA [3]. 
This chapter will review what is known regarding the nature and frequency of kid-
ney diseases at high risk for recurrence post-transplantation. FSGS will be discussed 
separately in another chapter. We will discuss the genetic and/or immune- mediated 
risk factors that drive disease recurrence, considerations for transplant planning 
(e.g., donor type and induction agents), and available evidence-based options for 
management of disease recurrence post-transplantation.

Case A 10-year-old male with a history of biopsy-documented crescentic C3 
glomerulopathy (C3G) was referred for transplant evaluation. He is C3 nephritic 
factor positive. In the months prior to transplant evaluation, his laboratory studies 
continued to demonstrate nephrotic range proteinuria (urine protein to creatinine 
ratio – 15 g/g), significant microscopic hematuria, and C3 of 35 mg/dL (normal 
90–180 mg/dL). His immune workup was otherwise negative/normal. He remains 
hypertensive on three agents despite appropriate fluid balance. His prior therapies 
had included plasma exchange, eculizumab, and mycophenolate mofetil; how-
ever, none led to disease remission and the patient has progressed to end-stage 
kidney disease.

 – How do you counsel the family regarding chance/risk for C3G recurrence? What 
clinical variables do you include in your counseling and risk assessment?

 – Is it safe for a parent/family member to donate a kidney to this child or do they 
risk development of disease as well?

Table 8.1 Rates of primary disease recurrence after kidney transplantation

Primary disease Recurrence rate Graft loss to recurrence
FSGS 14–50% 40–60%
Atypical HUS 20–80% 10–83%
Typical HUS 0–1% 0–1%
MPGN type 1 30–77% 17–50%
MPGN type 2 66–100% 25–61%
SLE nephritis 0–30% 0–5%
IgA nephritis (Berger disease) 35–60% 7–10%
Henoch-Schonlein nephritis 31–100% 8–22%
Primary hyperoxaluria type 1 90–100% 80–100%

FSGS focal segmental glomerulosclerosis, HUS hemolytic uremic syndrome, IgA immunoglobulin 
A, MPGN membranoproliferative glomerulonephritis, SLE systemic lupus erythematosus. 
Reproduced with permission from Cochat et al. [1]
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 Atypical Hemolytic Uremic Syndrome (aHUS)

 Nature and Frequency of Primary Disease

The prevalence of aHUS in patients less than 20 years of age is estimated at 2.21 
and 9.4 per million people [4] with the highest disease prevalence occurring in 
children between 0 and 4  years of age [5]. Uncontrolled overactivation of the 
alternative complement pathway (ACP) at the level of the endothelium is a primary 
immunological feature of aHUS [6]. There are known genetic abnormalities within 
the ACP which predispose to aHUS, including complement factor H (CFH), 
complement factor I (CFI), complement component C (C3), complement factor B 
(CFB), and membrane cofactor protein (MCP). The clinical hallmark of aHUS is a 
thrombotic microangiopathy (TMA) with associated intravascular hemolysis, 
anemia, and thrombocytopenia. Direct kidney injury is largely driven by damage to 
the glomerular endothelium from the complement-associated membrane attack 
complex (MAC) composed of complement components (C) C5b-9 [7]. Kidney 
injury results in acute kidney injury, difficult-to-control hypertension, microscopic 
hematuria, and proteinuria.

 Considerations for Transplant Planning

Kidney transplantation should be delayed at least 6  months after starting rescue 
therapy with eculizumab (a recombinant, humanized monoclonal antibody against 
complement protein, C5 [8]) as there may be limited recovery of kidney function 
that occurs within the first several months of eculizumab initiation [9–11]. 
Furthermore, aHUS-associated hematological features/extra-renal manifestations 
should be resolved prior to transplantation [9].

The risk for aHUS recurrence post-transplant is strongly linked with several 
pathogenic complement-based mutations. Factor H (FH), factor I (FI), and C3 
mutations have the highest risk for aHUS recurrence (68–90%, 70–80%, and 
40–50%, respectively) [12]. It is important to note that approximately 30–50% of 
patients with aHUS have no identifiable genetic mutation or autoantibody using 
currently available testing platforms [13, 14]. Pediatric patients and families should 
meet with a genetic counselor having expertise in complement-mediated genetic 
abnormalities. When counseling families with a gene/autoantibody negative child, 
it should be emphasized that the absence of an identifiable genetic mutation does 
not rule out an underlying genetic contribution to aHUS that could confer recurrence 
risk post-kidney transplant.

The diagnosis of aHUS has implications for evaluation of potential living donors. 
For example, kidney donation from a living-related donor has historically not been 
advised, given the potential for the related donor who may have genetic susceptibility 
factor(s) in parallel to the recipient [15]. As noted, if there is no identifiable 
complement genetic mutation for the patient, then living-related donation is 
contraindicated, given the risk for an unidentified, underlying genetic mutation 
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which could adversely impact the donor [16]. Conversely if an identifiable 
pathogenic gene variant is identified in the recipient and negative for a potential 
living-related donor (and the donor has no other evidence of abnormal complement 
activation), then living-related donation may be feasible [15]. Living donation may, 
in fact, confer a decreased risk for complement activation secondary to increased 
ischemia-reperfusion injury typically encountered with deceased donation [17].

 Risk Factors for Recurrence and Treatment of Recurrence

Most aHUS recurrences will occur within the first year following kidney transplant. 
The strongest risk factor for aHUS recurrence is the presence of known genetic 
complement abnormalities [14, 15, 18]. Feitz et al. [12] provide an excellent review 
of the estimated risk for aHUS recurrence based on complement gene mutation. The 
development and availability of eculizumab have drastically changed how transplant 
nephrologists approach prevention of aHUS recurrence for kidney transplant 
recipients. For patients with a known genetic mutation conferring risk for recurrence, 
eculizumab should be initiated within 24  hours prior to transplantation with an 
additional dose on post-operative day 1 [15].

Current guidelines from the Kidney Disease Improving Global Outcomes 
(KDIGO) consensus report provide expert opinion regarding prophylaxis strategies 
against aHUS recurrence post-transplant based on a risk-assessment strategy 
(Fig. 8.1); for example, patients with persistently negative factor H autoantibody 
and/or isolated MCP mutations can potentially be transplanted without prophylactic 
eculizumab [9, 19]. In this situation, the child should be followed closely post- 
transplant for disease recurrence with a low threshold to initiate eculizumab. 
Markers of disease recurrence might include dropping C3, anemia, thrombocytopenia, 
low haptoglobin, elevated lactate dehydrogenase, new onset hypertension, 
microscopic hematuria, and/or proteinuria.

There is no data to support that nephrectomy prior to or coincident with trans-
plant decreases risk for recurrence. Available, limited data suggest that targeted 
transplant protocols attempting to minimize endothelial damage may decrease risk 
for aHUS recurrence in patients not receiving prophylactic eculizumab – for exam-
ple, induction therapy with basiliximab (interleukin-2 receptor blocker) may be 
preferable to use of lymphocyte depleting agents [20] in addition to decreasing the 
target troughs for calcineurin inhibitors [21]. A case series by Duinevald et al. [22] 
demonstrated excellent patient and graft outcomes using an induction regimen with 
basiliximab, reduced-dose tacrolimus, and high-dose mycophenolate mofetil in 
conjunction with early strict blood pressure control, statin therapy, and angiotensin- 
converting enzyme inhibition to diminish the risk for endothelial injury that might 
upregulate complement activation within the graft. Acute rejection is an additional 
risk factor for aHUS recurrence; thus, intensified monitoring may be required during 
rejection episodes [23].
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Deceased donor or non-related living donor
Transplantation can be considered in a well informed recipient and/or donor
provided that eculizumab will be available to prevent or treat HUS recurrence
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Consider living-donor if possible
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• Isolated MCP mutation
•  No mutation identified
•  Low anti-CFH antibody titer

• Combined MCP mutation

• Prior graft lost due to recurrence, whaever the genetic backgrounda
Prophylactic eculizumab

Prophylactic eculizumab or PE

Delayed graft function related to cerebral death
and ischemia/reperfusion (triggers of alternative
complement pathway activation)

No prophylaxis

Infections, mostly CMV infection

Immunosuppressive drugs

Rejection (antibody-mediated rejection triggers
classical complement pathway activation)

Hypertension / atherosclerosis

Avoid

CMV prophylaxis

• CNI are not contraindicated (CNI are not an independent risk factor
   for recurrence) (70), but careful monitoring of blood levels is
   required to avoid overdosing
• CNI-free mTOR-based immunosuppressive regimens should be
   avoided

Avoid transplantation across positive cross-match
and preformed donor-specific antibody

ACEI / ARA / statins

Fig. 8.1 Expert opinion regarding prophylaxis strategies against aHUS recurrence post-transplant 
based on a risk-assessment strategy. (ACEI angiotensin- converting enzyme inhibitor, ARA angio-
tensin receptor antagonists, CFB complement factor B, CFH complement factor H, CFI comple-
ment factor I, CNI calcineurin inhibitors, DGKE diacylglycerol kinase, MCP membrane cofactor 
protein, PE plasma exchange. Reproduced with permission from Loirat et al. [19])

 Risk of Disease Recurrence in the Era of Eculizumab

Prior to the widespread use of eculizumab, kidney transplantation was not a viable 
option for many aHUS patients, given the substantial risk for morbidity/mortality 
associated with disease recurrence. Without eculizumab, the risk of recurrent 
disease after kidney transplantation was estimated to be 50 to 80%, with an overall 
5-year graft survival of 36  ±  7% in patients with a recurrence compared with 
70 ± 8% in patients without a recurrence [24, 25]. In the absence of effective anti- 
complement treatment, nearly 30% of the pediatric patients and half of adult patients 
with aHUS who survived in the acute phase of disease recurrence required, often 
permanent, renal replacement therapy [13, 24]. The 2016 KDIGO consensus report 
on aHUS suggests that withdrawal of eculizumab should not be considered in 
patients treated for post-transplant recurrence of aHUS, pending additional future 
data to support safety in doing so [19]. Limited case-series data provide the opinion 
that cessation of eculizumab after the first-year post-transplant may be a viable, safe 
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option for the recipient [26]; however, there is limited consensus to support this 
approach at current.

 Additional Post-transplant Considerations

Due to the risk for sepsis from encapsulated organisms, recipients receiving eculi-
zumab should receive full meningococcal and pneumococcal vaccination prior to 
transplantation with additional booster vaccinations as necessary following trans-
plantation [27]. The recipient additionally requires prophylactic antimicrobial cov-
erage with ciprofloxacin or penicillin-V for the duration of eculizumab use [27]. 
The use of eculizumab, mycophenolate mofetil, and calcineurin inhibitor constitutes 
triple immunosuppression; thus, terminal calcineurin inhibitor levels can potentially 
be targeted at the lowest end of the clinician’s goal range to avoid over- 
immunosuppression and risk for infection. For example, this may correlate with 
targeting tacrolimus levels to 3–5 ng/mL after the first 12-month post-transplantation 
and in the absence of rejection (expert opinion).

 C3 Glomerulopathy (C3G)

 Nature and Frequency of C3G

The term C3G is an umbrella term that encompasses both C3 glomerulonephritis 
(C3GN) and dense deposit disease (DDD). C3G is caused by overactivation of the 
alternative complement pathway. Abnormal complement activation typically results 
either from loss of function of one of the complement regulatory proteins (factor H 
or factor I) or from gain-of-function mutations in C3 that lead to resistance to 
regulation by factor H [28] (see Fig. 8.2). Overactivation of the complement pathway 
can also be secondary to generation of a C3 convertase-stabilizing autoantibody, C3 
nephritic factor (C3NeF), or production of an autoantibody to factor H. Ultimately, 
these abnormalities result in overactivity of the C3 convertase and consumption of 
complement. Thus, depressed C3 is a feature of C3G in approximately 75% of cases 
[6, 29].

C3GN and DDD have an overlapping spectrum of pathological and clinical fea-
tures. Clinical features are consistent with active glomerulonephritis: nephrotic 
range proteinuria, microscopic hematuria, hypertension, and elevated creatinine. 
The diagnosis of C3G requires a kidney biopsy demonstrating significant C3 
deposition within the kidney, specifically the glomerulus. C3 deposition occurs in 
the absence of immunoglobulin deposition on pathological examination (e.g., 
negative/near-absent immunoglobulin G [IgG], immunoglobulin A [IgA], and 
immunoglobulin M [IgM]) [30, 31]. Electron microscopy findings of electron-
dense, “sausage-shaped” deposits within the glomerular basement membrane are 
pathognomonic of DDD, whereas in C3G, the deposits are less dense and primarily 
located within the mesangium.
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C3G can be considered an ultra-rare disease with an incidence of ~0.2–1  in 
1,000,000 people [32, 33]. The diagnosis of C3G is strongly associated with a 
10-year kidney survival of 50% leading to eventual need for renal replacement 
therapy (e.g., transplantation) [6].

 Considerations for Transplant Planning

As with aHUS, planning for transplant in the setting of C3G should include an 
evaluation with a team experienced in the genetics of complement-mediated kidney 
disease. This evaluation should include genetic testing of complement genes, 
measurement/assessment of complement function, and screening for complement 

Fig. 8.2 The complement system has three interrelated initiating pathways – the classical, lectin, 
and alternative – that lead to formation of two C3 convertases, C4b2a, the C3 convertase of the 
classical and lectin pathways, and C3bBb, the C3 convertase of the alternative pathway. 
Autoantibodies to both convertases occur in C3G and are known as C4 nephritic factors (C4Nefs) 
and C3 nephritic factors (C3Nefs), respectively. Autoantibodies to factor B and factor H are also 
occasionally identified. C3bBb is the foundational convertase from which C5 convertase 
(C3bBbC3b) forms to cleave C5 into C5a, a potent anaphylatoxin, and C5b, triggering the terminal 
complement pathway. In C3G, dysregulation of both the initiating pathway at the level of C3bBb 
and the terminal pathway at the level of C3bBbC3b occurs, although dysregulation of the C3 con-
vertase is typically greater. The site of complement dysregulation can be utilized to inform thera-
peutic intervention in patients with recurrent C3G following transplantation. (Figure reproduced 
with permissions from Nester and Smith [28])
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autoantibodies. Genetic screening of complement regulatory genes (e.g., CFH and 
CFI), activation protein genes (C3, CFB), autoantibodies (C3 nephritic factor 
[C3nef] and FH autoantibodies), and assessment of copy number variation across 
the CFH-CFHR locus should be done on a case-by-case basis given the need for 
expert interpretation and clinical validation [9, 30]. Genetic and functional studies 
may provide insight regarding utility and efficacy of targeted anti-complement ther-
apy (e.g., eculizumab or novel anti-complement therapies in development) should 
C3G recur following transplant.

Living-related donor kidney transplantation should be approached with caution 
for both the presumed healthy donor and recipient with C3G. Current international 
recommendations are that all potential recipients of a living-related kidney be 
screened for genetic abnormalities within the complement system [9]. If a genetic 
abnormality is found, the donor should subsequently be tested. The presence of an 
identical genetic abnormality may not constitute an absolute contraindication to 
donation; however, the individual case be evaluated in conjunction with persons 
having expertise in complement genetics/C3G.  Furthermore, for donors with 
identified complement genetic abnormalities, the donor team must disclose the 
theoretical risks that donation may trigger new disease onset.

There are no published data supporting any single induction modality for trans-
plant; thus, induction agent at the time of transplant is based on center preference. 
There is no data to support pre-/peri-transplant nephrectomy to prevent disease 
recurrence. The presence of active disease, specifically heavy proteinuria, is a rela-
tive contraindication to transplantation and all efforts should be made to delay trans-
plantation until there is consistent resolution of nephrotic range proteinuria [9].

 Risk Factors for Recurrence and Treatment of C3G Recurrence

C3G recurs at a high rate in transplant allografts with graft loss due to C3G in 
approximately 50% of those patients [9]. Patients/families should be clearly 
counseled on the high risk for disease recurrence with C3G. The reported recurrence 
rate of C3GN is typically estimated as greater than 50% [34, 35]. The recurrence 
rate of dense deposit disease (DDD) is much higher and approaches approximately 
80 to 100% [36, 37].

Age at transplantation may be a risk factor for poorer graft survival, with pediat-
ric patients experiencing lower long-term graft survival. It has been hypothesized 
that this may be due to more significant complement disruption and aggressive dis-
ease in pediatric patients as compared to the adult population. One case series dem-
onstrated a 10-year graft survival in only 8 of 72 (11%) pediatric allograft recipients, 
in contrast to 22 of 107 (20.6%) adult recipients [38].

Pretransplant C3 levels may also predict graft outcomes. In one small case series, 
six of eight patients with recurrent C3GN had very low pre-transplantation C3 
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levels (median 1.65 μmol/l; normal range 3.75–8.75 μmol/l) compared to those with 
low or near-normal C3 levels [39]. Other factors associated with an increased risk 
of C3G recurrence include high levels of circulating autoantibodies (C3 nephritic 
factor and factor H autoantibody), rapid progression to ESKD in the native kidneys 
(crescentic disease), and living-related kidney transplantation [40].

Diagnosis of C3G recurrence requires pathological features of the disease 
and should be supported by clinical history. Following transplant, patients with 
a history of C3G should be closely followed for signs of recurrence including 
proteinuria, hematuria, dropping C3, and/or elevated creatinine. Up to 90% of 
C3G allograft recipients will show histological C3 deposition [37, 41]. Data 
support that protocol biopsies from C3G transplant recipients can show deposi-
tion of C3 as early as the first month post-transplant in the absence of clinical 
disease [41, 42]. Furthermore, glomerular C3 deposition in the absence of other 
clinicopathological findings is independently associated with a higher risk of 
allograft failure [42].

Unfortunately, even when recurrence is diagnosed early, therapeutic options in 
the setting of recurrence are very limited. The decision to utilize any therapy for 
C3G recurrence should be done in parallel with clinical and pathological data as 
well as comprehensive complement biomarker assessment. There is insufficient 
data to recommend routine use of plasma exchange for C3G recurrence unless there 
is an identified complement factor deficiency or autoantibody, such as complement 
factor H [9, 30]. Insufficient data exist to support routine use of eculizumab for C3G 
recurrence [9, 30]. One study [43, 44] suggests that the lowest incidence of allograft 
loss (33%) among patients with recurrent C3G is found among those who were 
treated with eculizumab. Among those who received no treatment for C3G due to 
stable allograft function, there is a high incidence of allograft loss of 32% in C3GN 
and 53% in DDD [43]. Consideration to plasma exchange and/or eculizumab should 
incorporate assessment of patient complement biomarkers [43]. For example, 
soluble membrane attack complex (sMAC) levels may help to select good responders 
to eculizumab.

Due to the mechanistic complexity of C3G, there may not be a single therapeutic 
option, such as eculizumab for aHUS, that provides comprehensive treatment for 
C3G recurrence. More promising, perhaps, is the development of complement 
inhibitors (e.g., inhibition of C3 or complement factor B) which could provide 
targeted therapy for recurrence of C3G following transplant. Early clinical trial 
(phase II) data for the novel complement factor B agent, LNP023, demonstrate 
resolution of proteinuria and stability of kidney function in native kidneys [45]. 
Data from allograft recipients with C3G recurrence have not been published at the 
time of this chapter. With the current lack of treatment options for C3G recurrence 
post-transplant, loss of a prior graft due to recurrent C3G indicates a high risk of 
recurrence upon subsequent transplantation, and this factor should be a major 
consideration in determining candidacy for retransplant [40].
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 IgA Nephropathy

 Nature and Frequency of IgA Nephropathy (IgAN)

IgAN is characterized by a highly variable course ranging from a benign condition 
to rapidly progressive renal failure. IgAN affects 10–20% of the world population, 
rendering IgAN the most prevalent primary chronic glomerular disease worldwide 
[46]. Prevalence of IgAN differs among populations of different ancestries, being 
most frequent among persons of Asian descent, rare in those of African descent, and 
with an intermediate prevalence among those with European descent.

IgAN is thought to occur due to a primary, inherited defect leading to preferential 
production of IgA with galactose-deficient O-glycans in the hinge region. IgA 
deficient in galactose elicits the production of antiglycan autoantibodies that lead to 
the formation and subsequent glomerular deposition of immune complexes. IgA- 
based activation of alternative complement pathway plays a critical role in the 
pathogenesis of IgAN; for example, C3 is frequently involved in the formation of 
circulating immune deposits inducing mesangial stress, podocyte damage, and 
progressive deterioration of kidney function. On this basis, IgAN can be classified 
as an autoimmune glomerular disease. While the pathogenesis of the disease 
resulting in IgA1 subclass deficient in galactose is not completely clarified, genome- 
wide association studies have identified multiple susceptibility loci for IgAN 
implicating independent defects in adaptive and innate immunity and alternative 
complement pathways that potentially influence the different pathogenetic steps 
toward the development of disease [47].

IgAN generally runs an indolent course with a 10-year native kidney survival 
rate of 90% in adults and children with normal renal function at diagnosis; however, 
71% of patients will develop hematuria or proteinuria in upwards of 20  years 
follow-up [48]. Clinical risk factors for progression to ESKD include heavy 
proteinuria, decreased eGFR at diagnosis, and uncontrolled hypertension, although 
the ability to accurately predict individual patient-level risk remains limited [49].

 Risk Factors for Recurrence

The reported frequency of histologic or clinically significant recurrence of IgAN 
post-transplantation varies in the literature. An excellent review of recurrence rates 
can be found by Moroni et al. (2019) [50]. The recurrence rate reported in 2393 
patients with IgAN in the large registry study of Australia and New Zealand 
(ANZDATA) was 5.4% and 10.8% at 5 and 10 years, respectively, with a median 
time to recurrence of 4.63 (IQR, 2.12–8.66) years [51]. The same ANZDATA 
registry showed no increased risk of recurrence in a second graft after loss of a first 
graft to recurrence despite prior reports of increased risk.

Recurrence of IgAN can be “histologic only” when diagnosed on protocol biop-
sies in asymptomatic patients or “clinical” when associated with urinary abnormali-
ties and/or graft dysfunction. Histologic recurrence in protocol biopsies in adults, 
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with or without evidence of clinical disease, is common with IgA mesangial deposi-
tion being found in up to 32 to 58% of grafts [52, 53]. In children with IgAN, the 
recurrence of IgA deposits in the graft following transplantation is very common, 
but clinically relevant recurrent disease has been reported to be infrequent [54]. 
Hematuria, the hallmark of IgAN in the native kidney, is not a reliable manifestation 
of recurrence being absent in 52% of cases diagnosed by protocol biopsy [52]. 
Given the lack of a prospective study involving allograft protocol biopsies in pedi-
atric transplant recipients, the true risk of significant graft dysfunction and/or graft 
loss from recurrent disease in the pediatric population remains unclear.

No single parameter including age, gender, race, donor source, HLA typing, pre- 
transplant course, or biochemical characteristics of serum IgA has been shown to 
reliably predict recurrence. Risk factors for recurrence in IgAN have been suggested 
to be younger age at transplant, male gender, and rapidly progressive course of 
original disease, but there is no consensus. Furthermore, one study of native kidney 
biopsies in adults with IgAN showed that younger age at onset of IgAN and greater 
burden of crescents in the native kidney biopsy predicted recurrence after transplant 
[55]. Longer time following transplantation may also be a risk factor for disease 
recurrence and supports the suggestion that recurrence may be a time-dependent 
event; the longer the follow-up, the higher the probability of recurrence [53]. The 
relationship between donor type and recurrence of disease is discussed below.

 Considerations for Transplant Planning

The relationship between the risk of recurrence and the donor type remains contro-
versial with conflicting reports in the literature [56–61]. There have been no large, 
prospective studies defining the risk of recurrence in patients with IgAN who receive 
either living donor or deceased donor renal allograft, although there are large regis-
try reports. In transplants performed in 1354 recipients with IgAN (488 living 
donors), the ANZDAT registry found that recurrence was significantly more fre-
quent in the 108 zero HLA-mismatched living donors at 17% vs 7% in the cohort 
overall. In this report, graft survival did not differ compared to those with one or 
more HLA mismatches (and no recurrence) suggesting loss of the survival advantage 
expected with zero HLA-mismatched transplants [62]. The authors concluded that 
despite increased recurrence risk, since graft survivals were similar, there is no 
reason to avoid living donor-recipient pairs with zero HLA-mismatches in IgAN. In 
the same study by Mc Donald et al., no differences were seen in recurrence rates in 
those with HLA B12, B35, or DR4. A more recent report from the same registry, 
spanning 28  years and including 2393 patients with IgAN, showed a 10-year 
recurrence rate of 16.7% in living donors compared to 7.1% in living unrelated 
donors and 9.2% with deceased donors with a HR of 1.7 for living related vs 
deceased donors (p = 0.0005) [63].

Genome-wide association studies (GWAS) have identified abnormalities in the 
complement factor H (CFH) and CFH-related (CFHR) genes in patients with IgAN 
[47, 64, 65]. Although it is unclear whether these variants increase the risk of 
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recurrence following transplant, familial IgAN should be rigorously excluded in 
potential living-related donors since familial IgAN is associated with a high risk of 
development of renal failure in affected members [66].

The effect of immunosuppression regimen on IgAN recurrence risk is unclear. 
Despite initial enthusiasm, newer immunosuppressants seem ineffective in 
preventing recurrence [67]. Retrospective data suggest that induction with anti- 
thymocyte or anti-lymphocyte globulin is associated with a lower risk of recurrence 
compared to interleukin receptor-2 blockade [68–70].

In children, steroid avoidance has become a major goal in pediatric kidney 
transplantation and has been safely practiced in select transplant recipients [71, 
72]. There are conflicting reports relating to the effect of rapid steroid withdrawal 
or steroid avoidance on recurrence risk and graft survival. In a retrospective analy-
sis of adults with IgAN in the Organ Procurement and Transplantation Network/
United Network for Organ Sharing (OPTN/UNOS) database, early steroid with-
drawal was associated with statistically increased risk of recurrence compared to 
patients in the steroid continuation group. Patient survival and death-censored 
graft survival were not different [73]. Similarly, in a report from the analysis of 
the ANZDATA registry of adult recipients of a primary transplant with IgAN, 
steroid use was strongly associated with a reduced risk of recurrence, after adjust-
ing for age, sex, HLA mismatch, dialysis duration, and transplant era [74]. In this 
report, 12.6% of graft loss was attributed to recurrence. A study of pediatric 
patients within the OPTN database conversely reported that children with a pre-
transplant diagnosis of glomerular kidney disease receiving a steroid avoidance 
regimen did not experience an increased risk of graft failure, although this study 
of children in the OPTN database was unable to differentiate recurrence rates in 
the varying disease cohorts [75].

 Treatment of IgAN Recurrence

Just as with native kidney IgAN, no clear course of therapy for recurrent IgAN fol-
lowing transplantation has been shown to be effective. In the setting of disease 
recurrence, KDIGO guidelines for the care of transplant recipients recommend 
treatment strategies to reduce proteinuria and optimize blood pressure as well as to 
reduce inflammation [76].

Use of corticosteroids as well as rituximab to treat recurrence in small numbers 
of patients has been described [77–79]. Data from Japan have reported favorable 
outcomes after tonsillectomy in patients with recurrent IgAN, but these results have 
not been confirmed in other ethnicities [80–82]. The effect of fish oil on recurrent 
IgAN has not been systematically examined for risk reduction or treatment of 
IgAN. Fellstrom et al. reported a reduction in proteinuria and stabilization of kidney 
function after budesonide administration in native kidney IgAN patients, possibly 
by targeting the intestinal mucosa directly, suggesting a possible role in patients 
with recurrence post-transplant [83].
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 Impact of IgAN on Graft Function and Survival

Recurrent disease was thought to have little impact on graft outcomes; however, 
recent studies with longer duration of follow-up suggest that recurrent disease may 
contribute substantially to allograft injury. The rate of graft loss due to recurrence of 
IgAN varies based on time from transplant with less early graft loss attributed to 
IgAN and significantly more at 10-year post-transplant [52, 54]. True estimates of 
graft loss purely attributable to disease recurrence are difficult, given the interplay 
of acute or chronic rejection or calcineurin toxicity particularly if histology close to 
the time of graft loss is not available [53, 84, 85].

 IgA Vasculitis (Henoch-Schonlein Purpura)

Current available data suggest that the recurrence rate of IgA vasculitis (IgAV) after 
transplantation is similar to that of IgAN, although data are limited. A matched 
retrospective cohort study of 339 patients with the diagnosis of IgAV/Henoch- 
Schonlein purpura (HSP) in the UNOS/OPTN data base reported graft failure from 
recurrent disease in 13.6% but no difference in 10-year allograft survival compared 
to the matched cohort [86].

In a study from six European transplant centers [87], overall graft survival rates 
were 84%, 66%, and 56% at 5, 10, and 15 years, respectively. Histologic recurrence 
occurred in 33% on for-cause biopsies. Clinical recurrence occurred in five patients 
at a median time of 96 months post-transplant. Graft loss occurred in three patients 
resulting in an actuarial risk of graft loss from recurrence in a first graft of 7.5% at 
10-year post-transplant. Severity of disease at presentation and type of 
immunosuppression post-transplant did not affect recurrence. Although not reaching 
significance, 60% of those with clinically significant recurrence had living donors 
compared to 16% of living donors in the cohort who did not experience recurrence.

 Lupus Nephritis

 Nature and Frequency of Disease

Systemic lupus erythematosus (SLE) is an autoimmune inflammatory disease that is 
characterized by antibodies directed against self-antigens, resulting in multi-organ dam-
age. Involvement of lupus within the kidney is termed lupus nephritis (LN). Systemic 
lupus erythematosus (SLE) in children is usually more severe than it is in adults and 
there is a higher incidence of kidney involvement [88, 89]. Lupus nephritis is responsi-
ble for approximately 3% of ESKD leading to transplant in North America [90].

The presence of lupus nephritis increases patient morbidity due to the effects of 
high-dose immunosuppression, renal dysfunction, and hypertension on the brain, 
cardiovascular system, and the bones during growth and development [91]. Despite 
immunosuppression, only 55% of childhood SLE patients with proliferative LN 
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(class III and IV) will achieve remission of lupus nephritis [92–94]. Furthermore, 
while the vast majority of childhood SLE patients with class V LN achieve renal 
remission, only 76% can maintain remission despite low-dose oral corticosteroids 
and/or maintenance immunosuppression such as azathioprine or mycophenolate 
mofetil [95, 96]. Risk factors for development of ESKD due to LN include class IV 
LN, male gender, black race, hypertension, nephrotic syndrome, anti-phospholipid 
antibodies, high glomerular staining for monocyte chemoattractant protein-1 
(MCP-1), chronicity on biopsy, poor response to induction therapy, and occurrence 
of nephritic kidney flare [94, 97].

 Risk for Disease Recurrence

The reported risk for recurrent lupus nephritis (RLN) after renal transplantation has 
been quite variable, ranging from very low (<5% [40]) to between 30 and 50% [98] 
in studies implementing protocol biopsies to evaluate prospectively for recurrence. 
The variability in reported recurrence rates has been attributed to varying indica-
tions for renal allograft biopsy across transplant centers, single-center versus regis-
try-based study design, follow-up duration, and varying ethnicities represented in 
study samples [99].

Large-scale data derived from UNOS between 1987 and 2006 estimated period 
prevalence as well as predictors of RLN and assessed the effects of RLN on both 
allograft failure and recipient survival [100]. The period prevalence of RLN within 
the cohort was 2.44% with 167 out of 6850 recipients experiencing RLN.  Non- 
Hispanic black race, female gender, and age < 33 years were each independent risk 
factors for RLN.  Moroni et  al. suggest that pre-transplant antiphospholipid 
autoantibodies confer a higher risk for RLN [101].

 Considerations for Transplant Planning

Data are mixed regarding the impact of donor type on RLN. Historical data from 
over thirty years ago suggest that grafts from deceased donors are a better option for 
transplantation patients with lupus nephritis than grafts from living-related donors 
with lower 1-year survival in those with living donation – thought presumably due 
to the possibility of familial inheritance through the HLA system [102, 103]. In 
contrast, more recent large-scale data show no difference in graft loss observed 
between the two types of donors [104].

Pre-transplant clinical condition and past immunosuppressive history may be 
more considerable factors in transplant planning. KDIGO guidelines recommend 
that lupus activity should be clinically quiescent and/or that the patient is receiving 
minimal (no) immunosuppression prior to transplantation [40]. Transplant 
nephrologists may need to delay time to transplantation for those patients who have 
received pre-transplant immunosuppression or long-term glucocorticoid therapy to 
minimize the cumulative risk of prior therapy on top of the need for potent induction 
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of immunosuppression at the time of transplant [105]. As noted previously, the 
presence of antiphospholipid autoantibodies should be carefully considered in 
transplant planning due to the risk of vascular thrombosis and early graft failure 
[106, 107]. Anticoagulation in the peri- and post-transplant period should be 
considered to reduce the risk of vascular thrombosis [40, 108]; however, this risk 
should be weighed in the context of complications due to bleeding in the immediate 
post-transplant period [107].

The basic post-transplant immunosuppression for LN patients does not differ 
from that normally used in management. Data from the OPTN/UNOS database 
were utilized to compare the rates of graft loss due to disease recurrence between 
transplant patients receiving cyclosporine plus azathioprine (CSA  +  AZA) and 
those receiving cyclosporine plus mycophenolate mofetil (CSA  +  MMF) [109]. 
There was no difference in the rates of allograft loss due to RLN among recipients 
receiving either CSA  +  AZA or CSA  +  MMF maintenance immunosuppressive 
therapy at 10-year follow-up. In patients with LN recurrence, an intensification of 
immunosuppression should be reserved for the exceptional cases showing a severe 
(life threatening) lupus flare due to the potential risks of serious or lethal infection 
post-transplant [99].

 Impact of RLN on Graft Function and Survival

Retrospective multi-center data from the North American Pediatric Renal Transplant 
Cooperative Study (NAPRTCS) database demonstrated that kidney transplant 
outcomes in young patients with LN were comparable to those seen in an age-, 
ancestry-, and gender-matched control group, in spite of an unexplained increase in 
recurrent rejections in the living donor LN patients [110].Contreras et al. (2010) 
evaluated the rates of graft failure using an analysis of UNOS data [100]. Graft 
failure occurred in 156 (93%) of those with RLN, 1517 (86%) of those with 
rejection, and 923 (19%) of control subjects without rejection. Although recipients 
with RLN had a fourfold greater risk for graft failure compared with control subjects 
without rejection, only 7% of graft failure episodes were attributable to RLN 
compared and 43% to rejection. Mortality was similar (11–18%) between those 
with RLN, rejection, and controls.

 Other Diseases

 Primary Hyperoxaluria Type 1 (Oxalosis)

Primary hyperoxaluria type 1 (PH1) is an autosomal recessive disease caused by a 
deficiency of hepatic alanine glyoxylate aminotransferase (AGT) [111, 112]. The 
enzyme AGT catalyzes the conversion of glyoxylate to glycine such that deficiency 
of AGT leads to significant overproduction of oxalate. This results in extremely 
elevated urinary excretion of monohydrated calcium oxalate leading to urolithiasis 
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and nephrocalcinosis, insoluble oxalates deposition throughout the body (particularly 
blood vessels and skeleton), and development of CKD/ESKD [113, 114]. Since the 
metabolic defect in PH1 involves deficiency of a hepatic enzyme, liver transplant 
will reverse the metabolic abnormality responsible for PH1 and lessen the risk of 
PH1 within the transplanted kidney. Liver transplant can be performed synchronously 
or asynchronously with kidney transplant. Synchronous liver-kidney transplant 
provides improved death-censored graft survival compared with kidney transplant 
alone [113, 115]; however, sequential (asynchronous) liver-kidney transplant can be 
performed, whereby the patient receives a liver transplant followed by a prolonged 
period of hemodialysis to fully clear extra-systemic oxalate before kidney 
transplantation [116–118]. Without liver transplantation prior to kidney transplant, 
graft (kidney) survival is less than 50% at 5 years [113, 119].

 Membranous Nephropathy

The clinical phenotype of recurrent membranous nephropathy (MN) may vary 
widely in severity from a subclinical finding on biopsy, proteinuric nephrotic 
syndrome associated with features of MN on biopsy, and/or graft loss due to 
autoantibody-mediated injury. Recommendations from KDIGO support that 
patients with membranous nephropathy should not be excluded from transplant 
evaluation; however, the risk for recurrence should be considered and reviewed with 
the patient [40]. MN is estimated to recur in anywhere between 10% and 50% of 
patients transplanted with primary MN [120–122]. Recurrence of MN is thought to 
be, most frequently, caused by the recurrence of autoantibody that catalyzed primary 
MN within the native kidneys (e.g., anti-phospholipase A2 receptor (anti-PLA2R)) 
leading to subsequent post-transplant injury within the transplanted kidney [123].

PLA2R autoantibodies should be measured prior to transplant to inform the risk 
for MN recurrence [40]. Patients with high anti-PLA2R levels or severe proteinuria 
in the pre-transplant period should be closely monitored for disease recurrence after 
transplant [121, 124, 125]. Following transplant, proteinuria and anti-PLA2R titers 
should be followed closely. Consideration should be given to surveillance biopsy 
for patients with MN necessitating transplant. Adult data suggest that centers 
performing surveillance transplant biopsies are more likely to detect asymptomatic, 
recurrent MN earlier compared to centers that do not perform surveillance biopsies 
[126–128]. Electron microscopy is necessary to confirm the diagnosis of recurrent 
MN as light microscopy abnormalities, such as membrane spikes, may not be 
observed in early disease relapse.

Prophylactic therapy with rituximab or alkylating agents is not recommended to 
prevent disease [40]; however, rituximab has utility in treating biopsy-proven, 
recurrent disease [121, 123].
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 Conclusion

Transplant planning and care require a thorough understanding of the underlying 
cause of ESKD. In most instances, the risk of disease recurrence is low; however, 
exceptions are notable in the case of complement-mediated kidney disease where 
risk for disease recurrence may be greater than 50%. As reviewed here, the majority 
of patients with recurrent disease due to glomerulonephritis still have generally 
equivalent graft and patient survival compared to those with non-recurrent etiologies, 
such as congenital anomalies of the kidney and urinary tract. With rare exceptions, 
living-related kidney donation can and should still be encouraged in carefully 
selected patients and donors.

Certainly, the management of disease recurrence after pediatric kidney transplant 
remains challenging; however, emerging therapies for high-risk diseases, such as 
aHUS and C3G, provide hope for improved graft survival among these pediatric 
kidney diseases at highest risk for recurrence following transplantation. Our 
understanding of recurrent disease risk and treatment(s) is limited by the lack of 
systematic, randomized studies – particularly in pediatric patients. Thus, systematic 
use of international registries and prospective multi-center collaborative studies is 
absolutely necessary to allow improvement in pre-transplantation risk evaluation 
and facilitate data-driven yet individualized post-transplantation management.
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Nephrotic Syndrome Challenges: An Old 
Recurring Problem

German Lozano Guzman and Joshua J. Zaritsky

This chapter will address several aspects of disease recurrence in the setting of renal 
transplantation. Much of the focus will be on nephrotic syndrome and the risk fac-
tors for its recurrence after transplant. In addition, some attention will be placed on 
treatment of disease recurrence.

 APOL1

The high incidence of chronic kidney disease (CKD) in those with African ancestry 
is very well documented [5] and is likely the result of a complex interplay of genetic 
and environmental factors. In 2008, variations in the APOL1 gene, located on chro-
mosome 22, were linked to an increased risk of kidney disease. Specifically, two 
variants of APOL1 gene (G1/G2) confer increased risk for non-diabetic kidney dis-
ease, and it is thought that the high prevalence of these variants in African descen-
dants is secondary to a natural selection advantage against infection by Trypanosoma 
brucei rhodesiense [6].

APOL1 is a unique gene only found in humans and higher order primates that 
became part of the human genome around 33 million years ago [7]. It encodes the 
apolipoprotein L1 protein which is found in circulation mainly associated with 
high-density lipoprotein (HDL). This complex confers protection against infection 
by Trypanosoma brucei [8]. However, strains of trypanosome parasite such as T.b. 
rhodesiense, T. brucei, and T.b. gambiense can develop resistance to APOL1- 
mediated lysis. The APOL1 G1/G2 polymorphisms confer counter resistance to this 
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parasite adaptation, and this likely explains their high prevalence in those of African 
descendant [9 10]. However, these variants also confer a higher risk of kidney dis-
ease via an unclear mechanism, and in this section, we will review the current state 
of knowledge with a focus on possible implications for kidney transplantation.

 Mechanism of Renal Injury

In addition to its circulatory form, the APOL1 protein is expressed in podocytes, proxi-
mal tubule cells, and the endothelium of extraglomerular arterioles and small arteries 
[9]. Initially there was thought that abnormal levels of the circulatory form could be a 
contributing factor toward the development of kidney disease. However, there does not 
appear to be a correlation between APOL1 genotype, circulatory APOL1 protein lev-
els, and CKD prevalence [11, 12]. Additionally, APOL1 G1/G2 variants do not appear 
to influence renal allograft survival [13]. Animal models have instead suggested that 
the G1/G2 variants induce mitochondrial dysfunction and intracellular potassium loss 
leading to cell apoptosis via stress-activated protein kinase (SAPK) pathways [14, 15].

 Second Hit Modifiers

Despite a body of evidence that the G1/G2 variants can lead to intracellular dys-
function, only 20% of African Americans with them will develop kidney disease. 
This has given rise to the hypothesis that there needs to be a “2nd” hit for kidney 
disease to manifest in the setting of these variants. One of the better described “sec-
ond hits” is HIV infection as patients with the G1/G2 variants have a significantly 
increased incidence of HIV-associated nephropathy (HIVAN) [16]. Interestingly, 
there is a decreased risk of kidney disease in JC polyomavirus in G1/G2 patients 
[17]. Currently both The Chronic Kidney Disease in Children Cohort Study (CiKD) 
and Nephrotic Syndrome Study Network (NEPTUNE) are actively studying how 
the G1/G2 variants affect the incidence of FSGS in children with a hypothesis that 
prematurity could represent a second hit [18].

 Clinical Implications

In the current CKiD study, African American children make up 23% of the popula-
tion with CKD and account for 19% and 36% of the non-glomerular and glomerular 
disease, respectively. Interestingly in CKiD, patients with glomerular disease have 
a more rapid decrease in renal function [19] with FSGS as the leading cause of End- 
Stage Kidney Disease (ESKD) in this group. Given that APOL1 risk alleles in adults 
are associated with a higher rate of CKD and that allograft failure is higher in 
African Americans compared to other groups [27], the question remains whether it 
is beneficial to ascertain APOL1 status prior to kidney transplant.
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APOL1 status has a potential implication for both deceased and living donor 
kidney transplant selection. A kidney transplant from a deceased donor with two 
copies of the G1/G2 variants has a high graft failure rate when compared to those 
from donors with only one copy of the risk variant [20, 21], and there are reports of 
rapid decline of residual kidney function in donors with 2 APOL1 risk variants [22]. 
This has recently raised significant ethical questions on whether individuals with 
the risk variants should be allowed to donate.

Currently there is no consensus between transplant centers on the need for 
APOL1 variations screening nor on how it should alter clinical practice. Clearly 
before considering establishing APOL1 genetic testing as the standard of care in the 
transplant setting, there are some aspects that need to be taken into consideration. 
First is who should be tested? While individuals with West African descent have a 
high incidence of the G1/G2 variants, those of East African descent have a much 
lower likelihood of carrying the risk alleles [6]. Individuals from the Caribbean 
(Dominican Republic, Cuba, Haiti) are less likely to identify as African but often 
have a West African heritage. Thus, screening for APOL1 variants needs to be indi-
vidualized on a case-to-case basis.

Assuming a population can be targeted for testing, the next hurdle is the clinical 
consequences of the results. From the donor perspective, the presence of the APOL1 
G1/G2 alleles carries a higher risk of non-diabetic CKD, but this risk is not 100% 
and it remains unclear who will go on to develop disease. This poor genotype- 
phenotype correlation makes it extremely difficult to advise those with risk alleles 
on the ability to donate a kidney. Even if the donor decides not to move forward with 
donation, a G1/G2 genotype could have medical insurance or even family planning 
implications. Consider the hypothetical scenario that the presence of APOL1 risk 
alleles is a contraindication to living donor kidney transplantation (LDKT). This 
would disproportionally affect an ethnic group that already has decreased access to 
LDKT [23, 24]. However, since there is evidence of kidney function decline in 
donors with the risk alleles, some transplant programs now consider it a contraindi-
cation to LDKT.

From the recipient perspective, the challenges are focused on the potential risk of 
receiving a graft from a donor with the G1/G2 alleles. There is evidence that an 
allograft from a deceased donor with the risk variants has decreased longevity [25, 
26]. Most likely this risk exists with LDKT as well. The APOL1 Long-term Kidney 
Transplantation Outcomes Network (APOLLO) study, a National Institutes of 
Health (NIH) prospective observation study, is evaluating the effects of APOL1 
variants on both deceased- and living-donor renal transplantation. It is due to be 
completed in 2023 and will hopefully shed much needed light on this issue.

Currently allografts from African American donors have a higher Kidney Donor 
Risk Index (KDRI). APOL1 genotyping could be used to identify lower risk grafts 
from this population and in turn facilitate organ allocation. Clearly there is much 
study to be done on the implications of APOL1 genotyping, and there is hope that 
studies like APOLLO will help to standardize practice and result in improved trans-
plant outcomes.
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 Pre-transplant Nephrectomy

Due to the lack of consensus, native kidney nephrectomy prior to kidney transplan-
tation remains a controversial topic. Nephrectomy remains an invasive procedure 
and comes with a host of potential complications and along with implications on 
clinical management. The rationale for nephrectomy varies tremendously between 
adults and children since the etiology of ESKD is biased toward congenital abnor-
malities of the kidney and urinary tract. In general, these patients continue to have 
urine output despite ESKD, so a nephrectomy can further complicate fluid manage-
ment in a population that is very dependent on nutrition for proper growth. While 
the most common reason for nephrectomy is severe proteinuria, there are some 
other indications, and this section will address some of the clinical considerations 
and challenges around this topic.

 Proteinuria

Nephrectomy is often advocated in patients with severe proteinuria as the low albu-
min that accompanies it has been associated with several complications including 
increased infections and impaired healing and growth. In addition, the nephrotic 
state comes with an increased risk of thrombosis and thromboembolic events, which 
can affect the future graft [28–30]. One consideration in the setting of proteinuria is 
whether a unilateral or bilateral nephrectomy should be performed. Unilateral 
nephrectomy is an appealing option in pediatrics as the tight fluid restriction that 
accompanies anuria can present nutritional challenges. Ghane et al. examined 22 
pediatric patients who underwent nephrectomy due to severe proteinuria. In the 
patients that had a unilateral nephrectomy, urine protein excretion decreased from 
3.7 to 2.4 g/24 h (158 to 102 mg/m2/h). Serum albumin, total protein, and fibrino-
gen showed modest increases with most returning to the normal range for the major-
ity of these patients. Patients undergoing bilateral nephrectomies showed larger 
increases in serum albumin, protein, and fibrinogen concentration, but it was noted 
that they tended to have more proteinuria to start with, hence needed a more radical 
approach [32]. Similar results were seen in a European cohort of patients with con-
genital nephrotic syndrome. Following unilateral nephrectomy serum albumin 
increased significantly with a reduction in albumin infusion requirements by 5 [29–
36] g/kg/week. Interestingly, a comparison of this group with patients who did not 
undergo nephrectomy and patients undergoing bilateral nephrectomies did not show 
any differences in complications such as sepsis and thrombotic episodes. Growth 
was comparable between these three groups. At the end of follow-up, median age 
was 34  months and 80% of children in the nephrectomy group had been trans-
planted, while in the non-nephrectomy group only 24% had been transplanted with 
another 53% remaining off dialysis. This led the authors to postulate that that con-
servative management is an alternative to early single or even bilateral nephrectomy 
[4]. Clearly additional prospective studies need to be done in order to elucidate the 
benefit of unilateral versus bilateral nephrectomy on the management of severe 
proteinuria.
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 WT1 Mutation

Another reason to consider pre-transplant nephrectomy is the risk of malignancy 
such as Wilms’ tumor (WT) in patients with WT1 mutations. The WT1 gene is an 
essential regulator of kidney development, critical to the survival and subsequent 
differentiation of kidney cells and gonadal development [33]. WT is a heteroge-
neous tumor with several genetic and epigenetic abnormalities involving oncogenes 
and tumor suppressor genes like WT1. One of the diseases caused by WT1 muta-
tions is Denys-Drash syndrome (DDS) defined as the clinical triad of congenital/
infantile nephrotic syndrome, Wilms’ tumor, and ambiguous genitalia. Patients with 
DDS usually progress to ESKD early in life with renal histopathology exhibiting 
diffuse mesangial sclerosis or focal segmental glomerulosclerosis (FSGS) [34]. Due 
to the concern of WT, two main approaches have been taken historically, nephrec-
tomy before or after ESKD has occurred. A recent publication of an international 
survey indicated that the vast majority of nephrologists prefer to follow serial ultra-
sounds and only perform nephrectomies after ESKD [35]. In this publication, of the 
four patients that underwent preemptive nephrectomies, only one had WT identified 
via pathology. Not unexpectedly those patients had a much shorter median time to 
dialysis initiation (1–35 months) compared to the group undergoing nephrectomy 
after ESKD (7–78  months). Given the inherent challenges in beginning dialysis 
earlier [36] and the fact that most centers require a minimum cutoff weight of 10 kg 
for transplantation, this leads most nephrologists to take a wait and see approach. 
Indeed, there can be very variable disease courses in DDS patients with some 
remaining tumor-free with normal renal function for many years [37]. In our experi-
ence the conservative approach with regular interval ultrasound every 3 months and 
ideally nephrectomy at the time of transplant is preferred, but this decision needs to 
consider the additional technical challenges at the time of transplant.

 Disease Recurrence

Since the initial report by Hoyer et al. [38] in 1972, allograft disease recurrence 
(DR) has remained a challenge and is the second leading cause of graft loss in this 
population. FSGS is the most common cause of DR with an estimated incidence of 
30% for the first transplant and over 50% in subsequent transplants in which the first 
graft was lost to the disease [39]. Fortunately, there have been recent advances in 
our knowledge of recurrence risk which will hopefully reduce DR. In this section 
we address risk factors and novel treatments of DR.

DR is a devastating event, especially in cases of rapid recurrence and resistance 
to intensive treatment. In addition, it remains difficult to identify which patients will 
have DR. One specific disease state, which highlight this, is idiopathic childhood 
nephrotic syndrome (NS). Current classification of NS is based on the International 
Study of Kidney Disease in Children (ISKDC) 1967 [40] that recommends the ini-
tial use of high dose of steroids for 6–8 weeks. Depending on the response, the 
patient is classified as: (1) steroid responsive nephrotic syndrome, (2) steroid depen-
dent nephrotic syndrome, or (3) steroid resistance nephrotic syndrome. Patients in 
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the steroid responsive nephrotic group that go into remission within 8  weeks of 
treatment have a high likelihood of minimal change disease and usually have a bet-
ter prognosis [41]. However, this simplified approach can prove to be much more 
complex, since patients initially labeled as steroid responsive can develop resistance 
later in time and up to 30% of patients with FSGS show an initial response to ste-
roids. In fact, patients with secondary steroid resistance have a higher incidence of 
DR after transplant than those who were initially steroid resistant [42]. In summary, 
although an empiric steroid trial is broadly used in clinical practice, it does not nec-
essarily predict which patients will go on to have DR.

 Genetic Mutations

Next-generation sequencing has ushered in an era of low-cost rapid screening of 
patients in which there is a concern for a genetic basis of disease. There is mounting 
evidence that patients with a known monogenic cause of NS have a much lower rate 
of DR [43]. To date, over 50 genes have been linked to the pathogenesis of nephrotic 
syndrome and have allowed gene panels to become a routine part of the pre- 
transplant evaluation of patients who have ESKD due to nephrotic syndrome. 
However, the genotype-phenotype relationship is not always clear, especially when 
variants of unknown pathogenic significance are found. So, while genetic testing 
shows promise in stratifying patients based on DR, the results must be interpreted 
in a cautious case by case basis.

 Living vs Deceased Donation

Based on largely anecdotal experiences, some centers view FSGS as a contraindica-
tion to living-related donation (LRD) due to the high DR rate. However, a recent 
study of the North American Renal Pediatric Trials and Collaborative Studies 
(NAPRTCS) database has shown that while allograft survival is worse in patients 
with FSGS, it is not inferior when LRD is compared to deceased donor (DD) [44]. 
In other words, while the advantage of the graft survival normally seen with LRD is 
blunted in patients with FSGS, outcomes are comparable to those without a history 
of FSGS receiving a DD.  Additionally, data from the United States Renal Data 
System (USRDS) has not shown any differences in DR between LRD and DD [78]. 
Previous studies showing a positive correlation between LD and disease recurrence 
may have been the result of selection bias.

Below is one approach to taking into consideration whether a LD should be con-
sidered in the setting of ESKD due to nephrotic syndrome:

 1. If an autosomal dominant genetic mutation is identified, LD is not recommended 
since it can have variable penetrance and phenotype expression, placing both the 
donor and recipient at increased risk.

 2. In the cases of an autosomal recessive mutation (with the exclusion of APOL1 
variants), LD is a viable option.
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 3. In cases without an identifiable genetic cause, LD remains a viable option but 
must include sufficient education of the family as to the risks of DR.

 Clinical Features Predictive of DR

One clinical feature that has shown an association with higher DR incidence is pre- 
transplant nephrectomy [45, 46]. Most likely, this is a reflection of the fact that 
patients with lower serum albumins, significant proteinuria, and rapid progression 
to dialysis are more likely to undergo bilateral nephrectomy. In other words, the 
higher rate of DR is due to underlying aggressive disease rather than bilateral 
nephrectomy. In fact, probably the most consistent risk factors associated with DR 
in the literature are early age at the time of diagnosis and degree of proteinuria. 
Finally, even though no other clinical features show a strong correlation with DR, 
patients who have an initial aggressive course of disease, mesangial proliferation 
on biopsy, or being less than 15  years old are considered to be at high risk of 
DR [47].

 Circulating Factor and DR

As discussed previously, an initial steroid responsive course is often predictive of a 
benign disease course. However, those patients with subsequent steroid resistance 
show a high rate of DR [48]. One possible explanation for this phenomenon is that 
this group of patients develops an immune mediated circulating factor. Enforcing 
the possibility of a circulating factor is a multitude of case reports showing severe 
recurrent proteinuria occurring immediately after transplantation. One particularly 
unique case was that of a patient who had immediate DR and subsequent poor graft 
function. The allograft pathology showed podocyte foot process effacement consis-
tent with the early reappearance of FSGS. Remarkably, re-transplant of the same 
allograft into a separate patient without a history of FSGS resulted in full resolution 
of proteinuria and glomerular lesions [49]. Similar results in animal models point to 
a circulating factor as a mediator of DR in FSGS [50].

To date, identification of this circulating factor remains elusive. Although poten-
tial factors, such as suPAR, have been identified, they are not consistently present in 
all patients with DR [51]. Delville et al. recently identified a panel of seven antibod-
ies (CD40, PTPRO, CGB5, FAS, P2RY11, SNRPB2, and APOL2) that predict DR 
with 92% accuracy [52]. Unfortunately, this set of bio-markers has not yet been re- 
validated and is not available for clinical use.

 Treatment of Disease Recurrence

Management of disease recurrence remains a controversial topic with little consen-
sus as there is a lack of well-designed randomized controlled trials. The following 
subsections touch on a variety of treatments.
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 Plasmapheresis

Therapeutic plasma exchange (TPE) is one of the most widely used modalities to 
treat recurrent disease in patients with primary FSGS. TPE efficacy is thought to be 
due to removal of the circulating factor which can be achieved by either centrifugal 
or filtration-based techniques. In centrifugal TPE (cTPE) blood components are 
separated utilizing centrifugal forces, and plasma is removed and replaced with 5% 
albumin or fresh frozen plasma (FFP). In contrast, membrane therapeutic plasma 
exchange (mTPE) utilizes a highly permeable membrane to achieve plasma separa-
tion. Plasma removal efficiency, a measure of how efficient the plasma is removed 
with a single exchange, is usually much higher in cTPE (~70%) versus mTPE 
(~30–35%). This results in longer treatment times with mTPE. Another consider-
ation is that cTPE can be performed via peripheral veins using regional citrate anti-
coagulation whereas mTPE usually needs central access and systemic heparin [53].

The America Society for Apheresis guidelines consider TPE for FSGS recur-
rence as category 1 (i.e., strong) recommendation [54]. Since its initial use in 1985 
[55], it has been the subject of several clinical trials with differing outcomes. A 
review by Ponticelli et al. showed partial or complete remission of proteinuria using 
TPE in 70% of children and 63% of adult patients with FSGS recurrence. More 
encouraging results were seen if therapy was instituted earlier [56]. In a pediatric 
series, Dall’Amico et al. reported remission in 9 of 11 patients who were treated 
with TPE in combinations with a cyclophosphamide regimen [57].

Currently, there is no unified consensus on a TPE protocol nor duration of ther-
apy. A common prescription consists of 1–1.5x plasma exchange volume, 3–4 times 
per week for a total of 8–12 treatments [58]. Other more intensive regimens consist 
of daily exchanges for 3 days followed by two to three exchanges per week for the 
first 2 weeks and continue with one or two exchanges per week until partial or com-
plete remission is achieved [56].

There is an immunomodulatory effect associated with TPE with a decline of B 
and natural killer cells and an increase in regulatory T cells [59]. This effect, which 
presumably increases the susceptibility of cell mediated and humoral immunity to 
immunosuppressive agents, is the rationale behind the use of TPE and immunosup-
pressive medication protocols. Canaud et al. used high dose steroids and intrave-
nous (IV) cyclosporine for 14 days, followed by oral cyclosporine to treat DR. This 
protocol resulted in remission in 9 out of 10 adult patients with a follow-up of 
12 months [60].

Prophylactic use of TPE has been tried in patients at high risk of DR, but to date 
there has been no proven benefit on the incidence of DR [47, 61].

 Immunoadsorption

The success of TPE has also prompted the use of immunoadsorption (IA) tech-
niques in the setting of DR. IA relies on the same principle as TPE, but in theory the 
circulating factor is removed via selective antibody binding using high affinity col-
umns. Lionaki et  al. demonstrated an approach in which IA was used 
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prophylactically in all patients with idiopathic FSGS.  Patients undergoing LRD 
received IA as much as 1 week prior to transplant. IA was then individualized 
according to response with a case-by-case taper. Using this protocol, 66.7% of the 
patients had sustained remission and prevention of graft loss over a 4-year follow-
up [62]. The benefits of IA versus TPE include no need for plasma replacement 
(FFP or 5% albumin). The use of IA seems to be more available in Asia and Europe 
and in the USA seems to be restricted only on research settings; the main obstacle 
for use of IA remains its cost, complexity, and lack of FDA-approved absorption 
columns.

 Rituximab

Rituximab is a human chimera monoclonal antibody against the B-lymphocyte anti-
gen CD20. Since its first reported successful use in a child with lymphoproliferative 
disorder and FSFG DR [63], there have been several subsequent studies demonstrat-
ing mixed results. In a small case series, rituximab was used in TPE-resistant 
patients and resulted in remission rates of 40% [64]. There have been reports of both 
success and failure when rituximab is used in combination with TPE [65, 66]. While 
rituximab’s mechanism of action remains unclear, there is evidence that by prevent-
ing the downregulation of sphingomyelin phosphodiesterase acid-like 3b 
(SMPDL-3b) and acid sphingomyelinase (ASMase), it has a protective effect in 
podocytes. SMPDL-3b and ASMase were depleted on podocyte culture exposed to 
sera from a patient with recurrent FSGS. In this study, overexpression of SMPDL-3b 
was able to prevent disruption of podocyte cytoskeleton and podocyte apoptosis 
[67]. Typical protocols utilizing rituximab consist of 2–4 doses of 375 mg/m2/dose 
administered every 1 to 2 weeks. Ideally, if TPE is also used, the dosing of ritux-
imab is done at least 24–72  hours prior to or after TPE to prevent its removal 
via TPE.

 Cyclosporine

Cyclosporine is an immunosuppressant agent that inhibits T-cell signaling of nuclear 
factor in activated T-cells. However, the anti-proteinuric effect is likely multi- 
factorial as it also appears to decrease production of T cell mediated cytokines. 
Cyclosporine in combination with IV steroids has been used with success in induc-
ing remission of primary FSFG, but its efficacy in post-transplant recurrence 
remains unclear. It is important to note that case reports describing its use have often 
utilized high intravenous dosing of cyclosporine [68]. Cyclosporine entry into lym-
phocytes is via an LDL receptor, so given the high levels of lipoproteins seen in 
nephrotic syndrome, it is thought that high free levels of the drug are needed to 
overcome this competition for entry into the cell.
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 Lipid Apheresis

Lipid apheresis is a novel treatment for dyslipidemia in patients with nephrotic syn-
drome and is a well-established extracorporeal technique used to treat patients with 
homozygous familial hypercholesterolemia. A study utilizing lipid apheresis in com-
bination with prednisone in children with treatment-resistant nephrotic syndrome 
found reductions in both cholesterol and triglyceride levels [69], similar to previous 
reports using lipid apheresis in adults [70]. However, this treatment in children with 
nephrotic syndrome is unique in that a significant number of patients went into either 
complete or partial remission of their nephrotic syndrome 13%—5 of 11 patients 
(45%) went into complete remission, and 2 of 11 patients (18%) went into partial 
remission. Remarkably, all of the patients that responded to therapy remained in 
remission with follow-up as long as 10 years. The mechanism by which lipid apher-
esis leads to remission remains unclear, but possible explanations include a direct 
effect of improving the dyslipidemia, removal of pathogenic vascular permeability 
factors, and/or enhancement of the response to immunosuppressants [71]. One poten-
tial but unexplored hypothesis is that lipid apheresis, by lowering the level of free fatty 
acids, could reduce or prevent podocyte damage and reduce proteinuria [72].

A more recent publication [73] was able to demonstrate successful treatment of 
post-transplant FSGS recurrence in seven pediatric patients from four different centers. 
Using a 9-week course of lipid apheresis in combination with pulse solumedrol, all 
seven patients experienced reductions in their protein to creatinine ratios resulting in 
partial or complete remission. Significantly, all of these patients had previously under-
gone extensive alternative treatments including extended courses of plasmapheresis.

The prospective multicenter POLARIS trial in Japan assessed the efficacy of lipid 
apheresis for treating dyslipidemia and inducing remission in patients with nephrotic 
syndrome. Initial results demonstrated nearly 50% reductions in both total choles-
terol and LDL cholesterol levels during treatment [74]. A follow-up paper [75] dem-
onstrated complete remission in 25% of the 44 patients enrolled in the study, and an 
additional 23% of patients had partial remission (defined as <1 g of urinary protein 
per day). Furthermore, a case report demonstrated induction of remission by lipid 
apheresis in an adult with rituximab-resistant nephrotic syndrome [76].

The high cost and the need in most cases for central venous access may play a 
part in limiting the potential adoption of lipid apheresis. One system of lipid apher-
esis, the Liposorber LA-15 (Kaneka), is being utilized in a prospective study for the 
treatment of focal segmental glomerulosclerosis in children (NCT02235857) and 
adults (NCT04065438). This study is a post-approval trial mandated by the FDA 
after the LA-15 system received a humanitarian device exemption for the treatment 
of patients with drug-resistant focal segmental glomerulosclerosis. Preliminary 
results from the pediatric study noted two out of seven patients achieving either a 
partial or complete remission [77].
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 Questions

 1. According to the evidence cited in this chapter, the incidence of disease recur-
rence on living donation vs deceased is:
 A. Higher on the group that received a living donor kidney.
 B. Higher on the group that received a deceased donor kidney.
 C. There was no difference between the two groups.

Answer: C.
There is no evidence of benefit between living vs deceased donors in terms of 

increased incidence of recurrent disease. LD transplants given to FSGS patients 
have worse graft survival rates compared to patients without FSGS, but deceased 
donor graft survival rates in FSGS patients were not inferior to patients without 
FSGS [7]. In other words, the advantage of graft survival from LD is lost on 
patients with FSGS.

 2. Which of the following is not a risk factor for a disease recurrence of FSGS on 
the allograft?
 A. Initial steroids responsive nephrotic syndrome
 B. Identified genetic mutation
 C. Presence of a circulation factor

Answer: B.
Patients with monogenic generic mutation have no predisposition to DR post-

transplant except for some variant mutations of NPHS2. The incidence of recur-
rent disease is higher in patients who were initially steroid responsive and then 
became steroid resistant.

 3. Which of the following is true about APOL1 renal-related variants and non- 
diabetic renal disease:
 A. There is a clear correlation between the presence of two copies of APOL1 

RRV and phenotypic expression of renal disease.
 B. Presence of APOL1 is considered by some to be a contraindication for 

donation.
 C. Incidence is higher on East African descendants or those with mixed heritage.

Answer: B.
Despite a body of evidence that the G1/G2 variants can lead to intracellular 

dysfunction, only 20% of African Americans with them will develop kidney 
disease. APOL1 status has a potential implication for both deceased and living 
donor kidney transplant selection. Kidney transplant from a deceased donor 
with two copies of the G1/G2 variants has high graft failure rates when com-
pared to those from donors with only one copy of the risk variant, and some 
evidence suggest rapid decline on residual kidney function on donors with 2 
APOL risk variants after donation. The incidence is higher in West African 
descendants and lower in East Africans.
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 Vaccinations

Vaccinations to prevent infections by vaccine-preventable diseases are very impor-
tant for prospective transplant recipients. All efforts should be made to vaccinate 
these children during early chronic kidney disease (CKD) and prior to transplant as 
in the late stages of CKD and post-transplant immune response to vaccines may be 
blunted and live vaccines are contraindicated post-transplant.

 Pre-transplant

Patients with CKD and end-stage kidney disease (ESKD) need to be up to date with 
all recommended childhood vaccines prior to transplantation. Achieving timely and 
adequate immunization pre-transplantation is critical since children are unable to 
get live vaccines after transplant. Some of these children may be missing routine 
vaccination due to frequent illness or hospitalizations. Pre-transplant consultation 
with infectious disease, when possible, can help to optimize a patient’s pre- transplant 
immunization status.

The Centers for Disease Control (CDC) and Prevention immunization schedule 
for children and adolescents can be found at:

https://www.cdc.gov/vaccines/schedules/hcp/imz/child- adolescent.html [1]
In some situations, where the transplant is more imminent, an accelerated vac-

cine schedule can be undertaken especially for live viral vaccines. Measles, mumps, 
rubella, and varicella can be given as early as 6 months of life. Hepatitis B vaccine 
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series can be started at birth, and human papilloma virus vaccine can be started as 
early as 9 years of age [2].

It is important to measure titers against hepatitis A, hepatitis B, and live virus 
vaccines including measles, mumps, rubella, and varicella 1 month after vaccina-
tion, and children should be revaccinated if noted to be non-immune. Children over 
the age of 2 years old should also receive the pneumococcal vaccine polyvalent 
(Pneumovax®23) in addition to pneumococcal 13-valent conjugate vaccine (Prevnar 
13®) for expanded immunity to pneumococcal strains. It is recommended that high- 
risk children, such as transplant patients, receive 2 doses 5  years apart. General 
pediatricians do not routinely carry Pneumovax®23 since it is not a routine child-
hood vaccine. It is not cost-effective for pediatricians to order the vaccine for a child 
since it is not distributed as a single dose. This vaccine may be available to the 
pediatricians working in academic institutions or those in family practice. 
Alternately, nephrologists and transplant physicians should make special arrange-
ments to give this vaccine in their own specialty clinics.

It is important for all household members and caregivers to remain up to date with 
their scheduled immunizations to prevent spread of infection to transplant recipients. 
Household members of transplant recipients can receive live virus vaccines safely.

 Post-transplant

While every effort should be made to vaccinate prior to transplantation, inactivated 
vaccines are generally safe after solid organ transplantation. Transplant recipients 
and their family members should receive yearly influenza vaccination. While it is 
desirable to wait until 3–6 months after transplant to give the influenza vaccine to 
transplant recipients, it can be given after about 1 month of transplant if needed. 
Some centers give a dose at the time of transplant if it is high season and give a 
booster 1 month later. Both children and household members should get the inject-
able vaccine. Immunogenicity of the influenza vaccine in kidney transplant recipi-
ents varies widely. This variation could be attributed to the vaccine strain, the time 
after transplantation, the immunosuppressive regimen, as well as the net state of 
immunosuppression of the recipient [3]. For example, patients on mycophenolate 
mofetil (MMF) have a lower seroprotective rate.

There have been concerns about the influenza vaccine triggering acute rejections, 
but these concerns were not substantiated in large-scale studies [4]. In large registry 
data, influenza vaccine use in transplant recipients was associated with lower rates 
of allograft loss and death [5]. However, use of adjuvanted Influenza vaccines (typi-
cally recommended for patients 65 years of age and older) has been shown to cause 
a rise in anti-HLA antibodies, but this has not been shown to lead to acute rejection 
episodes [6]. It is, therefore, advisable not to use adjuvanted influenza vaccines in 
kidney transplant recipients.

Though live vaccines are contraindicated, occasionally live vaccines have been 
given when an outbreak has occurred and there is no alternative type of vaccine. 
However, this should be done only with strict observation and oversight and in con-
junction with an infectious disease specialist.
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 Vaccines and Travel

Need for travel vaccines depends upon the place and season of travel. Vaccines 
against hepatitis A, typhoid, cholera, and Japanese encephalitis and a repeat dose of 
meningococcal and injectable polio may be needed, whereas yellow fever vaccine is 
contraindicated. It is ideal to check the CDC website on the recommendations for 
specific areas of travel. A consultation with an infectious disease specialist may also 
be helpful for travel planning.

 Nutritional Challenges

The aims of nutritional management of children with CKD, both pre- and post- 
transplant, are to maintain healthy weight, promote growth and development, ensure 
adequate intake of macro- and micro-nutrients, avoid and treat metabolic imbal-
ances, and optimize bone and muscle health. Monitoring and early intervention to 
promote cardiovascular health are also key to reducing the risks of morbidity and 
mortality, which may become more evident as pediatric patients transition into 
young adulthood. Children with CKD often struggle to achieve optimal growth and 
nutrition due to a variety of reasons which include altered taste, restricted diet, 
increased prevalence of vomiting, metabolic acidosis, gastrointestinal symptoms, 
recurrent infections, increased catabolism, lack of physical activity, and growth hor-
mone resistance. In addition, factors such as depression, non-adherence, and food 
insecurity are often additional barriers to achieving optimal nutrition in this popula-
tion. These challenges are especially marked in those with early onset of CKD and 
worsen as CKD progresses into ESKD and dialysis. After kidney transplantation, 
some of these nutritional issues resolve, but new and different nutritional challenges 
can emerge. Therefore, a multidisciplinary team approach is important to optimize 
the nutrition of the pediatric patient both pre-transplant and post-transplant and 
should be at the forefront of CKD management. Nutritional management by a reg-
istered dietitian nutritionist (RDN) with expertise in pediatric renal nutrition is rec-
ommended for children with CKD and ESKD [7].

 Pre-transplant

 CKD 2–5 Pre-dialysis
The journey to successful kidney transplantation begins in the early stages of CKD. The 
CKD milieu is associated with a cascade of disturbances in the regulation of numerous 
physiologic systems that contribute to impaired appetite, stunted growth, and compro-
mised nutrition. The topic of growth in children with CKD will be reviewed in more 
detail in the section. Growth Challenges of this chapter. Factors contributing to 
decreased appetite in CKD include dysregulation of appetite-regulating hormones [8], 
increased release of inflammatory cytokines [9], altered taste sensation [10, 11], and 
adverse changes in the gut microbiome. Alteration in gastrointestinal microbiota has 
also been linked with increased cardiovascular risk in children with CKD [12].
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Early nutrition assessment and intervention are the key to optimizing growth and 
nutritional status and preventing onset of protein-energy wasting (PEW) in children 
with CKD. Once PEW occurs, it cannot be easily corrected by nutritional supple-
mentation alone due to the presence of additional factors, including persistent 
inflammation, metabolic acidosis, endocrine disorders, hypermetabolism, poor 
physical activity, and frailty that lead to breakdown of protein and muscle stores. 
Diagnosis of PEW in children with CKD is based on five key criteria: (1) decreased 
appetite, (2) serum biochemistry (low cholesterol, albumin and transferrin, and high 
C-reactive protein [CRP]), (3) reduced body mass, (4) reduced muscle mass, and (5) 
short stature or poor growth [13]. Frailty in children with CKD is a similar but dis-
tinct condition which is defined by presence of at least three of the following four 
criteria: (1) suboptimal growth and/or weight gain, (2) low muscle mass, (3) fatigue, 
and/or (4) inflammation (CRP >3 mg/l). Children with frailty in the setting of CKD 
have increased risk for infections and hospitalizations [14].

 Hemodialysis
Children receiving chronic hemodialysis (HD) typically undergo treatments 3–4 times 
a week and therefore often require strict restrictions on dietary intake of sodium, 
potassium, phosphorus, and fluid. Provision of adequate nutrition is particularly chal-
lenging in infants and young children who are anuric, as they may require highly 
concentrated formula to prevent fluid overload between HD treatments. In older chil-
dren, it may be challenging to meet macro- and micro-nutrient needs due to the elimi-
nation of favorite foods that are commonly consumed by children in North America, 
such as milk, ice cream, pizza, French fries, and macaroni and cheese.

Factors associated with the hemodialysis procedure itself may induce inflamma-
tion and catabolism, further predisposing patients to development of PEW [8]. 
Therefore, protein requirements for pediatric HD patients are estimated to be 
slightly higher than the daily recommended intake (DRI) for age (by 0.1 g/kg/day) 
[7]. The normalized catabolic protein rate (nPCR) is an important marker of protein 
and overall nutritional status in HD patients. In adolescents and adults, an nPCR 
value below 1 g/kg/day indicates that the patient is at risk for weight loss and mal-
nutrition [15], but this has not yet been validated in infants and young children. In 
addition to protein, water-soluble vitamins and carnitine are also removed during 
the HD treatment. All chronic HD patients should receive an oral water-soluble 
vitamin supplement daily [7], and intravenous levocarnitine supplementation can be 
considered in those with dialysis-related carnitine deficiency [16].

HD adequacy also impacts nutrition and growth. Evidence suggests that provid-
ing enhanced dialytic clearance may promote better nutrition and growth in children 
receiving chronic HD [17, 18]. More frequent and/or intensified hemodialysis regi-
mens have been shown to promote normal growth in children, without the need for 
growth hormone therapy [19].

 Peritoneal Dialysis
In addition to the hormonal and inflammatory effects that suppress appetite in renal 
failure, patients receiving chronic peritoneal dialysis (PD) face additional chal-
lenges to meeting nutritional needs. Gastrointestinal symptoms, such as early sati-
ety, delayed gastric emptying, vomiting, and gastroesophageal reflux (GER), are 
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very common in PD patients due to the presence of increased intra-abdominal pres-
sure [20]. In addition to decreased appetite and gastrointestinal symptoms, nutrition 
in PD patients may be further compromised by loss of protein in the PD effluent, 
which varies by age and has been estimated to range from 0.28 g/kg/day in infants 
to 0.1 g/kg/day in adolescents [21].

Conversely, caution should be taken in PD patients who are at risk for obesity or 
diabetes, as absorption of dextrose from the peritoneal dialysate can contribute to 
excess weight gain or increase in blood sugars [22]. This is especially concerning in 
patients requiring higher concentrations of dextrose in the dialysate.

 Nutritional Management in CKD and Dialysis
Comprehensive pediatric renal nutrition guidelines were published by the National 
Kidney Foundation Kidney Disease Quality Outcomes Initiative (KDOQI) in 2009 
[7]. A series of updated pediatric renal nutrition clinical practice guidelines have 
since been published by the Pediatric Renal Nutrition Taskforce, an international 
team of pediatric nephrologists and renal dietitians [23–25]. The most current 
guidelines for nutritional management of children with CKD stages 2–5 and dialy-
sis are summarized in Table 10.1.

Table 10.1 Nutritional management for CKD stage 2–5 and dialysis

Calories 100% DRI for age, with adjustments to promote weight gain or loss as 
needed

Protein Stage 3: Limit to 140% of DRI for age
Stage 4–5: Limit to 120% of DRI for age
Hemodialysis: DRI for age + 0.1 g/kg/day
Peritoneal dialysis:
  Infant: DRI for age + 0.3 g/kg/day
  Child (1–3 years): DRI for age + 0.25 g/kg/day
  Child (4–18 years): DRI for age + 0.15 g/kg/day

Fluid Restrict fluid in glomerular disease and anuric patients
Polyuric patients may require supplemental fluid

Fats Encourage a heart-healthy diet, limited in saturated and trans fats
Potassium 1–3 mmol/kg/day; adjust as needed to maintain K levels within normal range
Sodium Typically restrict in setting of glomerular diseases

Salt-wasting polyuric infants may require sodium supplementation
Calcium Goal to meet 100% of DRI for age

Limit to no greater than 2 times the DRI from diet and supplemental sources
Phosphorus Limit intake to 100% of the DRI for age if serum phosphorus levels are 

normal but PTH level elevated based on target range for stage of CKD
Limit intake to 80% of the DRI for age when serum phosphorus level and 
PTH level are both elevated

Vitamin D Goal to meet 100% of DRI for age
Supplement breastfed infants with 400 IU per day of vitamin D
Monitor 25-hydroxyvitamin D level and treat for 25-hydroxyvitamin D 
deficiency (<30 ng/dL)

Water-soluble 
vitamins

All dialysis patients should take a daily water-soluble vitamin supplement to 
replace dialytic losses

Physical activity Aerobic and resistance exercise to promote aerobic fitness and muscle 
strength
Goal to preserve muscle mass and prevent PEW
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 Enteral Nutrition Support
Enteral nutrition support via enteral tube feeding has been shown to improve growth 
and nutrition in infants and young children on dialysis [26–29]. The Pediatric Renal 
Nutrition Taskforce has published clinical practice guidelines for enteral tube feed-
ing in children with CKD stages 2–5 and on dialysis [24]. The guidelines recom-
mend partial or exclusive enteral tube feeding in infants and children who are unable 
to meet their nutritional requirements orally. The guidelines advise that intervention 
with enteral tube feeding should occur promptly in any infant or child noted to have 
decline in weight percentile [24].

In addition to improved nutrition, enteral feeding tubes can also be used for 
medication administration. This can improve quality of life for the child, as they 
can avoid the negative experience of taking medications by mouth, which may 
help to minimize development of oral aversions. It may also improve quality of 
life for the parents by reducing the stress associated with medication administra-
tion. It should be noted that certain medications, such as the active form of 1,25 
dihydroxy vitamin-D, may not be appropriate for administration via the enteral 
tube, and a pharmacist should be consulted to help determine which medications 
are safe to put in enteral tubes.

 Post-transplant

 Appetite and Weight
Following successful kidney transplantation, dietary restrictions can typically be 
liberalized, and the child may be encouraged to consume a regular healthy bal-
anced diet for age. Increased dietary options in combination with reversal of the 
uremic state result in improved appetite and taste perception. This typically leads 
to increased oral intake and rapid post-transplant weight gain. Corticosteroids and 
other immunosuppressive medications compound the risks associated with obe-
sity and metabolic sequela as they also can stimulate weight. Pediatric transplant 
recipients have been reported to double their weight in the first-year post-trans-
plant, after which time body mass index (BMI) tends to stabilize [30]. Post-
transplant obesity and metabolic syndrome are common and are associated with 
adverse outcomes, including increased risk of allograft failure, surgical complica-
tions, cardiovascular morbidity, and new onset of diabetes after transplant 
(NODAT) [31, 32].

While obesity and metabolic complications are common post-transplant, it 
should also be noted that failure to thrive may persist in a smaller subset of children 
after kidney transplantation. In a single-center study of pediatric kidney transplant 
recipients, 21.9% and 17.9% of patients had failure to thrive at 1- and 3-year post- 
transplantation, respectively [33]. Compared to other recipients, patients with fail-
ure to thrive were more likely to experience infections and hospitalization in the first 
3 years post-transplantation. These patients may benefit from ongoing oral or enteral 
nutrition supplementation post-transplant under the supervision of an RDN.
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 Transition from Enteral to Oral Feeding
While many infants and young children with CKD require enteral nutrition support 
prior to transplant, generally the goal is to transition to 100% oral feeds after suc-
cessful kidney transplantation. Recent evidence suggests that the majority of chil-
dren (70%) are able to discontinue enteral tube feeding at a median time of 6 weeks 
post-transplant [34]. In children who remain feeding tube-dependent after 3 months 
post-transplant, referral to oral feeding therapy is recommended, if such therapy is 
not already in place [34].

 Medication Effects
Immunosuppressive medications are essential for preventing rejection of the 
allograft; however, these medications also carry increased risk of numerous 
nutrition- related side effects. Some of the most common medication-associated 
adverse effects experienced by pediatric transplant recipients include magnesium 
wasting, hyperkalemia, gastrointestinal symptoms, and cardiovascular complica-
tions such as hypertension and dyslipidemia. Effects associated with specific medi-
cations are as follows:

• Calcineurin inhibitors (CNI): increased risk of hyperglycemia, NODAT, hypo-
magnesemia, hyperkalemia, and hypertension

• Corticosteroids: increased risk of hypertension, dyslipidemia, hyperglycemia, 
NODAT, increased appetite leading to weight gain/obesity, metabolic syndrome, 
and osteoporosis

• Mycophenolate mofetil: increased risk of adverse gastrointestinal symptoms 
such as nausea, diarrhea, and altered taste acuity

 Nutritional Management Post-transplant
Post-transplant diet and nutrition recommendations are summarized in Table 10.2. 
In order to optimize nutrition while promoting weight management and minimize 
common complications such as hypertension, dyslipidemia, and NODAT after 
transplant, a healthy balanced diet limited in sodium, saturated fats, and simple 
sugars is recommended. Ensuring adequate fluid intake to maintain perfusion of the 
transplanted kidney is critical. The diet should also aim to provide at least 100% of 
the DRI for calcium, phosphorus, and vitamin D in order to optimize bone health, 
particularly in children with post-transplant hypophosphatemia or those receiving 
corticosteroid therapy [7]. Obtaining phosphorus through the diet is preferred to 
supplementation, as oral phosphate supplements may be ineffective in correcting 
post-transplant hypophosphatemia due to stimulation of fibroblast growth factor 23 
(FGF-23) secretion, and supplemental phosphate may also induce diarrhea. The 
recommended daily intake for maintenance (not repletion) of normal vitamin D 
levels is 400 international units (IU) of vitamin D3 for infants and 600 IU of vitamin 
D3 for individuals 1–30 years of age. Exclusively breast-fed infants as well as infants 
taking <1000 mL/day of fortified formula should be supplemented with 400 IU of 
vitamin D3 daily [35]. Bone health of pediatric transplant recipients is discussed in 
further detail later in this chapter.
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“The Dietary Approaches to Stop Hypertension (DASH)” eating plan is known 
to promote healthy blood pressure and help to maintain a healthy weight post- 
transplant [36]. The principles of the DASH diet include increased intake of foods 
rich in potassium, phosphorus, calcium, magnesium, fiber, and protein (fruits, veg-
etables, legumes, nuts, whole grains, and low-fat dairy), as well as limiting the 
intake of sodium, saturated fats, and refined carbohydrates by avoiding foods such 
as red meats, processed foods, and sugar-sweetened beverages. Following the 
DASH diet after kidney transplant is independently associated with improved 
allograft function and lower all-cause mortality [37].

As the DASH diet promotes foods that are high in both phosphorus and magnesium, 
it should be especially encouraged in patients who experience post-transplant hypo-
phosphatemia and hypomagnesemia. In patients who experience persistent hypomag-
nesemia despite consuming a high magnesium diet, oral magnesium supplementation 
may be necessary while monitoring for side effects of oral magnesium, such as diar-
rhea. As the DASH diet is rich in potassium-containing foods, the diet may need to be 

Table 10.2 Nutrition and activity recommendations after kidney transplant

Calories 100% DRI for age, with adjustments to promote weight gain or loss as needed
Protein 100% DRI for age; avoid excessive protein intake long term
Fluid Adequate fluid intake is critical for perfusion of the transplanted kidney
Sugars Limit intake of concentrated sweets and refined carbohydrates

Choose water, low fat dairy, or sugar-free beverages
Choose whole grains with fiber content >3 grams per serving

Fats Encourage a heart-healthy diet, limited in saturated and trans fats
Potassium Monitor for CNI-induced hyperkalemia

Initiate low K diet restriction if needed
Sodium Avoid excessive sodium intake to prevent or control hypertension
Magnesium Encourage intake of high magnesium foods

Monitor for hypomagnesemia, a common side effect of CNI therapy
Initiate oral magnesium supplementation as needed

Calcium Goal to meet 100% of DRI for age
Avoid intake of colas, which impair calcium absorption

Phosphorus Goal to meet 100% DRI for age
Monitor for hypophosphatemia, which is common in the early post-transplant 
period
Target normal phosphorus levels and correct hypophosphatemia with high 
phosphorus diet (low-fat dairy, legumes, nuts)

Vitamin D Goal to meet 100% of DRI for age
Supplement breastfed infants with 400 IU per day of vitamin D
Monitor 25-hydroxyvitamin D level and supplement if deficient (<30 ng/dL)

DASH diet Consider DASH diet, which incorporates foods rich in potassium, phosphorus, 
calcium, magnesium, and fiber (fruits, vegetables, legumes, nuts, whole grains, 
and low-fat dairy), and limits sodium, saturated fats, and refined carbohydrates 
by avoiding foods such as red meats, processed foods, and sugar-sweetened 
beverages

Physical 
activity

Aerobic and resistance exercise promotes aerobic fitness and muscle strength.
Goal to manage weight and decrease the risk of metabolic comorbidities 
post-transplant

Food safety Follow the four basic steps to food safety, “Clean, separate, cook, and chill,” in 
order to minimize risk of foodborne illness
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modified for transplant recipients who experience CNI-related hyperkalemia. In addi-
tion to a healthy diet, physical activity, including both aerobic and resistance exercises, 
is important to building fitness and strength after kidney transplant.

 Food Safety
Food safety is an important consideration for prevention of foodborne illness in 
immunosuppressed pediatric kidney transplant recipients. Immunosuppressed 
patients are significantly more susceptible to developing foodborne illness after 
exposure to an opportunistic pathogen compared to healthy peers, and children are 
at particularly high risk. Effects of chronic immunosuppression can weaken the 
defenses of gut-associated lymphoid tissue, allowing foodborne pathogens to pen-
etrate the gastrointestinal tract [38]. Transplant patients and families should be edu-
cated about the “Four Basic Steps to Food Safety: Clean, Separate, Cook, and 
Chill.” The basic principles involve (1) proper washing of hands, cooking surfaces, 
and raw produce, (2) avoiding cross-contamination by keeping raw foods separate 
from ready-to-eat foods, (3) cooking foods to the proper internal temperatures, and 
(4) refrigerating chilled foods to the proper temperature. Patients and clinicians may 
refer to the educational booklet published by the Unites States Department of 
Agriculture (USDA) and food and drug administration (FDA), “Food Safety for 
Transplant Recipients: A need-to-know guide for bone marrow and solid organ 
transplant recipients” for detailed guidelines. This booklet is patient-friendly and 
can be easily accessed online [39].

 Growth Challenges

 Growth Hormone Physiology

The physiology of growth is regulated by human growth hormone and the growth 
hormone/insulin-like growth factor-1 (GH/IGF-1) axis. In healthy children, hypo-
thalamic growth hormone-releasing hormone (HGHR) stimulates the production 
and release of GH from the somatotroph cells of the pituitary gland. GH then binds 
to receptors in the liver to stimulate production and secretion of insulin-like growth 
factor-1 (IGF-1). Under normal conditions, IGF-1 promotes growth via various 
pathways, including proliferation of osteoblasts and pre-chondrocytes, bone remod-
eling, and bone mineralization [40]. IGF-1 is also important for building muscle 
mass and strength via stimulation of proliferation and differentiation of myoblasts 
and inhibition of muscle breakdown [40].

 Growth and CKD

In children with CKD, multiple disturbances and abnormalities converge to impair 
growth and development. Most notably, the GH/IGF-1 axis is altered, creating a 
state of growth hormone resistance which is characterized by decreased growth 
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hormone receptor expression and function and reduced circulating IGF-1 levels and 
activity related to increased production of inhibitory IGF-1 binding proteins by the 
liver. As CKD progresses, other factors contributing to impaired growth may include 
poor nutrition, metabolic acidosis, mineral and bone disorders (MBD), and altered 
regulation of sex hormones. By the time children present for kidney transplantation, 
they exhibit significant growth delay, with a height deficit of around −1.72 standard 
deviation (SD) below the mean, with the greatest height deficits seen in younger 
children (2–5 years old) and second transplant recipients [41].

 Growth After Kidney Transplant

Although successful kidney transplantation typically restores normal function of 
the GH/IGF-1 axis, suboptimal growth may persist in some children post- transplant. 
Age at time of transplant is a significant determinant of growth after transplant. 
Studies have shown that children who are less than 6 years old at the time of trans-
plant exhibit spontaneous catch-up growth post-transplant, while older children 
may not [42]. The other major determinants of poor growth in children after kidney 
transplant are related to glucocorticoid therapy and poor or declining function of the 
allograft. Use of steroid avoidance or minimization protocols may help improve 
growth in transplant recipients [43, 44]. However, in those who require maintenance 
steroid immunosuppression or do not exhibit catch-up growth in the first-year post- 
transplant, recombinant human growth hormone (GH) therapy may be benefi-
cial [45].

Recombinant human GH is an effective therapy, evidenced by numerous ran-
domized control trials (RCTs) which have shown improvement in growth velocity 
and height standard deviation score (SDS) in children with CKD [46] and after 
kidney transplant [47–50]. In transplant recipients with steroid-related growth 
impairment, GH helps to block the action of the glucocorticoids on the GH/IGF-1 
axis, thereby restoring more normal post-transplant growth patterns. In those with 
declining allograft function, a state of CKD-associated growth hormone resistance 
will re-emerge. This GH insensitivity can be overcome by the administration of 
supraphysiologic levels of exogenous GH, which will increase production of IGF-1 
and promote growth [45].

 Outcomes

Treatment of growth failure in children with kidney disease has important implica-
tions beyond cosmetic effects. Short stature is associated with poor outcomes in 
pediatric kidney transplant recipients, including increased hospitalizations, infec-
tions, higher risk of cardiac and infection-related mortality, and increased all-cause 
mortality [51–53]. The Chronic Kidney Disease in Children (CKiD) study showed 
that short stature is associated with a faster decline in kidney allograft function after 

K. Sgambat et al.



271

transplant, evidenced by 40% shorter time to estimated glomerular filtration rate 
(eGFR) <45 ml/min/1.73 m2 among short children [54]. Short stature is also associ-
ated with adverse psychosocial outcomes, such as lower health-related quality of 
life (HRQOL), including poor physical, school, emotional, and social functioning 
during childhood [55]. This lower HRQOL persists into adulthood, as young adults 
who were diagnosed with CKD during infancy and have short stature report lower 
HRQOL scores [56]. Treatment with GH has been associated not only with improved 
linear growth and greater adult height, but also with improved physical and social 
functioning [57].

 Growth Hormone Utilization

Despite its proven efficacy, GH is still under-utilized, especially post-transplant. A 
study of North American children with CKD revealed that 51% of those with short 
stature do not receive GH therapy [58]. Across Europe, just 24% of children with 
growth impairment on dialysis receive GH therapy [59]. Post-transplant usage of 
GH is even lower, with only 7.6% of pediatric kidney transplant recipients with 
short stature receiving GH [59]. Barriers to GH therapy may include 1) family 
refusal due to fear of injections or side effects; 2) medical contraindications such as 
secondary hyperparathyroidism, malignancy, or fused epiphyseal growth plates; 
and 3) difficulties with insurance approval [58, 60].

 Indications and Contraindications for Growth Hormone

GH is FDA-approved in the USA for children with short stature for several indica-
tions, including chronic kidney disease [61]; however it is not specifically approved 
for use in pediatric kidney allograft recipients.

Indications: GH therapy is indicated in pediatric kidney transplant recipients 
who fail to exhibit spontaneous catch-up growth during the first year post-transplant 
and have growth failure as defined by height less than the third percentile for age 
and sex, and a height velocity below the 25th percentile [45].

Contraindications: GH is typically not initiated until the patient is around one- 
year post-transplant to allow for possible spontaneous catch-up growth [45]. 
Additional contraindications to GH therapy include the following [45]:

• Closed epiphyses
• Secondary hyperparathyroidism (iPTH >500 pg/ml)
• Active malignancy
• Acute critical illness
• Diabetic retinopathy
• Patient or family refusal
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 Work-Up, Treatment, and Monitoring

 Work-Up
The following parameters should be evaluated as part of the work-up process prior 
to initiation of GH [7, 45]:

• Rate of spontaneous growth should be monitored for the first 12 months after 
kidney transplantation prior to initiating GH in children with normal renal 
function.

• Growth potential should be assessed in the context of mid-parental height and 
bone age.

• Nutritional status should be optimized prior to initiation of GH, as nutrition is the 
key driver of growth in infants and young children. The following nutritional 
components should be corrected prior to GH initiation [7]:
 – Protein-energy malnutrition: ensure energy and protein intake >80% of esti-

mated needs and implement enteral nutrition support if indicated.
 – Urine sodium wasting: sodium/fluid supplementation should be provided in 

children with salt-wasting polyuria.
 – Dialysis adequacy: increased dialytic clearance promotes improved nutrition 

and growth [62].
• Any additional factors affecting growth should be controlled prior to initiation of 

GH, including metabolic acidosis, secondary hyperparathyroidism, and mineral 
and electrolyte balance.

• The following baseline studies should be obtained prior to initiation of GH:
 – Serum creatinine and estimated glomerular filtration rate (eGFR)
 – Bone health indicators: serum calcium, phosphorus, alkaline phosphatase, 

parathyroid hormone, and 25 OH vitamin D levels
 – Fasting glucose and HbA1c% levels
 – Thyroid studies (TSH and free T3)
 – IGF-1 level
 – Bone age by radiography of left wrist
 – Pubertal status/Tanner stage

 Treatment
The recommended dose of GH for children with CKD is 0.045 to 0.05 mg/kg of 
body weight per day, administered by subcutaneous injection daily. Ideally, the GH 
injection should be given in the evening, to simulate the body’s natural circadian 
rhythm of endogenous GH secretion [45, 63]. The treatment goal is to achieve a 
growth velocity greater than 2 cm per year over the baseline growth velocity.

 Monitoring
The following parameters should be assessed every 3–6 months while on GH ther-
apy [7, 45]:
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• Height-for-age SDS and growth velocity
• Bone age
• Pubertal development
• Biochemical indicators: thyroid studies, serum creatinine, glucose, bicarbonate, 

calcium, and phosphorus levels
• Parathyroid hormone (PTH): Due to increased risk of slipped capital femoral 

epiphysis, GH therapy should be held in patients with PTH >500 pg/mL. GH can 
be resumed when PTH levels return to the desired target range

In transplant recipients, GH therapy should be discontinued in the following cir-
cumstances [45]:

• Closed epiphyses or attainment of genetic target height for age SDS
• Slipped capital femoral epiphysis or accelerated bone maturation
• Intracranial hypertension
• Unexplained decrease in eGFR
• Lack of adequate growth on GH therapy, despite optimization of nutrition and 

metabolic parameters and good adherence to therapy

 Safety of Growth Hormone in Transplant Recipients

Studies indicate that GH is generally safe for use in pediatric kidney transplant 
recipients. GH usage does not appear to increase the risk for malignancy in 
children with CKD or in pediatric kidney transplant recipients [64, 65]. In addi-
tion, transplant recipients treated with GH do not experience more allograft 
rejection episodes or impairment in eGFR compared with transplant recipients 
not treated with GH [66]. However, GH can decrease insulin sensitivity, and 
therefore monitoring of glucose tolerance is recommended, particularly in 
patients with other risk factors for diabetes mellitus such as obesity or family 
history [45].

 Metabolic Bone Disease

Progression of CKD precipitates a chain of disturbances in bone and mineral 
metabolism which predispose children to chronic kidney disease-mineral and 
bone disorder (CKD-MBD). CKD-BMD begins in the early stages of CKD and 
persists throughout ESKD.  After kidney transplantation, new factors emerge 
which pose continued threats to bone health and growth. Factors impacting bone 
health post- transplant may include hypophosphatemia, hypomagnesemia, nutri-
tional vitamin D deficiency, effects of immunosuppressive therapies, and altera-
tion of sex hormones.
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 Pathophysiology of CKD-BMD

In the early stages of CKD, increased dietary phosphorus load stimulates increased 
secretion of FGF-23 by osteoblasts and osteocytes. FGF-23, a phosphaturic hor-
mone, attempts to maintain phosphorus homeostasis by binding to the FGF recep-
tor and co-receptor Klotho in the renal proximal tubule, promoting downregulation 
of sodium phosphate cotransporters and inhibition of 1-alpha-hydroxylase produc-
tion. This prompts increased excretion of urine phosphate, decreased absorption 
of  phosphate from the gastrointestinal tract, and decreased production of 
1,25- dihydroxy vitamin D (calcitriol) [67]. As kidney disease progresses, serum 
phosphorus levels rise, and hyperphosphatemia in combination with decreased 
1,25-dihydroxy  vitamin D production results in hypocalcemia, which stimulates 
release of parathyroid hormone. Thus, this series of events culminates in secondary 
hyperparathyroidism leading to CKD-BMD.

Consequently, most children will already have some degree of pre-existing bone 
disease when they present for kidney transplant. In addition, late-stage CKD and 
ESKD patients are likely to have impaired growth as well as disproportionate stunt-
ing, characterized by longer trunk length and shorter limb length at the time of 
transplant [68].

 Bone Mineral Monitoring

Regular monitoring of serum calcium, phosphorus, total carbon dioxide (CO2), 
alkaline phosphatase, PTH, and 25-hydroxy vitamin D should occur beginning at 
stage 2 CKD and continuing throughout the cycle of CKD, dialysis, and transplanta-
tion. In the immediate post-transplant period, it is recommended to monitor serum 
calcium and phosphorus levels at least weekly, and thereafter monitor these and 
other parameters, including magnesium, based on the degree of abnormalities and 
rate of CKD progression [69]. Measurement of bone mineral density (BMD) in the 
first 3 months after kidney transplant may be considered in patients who have risk 
factors for osteoporosis, i.e., those with low BMD or severe CKD-MBD pre- 
transplant or those receiving maintenance corticosteroids post-transplant [69].

 Post-transplant Bone Metabolism

 PTH, FGF-23, and Hypophosphatemia
Elevation of FGF-23 and PTH levels at the time of transplant precipitate urinary 
phosphorus wasting after transplant. Therefore, hypophosphatemia is common in 
the early post-transplant period due to decreased phosphorus reabsorption in the 
proximal tubule, but this typically resolves within a few months. However, in 
10–60% of transplant recipients, elevation of PTH and associated hypophosphate-
mia may persist beyond 1-year post-transplant [70, 71]. This phenomenon is typi-
cally observed in those who had severe elevation of FGF-23, severe secondary 
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hyperparathyroidism, or tertiary hyperparathyroidism prior to transplant [72]. 
Persistent renal phosphate wasting contributes to decreased osteoblast activity and 
progressive bone demineralization over the long term. In children with chronic 
allograft nephropathy, FGF-23 and PTH levels increase with the degree of chronic 
allograft failure, reactivating the cycle of CKD-MBD [73]

 Hypomagnesemia
Urinary magnesium wasting and use of CNIs predispose pediatric kidney transplant 
recipients to hypomagnesemia. Magnesium is essential for the physiological func-
tion of osteoblasts and osteoclasts and regulation of PTH, and is also an integral 
component of the hydroxyapatite structure of bone. Magnesium deficiency contrib-
utes to osteoporosis by impairing the magnesium-dependent hydrogen-potassium-
ATPase pump within the cells of the periosteum, lowering the pH of extracellular 
bone fluid leading to bone demineralization. Magnesium deficiency has numerous 
effects on PTH regulation by impairing PTH secretion, inducing PTH resistance, 
and decreasing production of calcitriol [74].

 Vitamin D
Vitamin D deficiency and/or insufficiency occurs commonly across the USA with a 
rate of about 27% of children being vitamin D deficient (25-hydroxyvitamin D 
level  <20  ng/mL) [75]. In children with chronic kidney disease, including those 
with a renal transplant, these rates have been shown to be much higher. In a study of 
59 pediatric patients on dialysis (mean age: 14.4 ± 5.1 years), 83% (n = 49) had 
25-hydroxy vitamin D levels less than 30 ng/ml [76]. Sadlier et al. reported that only 
12% of patients at the time of kidney transplant had 25-hydroxy vitamin D concen-
tration >30 ng/mL, and 29% of patients had 25-hydroxy vitamin D levels <10 ng/
mL [77]. Ebbert et al. reported a similar prevalence of vitamin D insufficiency and 
deficiency of 76% in a study of pediatric renal transplant patients [78].

In the pediatric renal transplant population, vitamin D deficiency has been shown 
to correlate with hyperparathyroidism, short stature, and hypophosphatemia [79]. 
KDOQI guidelines for the nutritional management of pediatric kidney transplant 
recipients recommend intake of at least 100% of the DRI for vitamin D from diet 
and/or supplements to promote optimal bone mineralization [7].

 Immunosuppression
Although maintenance immunosuppressive therapies are required to sustain the kid-
ney allograft, these medications have been implicated in causing impairment of 
bone health in children after transplant. It is well known that corticosteroids inhibit 
bone formation by decreasing intestinal calcium absorption, reducing osteoblast 
proliferation, inducing osteoblast apoptosis, and impairing osteoblast function via 
interference with the GH/IGF-1 axis. These changes result in decreased bone for-
mation, trabecular bone loss, and increased risk for fractures [80, 81].

CNI medications, such as tacrolimus and cyclosporine, also exert negative effects 
on bone by stimulating osteoclast differentiation and inhibiting synthesis of the 
vitamin D receptor and osteoprotegerin [82]. CNIs, including tacrolimus and 
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cyclosporine, have been linked to bone loss and increased fracture risk in adult renal 
transplant recipients [83]. Mammalian target of rapamycin (mTOR) inhibitors such 
as sirolimus and everolimus may also impair bone formation and growth by interfer-
ing with osteoblast proliferation and inhibiting growth plate structure and function 
[84]. Further studies are needed to elucidate the effect of mTOR inhibitors on bone 
in the pediatric transplant population.

 Role of Sex Hormones
Delayed sexual maturation may negatively impact bone development and mineral-
ization post-transplant. Delayed puberty and sexual maturation are common in this 
population and may be attributed in part to glucocorticoids, which reduce the pro-
duction of sex hormones and interfere with bone maturation by impairing differen-
tiation of the growth plate.

 Prevention Strategies

Whenever possible, prevention strategies should be implemented to preserve and 
optimize post-transplant bone health. The following are potentially modifiable risk 
factors which should be considered.

 Steroid Minimization
The introduction of steroid minimization protocols in the early 2000s has 
resulted in a decrease in the use of post-transplant steroid immunosuppression 
therapy in certain populations. Kidney disease improving global outcome 
(KDIGO) guidelines recommend minimizing or avoiding corticosteroid use in 
children who still have growth potential if possible [85]. Steroid avoidance and 
withdrawal protocols are associated with improved growth and decreased frac-
ture risk in pediatric kidney transplant recipients, and the continued develop-
ment of strategies to minimize steroid exposure in the pediatric transplant 
population is important.

Diet and Physical Activity
Healthy diet and physical activity are key components of promoting bone health 
after kidney transplant.

• Adequate dietary intake of key nutrients. Goal to meet 100% of the DRI for 
nutrients that affect bone health, including calcium, phosphorus, vitamin D, cop-
per, zinc, and magnesium [7].

• Limit sodium intake. High dietary sodium intake increases urinary calcium 
excretion and losses of calcium from bone and decreases bone formation. The 
DASH diet is low in sodium and also incorporates the key nutrients that promote 
bone health; therefore it may be beneficial for kidney transplant recipients [86].
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• Avoid cola beverages: In animal studies, cola intake was associated with 
decreased osteogenesis, delayed bone formation, and thinner trabeculae [87]. 
Intake of cola beverages has been linked with decreased BMD, increased frac-
ture risk in children, and increased risk of osteoporosis in adult women. Possible 
etiologies may include replacement of more nutrient-rich foods and beverages in 
the diet by cola, reduction of vitamin D synthesis and calcium absorption by the 
phosphoric acid in the cola, and/or accelerated bone resorption induced by the 
acid load of cola.

Weight-bearing exercise: Physical activity plays a key role in maintaining bone 
mass throughout life and is important for promoting bone health and strength after 
transplant. Bones strengthen in response to mechanical loading forces but weaken if 
not subjected to loading and weight bearing. Moderate weight-bearing physical 
activity of at least 30 minutes per day on most days of the week is recommended to 
promote increase or preservation of bone mass.

 Treatment

Nutritional vitamin D: 25-hydroxy vitamin D insufficiency and deficiency should be 
treated with oral supplementation, both before and after renal transplantation. There is 
some evidence to suggest that supplementation with cholecalciferol (D3) is more 
effective than ergocalciferol (D2) for repletion of vitamin D [88]. Treatment guidelines 
for the pediatric CKD population have been established, as follows. Severe deficiency 
(25-hydroxy vitamin D levels <5 ng/mL) should be treated with 8000 IU per day for 
1 month followed by 4000 IU per day for 2 months. Mild deficiency (5–15 ng/mL) 
should be treated with 4000 IU per day for 3 months. Insufficiency (16–30 ng/mL) 
should be treated with 2000  IU per day for 3  months. After vitamin D repletion 
(≥30 ng/mL), a maintenance dose of 200–1000 IU per day should be provided [7]. 
There are presently no clinical practice guidelines for treatment of vitamin D defi-
ciency specifically targeted to pediatric transplant recipients. The level of vitamin D 
sufficiency is not well defined, with the target levels varying from >20 to 30 ng/mL.

Parathyroid hormone: levels should be maintained within the target range based 
on stage of CKD. As allograft function declines, 1,25-vitamin D3 should be initiated 
if nutritional vitamin D is replete and PTH is above the target range for CKD 
stage [7].

Metabolic acidosis: should be corrected and CO2 level maintained ≥22 mEq/L to 
promote resolution of electrolyte abnormalities, decrease the risk of post-transplant 
osteoporosis, and maximize growth [7].

Magnesium: post-transplant hypomagnesemia should be corrected with either 
increased dietary intake of high magnesium containing foods or oral magnesium 
supplementation to achieve and maintain magnesium homeostasis and promote 
optimization of BMD.
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 Pharmacologic Therapies

The KDIGO guidelines recommend consideration of using vitamin D, vitamin D 
analogs, and/or antiresorptive medications to treat bone disease during the first-year 
post-transplant in adult kidney transplant recipients [69]. Clinicians should use lev-
els of calcium, phosphorus, PTH, alkaline phosphatase, and vitamin D to guide 
treatment [69]. Very little data is available on the safety and efficacy of pharmaco-
logic treatment of post-transplant bone disease in children. Further research is 
needed to identify the most appropriate therapies to treat bone disease in children 
after transplant.

 Developmental and Psychosocial Impairments

Deficits in neurocognitive functioning are prominent in children both before and 
after transplant. Children with severe CKD frequently have low intellectual abilities 
[89] and difficulties in executive functioning, such as attention, memory, task initia-
tion, and planning/organization [90]. While some improvements in intellectual 
functioning is observed after transplantation, transplant does not normalize devel-
opmental status or intellectual functioning compared to healthy controls [91]. 
Children and adolescents continue to face challenges after transplant and display an 
intelligence quotient (IQ) of 11.2 points lower than healthy peers [92]. Among the 
identified risk factors for lower cognitive abilities are earlier age of dialysis onset, 
longer dialysis duration, duration of hospitalization, malnutrition, infections, and 
reduced age-appropriate environmental stimulation [93]. Similarly, academic per-
formance is also found to be lower in the transplant population, likely due to learn-
ing disabilities and poorer neurocognitive functioning as well as poor school 
attendance [94]. Children on hemodialysis prior to transplantation in particular are 
also at higher risk of poorer adaptive functioning as defined by everyday living 
skills [95].

Pediatric renal transplant recipients also exhibit poorer emotional/behavioral and 
social development compared to healthy peers. A significant number of dialysis 
patients experience mental health difficulties, and while some studies note reduc-
tions in psychiatric symptoms post-transplant [96], others have noted no differences 
in reports of anxiety, depression, or behavioral concerns between dialysis and post- 
transplant groups [97]. Overall, children after kidney transplant have higher rates of 
depression and anxiety (17–36.4%), attention deficit/hyperactivity disorder (ADHD, 
22.5%), and post-traumatic stress symptoms (PTSS, 65%) in comparison to healthy 
peers [98, 99]. On measures of social functioning, post-transplant patients’ scores 
are comparable to scores of those with CKD or on dialysis [100] but lower than 
those of healthy controls [101].

Neurocognitive and emotional/behavioral difficulties have significant implica-
tions on youth’s health literacy and healthcare engagement. Intellectual delays and 
executive functioning deficits can impact how well patients understand, retain, and 
utilize healthcare information. As such, developmental delays can complicate 
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youth’s readiness to transition to adult care and impact post-transition success [102]. 
Furthermore, developmental difficulties may persist into adolescence and young 
adulthood in ESKD patients, characterized by dependence on parents or other adults 
as well as decrease in motor performance [103]. Autonomy development (adaptive 
skills, independent daily functioning), social functioning, and psycho-sexual behav-
iors are also found to be delayed among adults who were on ESKD in childhood 
despite renal transplantation [104]. Additionally, young adults on renal replacement 
therapies are also more likely to be unemployed and live in the family home, and 
less likely to be married or have a partner compared to healthy peers [105].

It is important to screen for developmental functioning as well as their risk fac-
tors to adequately intervene and address these various challenges. Empirically vali-
dated age-appropriate batteries and measures of developmental, intellectual, 
executive, psychological, and social functioning should be used for early detection 
[106]. The results of such neuropsychological testing are essential in guiding early 
interventions such as academic accommodations, special education services, and 
cognitive interventions such as problem-solving skills training and computerized 
progressive attentional training. An evaluation for Individualized Education Plan 
both before and after transplantation is critical in addressing developmental delays 
globally and in school environment where children and adolescent have more 
opportunities to receive appropriate services. Comprehensive psychological assess-
ment with measures of emotional/behavioral health should be used at pre-transplant 
evaluation, or better yet at onset of dialysis. Furthermore, developmental evaluation 
should continue regularly after transplantation to address deficits in readiness to 
transition to adulthood and guide appropriate clinical practices [107].

 Questions

• Question 1. Influenza vaccine increases the risk of acute rejection in renal trans-
plant recipients:
 A. True
 B. False

B.  There have been concerns about the influenza vaccine triggering acute 
rejections, but these concerns were not substantiated in large-scale studies. In 
large registry data, influenza vaccine use in transplant recipients was associated 
with lower rates of allograft loss and death.

Question 2: A kidney transplant recipient is fully immunized with PCV13 and 
has received one dose of the PPSV23, what needs to be done after transplant?
 A. Repeat the PPSV23 every 5 years.
 B. Repeat the PPSV23 once after 5 years.
 C. Restart the PCV13 and the PPSV23 vaccination series after 5 years.

B.  It is typically recommended that high-risk patients, such as transplant 
patients, receive 2 doses of PPSV23 5 years apart.

Question 3: Growth and metabolic changes after transplant TYPICALLY 
include the following:

10 Challenges of Maintaining Adequate Health and Well-Being, Growth, Nutrition…
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 A. Hypomagnesemia, hypophosphatemia, excessive weight gain, hyperkalemia, 
and metabolic acidosis

 B. Hypokalemia, improved growth, new onset diabetes post-transplant, 
dyslipidemia

 C. Hypomagnesemia, hypophosphatemia, failure to thrive and growth 
retardation

 D. A and B
D. Transplant typically leads to growth improvement and not growth retarda-

tion. Although successful kidney transplantation typically restores normal func-
tion of the GH/IGF-1 axis, suboptimal growth may persist in some children 
post- transplant, but is not retarded. Age at time of transplant is a significant 
determinant of growth after transplant. Studies have shown that children who 
are less than 6 years old at the time of transplant exhibit spontaneous catch-up 
growth post-transplant, while older children may not.

Question 4. Risk factors for lower cognitive abilities post-transplant include 
the following:
 A. Younger age at dialysis onset
 B. Longer dialysis duration
 C. Duration of hospitalization
 D. Malnutrition and infections
 E. All of the above

E. Among the identified risk factors for lower cognitive abilities are earlier 
age of dialysis onset, longer dialysis duration, duration of hospitalization, mal-
nutrition, infections, and reduced age-appropriate environmental stimulation.

References

 1. CDC. [https://www.cdc.gov/vaccines/schedules/hcp/imz/child- adolescent.html].
 2. Kelgeri C, Kelly DF, Brant A, Patel M, Gupte GL. Principles of immunisation in children 

with solid organ transplant. Arch Dis Child. 2020.
 3. Kumar D, Blumberg EA, Danziger-Isakov L, Kotton CN, Halasa NB, Ison MG, Avery RK, 

Green M, Allen UD, Edwards KM, et al. Influenza vaccination in the organ transplant recipi-
ent: review and summary recommendations. Am J Transplant. 2011;11(10):2020–30.

 4. Nailescu C, Xu X, Zhou H, Hall H, Wilson AC, Leiser JD, Chand DH, Valentini RP, Hebert D, 
Mahan JD. Influenza vaccine after pediatric kidney transplant: a Midwest pediatric nephrol-
ogy consortium study. Pediatr Nephrol. 2011;26(3):459–67.

 5. Hurst FP, Lee JJ, Jindal RM, Agodoa LY, Abbott KC.  Outcomes associated with influ-
enza vaccination in the first year after kidney transplantation. Clin J Am Soc Nephrol. 
2011;6(5):1192–7.

 6. Katerinis I, Hadaya K, Duquesnoy R, Ferrari-Lacraz S, Meier S, van Delden C, Martin PY, 
Siegrist CA, Villard J. De novo anti-HLA antibody after pandemic H1N1 and seasonal influ-
enza immunization in kidney transplant recipients. Am J Transplant. 2011;11(8):1727–33.

 7. Group KW: KDOQI clinical practice guideline for nutrition in children with CKD: 2008 
update. Executive summary. Am J Kidney Dis. 2009;53(3 Suppl 2):S11–104.

 8. Iorember FM. Malnutrition in chronic kidney disease. Front Pediatr. 2018;6:161.

K. Sgambat et al.

https://www.cdc.gov/vaccines/schedules/hcp/imz/child-adolescent.html


281

 9. Cheung WW, Paik KH, Mak RH.  Inflammation and cachexia in chronic kidney disease. 
Pediatr Nephrol. 2010;25(4):711–24.

 10. Correa M, Laing DG, Hutchinson I, Jinks AL, Armstrong JE, Kainer G. Reduced taste func-
tion and taste papillae density in children with chronic kidney disease. Pediatr Nephrol. 
2015;30(11):2003–10.

 11. Manley KJ. Taste genetics and gastrointestinal symptoms experienced in chronic kidney dis-
ease. Eur J Clin Nutr. 2015;69(7):781–5.

 12. Hsu CN, Chang-Chien GP, Lin S, Hou CY, Lu PC, Tain YL. Association of trimethylamine, 
trimethylamine n-oxide, and dimethylamine with cardiovascular risk in children with chronic 
kidney disease. J Clin Med. 2020;9(2).

 13. Abraham AG, Mak RH, Mitsnefes M, White C, Moxey-Mims M, Warady B, Furth SL. Protein 
energy wasting in children with chronic kidney disease. Pediatr Nephrol. 2014;29(7):1231–8.

 14. Sgambat K, Matheson MB, Hooper SR, Warady B, Furth S, Moudgil A. Prevalence and out-
comes of fragility: a frailty-inflammation phenotype in children with chronic kidney disease. 
Pediatr Nephrol. 2019;34(12):2563–9.

 15. Juarez-Congelosi M, Orellana P, Goldstein SL.  Normalized protein catabolic rate versus 
serum albumin as a nutrition status marker in pediatric patients receiving hemodialysis. J Ren 
Nutr. 2007;17(4):269–74.

 16. Eknoyan G, Latos DL, Lindberg J, National Kidney Foundation Carnitine Consensus 
C.  Practice recommendations for the use of L-carnitine in dialysis-related carnitine dis-
order. National Kidney Foundation Carnitine Consensus Conference. Am J Kidney Dis. 
2003;41(4):868–76.

 17. Tom A, McCauley L, Bell L, Rodd C, Espinosa P, Yu G, Yu J, Girardin C, Sharma A. Growth 
during maintenance hemodialysis: impact of enhanced nutrition and clearance. J Pediatr. 
1999;134(4):464–71.

 18. Fischbach M, Terzic J, Menouer S, Dheu C, Soskin S, Helmstetter A, Burger MC. Intensified 
and daily hemodialysis in children might improve statural growth. Pediatr Nephrol. 
2006;21(11):1746–52.

 19. Fischbach M, Fothergill H, Zaloszyc A, Menouer S, Terzic J. Intensified daily dialysis: the 
best chronic dialysis option for children? Semin Dial. 2011;24(6):640–4.

 20. Rees L, Brandt ML. Tube feeding in children with chronic kidney disease: technical and 
practical issues. Pediatr Nephrol. 2010;25(4):699–704.

 21. Quan A, Baum M. Protein losses in children on continuous cycler peritoneal dialysis. Pediatr 
Nephrol. 1996;10(6):728–31.

 22. Bodnar DM, Busch S, Fuchs J, Piedmonte M, Schreiber M. Estimating glucose absorption in 
peritoneal dialysis using peritoneal equilibration tests. Adv Perit Dial. 1993;9:114–8.

 23. Shaw V, Polderman N, Renken-Terhaerdt J, Paglialonga F, Oosterveld M, Tuokkola J, 
Anderson C, Desloovere A, Greenbaum L, Haffner D, et al. Energy and protein requirements 
for children with CKD stages 2-5 and on dialysis-clinical practice recommendations from the 
pediatric renal nutrition taskforce. Pediatr Nephrol. 2020;35(3):519–31.

 24. Rees L, Shaw V, Qizalbash L, Anderson C, Desloovere A, Greenbaum L, Haffner D, Nelms 
C, Oosterveld M, Paglialonga F, et al. Delivery of a nutritional prescription by enteral tube 
feeding in children with chronic kidney disease stages 2-5 and on dialysis-clinical practice 
recommendations from the pediatric renal nutrition taskforce. Pediatr Nephrol. 2020.

 25. McAlister L, Pugh P, Greenbaum L, Haffner D, Rees L, Anderson C, Desloovere A, Nelms 
C, Oosterveld M, Paglialonga F, et al. The dietary management of calcium and phosphate 
in children with CKD stages 2-5 and on dialysis-clinical practice recommendation from the 
pediatric renal nutrition taskforce. Pediatr Nephrol. 2020;35(3):501–18.

 26. Rees L, Azocar M, Borzych D, Watson AR, Buscher A, Edefonti A, Bilge I, Askenazi D, 
Leozappa G, Gonzales C, et al. Growth in very young children undergoing chronic peritoneal 
dialysis. J Am Soc Nephrol. 2011;22(12):2303–12.

 27. Ledermann SE, Scanes ME, Fernando ON, Duffy PG, Madden SJ, Trompeter RS. Long-term 
outcome of peritoneal dialysis in infants. J Pediatr. 2000;136(1):24–9.

10 Challenges of Maintaining Adequate Health and Well-Being, Growth, Nutrition…



282

 28. Parekh RS, Flynn JT, Smoyer WE, Milne JL, Kershaw DB, Bunchman TE, Sedman 
AB.  Improved growth in young children with severe chronic renal insufficiency who use 
specified nutritional therapy. J Am Soc Nephrol. 2001;12(11):2418–26.

 29. Norman LJ, Macdonald IA, Watson AR. Optimising nutrition in chronic renal insufficiency-
-growth. Pediatr Nephrol. 2004;19(11):1245–52.

 30. Wilson AC, Mitsnefes MM. Cardiovascular disease in CKD in children: update on risk fac-
tors, risk assessment, and management. Am J Kidney Dis. 2009;54(2):345–60.

 31. Sgambat K, Clauss S, Moudgil A.  Cardiovascular effects of metabolic syndrome after 
transplantation: convergence of obesity and transplant-related factors. Clin Kidney 
J. 2018;11(1):136–46.

 32. Ladhani M, Lade S, Alexander SI, Baur LA, Clayton PA, McDonald S, Craig JC, Wong 
G. Obesity in pediatric kidney transplant recipients and the risks of acute rejection, graft loss 
and death. Pediatr Nephrol. 2017;32(8):1443–50.

 33. Sgambat K, Cheng YI, Charnaya O, Moudgil A. The prevalence and outcome of children with 
failure to thrive after pediatric kidney transplantation. Pediatr Transplant. 2019;23(1):e13321.

 34. Khweir S, Mcalister L, Marks SD. Feeding patterns and outcomes of enterally tube fed pae-
diatric kidney transplant recipients. Pediatr Nephrol. 2020.

 35. Misra M, Pacaud D, Petryk A, Collett-Solberg PF, Kappy M, Drug, Therapeutics Committee of 
the Lawson Wilkins Pediatric Endocrine S. Vitamin D deficiency in children and its manage-
ment: review of current knowledge and recommendations. Pediatrics. 2008;122(2):398–417.

 36. Sacks FM, Appel LJ, Moore TJ, Obarzanek E, Vollmer WM, Svetkey LP, Bray GA, Vogt 
TM, Cutler JA, Windhauser MM, et al. A dietary approach to prevent hypertension: a review 
of the dietary approaches to stop hypertension (DASH) study. Clin Cardiol. 1999;22(7 
Suppl):III6–10.

 37. Oste MCJ, Gomes-Neto AW, Corpeleijn E, Gans ROB, de Borst MH, van den Berg E, 
Soedamah-Muthu SS, Kromhout D, Navis GJ, Bakker SJL. Dietary approach to stop hyper-
tension (DASH) diet and risk of renal function decline and all-cause mortality in renal trans-
plant recipients. Am J Transplant. 2018;18(10):2523–33.

 38. Obayashi PA. Food safety for the solid organ transplant patient: preventing foodborne illness 
while on chronic immunosuppressive drugs. Nutr Clin Pract. 2012;27(6):758–66.

 39. U.S. department of agriculture and the food and drug administration. food safety for trans-
plant recipents. [https://Www.fsis.usda.gov/shared/PDF/Food_Safety_for_Transplant_
Recipients.pdf].

 40. Bikle DD, Tahimic C, Chang W, Wang Y, Philippou A, Barton ER. Role of IGF-I signaling in 
muscle bone interactions. Bone. 2015;80:79–88.

 41. Chua A, Cramer C, Moudgil A, Martz K, Smith J, Blydt-Hansen T, Neu A, Dharnidharka VR, 
Investigators N. Kidney transplant practice patterns and outcome benchmarks over 30 years: 
the 2018 report of the NAPRTCS. Pediatr Transplant. 2019;23(8):e13597.

 42. Tejani A, Fine R, Alexander S, Harmon W, Stablein D. Factors predictive of sustained growth 
in children after renal transplantation. The north American pediatric renal transplant coopera-
tive study. J Pediatr. 1993;122(3):397–402.

 43. Sarwal MM, Ettenger RB, Dharnidharka V, Benfield M, Mathias R, Portale A, McDonald R, 
Harmon W, Kershaw D, Vehaskari VM, et al. Complete steroid avoidance is effective and safe 
in children with renal transplants: a multicenter randomized trial with three-year follow-up. 
Am J Transplant. 2012;12(10):2719–29.

 44. Grenda R, Watson A, Trompeter R, Tonshoff B, Jaray J, Fitzpatrick M, Murer L, Vondrak 
K, Maxwell H, van Damme-Lombaerts R, et al. A randomized trial to assess the impact of 
early steroid withdrawal on growth in pediatric renal transplantation: the TWIST study. Am J 
Transplant. 2010;10(4):828–36.

 45. Drube J, Wan M, Bonthuis M, Wuhl E, Bacchetta J, Santos F, Grenda R, Edefonti A, Harambat 
J, Shroff R, et al. Clinical practice recommendations for growth hormone treatment in chil-
dren with chronic kidney disease. Nat Rev Nephrol. 2019;15(9):577–89.

 46. Fine RN, Kohaut EC, Brown D, Perlman AJ. Growth after recombinant human growth hor-
mone treatment in children with chronic renal failure: report of a multicenter randomized 

K. Sgambat et al.

https://www.fsis.usda.gov/shared/PDF/Food_Safety_for_Transplant_Recipients.pdf
https://www.fsis.usda.gov/shared/PDF/Food_Safety_for_Transplant_Recipients.pdf


283

double-blind placebo-controlled study. Genentech Cooperative Study Group. J Pediatr. 
1994;124(3):374–82.

 47. Fine RN, Stablein D, Cohen AH, Tejani A, Kohaut E. Recombinant human growth hormone 
post-renal transplantation in children: a randomized controlled study of the NAPRTCS. Kidney 
Int. 2002;62(2):688–96.

 48. Guest G, Berard E, Crosnier H, Chevallier T, Rappaport R, Broyer M. Effects of growth hor-
mone in short children after renal transplantation. French Society of Pediatric Nephrology. 
Pediatr Nephrol. 1998;12(6):437–46.

 49. Hokken-Koelega AC, Stijnen T, de Jong RC, Donckerwolcke RA, Groothoff JW, Wolff ED, 
Blum WF, de Muinck Keizer-Schrama SM, Drop SL.  A placebo-controlled, double-blind 
trial of growth hormone treatment in prepubertal children after renal transplant. Kidney Int 
Suppl. 1996;53:S128–34.

 50. Ahmad S, Robertson HT, Golper TA, Wolfson M, Kurtin P, Katz LA, Hirschberg R, Nicora 
R, Ashbrook DW, Kopple JD. Multicenter trial of L-carnitine in maintenance hemodialysis 
patients. II. Clinical and biochemical effects. Kidney Int. 1990;38(5):912–8.

 51. Wong CS, Gipson DS, Gillen DL, Emerson S, Koepsell T, Sherrard DJ, Watkins SL, Stehman- 
Breen C. Anthropometric measures and risk of death in children with end-stage renal disease. 
Am J Kidney Dis. 2000;36(4):811–9.

 52. Furth SL, Hwang W, Yang C, Neu AM, Fivush BA, Powe NR.  Growth failure, risk of 
hospitalization and death for children with end-stage renal disease. Pediatr Nephrol. 
2002;17(6):450–5.

 53. Ku E, Fine RN, Hsu CY, McCulloch C, Glidden DV, Grimes B, Johansen KL. Height at first 
RRT and mortality in children. Clin J Am Soc Nephrol. 2016;11(5):832–9.

 54. Li Y, Greenbaum LA, Warady BA, Furth SL, Ng DK. Short stature in advanced pediatric 
CKD is associated with faster time to reduced kidney function after transplant. Pediatr 
Nephrol. 2019;34(5):897–905.

 55. Gerson AC, Wentz A, Abraham AG, Mendley SR, Hooper SR, Butler RW, Gipson DS, Lande 
MB, Shinnar S, Moxey-Mims MM, et al. Health-related quality of life of children with mild 
to moderate chronic kidney disease. Pediatrics. 2010;125(2):e349–57.

 56. Mekahli D, Ledermann S, Gullett A, Rees L. Evaluation of quality of life by young adult 
survivors of severe chronic kidney disease in infancy. Pediatr Nephrol. 2014;29(8):1387–93.

 57. Al-Uzri A, Matheson M, Gipson DS, Mendley SR, Hooper SR, Yadin O, Rozansky DJ, 
Moxey-Mims M, Furth SL, Warady BA, et al. The impact of short stature on health-related 
quality of life in children with chronic kidney disease. J Pediatr. 2013;163(3):736–41. e731

 58. Greenbaum LA, Hidalgo G, Chand D, Chiang M, Dell K, Kump T, Peschansky L, Smith HK, 
Boyle M, Kopf M, et al. Obstacles to the prescribing of growth hormone in children with 
chronic kidney disease. Pediatr Nephrol. 2008;23(9):1531–5.

 59. van Huis M, Bonthuis M, Sahpazova E, Mencarelli F, Spasojevic B, Reusz G, Caldas-Afonso 
A, Bjerre A, Baiko S, Vondrak K, et al. Considerable variations in growth hormone policy and 
prescription in paediatric end-stage renal disease across European countries-a report from the 
ESPN/ERA-EDTA registry. Nephrol Dial Transplant. 2016;31(4):609–19.

 60. Akchurin OM, Kogon AJ, Kumar J, Sethna CB, Hammad HT, Christos PJ, Mahan JD, 
Greenbaum LA, Woroniecki R.  Approach to growth hormone therapy in children with 
chronic kidney disease varies across North America: the Midwest pediatric nephrology con-
sortium report. BMC Nephrol. 2017;18(1):181.

 61. [https://www.fda.gov/drugs/postmarket- drug- safety- information- patients- and- providers/
somatropin- information].

 62. Warady BA, Fischbach M, Geary D, Goldstein SL. Frequent hemodialysis in children. Adv 
Chronic Kidney Dis. 2007;14(3):297–303.

 63. Hodson EM, Willis NS, Craig JC. Growth hormone for children with chronic kidney disease. 
Cochrane Database Syst Rev. 2012;2:CD003264.

 64. Dharnidharka VR, Talley LI, Martz KL, Stablein DM, Fine RN. Recombinant growth hor-
mone use pretransplant and risk for post-transplant lymphoproliferative disease--a report of 
the NAPRTCS. Pediatr Transplant. 2008;12(6):689–95.

10 Challenges of Maintaining Adequate Health and Well-Being, Growth, Nutrition…

https://www.fda.gov/drugs/postmarket-drug-safety-information-patients-and-providers/somatropin-information
https://www.fda.gov/drugs/postmarket-drug-safety-information-patients-and-providers/somatropin-information


284

 65. Longmore DK, Conwell LS, Burke JR, McDonald SP, McTaggart SJ.  Post-transplant 
lymphoproliferative disorder: no relationship to recombinant human growth hormone use 
in Australian and New Zealand pediatric kidney transplant recipients. Pediatr Transplant. 
2013;17(8):731–6.

 66. Wu Y, Cheng W, Yang XD, Xiang B. Growth hormone improves growth in pediatric renal 
transplant recipients--a systemic review and meta-analysis of randomized controlled trials. 
Pediatr Nephrol. 2013;28(1):129–33.

 67. Musgrove J, Wolf M. Regulation and effects of FGF23 in chronic kidney disease. Annu Rev 
Physiol. 2020;82:365–90.

 68. Franke D, Thomas L, Steffens R, Pavicic L, Gellermann J, Froede K, Querfeld U, Haffner D, 
Zivicnjak M. Patterns of growth after kidney transplantation among children with ESRD. Clin 
J Am Soc Nephrol. 2015;10(1):127–34.

 69. Ketteler M, Block GA, Evenepoel P, Fukagawa M, Herzog CA, McCann L, Moe SM, Shroff 
R, Tonelli MA, Toussaint ND, et al. Executive summary of the 2017 KDIGO chronic kidney 
disease-mineral and bone disorder (CKD-MBD) guideline update: what's changed and why 
it matters. Kidney Int. 2017;92(1):26–36.

 70. Sirilak S, Chatsrisak K, Ingsathit A, Kantachuvesiri S, Sumethkul V, Stitchantrakul W, 
Radinahamed P, Disthabanchong S. Renal phosphate loss in long-term kidney transplanta-
tion. Clin J Am Soc Nephrol. 2012;7(2):323–31.

 71. Van de Cauter J, Sennesael J, Haentjens P.  Long-term evolution of the mineral metabo-
lism after renal transplantation: a prospective, single-center cohort study. Transplant Proc. 
2011;43(9):3470–5.

 72. Haffner D, Leifheit-Nestler M. CKD-MBD post kidney transplantation. Pediatr Nephrol. 2019.
 73. van Husen M, Lehnhardt A, Fischer AK, Brinkert F, Loos S, Oh J, Kemper MJ. Fibroblast 

growth factor 23 and calcium phosphate homeostasis after pediatric renal transplantation. 
Pediatr Transplant. 2012;16(5):443–50.

 74. Castiglioni S, Cazzaniga A, Albisetti W, Maier JA.  Magnesium and osteoporosis: current 
state of knowledge and future research directions. Nutrients. 2013;5(8):3022–33.

 75. Moore CE, Liu Y. Low serum 25-hydroxyvitamin D concentrations are associated with total 
adiposity of children in the United States: National Health and examination survey 2005 to 
2006. Nutr Res. 2016;36(1):72–9.

 76. Cho HY, Hyun HS, Kang HG, Ha IS, Cheong HI. Prevalence of 25(OH) vitamin D insufficiency 
and deficiency in pediatric patients on chronic dialysis. Peritoneal Dialysis International: 
Journal of the International Society for Peritoneal Dialysis. 2013;33(4):398–404.

 77. Sadlier DM, Magee CC. Prevalence of 25(OH) vitamin D (calcidiol) deficiency at time of 
renal transplantation: a prospective study. Clin Transpl. 2007;21(6):683–8.

 78. Ebbert K, Chow J, Krempien J, Matsuda-Abedini M, Dionne J. Vitamin D insufficiency and 
deficiency in pediatric renal transplant recipients. Pediatr Transplant. 2015;19(5):492–8.

 79. Shroff R, Knott C, Gullett A, Wells D, Marks SD, Rees L. Vitamin D deficiency is associated 
with short stature and may influence blood pressure control in paediatric renal transplant 
recipients. Pediatr Nephrol. 2011;26(12):2227–33.

 80. Terpstra AM, Kalkwarf HJ, Shults J, Zemel BS, Wetzsteon RJ, Foster BJ, Strife CF, Foerster 
DL, Leonard MB. Bone density and cortical structure after pediatric renal transplantation. J 
Am Soc Nephrol. 2012;23(4):715–26.

 81. Nikkel LE, Mohan S, Zhang A, McMahon DJ, Boutroy S, Dube G, Tanriover B, Cohen D, 
Ratner L, Hollenbeak CS, et al. Reduced fracture risk with early corticosteroid withdrawal 
after kidney transplant. Am J Transplant. 2012;12(3):649–59.

 82. Hofbauer LC, Shui C, Riggs BL, Dunstan CR, Spelsberg TC, O'Brien T, Khosla S. Effects of 
immunosuppressants on receptor activator of NF-kappaB ligand and osteoprotegerin produc-
tion by human osteoblastic and coronary artery smooth muscle cells. Biochem Biophys Res 
Commun. 2001;280(1):334–9.

 83. Panday K, Gona A, Humphrey MB. Medication-induced osteoporosis: screening and treat-
ment strategies. Ther Adv Musculoskelet Dis. 2014;6(5):185–202.

K. Sgambat et al.



285

 84. Alvarez-Garcia O, Carbajo-Perez E, Garcia E, Gil H, Molinos I, Rodriguez J, Ordonez FA, 
Santos F. Rapamycin retards growth and causes marked alterations in the growth plate of 
young rats. Pediatr Nephrol. 2007;22(7):954–61.

 85. Kasiske BL, Zeier MG, Chapman JR, Craig JC, Ekberg H, Garvey CA, Green MD, Jha V, 
Josephson MA, Kiberd BA, et al. KDIGO clinical practice guideline for the care of kidney 
transplant recipients: a summary. Kidney Int. 2010;77(4):299–311.

 86. Doyle L, Cashman KD. The DASH diet may have beneficial effects on bone health. Nutr Rev. 
2004;62(5):215–20.

 87. Teofilo JM, Leonel DV, Lamano T. Cola beverage consumption delays alveolar bone healing: 
a histometric study in rats. Braz Oral Res. 2010;24(2):177–81.

 88. Armas LA, Hollis BW, Heaney RP. Vitamin D2 is much less effective than vitamin D3 in 
humans. J Clin Endocrinol Metab. 2004;89(11):5387–91.

 89. Ferris M, Cohen S, Haberman C, Javalkar K, Massengill S, Mahan JD, Kim S, Bickford 
K, Cantu G, Medeiros M, et  al. Self-management and transition readiness assessment: 
development, reliability, and factor structure of the STARx questionnaire. J Pediatr Nurs. 
2015;30(5):691–9.

 90. Hooper SR, Laney N, Radcliffe J, Moodalbail D, Hartung EA, Ruebner RL, Jawad AF, Furth 
SL. Executive functioning in children, adolescents, and young adults with chronic kidney 
disease. J Dev Behav Pediatr. 2015;36(9):734–42.

 91. Icard P, Hooper SR, Gipson DS, Ferris ME. Cognitive improvement in children with CKD 
after transplant. Pediatr Transplant. 2010;14(7):887–90.

 92. Harshman LA, Johnson RJ, Matheson MB, Kogon AJ, Shinnar S, Gerson AC, Warady BA, 
Furth SL, Hooper SR.  Academic achievement in children with chronic kidney disease: a 
report from the CKiD cohort. Pediatr Nephrol. 2019;34(4):689–96.

 93. Szabo R, Lantsman T, Peters DE, Bugge TH.  Delineation of proteolytic and non- 
proteolytic functions of the membrane-anchored serine protease prostasin. Development. 
2016;143(15):2818–28.

 94. Gulleroglu K, Baskin E, Bayrakci US, Aydogan M, Alehan F, Kantar A, Karakayali F, Moray 
G, Haberal M.  Neurocognitive functions in pediatric renal transplant patients. Transplant 
Proc. 2013;45(10):3511–3.

 95. Popel J, Joffe R, Acton BV, Bond GY, Joffe AR, Midgley J, Robertson CMT, Sauve RS, 
Morgan CJ. Neurocognitive and functional outcomes at 5 years of age after renal transplant 
in early childhood. Pediatr Nephrol. 2019;34(5):889–95.

 96. Roscoe JM, Smith LF, Williams EA, Stein M, Morton AR, Balfe JW, Arbus GS. Medical and 
social outcome in adolescents with end-stage renal failure. Kidney Int. 1991;40(5):948–53.

 97. Fielding D, Brownbridge G. Factors related to psychosocial adjustment in children with end- 
stage renal failure. Pediatr Nephrol. 1999;13(9):766–70.

 98. McCormick King ML, Mee LL, Gutierrez-Colina AM, Eaton CK, Lee JL, Blount 
RL. Emotional functioning, barriers, and medication adherence in pediatric transplant recipi-
ents. J Pediatr Psychol. 2014;39(3):283–93.

 99. Dobbels F, Decorte A, Roskams A, Van Damme-Lombaerts R. Health-related quality of life, 
treatment adherence, symptom experience and depression in adolescent renal transplant 
patients. Pediatr Transplant. 2010;14(2):216–23.

 100. McKenna AM, Keating LE, Vigneux A, Stevens S, Williams A, Geary DF. Quality of life 
in children with chronic kidney disease-patient and caregiver assessments. Nephrol Dial 
Transplant. 2006;21(7):1899–905.

 101. Anthony SJ, Hebert D, Todd L, Korus M, Langlois V, Pool R, Robinson LA, Williams A, 
Pollock-BarZiv SM. Child and parental perspectives of multidimensional quality of life out-
comes after kidney transplantation. Pediatr Transplant. 2010;14(2):249–56.

 102. Aylor DL, Valdar W, Foulds-Mathes W, Buus RJ, Verdugo RA, Baric RS, Ferris MT, Frelinger 
JA, Heise M, Frieman MB, et al. Genetic analysis of complex traits in the emerging collab-
orative cross. Genome Res. 2011;21(8):1213–22.

10 Challenges of Maintaining Adequate Health and Well-Being, Growth, Nutrition…



286

 103. Eijsermans RM, Creemers DG, Helders PJ, Schroder CH.  Motor performance, exer-
cise tolerance, and health-related quality of life in children on dialysis. Pediatr Nephrol. 
2004;19(11):1262–6.

 104. Grootenhuis MA, Stam H, Last BF, Groothoff JW. The impact of delayed development on 
the quality of life of adults with end-stage renal disease since childhood. Pediatr Nephrol. 
2006;21(4):538–44.

 105. Hamilton AJ, Clissold RL, Inward CD, Caskey FJ, Ben-Shlomo Y. Sociodemographic, psy-
chologic health, and lifestyle outcomes in young adults on renal replacement therapy. Clin J 
Am Soc Nephrol. 2017;12(12):1951–61.

 106. Gerson AC, Butler R, Moxey-Mims M, Wentz A, Shinnar S, Lande MB, Mendley SR, 
Warady BA, Furth SL, Hooper SR. Neurocognitive outcomes in children with chronic kidney 
disease: current findings and contemporary endeavors. Ment Retard Dev Disabil Res Rev. 
2006;12(3):208–15.

 107. Watson AR, Harden PN, Ferris ME, Kerr PG, Mahan JD, Ramzy MF, International Society 
of N, International Pediatric Nephrology A. Transition from pediatric to adult renal services: 
a consensus statement by the International Society of Nephrology (ISN) and the international 
pediatric nephrology association (IPNA). Kidney Int. 2011;80(7):704–7.

K. Sgambat et al.



Part IV

Medication Challenges



289© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
K. E. Twombley (ed.), Challenges in Pediatric Kidney Transplantation, 
https://doi.org/10.1007/978-3-030-74783-1_11
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Protocols in Children
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The birth of pediatric transplantation followed the first successful adult kidney 
transplantation in 1954 in the United States by Dr. Joseph Murray. The first success-
ful pediatric kidney transplant was performed in 1966 [1]. This was followed by the 
first pediatric liver transplantation in 1967 and the first pediatric heart and lung 
transplantation in 1984 and 1987, respectively. Since then, the field of transplanta-
tion has evolved and continues to progress rapidly with the development and opti-
mization of techniques, protocols, and better donor and organ selection. 
Approximately two thirds of pediatric transplantation consists of liver and/or kidney 
allografts with around 800 pediatric kidney transplants performed in the United 
States annually [2].

The cornerstone of the development of transplantation is the growth of transplant 
immunology. This is exemplified by the discovery of the immune response to allo-
antigen and the development of molecular targets for modern immunosuppression 
regimens. The purpose of the immunosuppressive therapy is to achieve low rates of 
acute rejection and to improve long-term survival of the graft while minimizing 
short- and long-term effect of the immunosuppression itself (such as infections or 
malignancies). Traditionally the immunosuppressive therapies are divided into 
induction, maintenance, and treatment of rejection. In this chapter, we will focus in 
the scientific basis and the clinical use of induction immunosuppression in pediatric 
patients as well as complications arising from it.
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 Immunologic Basis of Current Induction Protocols

As with any foreign peptide, there is an interaction between the host’s immune sys-
tem and the transplanted organ which becomes vital in the process of developing 
methods to prevent an immune reaction that will lead to rejection. The objective is 
to achieve operational tolerance which refers to the immunologic acceptance of a 
transplanted allograft while maintaining global immune function. To achieve this 
objective, T- and B-cell activation and regulatory pathways have been targeted. The 
continued development of immunotherapy has permitted therapies to become more 
specific resulting in a decrease in systemic toxicity and other short- and long-term 
effects.

 T-Cell Activation and the Immune Response

T lymphocytes are the cornerstone in the control and development of an immune 
response as they regulate cell-mediated injury and regulate the antigen response by 
activating/inactivating other immune cells. T-cell development starts from hemato-
poietic stem cells that migrate into the bone marrow and become nascent thymo-
cytes that contain T-cell receptors (TCRs) that are rearranged in a random manner 
in the thymus. Then a process of antigen presentation takes place in these TCR- 
containing thymocytes in a process of “positive” or “negative” selection. “Self” 
antigens are presented to these TCR-containing thymocytes, and if they elicit a 
response, they undergo programmed cell death (positive selection); if they don’t 
elicit any response, they do not receive a “survival” signal and ultimately undergo 
apoptosis (negative selection). If these thymocytes express intermediate affinity, 
they differentiate into double positive thymocytes (CD4+/CD8+) and migrate into 
the thymic cortex. After migration into the thymic cortex, they interact with the 
major histocompatibility complex molecules (MHC1–MHC2) and differentiate into 
CD4+ or CD8+ lymphocytes that will interact with antigen-presenting cells (APCs) 
such as dendritic cells or macrophages. The objective of this thymic selection pro-
cess is to ensure that autoimmunity does not occur [3].

With mature T cells that can mount an immune response, the basis of the immune 
response revolves around antigen presentation by APCs (macrophages, B cells, and 
dendritic cells) allowing for adaptive (or acquired) immunity to be specific and 
respond to both intracellular and extracellular pathogens.

In one of the most common scenarios, the immune response starts when den-
dritic cells present their MHC class I or II molecules to the CD8+ or CD4+ T cells. 
If the peptide presented is a “self” antigen, the bond is very weak, and the T cell 
removes itself from the complex and recirculates. However, in settings such as 
infection or transplantation where a “non-self” molecule is presented, the cascade 
of T-cell activation and clonal expansion results in an immune response. Interestingly 
and uniquely, in the setting of transplantation, the entire MHC along with the pep-
tide can be presented as well and elicit T-cell activation [4].
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T-cell activation is a complex process that involves three signals that occur 
sequentially (Fig. 11.1) [5]:

• Signal 1: First interaction that occurs between the T-cell receptor (TCR) on a 
CD4+ cell and the MHC complex attached to the antigen presented by an APC 
(macrophage, B cells, and dendritic cells).

• Signal 2: Occurs after the TCR-MHC interaction and involves the activation of 
multiple costimulatory molecules that are located on the periphery of both the 
APCs and the T cells resulting in a cascade of signaling pathways. Some of the 
pathways include the activation of the nuclear factor kappa-light-chain-enhancer 
of activated B cells (NFκB) and the translocation of the nuclear factor of activa-
tion and transcription (NFAT) to the nucleus of the T cell that promotes the pro-
duction of T-cell-activating factors such as interleukin-2 (IL-2).

• Signal 3: IL-2 engages with the CD25 on the T cell resulting in the activation of 
a complex known as the mammalian target of rapamycin (mTOR). Activation of 
mTOR starts the cell cycle machinery resulting in T-cell activation and 
proliferation.

Following transplantation and reperfusion of the organ allograft, many inflam-
matory markers are upregulated. These inflammatory markers act as signals for the 
effector T cells and subsequently allow a more optimal uptake of antigens by APCs. 
Dendritic cells derived from the organ (also called passenger leukocytes) are then 
released to the host’s secondary lymphoid tissue to present antigen to naïve host T 

Fig. 11.1 Action of the multiple immunosuppressive medications used nowadays in the field of 
transplant medicine. MPA denotes mycophenolic acid. (Reproduced with permission from 
Halloran [5])
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cells. These specialized CD4+ cells then differentiate into helper cells that are usu-
ally interferon-γ (IFNγ)-secreting TH1 cells which have an important role in cell- 
mediated rejection responses such as acute- and delayed-type hypersensitivity 
responses. Another subset, TH2 cells, support production of antibodies by the B 
cells and secrete immunosuppressive cytokines such as IL-4 and IL-10 [6]. Although 
hyperacute rejection, resulting from preformed donor-specific antibodies (DSA) 
most commonly from pregnancy, blood transfusion, and previous organ transplants, 
is of historical interest given the reliance on virtual and physical crossmatches, early 
acute rejection seen today can be more aggressive due to circulating memory cell 
responses although less frequent with high-quality current induction and mainte-
nance immunotherapies [7]. The vital subset of memory T cells can react rapidly to 
the graft and can incite an accelerated rejection response causing potential graft 
destruction even in the absence of secondary lymphoid tissue [8]. These memory T 
cells are generated not necessarily from the transplanted organ but from various 
exposures in the lifespan of the recipient termed heterologous immunity [9]. In 
addition, current standard-of-care induction agents spare memory T-cell responses 
potentially allowing for early and aggressive acute rejection to set in [10]. Early 
acute rejection responses can occur when peptides seen by the organ allograft elicit 
a circulating memory T-cell response with antigenic mimicry, for example [11]. It is 
the role of induction therapies to dampen the early response and create a “window” 
for the newly transplanted organ to heal and accommodate to its new environment.

 Overview of Induction Therapy in Pediatric 
Renal Transplantation

During the induction therapy, powerful immunosuppressive agents are administered 
at the time of the transplantation with the aim of preventing acute rejection early. 
Biologically the most important factors that contribute to the need for an induction 
therapy are the presence of donor-specific T-cell precursor cells that directly affect 
the effector response and the association of transplantation with tissue injury that, 
by itself, can promote complement activation, ischemia, and reperfusion that can 
exacerbate the immune response [12]. The major benefit in terms of decreasing 
rejection in kidney transplantation is within the first 6 months and slowly fades for 
which maintenance therapy becomes an important mainstay [12, 13].

Historically, the induction protocols were based on complete immune cell deple-
tion at the time of the transplant with the use of total lymphocyte irradiation (TLI) 
or splenectomy; however, currently there are more targeted and safer agents. All the 
agents can be divided by their own mechanism but more broadly into biologic 
agents (antibodies) and chemical agents (such as steroids) [14].

Typically, all agents are administered intravenously at the time of transplant with 
subsequent doses given in the immediate post-transplant period. The choice of 
induction agent depends on how highly sensitized a recipient is, planned mainte-
nance regimen, diagnosis of renal failure, risk of post-transplant infection, and the 
recipient’s comorbidities. Thus, the overall advantage of induction therapy is to 
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decrease the risk of acute rejection, whereas the main disadvantage is the risk for 
adverse effects associated with each of the agents used for induction such as malig-
nancies, especially post-transplant lymphoproliferative disease (PTLD) or infec-
tions [15].

PTLD is defined as an heterogenous group of abnormal lymphoid proliferations 
(usually from B cells) that occur in the setting of ineffective T-cell production 
because of pharmacologic immunosuppression after organ transplantation. It has 
been linked with the Epstein-Barr virus (EBV) infection as it will infect and immor-
talize B cells that in the absence of a T-cell regulation response will continue to 
grow in number. The spectrum of conditions can range from infectious 
mononucleosis- like illnesses, polyclonal lymphoid hyperplasia, and monoclonal 
malignancies such as B-cell lymphoma that can be fulminant. The mainstay of ther-
apy is reduction of immunosuppression. Other options include antiviral therapy, 
anti-B-cell antibodies, chemotherapy, or most recently immunotherapy [16].

 Anti-inflammatory Steroids

Corticosteroids are popularly used as immunosuppressants for many diseases as 
they reduce the synthesis of prostaglandins and cytokines which are vital in the 
immune response. The most commonly used corticosteroid in pediatric transplanta-
tion induction is methylprednisolone which is administered immediately pre- and 
post-transplantation followed by an oral/intravenous tapering regimen. Due to the 
high prevalence of adverse effects and the development of new medications, many 
programs have tried to minimize use of steroids in children. Reported side effects 
include growth impairment, diabetes mellitus, bone metabolism disruption, peptic 
ulcers, delayed wound healing, emotional fluctuation, and Cushing syndrome 
among others [15, 17]. The practice has shifted into developing induction and main-
tenance regimens that limit the use of steroids after 1–2 weeks or with rapid “steroid 
withdrawal” tapering off after weeks 1–2 [18–21]. Further, transplant programs 
have seen a shift to a limited steroid pathway in general [21].

A meta-analysis performed by Zhang et  al. concluded that steroid avoidance 
regimens have no difference in acute rejection rates when compared to steroid with-
drawal regimens in low-risk Caucasian patients. Also, there was a reported decreased 
risk of diabetes and hypertension requiring medication in the steroid withdrawal 
group [22]. Another reason to avoid steroids is based on the increased risk of PTLD 
in steroid regimens which was shown in a randomized controlled trial by Benfield 
et al. [23].

In terms of the induction agent alternative, many studies have reported “steroid- 
free” protocols based off IL-2 receptor blockers such as basiliximab and dacli-
zumab. Sarwal et al. compared 57 pediatric renal transplant recipients undergoing 
induction with daclizumab with tacrolimus and mycophenolate mofetil mainte-
nance with 50 historical-matched children with corticosteroid-dependent regimens 
[24]. At 1 year, the “steroid-free” group had improvements in acute rejection, graft 
function, hypertension, and growth without increase in infectious complications. 
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On a follow-up study by the same author with 77 children vs 300 children matched 
from the North American Pediatric Renal Trials and Collaborative Studies 
(NAPRTCS) database, the authors showed the same results with 90% of children 
free from hypertension and hyperlipidemia drug therapy in the “steroid-free” cohort 
vs 40% in the comparison group. Finally, a follow-up clinical trial comparing 
matched patients with panel reactive antigen (PRA) <20% to the same regimens 
previously described showed no differences in acute rejection 3 years after trans-
plantation (16.7 vs 17%, p = 0, p = 0.94), no differences in patient survival (100% 
in both), and no differences in graft survival (95% in “steroid-free” vs 93% in ste-
roid based). Importantly, children on the “steroid-free” group had lower systolic 
blood pressure and lower cholesterol levels (p < 0.05) [14, 24].

 IL-2 Cell Surface Receptor Blockade

These induction agents target signal 3 of the T-cell activation pathway resulting in a 
dampened clonal proliferation of effector T cells. Medications in this class include 
monoclonal antibodies as well as recombinant fusion proteins [5, 15].

 Basiliximab and Daclizumab
Basiliximab (Simulect®; Novartis Pharmaceuticals Corp, East Hanover, NJ, USA) 
is a chimeric monoclonal antibody (75% human, 25% murine) that targets the alpha 
chain of the CD25 (IL-2) receptor. Daclizumab (Zenapax®; Roche Laboratories, 
Nutley, NJ, USA) is a more humanized form (90% human and 10% murine) with 
the same pharmacological target. When compared to basiliximab, daclizumab has a 
longer half-life (13–20 days vs 9 days) and a longer duration of effect (90 vs 45 days 
in infants) [25]. However, daclizumab was found to have severe adverse events and 
fatal immune reactions affecting multiple organs such as autoimmune hepatitis with 
liver failure, central nervous system vasculitis, encephalitis, and meningoencephali-
tis [26]. Both are produced by hybridoma technology resulting from murine 
myeloma cells fused with immunized murine B cells [14]. Chemically they bind to 
the IL-2 receptor preventing T-cell activation and proliferation of the T cells. Due to 
the lower rate of hypersensitivity reactions with basiliximab, pre-medication is not 
often used.

Basiliximab is the only FDA-approved antibody for pediatric solid organ trans-
plantation. It has been shown to reduce acute rejection rates in renal and pancreas 
transplant recipients. In clinical trials, it has shown to decrease the rate of acute 
rejection without an increase in postoperative infections when compared to patients 
with no treatment [27]. The dose of basiliximab is 10 mg for patients <35 kg and 
20 mg for patients >20 kg administered on day 0 and day 4 after transplant. The 
dose of daclizumab is 1 mg/kg/dose on day 0 and every 2 weeks for a total of 5 
doses [28]. There are multiple studies using these agents with concomitant cyclo-
sporine or tacrolimus and MMF or azathioprine and corticosteroids achieving a 
1-year graft survival of 86–98% with acute rejection between 6% and 17% [29–31].
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Regarding safety, data pooled from the North American Pediatric Renal Trials 
and Collaborative Studies (NAPRTCS) database on 284 patients treated with dacli-
zumab, 166 with basiliximab, and 711 with no induction showed an increased graft 
survival (95–97% vs 93%) and a lower rate of acute rejection (23% vs 34%) [32] in 
patient treated with IL-2 receptor blockers compared to no induction, respectively. 
Most studies converge on the fact that these agents reduce the rate of acute rejection 
with no increase in the rate of adverse effects. When compared to other agents such 
as Thymoglobulin®, there have been some promising results. A study performed by 
Clark et al. compared 42 pediatric transplant recipients receiving Thymoglobulin® 
vs 42 receiving basiliximab with a lower acute rejection rate in the basiliximab 
group (45% vs 62%, p < 0.05) [33]. However, in patients with focal segmental glo-
merulosclerosis (FSGS), Il-2 receptor blockers when used in conjunction with 
cyclosporine or tacrolimus with MMF and corticosteroids showed an increased rate 
of recurrence when compared to Thymoglobulin® (83% vs 38%, p < 0.05) [33]. Of 
note, it is reported that that IL-2 receptor antagonists might increase cyclosporine 
serum levels and consequently a possible reduction in the dose could be required [34].

 Abatacept and Belatacept
As previously described, a part of the second signal involves the costimulation of 
the T cell by the ligation of CD80/CD86 to CD28 for activation of CTLA4 (CD152) 
for inhibition of the immune response [35]. In this pathway, only the agonism of 
CTLA4 has shown promising results. Abatacept or CTLA4-Ig is an immunoglobu-
lin fusion protein of CTLA4 that has been shown to inhibit graft rejection [15]. The 
early benefits of abatacept prompted the development of variants of this CTLA4-Ig 
such as LEA29Y (belatacept) which has twice the ligation affinity to both CD80 and 
CD86. As a result, there is a tenfold greater suppression on the clonal expansion of 
the cell [15]. In early Phase II studies, belatacept showed improved renal function, 
reduction in chronic allograft nephropathy, decreased calcineurin-related toxicity, 
and no thromboembolic susceptibility [36]. In adults, the Phase III trials (BENEFIT 
and BENEFIT-Ext) have shown improvements in the glomerular filtration rate but 
showed an increase in the incidence of post-transplant lymphoproliferative disease 
and acute rejection when compared to calcineurin inhibitor therapy [36–38].

 Leukocyte Depletion Agents

 Antithymocyte Globulin
The depletion of effector T cells which mediate early rejection responses is impera-
tive in the early perioperative period as early insults to the graft lead to long-term 
failure. Complete depletion of the effector T cells not only provides a “window” so 
that the allograft can “settle in” without being at risk of rejection but also mitigates 
the early B-cell response given the dependency B-cell proliferation has on T-cell 
activation [12, 39].

Antithymocyte globulin (rATG or Thymoglobulin) is a polyclonal antibody pro-
duced by sensitizing either rabbit or equine cells with human lymphoid cells. 
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Thymoglobulin is formulated using human thymus cells and induces T-cell apopto-
sis and complement-dependent lysis. The depletion of helper CD4+ T cells not only 
abrogates T-cell-mediated rejection responses but removes the assistance given to 
the activation of alloreactive B cells. In addition, the lysis induced by complement 
is agnostic of lymphocyte domain and surface markers (i.e., MHC I/II, CD95, 
CD28, CD45) leading to B-cell depletion as well [40]. The pharmacological effect 
of rATG is the depletion and modulation of the activity of effector circulating T 
cells by binding to multiple T-cell (CD3, CD4, CD8, CD28, CD2, CD5, CD45, 
CD154), B-cell (CD20), and NK cell (CD16, CD56) antigens [15].

The rabbit antithymocyte globulin (rATG, Thymoglobulin®, Genzyme, 
Cambridge, MA, USA) is ten times more potent than the equine antithymocyte 
globulin (eATG, ATGAM®, Pfizer, New York, NY, USA) and as a result is more 
commonly used [14, 41]. Studies have shown that Thymoglobulin® has superior 
outcomes when compared to ATGAM® in terms of decreased mortality, decreased 
acute rejection, and decreased graft loss [42]. The half-life of Thymoglobulin® is 
2–3 days; however, it has been described that its T-cell depletion effects can last 
more than 9–12 months [15]. These prolonged immunosuppressive effects result in 
a decrease on the incidence and recurrence of rejection. However, this number is 
variable; historically, the dose of Thymoglobulin® was adjusted with the CD3+ 
counts with <25 cells/ul as a goal. This provided same lymphocyte depletion effi-
cacy with less opportunistic infection and malignancies [43]. The usual dose of 
Thymoglobulin® is 1.5 mg/kg/d in an infusion over 4–6 hours for 5–10 days.

Thymoglobulin® is the mainstay for both induction in high-risk recipients and 
treatment of acute rejection in pediatric renal transplantation. The infusion is started 
prior to starting the graft anastomosis as postoperative administration has been asso-
ciated with ischemia-reperfusion injury and delayed graft function [15, 44]. Doses 
and frequency of Thymoglobulin® administration are often adjusted by CD3 count, 
white blood cell count, and/or platelet count. In addition, in the pediatric popula-
tion, doses and frequency of induction depend heavily on the etiology of disease and 
risk of recurrence (in the case of FSGS, e.g.) as well as level of sensitization and 
steroid burden [15, 44]. It can be administered by a central or peripheral route, but 
the time must be lengthened with peripheral administration. The deleterious ramifi-
cations of Thymoglobulin® can happen in early phases post-administration or in a 
delayed response. Given the depleting nature of Thymoglobulin®, effector T cells 
chalk-full of inflammatory mediators and cytokines can be released once the induc-
tion therapy is given leading to a cytokine release syndrome. This is typically char-
acterized by fevers, rigors, hypo- or hypertension, nausea/vomiting, or anaphylaxis. 
The treatment of the early-phase responses is often thwarted by the routine uses of 
steroids and diphenhydramine and/or Tylenol prior to administration or epinephrine 
after administration in severe circumstances [15, 44, 45]. In later phases, the use of 
Thymoglobulin® has also shown to increase the risks of chronic leukopenia and 
thrombocytopenia, infection, and malignancy.

There has been extensive research in the adult transplantation field with few 
studies in the pediatric population and mostly in high-risk renal transplant recipi-
ents. A retrospective, single-institution study included 17 recipients with 11 
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receiving deceased organ allografts and 7 living related allografts. In all of them, 
Thymoglobulin® was utilized with tacrolimus (62%) or cyclosporine (38%), myco-
phenolate mofetil, and prednisone. At 1 year, the patient survival was 100% and the 
graft survival was 93%. The authors did not report acute rejection, infections, or 
malignancies [46].

Another study included a larger retrospective cohort of 198 patients comparing 
Thymoglobulin® (n = 127) and ATGAM® (n = 81) with maintenance with cyclo-
sporine, azathioprine, or mycophenolate mofetil and prednisone. This study showed 
a lower rate of acute rejection in the Thymoglobulin® group (33% vs 50%; p = 0.02) 
but with higher rates of EBV infection (8% vs 3%; p = 0.002). There were no differ-
ences in graft survival, chronic rejection, or malignancy [47].

 Induction Therapies Targeted at B Cells

Another important aspect of selecting the appropriate induction agent is the level of 
sensitization. As therapies improve and increased patient survival is achieved, re- 
transplants occur more often. Furthermore, organ shortage (especially in pediatric 
patients) has pushed the pediatric transplant community of practice to aggressively 
pursue the listing and transplantation of high PRA individuals and in some cases 
ABO-incompatible transplants [14]. In our own center, living donation is highly 
sought after for these individuals with the use of internal matching software. In the 
case of altruistic donors, attempts are also made to identify children to “end a chain.” 
Strategies for these high-risk groups include rituximab, plasmapheresis, intravenous 
immunoglobulin (IVIG), and splenectomy always in conjunction with a lymphocyte 
depletion agent (such as alemtuzumab) due to the high risk of acute rejection.

Plasmapheresis will partially remove any pre-existing antibodies, whereas IVIG 
will downregulate production of antibodies and neutralize pre-existing ones [48]. 
Therapeutic apheresis has been used to desensitize both adult and pediatric patients 
undergoing both deceased and living donor renal transplantation showing decrease 
in waitlist times [49]. Likewise, treatment with IVIG has shown good success rates 
with decreasing HLA antibody titers as well as lower transplant waitlist times [50]. 
In the pediatric population, there have been reports of highly sensitized children 
(PRA > 80%) that with IVIG they were able to be desensitized and transplanted 
successfully with follow-ups between 11 and 17 months [50–52].

Rituximab is a chimeric/murine human antibody directed against the CD20 anti-
gen in B cells. As a result, it depletes B cells through cellular apoptosis. It is used in 
a dose of 100–375 mg/m2 in adults with 1–4 doses. Rituximab was first used for 
treating antibody-mediated rejection and PTLD [53]. A clinical trial in adults using 
rituximab induction vs placebo in 280 adult patients undergoing renal transplant 
showed that immunological high-risk patients (PRA > 6) had a lower incidence of 
acute rejection (38% vs 18%, P < 0.05). In this same study at 24 months, there was 
no difference in the incidence of infection or malignancy [54]. Additionally, there 
have been multiple reports of the use of rituximab in ABO-incompatible renal 
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transplant children with graft and patient survival over 90% in 1 year with ages from 
12 months to 6 years [55].

 Selecting the Most Appropriate Induction Agent

When selecting the most appropriate induction agent, there are multiple factors that 
should be considered such as race, immunological risk, underlying disease, and 
planned maintenance therapy [56]. Currently, over 90% of pediatric transplant 
recipients receive induction with either a lymphocyte-depleting agent (antithymo-
cyte globulin, alemtuzumab) or a non-depleting agent (basiliximab/corticosteroids) 
[57]. It is important to have in mind that there is no standardized consensus and 
induction protocols are mostly center dependent. Some studies have failed to show 
a clear benefit of depleting agents for induction on low-risk patients, and the most 
benefit we have seen is in high-risk groups such as African Americans, recipients of 
kidneys with prolonged cold ischemia time, and sensitized individuals.

For patients without a high risk or sensitization, IL-2 receptor antagonists have 
been increasingly used based on its safety profile and lower incidence of adverse 
effects. Patients with a higher risk for rejection or centers using steroid avoidance 
will often need stronger induction protocols such as the use of leukocyte depletion 
agents. Multiple authors have recommended the use of potent leukocyte depletion 
agents such as Thymoglobulin® or alemtuzumab for high-risk pediatric renal trans-
plant patients such as re-transplant candidates, highly sensitized recipients, or those 
with a high risk of recurrent FSGS [14, 58]. The Kidney Disease: Improving Global 
Outcomes (KDIGO) guidelines recommend antithymocyte globulin (ATG) for kid-
ney recipients with high risk of acute rejection after transplantation [59]. Another 
option for patients with high risk and sensitization, and now being increasingly 
used, is alemtuzumab with adjuvant therapies such as plasmapheresis, rituximab, or 
IVIG. Still, more studies are needed, and protocols vary per institution.

Alemtuzumab is the most powerful lymphocyte-depleting agent that acts as an 
antibody against the CD52 protein in T and B cells as well as monocytes and natural 
killer cells [60]. One of the larger studies evaluated alemtuzumab with tacrolimus in 
42 pediatric living donor transplant recipients showing graft survival of 85% and 
acute cellular rejection of 5% at 4 years [61]. Another report on 101 pediatric living 
donor recipients with alemtuzumab induction and maintenance with CNI and MMF 
showed a graft survival of 93% in 3 years [60]. In highly sensitized pediatric patients 
(PRA >30%), a combination of IVIG, rituximab, and alemtuzumab in 15 patients 
showed 100% patient and graft survival in 1 year with no difference when compared 
to IL-2 receptor blockers [62].

There has been increased interest in tailoring the induction and maintenance 
immunosuppressive therapy based on the underlying disease. As an example, retro-
spective analyses showed a significant risk reduction of IgA nephropathy recurrence 
in 116 kidney transplant recipients when comparing Thymoglobulin® with no 
induction or IL-2 receptor antagonist [63]. Furthermore, and as previously dis-
cussed, patients with FSGS have a high risk of recurrence when IL-2 receptor 
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antagonists are used for which leukocyte depletion agents such as Thymoglobulin® 
are recommended [64].

The overall concept of induction therapy can be summarized as follows [58]:

• Identification and stratification of ESRD etiology (this should inform the induc-
tion agent used).

• Patient with low immunological risk + steroids: Use of IL-2r blockade.
• Patient with low immunological risk, steroid-free, or early withdrawal: consider 

leukocyte depletion.
• Patient with high immunological risk: leukocyte depletion with Thymoglobulin® 

or alemtuzumab.

 Conclusions and Future Challenges

The field of transplantation has gone through a variety of evolutionary changes over 
the past six decades. Through it all, the development and understanding of trans-
plant immunology has served as the backbone of transplant medicine. From the 
early days of total lymphocyte irradiation in combination with corticosteroids and 
splenectomy to the development of calcineurin inhibitors, the field of pediatric 
transplantation has grown exponentially. Along the way, Thymoglobulin® became 
increasingly used as an induction agent to allow for the improved efficacy of main-
tenance regimens. Years later, alemtuzumab and the IL-2 receptors antagonist 
appeared with a better safety profile. With the concurrent development of other 
maintenance agents such as tacrolimus and mycophenolate mofetil, newer protocols 
are now avoiding the use of steroids and leukocyte depletion agents which were 
vital in the past.

The next era of transplantation is undoubtedly dedicated to the pursuits of toler-
ance and personalized immunosuppressive strategies along with possible pretreat-
ment strategies to minimize the harmful side effects incurred by current systemic 
immunotherapies [65].

 Questions

 1. Which of the signals involved in the activation of T cells involves stimulating the 
mTOR complex?
 (a) Signal 1
 (b) Signal 2
 (c) Signal 3
 (d) Signal 4

(c). The first signal involves the interaction of the T-cell receptor (TCR) and 
an antigen bounded to the MHC complex. The second signal involves the activa-
tion of costimulatory molecules reacting to signal 1 that coalesce around the 
immunologic synapse. These interactions include the activations of nuclear 

11 Challenges Surrounding Induction Protocols in Children



300

factor kappa-light-chain-enhancer of activated B cells (NFκB) and the transloca-
tion of the nuclear factor of activation and transcription (NFAT) producing acti-
vating factors such as IL-2. Finally, the third signal involves the engaging of 
IL-2 with CD25 (IL-2 receptor) stimulating the mTOR complex and resulting in 
T-cell activation and proliferation. There is no fourth signal.

 2. Which of the below best describes induction therapy?
 (a) Administration of immunosuppressive agents at the time of transplantation 

to prevent accelerated acute rejection
 (b) Administration of immunosuppressive agents after the time of transplant to 

prevent chronic antibody-mediated rejection
 (c) Administration of immunosuppressive agents intravenously monthly to pre-

vent acute cellular rejection
 (d) Administration of immunosuppressive agents orally to prevent transplant 

glomerulopathy
(a). Administration of immunosuppressive agents at the time of transplanta-

tion to prevent accelerated acute rejection.
 3. Which of the following is a polyclonal antibody produced by sensitizing either 

rabbit or equine cells with human lymphoid cells and works by inducing T-cell 
apoptosis and complement-dependent lysis causing as a result depletion of T 
cells and modulation of the effector response?
 (a) Belatacept
 (b) Antithymocyte globulin
 (c) Tacrolimus
 (d) Simulect

(b). Antithymocyte globulin is a polyclonal antibody produced by sensitiz-
ing either rabbit or equine cells with human lymphoid cells and works by induc-
ing T-cell apoptosis and complement-dependent lysis causing as a result 
depletion of T cells and modulation of the effector response.
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Post-transplant Medication Challenges

Nida Siddiqi and Alesa Campbell

 Introduction

Transplantation remains the treatment of choice for renal replacement therapy in 
eligible pediatric patients with end-stage renal disease. As is the case while manag-
ing other chronic disease states, prolonging a young patient’s life expectancy and 
enhancing quality of life with kidney transplantation are of the utmost priority. In 
addition to advancements in donor and recipient selection, surgical techniques, and 
post-transplant care strategies, the development of potent immunosuppressive 
agents over time has significantly improved patient and allograft outcomes 
(Fig. 12.1).

Immunosuppression plays a vital role in increasing allograft survival by inhibit-
ing the alloimmune response and preventing acute and chronic rejection. With dra-
matic improvements seen in short-term survival over the last few decades, the focus 
remains on selecting an ideal immunosuppressive regimen that optimizes long-term 
survival in pediatric kidney transplant recipients. Children and adolescents are more 
prone to therapy-related challenges following transplantation than adults, including 
serious chronic adverse effects, pharmacokinetic variability, administration barri-
ers, as well as medication nonadherence. The focus of this chapter is to highlight the 
nature of these challenges and discuss strategies for managing them  post-transplant 
in pediatric kidney transplant recipients. 
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 Section I: Post-transplant Immunosuppression Strategies

 Maintenance Immunosuppression

 Antiproliferative Agents
The use of chemotherapeutic agents for the prevention of organ rejection was first 
attempted with 6-mercaptopurine, methotrexate, and cyclophosphamide. In 1963, 
successful use of azathioprine with corticosteroids to prolong patient survival and 
treat allograft rejection was established. Since then, two antiproliferative agents, 
azathioprine and subsequently mycophenolate, have become an integral part of 
post-transplant immunosuppression. With varying specificity, both azathioprine and 
mycophenolate exert their actions by inhibiting de novo and/or salvage pathways of 
purine synthesis, a mechanism different from other immunosuppressive agents. 
Although selection of one agent over the other is often patient-driven, mycopheno-
late is considered the antiproliferative of choice in modern-day protocols.
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Azathioprine
Azathioprine (AZA) was one of the first immunosuppressants to be routinely uti-
lized for prevention of rejection in solid organ transplant (SOT) recipients, receiving 
U.S. Food and Drug Administration (FDA) approval for use in kidney transplanta-
tion (KTx) in 1968 [1–3]. A prodrug of 6-mercaptopurine (6-MP), AZA exerts its 
immunosuppressive effects via metabolites that incorporate into DNA to halt repli-
cation and inhibit both de novo and salvage pathways of nucleotide synthesis. This 
leads to cell cycle arrest and inhibition of lymphocyte activation and differentiation. 
Upon administration, AZA undergoes non-enzymatic conversion to 6-MP. This is 
followed by enzymatic metabolism to its active metabolite 6-thioguanine nucleotide 
(6-TGN) via hypoxanthine-guanine phosphoribosyltransferase (HGPRT) and to its 
inactive metabolites as follows: 6-methylmercaptopurine via thiopurine 
s- methyltransferase (TPMT), active 6-TGN to 6-TG monophosphates via nucleo-
tide diphosphate (NUDT15), and 6-thiouric acid via xanthine oxidase [4]. Of note, 
these metabolic pathways play a vital role in determining AZA’s immunosuppres-
sive and toxic effects, particularly the thioguanine-associated nucleotides.

In order to overcome the slow circulation and prolonged elimination half-life of 
the AZA metabolites responsible for its immunosuppressive effects, a single load-
ing dose of 3–5 mg/kg is recommended at the time of transplant, followed by a 
maintenance dose of 1–3 mg/kg/day administered once daily. Empiric dose reduc-
tions, however, may be necessary in patients experiencing AZA-related adverse 
effects, particularly myelotoxicity. Oral AZA is commercially available in the form 
of tablets that can be split or crushed, and a suspension can be extemporaneously 
prepared to allow for more accurate administration in children [5]. As previously 
mentioned, the use of AZA in modern immunosuppression regimens has been 
widely replaced by mycophenolic acid derivatives [6, 7].

Mycophenolic Acid Derivatives
Mycophenolate mofetil (MMF) received FDA approval for its use in KTx in 1995 
and quickly replaced AZA as the preferred antiproliferative immunosuppressant 
agent in both adults and pediatrics. MMF is a prodrug that undergoes pre-systemic 
hydrolysis in the intestinal tract to form mycophenolic acid (MPA) [8]. The biologi-
cally active MPA exerts its immunosuppressive effects by nonselective inhibition of 
inosine 5′-monophosphate dehydrogenase (IMPDH), an enzyme vital for purine syn-
thesis via the de novo pathway. The result is inhibition of several key pro- inflammatory 
processes of allograft rejection: T- and B-lymphocyte proliferation, B-lymphocyte-
mediated antibody production, and recruitment of cytotoxic leukocytes to areas of 
tissue inflammation [8]. Unlike AZA, which causes non-specific cell cycle arrest, 
MPA exerts a more targeted inhibition of T- and B-cell proliferation [8].

Mycophenolic acid derivatives are available as mycophenolate mofetil (MMF) 
and enteric-coated mycophenolate sodium (MPS). As opposed to the fixed dosing 
recommended in adults, dosing for children is 600 mg/m2/dose twice daily for MMF 
or 400 mg/m2/dose twice daily for MPS. Of note, the two products are not inter-
changeable. Oral MMF is commercially available in tablet, capsule, and suspension 
form, allowing for ease of administration in pediatric patients. If the commercial 
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suspension product is not available, data also supports extemporaneous preparation 
of an oral suspension utilizing the oral capsules [9, 10]. On the other hand, as MPS 
cannot be broken or crushed due to its enteric coating, its use is limited in patients 
who are unable to swallow whole tablets. Furthermore, doses must be rounded to 
the nearest 180 mg or 360 mg tablet of MPS, which may be too high in children with 
low body surface areas.

Following oral administration, mycophenolate undergoes swift conversion to 
MPA, which is either rapidly absorbed in the proximal duodenum if MMF is admin-
istered, or more slowly in the distal duodenum if MPS is administered. Uridine 
diphosphate glucuronosyltransferase (UGT) enzymes are primarily responsible for 
the metabolism of MPA to its three by-products: (1) the major, pharmacologically 
inactive metabolite 7-O-glucuronide (MPAG) via UGT1A9, (2) the minor, pharma-
cologically active metabolite acyl-glucuronide (AcMPAG) via UGT2B7, and (3) the 
minor, inactive MPA-phenyl-glucoside (glucoside-MPA). De-glucuronidation of 
MPAG via the multidrug resistance-associated protein 2 (MRP2) leads to enterohe-
patic recycling and elicits a second, smaller MPA peak that accounts for 10–60% of 
the total MPA exposure [11]. Approximately 97% of MPA and 82% of MPAG are 
albumin bound; thus patients with hepatic impairment may experience more drug 
toxicity in the setting of hyperbilirubinemia- and hypoalbuminemia-driven MPA dis-
placement from albumin [12, 13]. Furthermore, over 90% of the administered MPA 
dose is renally excreted as glucuronide metabolites. Hence, patients with renal 
impairment may have higher exposure and are at risk for drug toxicity secondary to 
accumulation of unbound MPA available to undergo enterohepatic recirculation [13].

Due to its complex pharmacokinetic profile, wide interpatient variability in drug 
exposure, drug-disease interactions, and ontogeny of drug pharmacodynamics, MPA 
therapeutic drug monitoring is an area of great interest and challenge in pediatric 
patients [11, 13]. The recommended target MPA area under the concentration curve 
(AUC) in the initial post-transplant period is 30–70 mg·hr/L depending on laboratory 
assay technique used [11]. Although plasma MPA AUC monitoring provides the 
most accurate estimate of overall drug exposure, the process is cumbersome and 
requires ten blood samples to assess concentrations at 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, and 
12 hours after MMF dose administration (C0.5–12). Alternatively, abbreviated AUC 
formulas have been found to provide an acceptable correlation to the full AUC mea-
surement with only four blood samples (C0, C1, C2, and C4) [14]. A more practical 
approach shared in the pediatric SOT literature advocates for monitoing MPA trough 
levels with targets in the 1–3 mcg/mL range, highlighting the concern that younger 
children may be at a higher risk of MPA under-dosing when compared to adolescents 
and adults [15, 16]. Of note, target MPA troughs and abbreviated AUC extrapolation 
algorithms cannot be utilized in patients receiving MPS due to its prolonged gastro-
intestinal release and inconsistent pharmacokinetic behavior [17].

Efficacy
In addition to a less toxic adverse effect profile, clinical trials demonstrated lower 
rates of acute and chronic rejection and prolonged allograft survival at 3, 4, and 
5  years post-KTx with MMF when compared to AZA [18–21]. Moreover, 
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MMF- based immunosuppression regimens have been found to reduce the incidence 
of chronic allograft nephropathy within the first post-transplant year, as well as 
improve renal function in pediatric kidney transplant (pKTx) recipients with chronic 
rejection [22, 23]. The survival benefit of MMF over AZA thus explains the dra-
matic decrease in AZA use from 50% in 1996 to 5% in 2013 [24]. Utilizing MMF- 
based regimens also allows for lower calcineurin inhibitor (CNI) trough goals, 
which may subsequently lower the risk of serious CNI-related adverse effects such 
as hypertension, hyperlipidemia, post-transplant diabetes mellitus, neurotoxicity, 
and nephrotoxicity [25].

Although no longer first-line, AZA maintains its utility in certain patient-specific 
scenarios like pregnancy, need for once-daily dosing to improve compliance, or 
presence of severe gastrointestinal (GI) adverse effects such as diarrhea, esophagi-
tis, or colitis with mycophenolate-based products [8, 9]. In addition, while the post- 
transplant immunosuppression regimen of choice should not be driven solely by 
medication cost, AZA may provide a less expensive option for patients who lack 
insurance coverage or in countries where mycophenolate may not be available. 
Although drug pricing varies around the world, one study found that mycophenolate- 
based regimens could cost up to 15 times more than AZA [26].

 Steroids
Between the two classes of systemically-administered corticosteroids (glucocorti-
coids and mineralocorticoids), glucocorticoids are  primarily utilized in KTx 
 regimens. The mechanism of action of glucocorticoids is complex, and both 
 anti-inflammatory and immunosuppressive effects contribute to their role in post- 
transplant immunosuppression. Specifically, glucocorticoids regulate gene tran-
scription and induction, destabilize cytokines such as interleukin-1 and interleukin-6, 
inhibit T-cell proliferation, and block production of interleukin-2 [27, 28]. They also 
decrease inflammation by suppressing migration of monocytes to the site of inflam-
mation and decrease capillary permeability [29]. Lastly, glucocorticoids elicit a 
wide array of effects on fluid homeostasis and musculoskeletal, endocrine, and neu-
rologic physiology [30]. The glucocorticoids used in post-transplantation protocols 
are oral prednisone and prednisolone, with methylprednisolone succinate available 
as an intravenous option particularly when higher doses are indicated. Steroids are 
hepatically metabolized, where prednisone is converted to its active metabolite, 
prednisolone [31]. The exclusive utilization of prednisone is seen more commonly 
in North America, with prednisolone used prevalently in other parts of the world 
including Europe. Although there is no data suggesting a clinical advantage of one 
over the other, prednisolone may be warranted in patients with moderate to severe 
liver dysfunction to bypass the need for hepatic activation [32, 33]. Furthermore, 
prednisolone oral solution may also be preferred due to availability as a more con-
centrated oral solution allowing for smaller administration volumes. It is also 
reported to have better palatability and faster resolution of aftertaste when com-
pared to prednisone [34]. Both prednisone and prednisolone reach peak plasma con-
centrations within 1–2 hours and have a short half-life of 2–3 hours [31, 35]. Of 
note, this half-life may become prolonged in children as well as in the setting of liver 
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disease, and theoretically shortened in the presence of drugs that induce hepatic 
enzyme activity. The duration of effect lasts 12–36  hours, allowing for once- to 
twice-daily dosing regimens.

There are no FDA-labeled dosing recommendations for methylprednisolone, 
prednisone, or prednisolone for use in adult or pediatric renal transplant recipients. 
Rather, this data has been accumulated through clinical use and practice. A common 
dosing range in children for intravenous methylprednisolone as part of an induction 
or rejection protocol typically ranges from 5 to 20 mg/kg per dose, while initial 
maintenance dose with oral prednisone or prednisolone is 1–5 mg/kg per day. Some 
centers utilize body surface area instead of body weight for dosing steroids, which 
is also considered an acceptable strategy. It is important to note that the ideal dose 
and duration of steroids to optimize patient and allograft survival in pKTx recipients 
has not been established [7, 36]. On the other hand, adverse effects may be linked to 
the intensity of steroid exposure. For example, a clinically significant improvement 
in physical growth with respect to height has been reported with alternate day dos-
ing when compared to daily dosing of steroids [37, 38]. Consequently, post- 
transplant steroid dosing strategies, including tapering or discontinuation, are 
ultimately driven by institution-specific protocols.

Efficacy
Given the adverse effects associated with steroid therapy, there has been a signifi-
cant evolution in dosing strategies in the last 20 years leading to the emergence of 
steroid minimization protocols. Certain transplant centers implement late steroid 
withdrawal (LSW), with discontinuation months to years post-transplant, while oth-
ers may utilize steroid continuation (SC), remain completely steroid-free (SF), or 
practice early steroid withdrawal (ESW) strategies in which steroids are discontin-
ued within 7–10 days post-transplant. Use of non-depleting antibody (e.g., basilix-
imab, daclizumab) versus lymphocyte-depleting antibody (e.g., antithymocyte 
globulin, alemtuzumab) induction agents, the combination of other maintenance 
immunosuppressive agents such as CNI, MMF, or sirolimus (SIR), as well as patient 
population risk factors often influence which steroid dosing strategy is used.

One of the first pediatric studies to retrospectively compare LSW versus SC in 
low immunologic risk pKTx recipients ≥1 year post-transplant maintained on MMF 
and cyclosporine reported similar biopsy-proven acute rejection (BPAR) rates and 
allograft survival, but improved growth and body mass index (BMI) and decreased 
hypertension (p < 0.05) in the LSW group [39]. To counteract withdrawal of ste-
roids, an intensified immunosuppression approach using basiliximab induction and 
CNI-SIR-steroid maintenance followed by randomization to LSW versus 
SC ≥ 6 months post-transplant was evaluated [40]. The study was terminated prior 
to reaching target enrollment, however, due to high rates of post-transplant lympho-
proliferative disorder attributed to over-immunosuppression. Perhaps this may have 
been related to the aggressive targeting of both CNI and mTOR troughs titrated to 
achieve levels comparable to those targeted when either agent is used separately. 
Interestingly, although the rejection rates in the cohorts were similar, the LSW 
group was noted to have higher 3-year allograft survival (p = 0.002) [40].
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With promising outcomes of LSW trials and more frequent utilization of induc-
tion agents, SF and ESW protocols also emerged. Overall, acceptable BPAR and 
similar patient and allograft survival rates were reported, with significantly improved 
height Z-scores and reductions in BMI in SF and ESW groups [41–46]. Of note, the 
development of anti-human leukocyte antigen (anti-HLA) antibodies in up to 25% 
of pKTx recipients noted within the first 2 years post-transplantation was not linked 
to steroid withdrawal; SF protocols did not demonstrate higher development of de 
novo anti-HLA donor-specific antibodies (DSA) and subsequent antibody-mediated 
rejection when compared to steroid-based regimens at 2 years post-transplant [47–
49]. Studies with longer follow-up, however, may still be warranted. In addition, it 
is also worth mentioning that most steroid minimization studies have  excluded 
immunologically high-risk patients and used induction agents such as daclizumab 
and alemtuzumab which are not as commonly utilized in modern-day protocols, 
making it difficult to extrapolate their results to today’s  patient population. 
Furthermore, although minimization in steroid exposure has been associated with 
lower incidences of hyperglycemia, hypercholesteremia, hyperlipidemia, and need 
for antihypertensives, these findings have not been consistently established [44, 45, 
50]. One possible explanation for this might be attributed to the co-administration 
of CNIs, which are associated with a similar adverse effect profile.

Undoubtedly, there is a clinical need for well-designed trials in pKTx recipients 
that are inclusive of immunologically high-risk and racially diverse populations and 
incorporate modern regimens of basiliximab or antithymocyte globulin induction 
with TAC, MMF, or SIR maintenance at recommended levels. It is perhaps due to 
the lack of such data that many centers still opt to continue steroids, either as part of 
an LSW strategy or indefinitely. Despite the absence of a widely accepted dosing 
consensus, it is prudent for transplant practitioners to assess the risks and the bene-
fits of available steroid minimization data in their patient population given the high 
prevalence of negative adverse effects associated with steroids. Lastly, some trans-
plant recipients may warrant continued steroid use to treat underlying disease states 
such as focal segmental glomerulosclerosis or lupus nephritis, requiring a detailed 
evaluation of their chronic immunosuppression regimen [51].

 Calcineurin Inhibitors
Since the discovery of cyclosporine (CsA) in the 1970s and tacrolimus (TAC) in 
the 1990s, calcineurin inhibitors (CNIs) have revolutionized the field of renal 
transplantation. Despite being structurally different, both CNIs exhibit a similar 
mechanism of action, with TAC demonstrating greater potency than CsA [52]. 
Both CsA and TAC suppress the activation of T-cells by inhibiting the phospha-
tase activity of calcineurin [53]. CsA binds to cyclophilin, while TAC binds to 
FK-binding protein 12, inhibiting the signaling of transcription factors into the 
nucleus and halting the production of vital cytokines involved in the alloimmune 
response [54]. Ultimately, this results in inhibition of T-cell proliferation. Some 
studies suggest additional mechanisms exerted by TAC such as blockade of cyto-
kine receptor expression and downregulation of cytokine effects on other target 
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cells [55]. Given their nearly identical mechanism, CsA and TAC are never admin-
istered in combination, but rather are alternatives to one other as the backbone of 
immunosuppressive regimens.

Cyclosporine
Cyclosporine is commercially available as a modified microemulsion and a conven-
tional non-modified formulation, with the microemulsion providing better solubility 
of the drug in an aqueous environment [56]. Due to its improved bioavailability and 
oral absorption leading to more reliable drug exposure, modified CsA has mostly 
replaced conventional CsA in clinical practice. These two products are not bioequiv-
alent and thus cannot be used interchangeably. If a switch between the non- modified 
and modified version is needed, a 1:1 conversion is suggested with close therapeutic 
drug monitoring and an anticipated dose reduction of the modified formulation rela-
tive to the conventional formulation [56]. Both CsA formulations are commercially 
available in oral capsule and oral liquid dosage forms. Although transplant centers 
commonly establish institutional-based protocols to define therapeutic goals, the 
most commonly recommended starting dose in pKTx recipients for modified CsA is 
9 ± 3 mg/kg per day divided every 12 hours, with goal trough levels ranging between 
100 and 400 ng/mL. The average dose requirement often decreases toward the end of 
the first posttransplant year, ranging from 4.36 to 8.4 mg/kg per day [57]. Within this 
dosing range, a correlation between long-term CsA maintenance dose and risk of late 
rejection and chronic allograft failure has been reported [58]. Published data also 
suggests that every 1 mg/kg increase in CsA maintenance dose directly correlates to 
a 5–6% reduction in the risk of chronic allograft failure [59].

Tacrolimus
Oral absorption of TAC in children is incomplete and highly variable, with a reported 
bioavailability of immediate release formulations ranging from 5% to 70% [60]. 
Tacrolimus is best administered on an empty stomach as the absorption decreases in 
the presence of food, particularly high-fat meals. Because more than 90% of TAC 
present in the plasma is protein-bound, whole blood concentrations are utilized in 
clinical practice to measure trough concentrations [61]. The elimination half-life of 
TAC is approximately 12 hours, and it relies heavily on hepatic and intestinal cyto-
chrome- P450 3A4 (CYP3A4) and cytochrome-P450 3A5 (CYP3A5) enzymes, as 
well as the p-glycoprotein (PgP)/ABCB1 efflux transporter for metabolism and 
elimination [62]. Thus, one can expect to see an impact on drug levels in the setting 
of hepatic impairment. On the contrary, because TAC is not renally cleared, no 
major change in levels is expected with renal dysfunction.

An understanding of marked differences in TAC pharmacokinetics between 
children and adults is crucial for appropriate dosing and monitoring in this spe-
cialized patient population. Studies demonstrate that younger children require 
significantly higher mg per kg TAC doses compared to adolescents and adults 
[63]. Although this phenomenon is not clearly understood, possible explanations 
may include altered PgP activity, immature CYP3A4/5 enzymatic pathways, dif-
ferences in hepatic blood flow, and liver-size-to-body-weight ratio in younger 
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children [63, 64]. There is also a steady decline in the relative dosing require-
ments of TAC noted in children greater than 5 years old and as they approach 
puberty [65]. Thus, based on available data, the suggested initial dose for imme-
diate-release TAC in pKTx recipients as supported by the Kidney Disease: 
Improving Global Outcomes (KDIGO) guidelines is 0.2–0.3  mg/kg per day 
divided every12 hours; this is in contrast to the recommended initial dosing of 
0.1 mg/kg per day suggested in adults [66]. Trough levels are guided by institu-
tion-specific protocols with a general recommended range of 5–15 ng/mL post-
transplant and subsequent reductions over time [66]. When examined in older 
children and adults, minimal to no benefit of thrice-daily TAC in increasing thera-
peutic exposure and reducing adverse effects has been found; however, data 
focused on children less than 5 years old remains sparse [67–69]. Thus, due to the 
lack of available literature and difficulty of appropriately timing administration of 
doses and trough level measurements, thrice-daily dosing cannot be recommended 
as a routine strategy in pKTx recipients at this time.

Since TAC became available on the market, several oral dosage forms have 
emerged. With an end in patent of innovator immediate-release TAC (IR-TAC, 
Prograf®, Astellas), the FDA approved bioequivalent generic IR-TAC formulations 
in 2009. When assessing the efficacy and safety of switching from brand to generic, 
studies report a 1:1 conversion is clinically acceptable but recommend additional 
therapeutic drug monitoring as patients may require dose adjustments [70–72]. 
Additionally, it is prudent to maintain patients on formulations from one consistent 
generic manufacturer to minimize intra-patient trough variability. Although an 
immediate-release granule formulation is available on the market, due to high cost 
and lack of dosing flexibility, oral suspensions are commonly compounded with the 
immediate-release capsules for administration in children. Of note, a standard sus-
pension concentration of 1 mg/mL has been suggested from a medication safety 
standpoint; however, 0.5 mg/mL is also utilized by many centers [73].

In addition to immediate-release formulations, the FDA also approved extended- 
release tacrolimus (ER-TAC, Advagraf XL®/Astagraf XL®, Astellas) in 2013 and 
subsequently once-daily tacrolimus (LCPT, Envarsus XR®, Veloxis Pharmaceuticals) 
in 2015. Early data demonstrated that although ER-TAC had similar patient and 
allograft outcomes to IR-TAC [74], a substantial increase in total daily milligram 
(mg) dose was required upon conversion from IR-TAC to ER-TAC [75]. In the 
ASTCOFF study, Tremblay and colleagues conducted a pharmacokinetic study 
comparing all three formulations of TAC [76]. The authors found higher exposure 
on a per milligram basis, lower intraday fluctuation, prolonged time to peak concen-
tration, and lower dose requirements with LCPT compared to IR-TAC and ER-TAC 
[76]. In relation to adverse effects, the STRATO study reported that LCPT was 
associated with fewer neurologic adverse effects in adult KTx recipients, regardless 
of race or time after transplant [77]. Unfortunately, data for use of LCPT in pediat-
rics, albeit promising, is still limited to case reports [78]. Of note, the extended-
release capsules and tablets cannot be split or crushed, further limiting its utility in 
younger patients. However, once-daily TAC formulations may have a potential role 
in improving adherence in adolescents.
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Efficacy
The most recent North American Pediatric Renal Transplant Cooperative Study 
(NAPRTCS) registry data indicates that the majority of pKTx recipients are main-
tained on TAC post-transplant. A randomized controlled trial comparing TAC versus 
CsA in 196 pediatric patients reported significantly lower rates of acute rejection and 
steroid-resistant rejection with TAC [79]. In addition, although patient survival was 
similar between the two groups, allograft survival at 4-year follow-up and reported 
glomerular filtration rate (GFR) were significantly higher in the TAC group compared 
to CsA [79]. A larger retrospective study of 986 pKTx recipients in the NAPRTCS 
database found a higher mean GFR and lower requirement for antihypertensives with 
TAC compared to CsA [57]. There was no difference noted in the risk of allograft 
failure, time to first rejection, and allograft survival between CsA and TAC at 1 and 2 
years post-transplant, raising the question of whether one CNI is truly advantageous 
over the other [57]. Other studies have also corroborated similar findings, but with 
fewer cosmetic complications in patients receiving TAC, a significant aspect to con-
sider in adolescent patients [80]. One should note that most data comparing CsA and 
TAC was published over 15 years ago and likely requires re-evaluation with modern-
day induction and maintenance strategies in an ever- evolving patient population.

 Target of Rapamycin Inhibitors
Approved nearly a decade after TAC for use in SOT, target of rapamycin inhibitors 
(TOR-Is), namely, sirolimus (SIR) and everolimus (EVR), have steadily gained 
acceptance in pKTx. The primary advantage of TOR-Is over CNIs is a decrease in 
nephrotoxicity; however, other benefits have also emerged. Activation of the TOR 
pathway occurs further downstream in the alloimmune activation cascade in response 
to cytokine proliferation [81]. Both SIR and EVR bind to the immunophilin FKBP-12 
to form a complex that inhibits the function of TOR [82]. This inhibits mRNA syn-
thesis, arresting the cell cycle and inhibiting T-cell proliferation [81, 82].

In addition to immunosuppressive effects, TOR-Is are shown to have antineo-
plastic, antiviral, and anti-atherogenic effects not seen with other agents, providing 
a theoretical advantage in both preventing and managing BK polyomavirus, chronic 
allograft nephropathy and transplant allograft vasculopathy [83, 84]. Reductions in 
angiogenesis have also been reported due to the agents’ inhibition of vascular endo-
thelial growth factor [83, 84]. It is important to note that the actions of TOR-Is 
extend beyond T-cell inhibition, as TOR is required for B-cell proliferation as well 
[85]. Thus, inhibition of TOR prevents B-cell receptor signaling and increases apop-
tosis of B-lymphocytes [86]. These mechanistic differences make TOR-Is an 
appealing option to consider either for CNI avoidance or in the presence of other 
risk factors, such as pos-ttransplant lymphoproliferative disorder (PTLD) or post- 
transplant malignancy, which will be discussed later in this chapter.

Sirolimus
SIR exhibits a predictable and rapid absorption in the small intestines, reaching 
peak concentrations within approximately one hour. It is commercially available as 
both an oral solution and oral tablet, with a reported bioavailability of 15–30% [87, 
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88]. These two products are not bioequivalent and therefore are not interchangeable. 
It is also worth mentioning that as per manufacturer recommendations, SIR tablets 
should not be crushed or split, limiting younger children to the oral solution. Similar 
to TAC, SIR is highly protein-bound, metabolized extensively via CYP3A4, and 
excreted via PgP transporters. Children exhibit a significantly faster metabolism and 
thus shorter half-life of SIR when compared to adults; the mean reported half-life in 
adults is 62 hours, compared to only 13.7 hours in children [87, 88]. This significant 
pharmacokinetic difference explains the twice-daily dosing recommendations in 
infants and children and once-daily dosing in adolescents and adults, with the high-
est SIR clearance in children younger than 5 years of age [89]. In children weighing 
less than 40 kg, the manufacturer recommends an initial loading dose of 3 mg/m2 
followed by 1 mg/m2 per day either divided twice daily or administered once daily, 
with goal trough levels ranging between 5 and 15 ng/mL based on institutional pro-
tocols. Initial dosing and goal trough levels may differ when used in combination 
with a CNI.

Everolimus
Although the mechanism of action of EVR is identical to that of SIR, there are some 
important pharmacokinetic differences to note. The hydrophilic character of EVR 
increases its GI absorption and systemic clearance, while speeding up its elimina-
tion half-life [90]. Everolimus is commercially available in 0.25  mg, 0.5  mg, 
0.75 mg, and 1 mg tablets and also should not be split or crushed, thus limiting 
administration in children. Although not FDA approved for use in pKTx recipients, 
studies suggest initial EVR dosing of 1.6 mg/m2/day in combination with CsA or 
2 mg/m2/day in combination with TAC, divided twice daily, with goal trough targets 
of 3–8 ng/mL [91–93]. The lower dosing requirement in combination with cyclo-
sporine is likely attributed to CsA-mediated inhibition of CYP3A4 and PgP that is 
not seen with TAC [93].

Efficacy
As longevity of the allograft is of utmost priority in pKTx recipients, the “nephro- 
sparing” effects of TOR-Is compared to CNIs are the primary reason for their addi-
tion to or switching from CNI-based regimens. When utilized at baseline as part of 
a maintenance regimen, high patient and allograft survival, acceptable rejection 
rates, and a tolerable adverse effect profile have been reported [94, 95]. A study of 
274 pKTx recipients, however, found that combining SIR, CNIs, and steroids after 
basiliximab induction resulted in a high incidence of infections and PTLD, sugges-
tive of significant over-immunosuppression [96]. Converting patients from a CNI-
based to SIR-based regimen in the presence of CNI-induced nephrotoxicity or 
chronic allograft vasculopathy may improve GFR while decreasing the prevalence 
of CNI-related adverse effects [97–99]. It is imperative, however, to optimize the 
timing of this conversion, as reversal of severe allograft injury is unlikely and late 
withdrawal of CNI may not provide any clinical benefit [100]. Further clinical trials 
to evaluate long-term efficacy and safety outcomes of TOR-Is, particularly without 
CNIs in pKTx recipients, may be warranted.
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While clinical data for EVR use in pKTx recipients is limited, it has generally 
shown to be safe and effective in preventing rejection. De novo immunosuppression 
in pediatrics with corticosteroids and reduced goal troughs of CsA and EVR dem-
onstrated comparable EVR pharmacokinetics to those found in adults, no allograft 
loss, tolerable side effects, with an acceptable incidence of reversible, mild to mod-
erate acute rejection during a 6-month follow-up period [92]. Similar studies exam-
ining the efficacy of an EVR and CsA combination with or without steroids reported 
high patient and allograft survival, stable allograft function, low incidence of BPAR 
and chronic rejection at 1–3 years posttransplant, with tolerable adverse effects and 
infection rates [101–103]. In the setting of modern-day immunosuppression regi-
mens and push for steroid withdrawal, the results of the recent CRADLE study are 
worth noting [92]. Pediatric patients were randomized to undergo conversion to 
low-dose EVR and TAC with steroid withdrawal at 6  months or standard TAC, 
MMF, and steroid maintenance regimen. Allograft function, incidence of biopsy- 
proven acute rejection, allograft loss, and changes in height and weight were similar 
in both groups. Interestingly, while growth was significantly less affected in prepu-
bertal patients maintained on EVR therapy, rejection was the leading cause of drug 
discontinuation in this group, suggesting that TOR-I-containing regimens may be 
associated with suboptimal immunosuppression in the setting of steroid withdrawal 
[92]. Of note, no head-to-head comparative trials examining SIR versus EVR in 
pKTx recipients have been completed at this time.

 Costimulatory Blockade

Belatacept
The first-in-class costimulation blocker, belatacept, received FDA approval in 2011 
for use in adult KTx recipients. Belatacept is a human fusion protein that binds to 
the CD80/CD86 ligands on antigen-presenting cells, blocks their interaction with 
the CD28 receptors on T-lymphocytes, and selectively inhibits T-lymphocyte activa-
tion via the costimulatory signal [104]. The fusion protein also activates an inhibi-
tory signal that terminates the T-cell response, inhibits acute and chronic rejection 
pathways, and may play a significant role in promoting donor-specific tolerance 
[104]. The primary role of belatacept is CNI avoidance; thus, it is typically used in 
combination with basiliximab induction, MMF, and steroid maintenance.

Belatacept is commercially available as an intravenous solution approved for two 
distinct indications with different dosing: de novo induction and CNI conversion. 
For de novo induction, belatacept 10 mg/kg is infused over 30 minutes on the day of 
transplant prior to allograft implantation (day 1), then again on day 5, and at the end 
of post-operative weeks 2, 4, 8, and 12. By the end of week 16, belatacept is reduced 
to a maintenance dose of 5 mg/kg and infused every 4 weeks thereafter [105, 106]. 
For CNI conversion, belatacept 5 mg/kg is administered every 2 weeks for 4 doses 
and then every 4 weeks thereafter, in addition to a gradual CNI dose withdrawal 
(Table 12.1). A significant benefit of belatacept is its lack of drug-drug interactions, 
as well as the absence of the effect of renal or hepatic dysfunction on drug metabo-
lism and clearance.
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Efficacy
Clinical studies evaluating the benefits and drawbacks of belatacept in adults have 
yielded consistent results. Overall, initial phase II trials demonstrated non- inferiority 
to CsA-based regimens with respect to acute rejection, patient and allograft sur-
vival, infection, and cardiovascular (CV) or metabolic effects [105, 106]. The major 
benefits of belatacept were found to lie in its preservation of GFR and lower inci-
dence of chronic allograft nephropathy (CAN) at 6 and 12 months post-transplant 
[105, 106]. However, belatacept patients experienced a higher incidence and grade 
of acute rejection and significantly higher rates of PTLD, with cases occurring 
months after belatacept therapy was discontinued. Of note, despite the higher inci-
dence and severity of rejection, no difference in patient or allograft survival was 
seen at 12 months post-transplant [106].

Data on belatacept for use in pKTx recipients is limited to anecdotal case reports 
and retrospective, non-randomized conversion studies. A phase I study of a single 
dose of belatacept in adolescent KTx recipients resulted in therapeutic pharmacoki-
netic and pharmacodynamic measurements comparable to adults [107]. In another 
small group of adolescent KTx recipients who required long-term CNI avoidance, 
conversion to belatacept at a median time of 27 months post-transplant resulted in 
either stabilization or improvement of allograft function while avoiding rejection 
[108]. This benefit was only corroborated in patients converted well before signifi-
cant deterioration of allograft function had occurred, suggesting that there may be a 
small window of opportunity in which belatacept conversion is most benefi-
cial [109].

Belatacept’s significant advantage in CNI avoidance, improved long-term renal 
allograft outcomes, and benign side effect profile make it an attractive option war-
ranting further investigation for approval in the pediatric population. Of note, due to 
high rates of reported PTLD, belatacept remains contraindicated in Epstein-Barr 
virus (EBV)-naïve patients. As younger children are often EBV-negative at the time 
of transplant, this creates a limitation for use in pediatrics. Moreover, while monthly 
infusions may improve medication adherence, other limitations include significant 
treatment cost, strict administration schedules, and more frequent healthcare expo-
sures that may increase nosocomial infectious risks.

 Section II: Post-transplant Immunosuppression Challenges

 Adverse Effects

Beyond efficacy, other primary drivers for drug selection are related to an agent’s 
adverse effects and toxicities. It is imperative for both patients/caregivers and pro-
viders to be familiar with each individual immunosuppressant’s unique adverse 
effect profile (Table 12.1). Overall, all immunosuppressants carry an inherent risk of 
infection and malignancy; these risks should be monitored frequently and treated 
swiftly. Several factors predispose patients to infections post-transplant, including 
high-dose antiproliferative therapy and cumulative myelosuppressive effects of 
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induction and maintenance immunosuppression [110]. Immunosuppressant doses 
are frequently reduced in the setting of acute and life-threatening infections, as well 
as opportunistic fungal or viral infections [111], depending on each agent’s immune 
target and the target’s role in each particular infection [110]. Given that transplanta-
tion commits a pKTx recipient to lifelong immunosuppression, appropriately recog-
nizing and coping with adverse effects is key to improving adherence and minimizing 
the long-term impact on patient and allograft outcomes.

 Antiproliferative Agents
The adverse effects of AZA most frequently encountered post-transplant include 
fatigue, myelosuppression, hepatotoxicity, and hypersensitivity reactions. AZA- 
induced myelosuppression commonly manifests as leukopenia and thrombocytope-
nia, which are also dose-dependent and may be exacerbated by thiopurine 
methyltransferase (TPMT) and NUDT15 genetic polymorphisms (see 
Pharmacogenetics section). Hepatotoxicity may appear early in the treatment 
course with transient hepatic enzyme elevations and resolve with medication dis-
continuation, or after years of therapy in the form of nodular regenerative hyperpla-
sia [112]. Hypersensitivity reactions may also occur, and present with fever, chills, 
arthralgias, or rash, which also resolve with cessation of therapy [112, 113]. Rarely 
encountered adverse effects of AZA include diarrhea, pancreatitis, megaloblastic 
anemia, and malignancy. It is recommended to test for TPMT enzyme activity prior 
to initiation of AZA and to monitor complete blood count and liver function tests 
weekly for the first 1–2 months of therapy, followed by every 3 months thereafter. 
Lastly, serum amylase and lipase should be checked in patients with severe abdomi-
nal pain, nausea, or vomiting to rule out pancreatitis [112, 113].

The most common adverse effects encountered with mycophenolate are related 
to its GI toxicity and myelotoxicity. The incidence and severity are comparable 
between the adult and pediatric population. Patients younger than 6 years of age, 
however, may be most susceptible to MMF-induced adverse effects [114, 115]. Of 
note, the reported incidence of MMF dose reductions or therapy interruption sec-
ondary to its adverse effect profile ranges from 13% to 16% [11], which may poten-
tially increase the risk of allograft rejection in new pKTx recipients or those 
maintained on steroid-sparing immunosuppressive regimens [116].

Mycophenolate-induced GI toxicity presents as nausea, vomiting, diarrhea, and 
abdominal pain and tends to be dose-related; these symptoms are most likely to 
occur at the initiation of therapy and often improve over time [117]. Patients with 
persistent GI discomfort, however, may require the total daily MMF dose to be 
divided more frequently throughout the day. Although small case series in pKTx 
recipients suggest reduction in GI adverse effects and increased MPA absorption 
with MPS versus MMF [118, 119], larger studies fail to report a difference between 
MPS and MMF therapy [120–124]. Lastly, hematologic toxicities with MMF pres-
ent as leukopenia, thrombocytopenia, or anemia, and may be further amplified by 
the co-administration of myelotoxic therapies such as lymphocyte-depleting anti-
bodies for induction, valganciclovir for cytomegalovirus (CMV) prophylaxis, and 
sulfamethoxazole/trimethoprim or dapsone for Pneumocystis prophylaxis. 
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Supportive therapy with granulocyte colony-stimulating factor (G-CSF) may be 
considered when an MMF dose reduction is not feasible, such as in recipients who 
are highly sensitized, recently transplanted, or undergoing treatment  of 
allograft rejection.

 Steroids
Despite being a cornerstone of initial immunosuppressive regimens, the physical, 
psychological, and economic burden of steroid therapy related to both short- and 
long-term adverse effects have in part contributed to a 20% decreased incidence of 
steroid use as initial or maintenance immunosuppression in the last 20 years [125]. 
The adverse effect profile of glucocorticoids is partially attributed to their mecha-
nism of action and often linked to higher doses and prolonged use [126]. Secondary 
to the inhibition of leukocyte migration to injury sites, poor wound healing is of 
concern in patients receiving higher steroid doses immediately post-transplant [29]. 
Steroid-induced leukocytosis is also observed; this effect is primarily due to demar-
gination of neutrophils from the endovascular lining and delayed migration of poly-
morphonuclear leukocytes into tissues [127, 128]. Other less contributory 
mechanisms include release of immature neutrophils from the bone marrow into the 
circulation [129]. Given the risk of infections in transplant patients, it is important 
for clinicians to consider monitoring white blood cell counts with differential to rule 
out leukocytosis related to an acute infection, which typically presents with a “left 
shift” [130]. Additional short-term adverse effects include hyperglycemia and 
hypertension, particularly in patients with pre-existing metabolic risk factors.

Long-term adverse effects noted with steroid therapy include obesity, osteoporo-
sis, growth impairment, peptic ulcer disease, vision changes, behavioral changes, 
and Cushing syndrome. Additionally, adrenal suppression is expected with pro-
longed steroid exposure, warranting administration of “stress dose” steroids to meet 
physiological needs in the setting of trauma, infection, surgery, or other clinical 
stressors. In the era of combination therapy with CNIs, chronic hypertension, hyper-
cholesterolemia, hyperlipidemia, and hyperglycemia may also be potentiated, as 
similar adverse effects are associated with this drug class.

Over 10 years of data from the NAPRTCS registry highlights the contributing 
negative impact of steroids on both post-transplant growth and weight. With the 
goal of reaching normal adult height in pKTx recipients, the primary factors shown 
to influence post-transplant growth include age at transplantation, allograft func-
tion, and steroid dosage and duration of exposure [131]. Overall, registry data 
reported that children less than 5 years old exhibited a more negative Z-score at the 
time of KTx and significant catch-up growth in the 1–2 years after KTx, followed 
by a subsequent plateau or decline in Z-score in the years thereafter [125]. When 
assessing growth with regard to steroids specifically, daily use contributed to a sig-
nificant decrease in height Z-score, with some improvement in growth deficits seen 
with alternate-day regimens. The highest but still only modest catch-up growth was 
noted in patients receiving no steroids after the immediate post-transplant period 
[125]. At 3 years post-transplant, a significantly greater improvement in growth rate 
was observed in pKTx less than 5 years old and on steroid-free regimens, with no 
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significant difference noted in other age groups [132]. Thus, although crucial to 
carefully evaluate steroid use, this reiterates that other factors may also have an 
impact on growth following transplantation.

National registry data has also shown that at the time of transplant, 15.5% of 
pKTx recipients were overweight and 15.8% were obese; these proportions 
increased to 22.9% and 33.8%, respectively, at 6  months post-transplant and 
remained elevated at 21.3% and 33.6%, respectively, at 2  years post-transplant. 
Furthermore, the  absence of corticosteroid therapy at 6 and 48 months post- 
transplant was associated with smaller increases in BMI% at 12- and 48-month 
follow-up; of those patients still on corticosteroids, there was no difference seen 
between daily and alternate-day dosing [133]. When combined with the worldwide 
rise in childhood obesity, it is noteworthy for transplant teams to evaluate the poten-
tial impact of prolonged steroid maintenance regimens on cardiovascular mortality 
risk in pediatric transplant recipients [134].

 Calcineurin Inhibitors
There are several key adverse effects attributed to calcineurin inhibitors as a class. 
These include hyperkalemia, hypomagnesemia, hyperuricemia, diarrhea, alopecia, 
nausea, nephrotoxicity, hepatotoxicity, and neurotoxicity. In addition, metabolic 
adverse effects reported with CNIs include hypertension, hyperlipidemia, worsen-
ing hyperglycemia, and posttransplant diabetes mellitus (PTDM) [135]. Of note, the 
driver of PTDM is thought to be related to CNI-induced pancreatic β-cell toxicity, 
rather than insulin resistance as seen with corticosteroids [136, 137]. While hyper-
lipidemia is more commonly observed with CsA, hyperglycemia and PTDM are 
more frequently reported with TAC [63]. These complications often require phar-
macotherapeutic intervention and are likely potentiated with concurrent corticoste-
roid therapy. Thus, weighing the role of immunosuppressive therapy in the 
development of metabolic disorders is crucial as their correlation to cardiovascular 
disease in the pediatric population is alarming [138, 139]. In fact, 10-year and 
beyond post-transplant follow-up data shows that following infections, cardiovascu-
lar events remain the second leading cause of death in pKTx recipients with a func-
tioning allograft, with a reported mortality rate of 15–30% [140, 141].

Secondary to vasoconstriction at the afferent renal arteriole, both CsA and TAC 
may cause acute kidney injury marked by oliguria, anuria, and a rapid decline in 
GFR [142]. This is typically linked to supratherapeutic drug levels as well as con-
comitant therapy with other medications that also target the renal vasculature. The 
injury is often reversible by withdrawing the CNI or decreasing the dose. Over time, 
however, CsA and TAC can also lead to chronic nephrotoxicity, presenting as glo-
merulosclerosis, interstitial fibrosis, tubular atrophy, proteinuria, and a steady 
decline in GFR [137]. These structural changes can be progressive and are indepen-
dent of CNI dose. Some data suggests that CsA is more nephrotoxic than TAC, 
while others found no difference between the two [138, 139]. Nephrotoxicity may 
also be greater in protocols that maintain higher CNI trough levels to compensate 
for steroid withdrawal. Ultimately, to preserve remaining function in deteriorating 
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allografts, patients may require a switch to an alternate class of immunosuppres-
sive agents.

Cyclosporine may cause hirsutism, gingival hyperplasia, and facial dysmorphism, 
which may have negative and lasting psychosocial impacts in children and adoles-
cents and contribute to medication non-adherence. These adverse effects have not 
been observed with TAC, particularly  adding to its appeal for use in adolescents. 
Although neurotoxicity is reported with both agents, this is far more prevalent with 
TAC and can present in the form of headaches, tremors, and seizures [63, 135]. Other 
rare but serious adverse effects to consider include QT prolongation, myocardial 
hypertrophy, posterior reversible encephalopathy syndrome (PRES), and thrombotic 
microangiopathy (TMA) [63]. Although reported with both TAC and CsA, switching 
from one CNI agent to the other has resulted in resolution of TMA, as has complete 
CNI withdrawal and conversion to TOR-I [143–146]. It is worth noting, however, that 
TMA has also been reported with SIR and EVR [145]. More evidence is emerging for 
successful transition to belatacept in patients with CNI- induced TMA, but this data is 
still limited to adult renal transplant recipients [142, 147, 148].

 Target of Rapamycin Inhibitors
Although one of the reported advantages of TOR-Is is their minimal nephrotoxicity, 
both SIR and EVR are associated with other adverse effects worth noting. Poor wound 
healing seen with TOR-Is has the potential to delay surgical recovery, discouraging 
practitioners from its use in the immediate post-transplant period [149]. SIR and EVR 
may also cause aphthous ulcers, myelosuppression, peripheral edema, skin rash, and 
proteinuria [93, 150]. These adverse effects are often reversible by dose reduction. 
Elevations in total cholesterol, triglyceride, and low- and high- density lipoprotein con-
centrations have also been reported with both SIR and EVR therapy in a dose-depen-
dent fashion, although more frequently associated with SIR [151].

Rare but serious adverse effects that will usually require discontinuation of 
TOR-Is include TMA and pulmonary toxicity in the form of interstitial pneumoni-
tis. Should these occur, TOR-I discontinuation is likely warranted to maximize the 
chance of reversibility and recovery [152, 153]. In addition, TOR-Is may also be 
associated with delayed recovery from acute tubular necrosis and delayed graft 
function due to their impact on normal cell growth [154]. Angioedema has also been 
reported with TOR-Is, particularly at higher levels or in combination with 
angiotensin- converting enzyme inhibitors. Furthermore, both SIR and EVR carry 
black box warnings for their pro-thrombotic complications leading to an increased 
risk of hepatic artery thrombosis with SIR and kidney arterial and venous thrombo-
sis in the first 30 days post-transplant with EVR.

Despite a few small reports of suggesting growth impairment in pKTx recipients 
maintained on SIR versus CsA [155, 156], a substantial amount of evidence exists sup-
porting the use of reduced-dose EVR in combination with CNIs due to its lack of effect 
on growth and development [102, 152, 157, 158]. In addition, abnormalities in produc-
tion of testosterone and luteinizing hormone have been reported in pKTx recipients on 
SIR [159, 160]. These findings, however, were not seen in more recent studies of reduced 
EVR dosing regimens, raising the question of whether these are class effects [102, 157].
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 Costimulatory Blockade (Belatacept)
Belatacept’s adverse effect profile is considered relatively benign compared to other 
maintenance immunosuppressive agents. The increased incidence of PTLD in 
patients receiving belatacept maintenance is an important adverse effect that limits 
its use, especially in EBV-seronegative pediatric transplant recipients of EBV- 
seropositive donor allografts. Atypical EBV infections involving the central nervous 
system have also been reported [161]. Due to its intravenous route of administra-
tion, mild infusion-related reactions have been reported in 5% of patients receiving 
belatacept, which were similar to placebo and did not require pre-medications or 
lead to drug discontinuation [162, 163]. Furthermore, chronic venipuncture from 
monthly belatacept infusions may compromise future vascular dialysis access due 
to the increased risk of venous sclerosis and thrombosis [164].

 Drug Interactions

Another significant challenge present in transplant recipients is the management of 
drug interactions, which must be addressed with extra caution in order to avoid 
subtherapeutic or supratherapeutic drug exposure. If managed inappropriately, these 
interactions may affect immunosuppressive efficacy and ultimately long-term 
allograft function and survival. In addition, unrecognized interactions may also 
potentiate serious and harmful adverse effects and contribute to increased health-
care visits, cost of care, and medication nonadherence. This section reviews the 
most common drug interactions encountered in the post-transplant setting.

 Antiproliferative Agents
As previously mentioned, xanthine oxidase is required for the metabolism of 6-MP 
to its non-myelotoxic by-products. Thus, co-administration of AZA with xanthine 
oxidase inhibitors, such as allopurinol and febuxostat, should be avoided. In patients 
where co-administration cannot be avoided, a 75% AZA dose reduction is war-
ranted [165]. As mycophenolate requires a lower gastric pH for hydrolysis in the 
stomach, acid-suppressing therapies such as proton pump inhibitors may decrease 
MPA exposure, thereby leading to increased risk of allograft rejection [166, 167]. 
Of note, this drug interaction appears to affect MMF products more so than MPS 
and is somewhat disputed in the literature [168–170]. Additionally, aluminum- and 
magnesium-containing antacids decrease the absorption of MMF and should be 
separated in administration by at least 2 hours in order to minimize chelation and 
formation of insoluble complexes in the GI lumen. Lastly, it is best to avoid bile 
resin sequestrants in combination with MMF due to their binding to MPA and pro-
hibition of its enterohepatic recycling [171]. One small study of seven healthy indi-
viduals found a 91% reduction in MPA AUC with concomitant MMF and ferrous 
sulfate administration [172]. However, this finding has not been duplicated by fol-
low- up studies. In fact, multiple studies have demonstrated a lack of significant 
effect of oral iron supplements on mycophenolate absorption and MPA exposure 
[173–175].
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 Calcineurin Inhibitors and Target of Rapamycin Inhibitors
Both CNIs and TOR-Is are major substrates of CYP3A4/3A5 enzymes and PgP 
efflux transporters, which are primarily expressed in the liver and small intestine. 
Due to their metabolism and elimination via these pathways, inducers and inhibitors 
of either system will impact pharmacokinetics of CsA, TAC, SIR, and EVR. Clinically 
significant interactions have been reported with CYP3A4-inducing antiepileptics 
such as phenytoin, phenobarbital, carbamazepine, and oxcarbazepine, as well as the 
anti-mycobacterials rifampin and rifabutin, leading to decreases in CNI and TOR-I 
therapeutic levels and requiring dose agumentation [176–178]. Conversely, 
CYP3A4/3A5 inhibitors, particularly triazole antifungals, non-dihydropyridine cal-
cium channel blockers, macrolide antibiotics, and protease inhibitors can signifi-
cantly increase CNI/TOR-I levels and may require preemptive dose reductions by 
approximately 30–50% or greater [179–181]. By the same mechanism, grapefruit 
juice increases CNI and mTOR-I levels and is considered contraindicated in trans-
plant recipients. With judicious use, these drug interactions can also be applied 
advantageously. Several reports indicate use of CYP3A4 inhibitors such as diltia-
zem or clotrimazole to decrease overall CNI dosing requirement and boost levels in 
patients with difficulty achieving therapeutic trough goals [182–184]; others have 
successfully administered CYP3A4 inducers such as phenytoin to increase metabo-
lism in the management of tacrolimus toxicity [185, 186].

Moderate- to high-intensity antihyperlipidemic agents such as atorvastatin which 
utilize CYP3A4 and OATP1B1/SLCO1B1 metabolic pathways are contraindicated 
in patients on CsA. Because of its inhibitory effects on CYP3A4 and OATP1B1/
SLCO1B1, CsA dramatically raises statin concentrations leading to severe myopa-
thy and increased risk of rhabdomyolysis [181]. Although this interaction is not 
well-observed with TAC or TOR-Is, other statins that forego these metabolic path-
ways, such as pravastatin, are considered safer options for use in transplant 
recipients.

Combination therapy of CNI with medications known to induce QT prolongation 
should be monitored closely, particularly in patients with cardiovascular disease. A 
few examples of agents that are notorious for prolonging the QT interval and are 
likely to be administered to a transplant recipient include macrolide or fluoroquino-
lone antibiotics, triazole antifungals, and amiodarone. Lastly, onset of diarrhea, irre-
spective of cause, may also increase the possibility of supratherapeutic CNI and 
TOR-I blood concentrations due to diarrhea-induced sloughing of PgP efflux pumps 
lining the GI tract [187].

 Interactions Between Immunosuppressants
It is crucial to understand how immunosuppressants interact with one another as 
well to determine the optimal dose when used in combination. Unlike TAC, in addi-
tion to inhibition of CYP3A4 and OATP1B1/SLCO1B1, CsA also inhibits CYP2C9, 
multidrug-resistant protein (MRP)-2, and PgP/ABCB1. One of the resulting signifi-
cant interactions is seen with mycophenolate, which utilizes MRP-2 to transport 
7-O-MPHA glucuronide into the bile for conversion to the active MPA moiety that 
is reabsorbed via enterohepatic recirculation [11]. Inhibition of MRP-2 by CsA 
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leads to a lower total MPA AUC, leading to higher MMF dose requirements com-
pared to patients on TAC to achieve therapeutic exposure [188]. Thus, in order to 
overcome this drug interaction, higher MMF starting doses of 1200–1800 mg/m2/
day have been suggested when combined with CsA, compared to 600 mg/m2/day 
when combined with tacrolimus [11, 189]. Moreover, if patients are converted from 
CsA to TAC or belatacept, MMF may require dose reductions to minimize the risk 
of MMF-associated adverse effects. Although no specific dose reduction recom-
mendations are documented in the literature, practitioners may opt to dose-reduce 
either empirically or based on institution-specific protocols in the setting of acute 
infection, myelosuppression, and GI toxicities [163].

Simultaneous administration of CsA and SIR results in 67–85% higher SIR 
trough levels attributed to CYP450 and PgP substrate competition. Although initial 
recommendations suggested separating CsA and SIR administration by 4 hours, 
most practitioners will administer the 2 agents concomitantly for improved adher-
ence but start with a lower SIR dose. Similarly, CsA has also been noted to increase 
the AUC of EVR, thus explaining the need for lower starting dose requirements 
when used in combination [93]. Interestingly, a decrease in TAC AUC and trough 
levels is expected when used in combination with SIR. The mechanism of this inter-
action is also attributed to competition for the same metabolic pathways and signifi-
cant protein binding by both TAC and SIR [190]. When used in combination, close 
therapeutic drug monitoring to adjust levels is warranted.

Lastly, corticosteroids are both substrates and weak inhibitors of CYP3A4, as 
well as substrates of PgP transporters [30]. Although the likelihood of interaction 
seems higher with CsA, data demonstrating clinical relevance among other immu-
nosuppressants remains conflicting [191–194]. Corticosteroids may also have 
inducing properties for both MRP-2 and UGT, with possible effect on mycopheno-
late exposure [30]. Therapeutic drug monitoring of concomitant immunosuppres-
sants, particularly while receiving high-dose steroids, may be prudent. The lack of 
major drug-drug interactions and nonenzymatic metabolism of belatacept allows for 
ease in use as maintenance immunosuppression.

Perhaps one of the biggest challenges in minimizing the incidence and impact of 
drug interactions in transplant recipients is attributed to non-transplant healthcare 
interactions, such as those with general practice  pediatricians and emergency 
departments. Oftentimes, medications are prescribed in these settings without 
knowledge of the clinical interactions with transplant immunosuppression, leading 
to adverse effects and poor patient outcomes. Thus, a general awareness regarding 
the nuances of transplant pharmacotherapy among healthcare providers and educat-
ing patients and caregivers regarding the importance of communication prior to 
initiation of any new therapies is essential [195]. Additionally, consulting with phar-
macists and other trained practitioners for therapeutic alternatives to avoid the drug 
interaction altogether may increase the impact and safety of the intervention. Close 
therapeutic drug monitoring and dose adjustments paired with a comprehensive 
understanding of these dynamics is key to ensuring both safety and efficacy of 
immunosuppressive therapy in transplant patients.
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 Role of Pharmacogenetics

There is significant inter- and intra-patient variability in both the pharmacokinetics 
and pharmacodynamics of immunosuppression. Although the relationship between 
pharmacogenetics and pharmacokinetics is now better understood than it was previ-
ously, the link between pharmacogenetics and pharmacodynamics remains unclear. 
For example, we can now anticipate a patient’s TAC dosing requirements based on 
the presence or absence of certain genetic alleles, but we struggle to answer ques-
tions such as why one patient develops allograft rejection at therapeutic TAC levels 
but another patient with subtherapeutic TAC levels does not. Nonetheless, pharma-
cogenetic testing has become a major area of interest over the last decade, with the 
goal of personalizing immunosuppressive regimens in transplant recipients and 
optimizing patient and allograft outcomes. The vast majority of pharmacogenetic 
research in maintenance immunosuppression targets CNIs and antiproliferative 
agents, which will be the focus of this section.

Both CNIs and TOR-Is are metabolized via CYP3A enzymatic pathways and 
eliminated via the PgP efflux transport system. Cyclosporine and TOR-Is’ metabo-
lism is mainly dependent upon CYP3A4, while TAC relies heavily on CYP3A5 
pathways [196, 197]. Although certain CYP3A4 polymorphisms  which affect 
drug metabolism have been identified, a strong clinical association has not been 
consistently reported [198]. On the contrary, particular single nucleotide polymor-
phisms (SNPs) of CYP3A5 alleles play a prominent role in determining its function, 
thereby contributing to alterations in TAC pharmacokinetics. Because of this, nei-
ther CsA nor TOR-Is exhibit as significant inter-patient variability as is  seen 
with TAC.

Of the known genetic variants, the CYP3A5*1 SNP has demonstrated the stron-
gest correlation with changes in TAC dosing requirement [199]. The wild-type 
allele,  CYP3A5*1, is associated with the greatest metabolic  function, while the 
CYP3A5*3 allele  is associated with loss  of  metabolic  function. Homozygous 
(*1/*1) expressors require higher TAC dosing due to more rapid metabolism, while 
*1/*3 and *3/*3 expressors require lower TAC dosing due to slower metabolism. In 
fact, expressors (*1/*1 and *1/*3) may require up to 50% higher doses than non- 
expressors (*3/*3), highlighting the challenges of applying a “one-size-fits-all” dos-
ing model to all patients [200]. This finding is consistent among adult and pKTx 
recipients [201–203]. Furthermore, there is also a clear role of ethnicity in defining 
polymorphism frequency that cannot be dismissed; CYP3A5*1 SNPs have been 
noted to occur in 5–10% of Caucasian, 30% of Asian, and 70% of African patients. 
This is confirmed with clinical findings of African Americans requiring significantly 
higher TAC doses to maintain similar trough levels compared to the rest of the trans-
plant patient population [204, 205].

After multiple reports of retrospective findings, the first prospective, random-
ized, controlled clinical trial to assess genotype-driven TAC dosing was conducted 
in 2010 by Thervet and colleagues in 280 adult KTx recipients [206]. A greater 
number of patients in the genotype-driven dosing group achieved target TAC levels 
by post-transplant day 3 compared to the standard dosing group (43.2% vs. 29.1%, 
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respectively, p = 0.03) and required fewer dose modifications [206]. One should 
note, however, that aside from reaching the therapeutic goal faster, no consistent 
link  between CYP3A5 allele polymorphism and incidence of rejection, delayed 
graft function, TAC toxicity, or patient and allograft survival has been established 
[207, 208]. One explanation for this lack of pharmacodynamic correlation in studies 
may be the inclusion of immunologically low-risk patients and use of lymphocyte- 
depleting induction therapy [208]. Thus, further prospective trials to examine the 
relationship with clinical outcomes are warranted before routine genetic testing can 
be recommended for all transplant patients.

As previously mentioned, PgP and ABCB-1 efflux transporters play a major role 
in TAC absorption and subsequent distribution. Working collectively with CYP3A 
enzymes, PgP transporters continuously pump drug out of intestinal enterocytes, 
decreasing absorption of CNI in the small intestine [209, 210]. Furthermore, pres-
ence of PgP transporters at the blood-brain barrier, kidneys, and liver may also 
affect CNI distribution at these various sites [209, 210]. Of the 50 ABCB-1 SNPs 
identified, the ABCB1 3435 C > T has received the most attention as it is thought to 
alter overall transporter expression [211, 212]. Although the expected finding would 
suggest altered bioavailability, studies have not been able to replicate a clinically 
relevant impact on TAC pharmacokinetics. It is also postulated that given its role in 
CNI distribution, ABCB-1 SNPs may instead play a wider role in explaining the 
adverse effects of TAC [213, 214]. The significance of these polymorphisms, how-
ever, remains unclear, and further studies are needed.

Severe adverse effects of AZA may be attributable to loss-of-function genetic 
polymorphisms in TPMT, the enzyme responsible for inactivating thioguanine 
nucleotides (TGN). Non-functionality in the TPMT alleles decreases TGN inactiva-
tion, causing mild to life-threatening myelotoxicity upon AZA exposure in hetero-
zygous and homozygous carriers, respectively [215]. One in 300 patients may be 
predisposed to low or nonexistent TPMT function [4], with Afro-Caribbean and 
female patients being at higher risk than Caucasians, South-Asians, and males 
[216]. More recently, NUDT15 loss-of-function genetic polymorphisms have also 
been implicated as significant contributors to AZA intolerance. The function of 
NUDT15 is to inactivate AZA’s metabolites and neutralize their cytotoxicity. Thus, 
patients with enzymatic deficiency are at a greater risk of AZA-induced myelotoxic-
ity, especially in the presence of concomitant TPMT deficiency [217]. Finally, 
genetic variations in enzymes UGT1A9, UGT2B7, and MRP2 have been identified 
as predictors of interpatient variability of both MPA exposure and MPA-associated 
leukopenia [218]. Although testing of TPMT status for patients taking AZA is now 
fairly common, no routine genetic testing has been recommended for patients on 
mycophenolate derivatives.

 Infections

A leading cause of mortality in pKTx recipients, infectious complications account 
for the greatest proportion of hospital readmissions within the first 2 years 
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posttransplant [219, 220]. The primary driver of infectious risk is long-term immu-
nosuppression, blunting the host’s ability to mount an appropriate immune response. 
In addition, younger children often lack the exposure to opportunistic pathogens 
such as EBV, CMV, and tuberculosis (TB) to establish lifelong latency prior to 
transplant, and may develop disseminated infections far more easily than an immu-
nocompetent host [221]. Fortunately, donors are now routinely screened for infec-
tions such as CMV, EBV, human immunodeficiency virus (HIV), hepatitis B virus 
(HBV), and hepatitis C virus (HCV) to minimize inadvertent transmission to the 
recipient or to allow for risk assessment and initiation of prophylactic therapy where 
appropriate [222]. In addition to opportunistic infections, the pediatric KTx recipi-
ent also remains susceptible to other common childhood infections, including acute 
otitis media, bronchiolitis, and gastroenteritis.

Viral infections in the setting of chronic immunosuppression complicate treat-
ment and may have long-term effects on allograft function. The incidence of chronic 
rejection is higher in the setting of CMV infection due to the temporary reduction in 
immunosuppression during treatment, as well as an increase in the presence of pro- 
inflammatory mediators in the allograft during the acute infectious process [223]. 
Post-transplant lymphoproliferative disorder is also more prevalent in EBV-negative 
pediatric recipients of EBV-positive organs [224]. Moreover, the cumulative hema-
tologic dyscrasias caused by the viral infections themselves may be exacerbated by 
concomitant immunosuppression with antiproliferative agents and TOR-Is. 
Although impractical to only accept CMV- and EBV-negative donor allografts due 
to a significant worldwide organ shortage, exposure prevention and early detection 
is vital. For example, the use of CMV-seronegative blood product transfusions may 
reduce the risk of transfusion-transmitted exposure [225].

Another challenge to consider in pKTx recipients is maintaining an up-to-date 
vaccination schedule both pre-and post-transplantation. If transplanted at a 
young age, the recipient may not have yet completed their recommended immu-
nization series. In addition, chronic kidney disease (CKD) patients and those on 
dialysis are often unable to mount a sufficient response to vaccines due to poor 
immunocompetence and may require repeated doses [226, 227]. Although small 
studies in pediatric liver transplant recipients have suggested the safety of using 
live vaccines such as measles, mumps, rubella, and varicella, the consensus 
remains to avoid live vaccines post-transplant due to the potential risk of dis-
seminated disease [228–230].

 Malignancy

Malignancies are well-known complications post-KTx and occur at a higher rate 
compared to the general population. The types of malignancies initially seen in 
pKTx recipients differ significantly from that of the adult transplant population. 
Furthermore, when compared to the general pediatric population, the occurrence of 
malignancies is reportedly 5–20 times higher in SOT recipients [231]. The most 
recent NAPRTCS data reports that approximately 11–23% of all deaths after pKTx 

N. Siddiqi and A. Campbell



333

are secondary to cancer, with PTLD and skin cancers being the first and second 
most common, respectively [134, 232].

The incidence of PTLD reported in pKTx recipients is 1–2.5% albeit substan-
tially lower when compared to other organ transplants [233]. Often seen within the 
first  post-transplant  year, the median time from transplant to PTLD diagnosis is 
12.7 months [134]. The most common risk factors associated with development of 
PTLD are younger age at time of transplant, EBV viremia, and overall level of 
induction and maintenance immunosuppression. The association with age is likely 
attributed to the fact that infants and children are typically EBV-seronegative; thus, 
de novo exposure leading to viremia while immunosuppressed creates an opportune 
environment for development of PTLD.

Interestingly, although the impact of overall immunosuppression is certainly well 
acknowledged, it is unclear if specific immunosuppressive agents increase this risk or 
provide a protective advantage. Although some have suggested that induction with 
lymphocyte-depleting agents correlates with development of PTLD, this finding is not 
consistently reported [234–237]. Older studies suggest greater PTLD risk with TAC 
over CsA, but this is likely more related to previously higher TAC trough goals lead-
ing to over-immunosuppression rather than individual drug effect [238, 239]. The 
incidence of PTLD is also significantly higher in belatacept- versus CNI-treated 
patients, particularly in the setting of EBV donor/recipient serology mismatch [240]. 
Lastly, MMF demonstrates a low correlation to PTLD, and TOR-Is’ effects on the cell 
cycle make them a preferred option for maintenance immunosuppression after treat-
ment of malignancies, including PTLD [235, 236]. Treatment options for PTLD 
include minimization of the maintenance immunosuppression regimen, antivirals like 
ganciclovir, low-dose chemotherapy, and rituximab. Two year patient survival follow-
ing PTLD diagnosis in pediatrics ranges from 70% to 85% [241–243].

When considering non-lymphoproliferative malignancies, skin cancers in the 
form of melanoma or squamous cell carcinoma are the most frequent tumor types 
found in SOT recipients [244]. Malignancies related to chronic viral infections, 
such as human herpesvirus 8 (HHV8)-associated Kaposi sarcoma and human papil-
lomavirus (HPV)-associated genital cancers, also occur. Additionally, cancers of the 
liver, kidney, soft tissue, ovary, testis, bladder, and thyroid have all been reported 
[231]. Non-lymphoproliferative malignancies are observed at a much lower rate and 
seen later on after  transplantion compared to PTLD [134]. Pharmacotherapeutic 
treatment options in addition to chemotherapy also entail overall reduction in immu-
nosuppression and use of a TOR-I [245]. It is essential to note that as patient and 
allograft survival outcomes continuously improve, pKTx recipients living into 
adulthood acquire additional age-related cancer risks as well. Ultimately, identify-
ing risk factors and minimizing immunosuppression without jeopardizing allograft 
function may be beneficial in preventing malignancies in pKTx recipients.

 Pregnancy and Fertility

Kidney transplantation allows for rapid resolution of abnormalities in the 
hypothalamus- pituitary-ovarian axis that can be seen in females with CKD. This 
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restoration can occur within weeks to months post-transplant and thus provides an 
opportunity for women to regain fertility and conceive. Pregnancies in KTx recipi-
ents carry high maternal and fetal risk and are complicated by the presence of pro-
teinuria, hypertension, time elapsed since transplant, immunologic factors, and 
immunosuppressive agents [246]. Additionally, adolescent and teen pregnancies 
may further add to these risk factors [247]. Unfortunately, outcomes data on preg-
nancies in adolescent and adult KTx recipients is limited to registries such as the 
Transplant Pregnancy Registry International and retrospective reports, further mini-
mizing insight. With expected survial to adulthood, fertility and pregnancy must be 
addressed as the pKTx recipient matures. It is therefore crucial for healthcare pro-
viders to educate adolescents and young adults on the need for highly effective 
contraception to avoid unwanted pregnancies. In addition, an emphasis should be 
placed on the importance of planned pregnancy to ideally minimize risk factors for 
both the mother and fetus prior to conception.

The immunosuppressive agents that are commonly used post-transplant cross the 
placenta and are detectable to varying degrees in the fetal circulation [248]. CNIs 
are FDA Pregnancy Category C (human risk not ruled out) and are considered safe 
in pregnancy and breastfeeding. The extent of exposure detected in blood levels of 
the fetus is estimated to be half of that seen by the mother [248]. Notably, there is 
an approximate 25% dose increase required for CNIs during pregnancy to maintain 
adequate trough levels; this is attributed to an increase in volume of distribution and 
overactive CYP3A metabolic function [249]. When taken during pregnancy, CsA 
may increase the risk of pre-eclampsia, cause development of immature T-cells, and 
decrease production of B-cells [250]. Theoretically, this can predispose the fetus to 
autoimmune diseases; the long-term impact, however, is still unknown. Such find-
ings are not yet reported with TAC but also cannot be ruled out. Lastly, the incidence 
of congenital malformations in women maintained on CNIs throughout pregnancy 
is consistent with  the general population, ranging from 3% to 5%, and is similar 
between TAC and CsA [251].

Although both antiproliferative agents are categorized as FDA Pregnancy 
Category D (evidence of human risk), AZA is the preferred agent over MPA [66, 
252]. This is primarily because the fetal liver lacks the enzyme inosinate pyrophos-
phorylase, protecting the fetus from the toxic adverse effects of AZA [253]. It is also 
worth noting that teratogenicity with AZA has been primarily reported at higher 
doses of ≥6 mg/kg, well above the recommended doses of ≤3 mg/kg/day in KTx 
recipients [253]. Following administration of AZA,  6-MP reaches its peak at 4 
hours and  is also present in breastmilk [254]. Although the reported risk is low, 
pumping and discarding any breastmilk within the 4 hours after each AZA dose 
may be a strategy to decrease the infant’s 6-MP exposure [254]. This is in stark 
contrast to MPA, which is linked to spontaneous abortions and numerous birth 
defects [250]. Compared to women who discontinue MPA prior to conception, there 
is a significantly higher rate of miscarriages around 45–49% in women still taking 
MPA during the first trimester [251, 255]. In addition, fetal exposure to MPA causes 
congenital malformations in 20–27% of births. The most commonly observed birth 
defects include cleft lip and palate, microphthalmos, finger malformations, and 
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congenital heart defects [256, 257]. In light of these findings, MPA derivatives are 
contraindicated in pregnancy. Consequently, it is strongly recommended to discon-
tinue MMF at least 6 weeks prior to conception [258, 259]. Despite these findings 
and FDA’s black box warning regarding the same, both MMF and MPS remain 
Pregnancy Category D. Given the high risk, it is required for prescribers to complete 
a risk evaluation and mitigation strategy (REMS) with all female patients of child-
bearing potential prior to initiation of MMF. In addition, women should be coun-
seled on pregnancy prevention, use of reliable and effective contraception methods 
when sexually active, and importance of planned pregnancies. In the young 
adult population, however, avoiding unplanned pregnancies poses a significant chal-
lenge, particularly in adolescents that may engage in “high-risk” sexual behavior 
[250]. Lastly, it is important to note that the risk of congenital malformations has 
not been reported in pregnancies fathered by patients receiving MMF or AZA 
[260, 261].

Limited data is available regarding clinical outcomes of TOR-I exposure in preg-
nancy. Both SIR and EVR have shown to cause infertility and are FDA Pregnancy 
Category C. In males, TOR-Is can cause azoospermia and oligospermia, while men-
strual irregularities and amenorrhea have been observed in females [262]. Although 
teratogenicity in women has not been reported [263, 264], animal studies suggest 
increased fetal mortality, decreased fetal weight, and delayed ossification of skeletal 
structures [265, 266]. Thus, EVR and SIR should be discontinued at least 8 weeks 
and 12 weeks, respectively, prior to conception in females and at least 4 weeks in 
male KTx recipients fathering a pregnancy. Finally, prednisone, prednisolone, and 
methylprednisolone are considered safe in pregnancy and breastfeeding, with both 
categorized as FDA Pregnancy Category B and Category C, respectively. This 
safety is likely due to low fetal exposure as 90% of corticosteroid maternal dose is 
metabolized in the placenta before reaching the fetus [267]. Orofacial clefts and 
congenital malformations in newborns exposed to glucocorticoids are reported, but 
the prevalence is very low [268]. In actuality, adverse effects related to steroid use 
such as hypertension and preeclampsia are far greater of a concern in the pregnant 
female and must be closely monitored.

In summary, CNI treatment ideally with TAC and close therapeutic drug moni-
toring, a switch of mycophenolate to AZA, and utilization of low-dose prednisone 
is the recommended regimen in pregnant KTx recipients [252]. The risk of rejection 
is potentiated significantly in the presence of proteinuria and hypertension. Thus, 
signs of high blood pressure should be monitored and promptly treated; hydrala-
zine, beta-blockers, or calcium channel blockers are considered safe and effective 
options in pregnancy. More robust registries and studies, however, are needed in this 
unique patient population.

 Medication Nonadherence

Medication nonadherence (MNA) is the age-old challenge that carries a tremendous 
impact on short- and long-term outcomes following SOT. Nonadherence refers to a 
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deviation from the medication regimen prescribed by the healthcare provider that 
is sufficient enough to adversely impact the regimen’s intended effect [269, 270]. 
Adherence to complex, lifelong immunosuppressive regimens after transplantation 
is often burdensome, particularly among adolescents, with rates of MNA in pKTx 
recipients ranging from 30% to 70% [271]. Expectedly, nonadherence is associated 
with clinically worse outcomes such as development of de novo donor-specific anti-
bodies leading to immunological sensitization and allograft rejection, increased 
hospitalizations, healthcare costs, treatment-related adverse effects, allograft loss, 
and death [272, 273].

Rather than an isolated clinical issue, MNA is a modifiable behavior, and inter-
ventions to improve adherence must focus on addressing barriers to behavioral 
change. The World Health Organization has identified five broad categories of fac-
tors that are most commonly associated with and contribute to MNA, which include 
socioeconomic, condition-related, psychosocial, health system-related, and 
treatment- related factors [274]. Medication nonadherence is rarely triggered by a 
single risk factor, but rather a combination of multiple barriers with various etiolo-
gies that occur simultaneously and ultimately lead to nonadherence [275]. Given its 
multifactorial etiology, MNA remains one of the biggest long-term challenges for 
transplant recipients and providers alike.

Socioeconomic factors such as financial instability, lack of a cohesive family 
structure, as well as adolescent age are perhaps the most common barriers known to 
affect adherence in the pediatric population [275, 276]. Adolescents have the high-
est reported incidence of acute rejection within the first post-transplant year and the 
lowest 5-year allograft survival compared to all other age groups below 65 years 
[277]. As the adolescent begins transitioning to the ownership of being responsible 
for self-care, the presence of parental supervision and family support in this crucial 
developmental stage fosters adherence [278]. Furthermore, socioeconomic sta-
tus, often associated with racial and ethnic disparities in the United States, is also a 
major factor  linked to significantly higher rates of MNA in pKTx recipients of 
African-American background [279, 280]. Lastly, post-transplant medication regi-
mens and monitoring are costly; lack of means to secure sufficient medical and 
prescription insurance coverage puts patients at risk for incurring catastrophic med-
ical costs, driving them to avoid the healthcare system [272]. It is still debatable 
where the ethical burden of support rests to alleviate such socioeconomic drivers of 
poor allograft outcomes as a way to maximize the life of the allograft in an era 
where there is already a shortage of available organs for transplantation [280].

The cause and duration of CKD prior to KTx, time spent on dialysis, and time 
since transplantation are all condition-related factors that may contribute to MNA 
[274]. Patients who slowly progress to end-stage renal disease typically have more 
familiarity with complex medication regimens and have better adherence compared 
to those with acute renal failure requiring urgent transplantation [275]. Additionally, 
the more time that has passed after transplant, the less attention and urgency patients 
allot to their day-to-day routine [281, 282]. From a psychosocial standpoint, low 
health literacy and incomprehension of one’s disease state and a false overestima-
tion of one’s own immortality are additional factors that further increase the risk of 
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MNA, especially in adolescent transplant recipients [274]. It is therefore crucial for 
providers to discuss the challenging aspects of life after transplantation with patients 
and families, such as lifelong immunosuppression, monitoring requirements, poten-
tial adverse effects, and complications. Clinical pharmacists and transplant coordi-
nators play a significant role in educating transplant candidates and caregivers about 
post-transplant medication regimens and setting realistic expectations, while social 
workers are key for identifying psychosocial risk factors that may contribute to 
MNA.  Lastly, other patient-related factors such as depression, low self-esteem, 
anger, denial, behavioral disturbances, and cognitive impairment must be appropri-
ately identified to allow for necessary intervention by the transplant team.

Treatment-related factors such as high pill burden, cumbersome dosing sched-
ules, and medication side effects are some of the most obvious and common barriers 
to adherence [271, 274]. Given that the overall pill burden is at its highest immedi-
ately following transplantation, it is essential for the medical team to avoid adding 
medications that are not imperative to immediate post-transplant clinical needs. For 
example, individual antihypertensive doses should be maximized before adding 
additional agents, and medications dosed once-daily are usually preferred over 
those that require multiple-daily dosing [275]. Since younger children are not able 
to swallow tablets or capsules and rely on oral liquid formulations, medication pal-
atability is another challenge. Pharmacies may offer medication-flavoring services 
to improve the taste of oral liquids. It is also important for the provider to keep in 
mind the patient’s age and offer the parent or caregiver the option of switching from 
oral liquids to pills as soon as the child is able to swallow them. Extended-release 
TAC and LCPT formulations may also be considered in patients who are able to 
swallow tablets and have a tendency to miss doses of immediate-release TAC.

In line with these challenges, healthcare system-related factors such transitions 
of care (TOC) from pediatrics to adult and patient-provider relationship present 
significant barriers as well. The limited time allotted for the provider to spend with 
the patient, lack of explanation around treatment provided and about adherence, 
mistrust in the healthcare system, and patient perception that they are burdening the 
provider all contribute to MNA [283]. Additionally, although studies have not con-
sistently demonstrated a direct link between TOC and MNA in particular, patients 
who transition from pediatric to adult care under the age of 21 years are more likely 
to experience allograft loss than those who transition at an older age [284]. 
Furthermore, the incidence of allograft loss appears to be highest during the “adap-
tation period” from 6 months before to 2.5 years after TOC, indicating that this 
high-risk period requires heightened attention and additional resources [285]. 
Implementation of pediatric-to-adult transition protocols and use of published 
guidelines and educational resources may significantly decrease the incidence of 
acute rejection while empowering providers, patients, and caregivers with the tools 
they need to improve long-term outcomes [286–290].

Currently, there is no gold standard for measuring MNA for ensuring reliability 
and accuracy in assessment or in predicting allograft outcomes [291]. As no single 
strategy has shown high sensitivity or specificity, heterogeneous methods such as 
electronic pill dispensers, pharmacy refill data, therapeutic drug monitoring, and 
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parent or patient self-reporting have all been utilized [292]. Furthermore, instru-
ments and scales, such as the Parent and Adolescent Medication Barriers Scales 
(PMBS and AMBS, respectively) and Multidimensional Adherence Classification 
System (MACS), have been developed and validated to measure adherence and 
assess perceived barriers, while assisting providers in identifying MNA and improv-
ing outcomes [273, 293].

Once barriers are identified, addressing behavioral factors that impact adherence 
likely requires intervention both pre- and post-transplantation. Establishing a strong 
patient-provider relationship and the use of a multidisciplinary team approach com-
bining the expertise of physicians, surgeons, pharmacists, nurses, dieticians, and 
social workers may also positively impact post-transplant care and increase adher-
ence [272]. In addition, implementation of strategies such as the Pediatric 
Psychosocial Preventative Health Model (PPPHM) has been found particularly use-
ful during the pre-transplant patient evaluation process in identifying psychosocial 
barriers and implementing solutions that minimize the risk of MNA [294]. The 
impact of post-transplant intervention was demonstrated by the TAKE-IT trial, in 
which teenage pKTx recipients who received adherence support via electronic dose 
reminders, routine clinic visits, and feedback on overcoming patient-identified 
adherence barriers demonstrated significantly better medication adherence com-
pared to the non-intervention group [295]. Other strategies to reduce MNA and 
improve patient and allograft outcomes include minimization of polypharmacy, 
decreasing frequency of medication  administrations per day, and utilization of 
adherence contracts. In addition, pillboxes and mobile health reminder applications 
have demonstrated to significantly reduce the number of missed doses and increase 
overall adherence in pediatric and adult transplant recipients [270, 291, 296–298].

Nonadherence in the pKTx recipient is a health behavior that may be modified 
through a collaborative relationship between the transplant team, the patient, and the 
caretakers. Fostering positive medication adherence habits requires an understanding 
of the patient-specific barriers and implementation of individualized strategies to ulti-
mately promote positive behavioral changes. Because MNA can occur at any time 
following transplantation and requires continuous monitoring for long- term patient 
and allograft survival, it remains an ongoing challenge in the transplant population.

 Conclusion

While patient and allograft outcomes have drastically improved over the last few 
decades, complications of lifelong immunosuppression remain a challenge in pedi-
atric kidney transplant recipients. Concerning long-term adverse effects include 
short stature, obesity, post-transplant diabetes, hypertension, nephrotoxicity, infec-
tions, and malignancy. Adherence to complicated medication regimens poses yet 
another challenge for both the patient and the caretaker. Furthermore, pharmacoki-
netic and pharmacogenetic factors such as drug clearance and altered enzymatic 
metabolism play an evolving role in children. Lastly, despite numerous publications 
in the adult population, clinical trials in the pediatric transplant population remain 
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limited. An ideal regimen would maintain high allograft survival rates while mini-
mizing adverse effects and providing a simple dosing strategy. As newer immuno-
suppressive agents come to market, robust clinical trials involving children and 
adolescents are needed to guide our strategies. Ultimately, however, shifting toward 
a personalized approach to immunosuppression selection through evaluation of 
patient-specific factors may yield the most promising outcomes.

 Self-Assessment Questions

 1. Which of the following classes of immunosuppression is most commonly asso-
ciated with nephrotoxicity (such as oliguria, rise in serum creatinine, hyperkale-
mia) and neurotoxicity (such as tremors and headaches)?

 (a) Antiproliferative agents (azathioprine, mycophenolate)
 (i) Antiproliferatives are most commonly associated with gastrointestinal 

toxicities (such as nausea, vomiting, diarrhea, and gastritis) and hemato-
logic toxicities (such as leukopenia and thrombocytopenia).

 (b) Calcineurin inhibitors (cyclosporine, tacrolimus)
 (i) The most common adverse effects of CNIs include nephrotoxicity and 

neurotoxicity.
 (c) Corticosteroids (prednisone, prednisolone)
 (i) Steroids are most commonly associated with metabolic adverse effects, 

such as hypertension, hyperglycemia, edema, and polyphagia.
 (d) Target of rapamycin inhibitors (sirolimus, everolimus)
 (i) TOR-Is are most commonly associated with poor wound healing, pro-

teinuria, aphthous ulceration, and hyperlipidemia.
 2. Which of the following approaches would be most appropriate in a pediatric 

kidney transplant recipient with persistently worsening pancytopenia after being 
converted to azathioprine due to mycophenolate-induced gastrointestinal 
toxicity?

 (a) Measure mycophenolic acid (MPA) trough.
 (i) No need to monitor MPA as patient is no longer on mycophenolate.
 (b) Measure an abbreviated MPA area under the curve (AUC).
 (i) No need to monitor MPA AUC as patient is no longer on 

mycophenolate.
 (c) Measure thiopurine methyltransferase (TPMT) function.
 (i) TPMT enzymatic deficiency predisposes patients to mild to life- 

threatening myelotoxicity due to accumulation of thioguanine nucleo-
tides (TGN) and should be monitored prior to azathioprine initiation 
or in cases of refractory myelosuppression after therapy initiation.

 (d) Measure uridine diphosphate glucuronosyltransferase (UGT) function.

 (i) No need to monitor UGT, which is an enzyme responsible for metaboliz-
ing mycophenolic acid to mycophenolic acid glucuronide.

 3. Which of the following is an absolute contraindication to belatacept 
administration?
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 (a) Epstein-Barr virus (EBV) seronegativity
 (i) Belatacept carries a black box warning against its use in patients who 

are EBV-seronegative due to the significant risk of posttransplant lym-
phoproliferative disorder (PTLD).

 (b) History of previous transplantation
 (i) Patients who undergo re-transplantation may be candidates for belata-

cept therapy as long as they are EBV-seropositive.
 (c) Pregnancy
 (i) Although the data for belatacept use throughout pregnancy is limited, it 

is classified as Pregnancy Category C.
 (d) Presence of proteinuria
 (i) Belatacept has not been associated with inducing or worsening protein-

uria; on the contrary, it has shown to improve renal function in kidney 
transplant recipients with calcineurin inhibitor-induced kidney injury.

 4. A kidney transplant recipient is admitted with fever and is found to have leuko-
cytosis, elevated galactomannan, and ground-glass opacities with halo sign on 
computerized tomography (CT) scan suggestive of invasive fungal pneumonia. 
The infectious disease team recommends initiating voriconazole until more 
definitive testing can be performed. Which of the following modifications to the 
patient’s immunosuppression regimen is most appropriate?

 (a) Increase the tacrolimus dose by 50% in order to overcome the CYP3A4- 
inducing effects of voriconazole.

 (i) Voriconazole is a CYP3A4 inhibitor, not inducer.
 (b) Decrease the tacrolimus dose by 50% in order to overcome the CYP3A4- 

inhibiting effects of voriconazole.
 (c) Add grapefruit juice to the patient’s daily diet in order to increase the absorp-

tion of voriconazole.
 (i) Grapefruit juice should be avoided in patients maintained on calcineurin 

inhibitors, such as tacrolimus, due to its inhibitory effects on CYP3A4 
and increased risk of calcineurin inhibitor toxicity.

 (d) Add atorvastatin to the patient’s regimen in order to treat voriconazole- 
induced hyperlipidemia.

 (i) Voriconazole is not associated with significant changes in serum lipids.
 5. Which of the following pharmacogenetic characteristics is expected to exert the 

most significant effect on drug metabolism?
 (a) G6PD deficiency and azathioprine toxicity
 (i) Glucose-6-phosphate dehydrogenase is primarily involved in protecting 

red blood cells from premature destruction; it is not involved in azathio-
prine metabolism.

 (b) CYP3A4 polymorphism and decreased sirolimus metabolism
 (i) CYP3A4 polymorphisms are uncommon; additionally, TOR inhibitors 

do not exhibit significant interpatient variability in metabolic function.
 (c) CYP3A5*1 polymorphism and increased tacrolimus metabolism
 (i) CYP3A5 single nucleotide polymorphisms have shown the strongest 

correlation with determination of tacrolimus interpatient variability; 
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CYP3A5*1 wild-type alleles are associated with increased tacrolimus 
metabolism, leading to an increase in the risk of rejection due to sub-
therapeutic drug exposure

 (d) NUDT15 polymorphism and belatacept toxicity
 (i) NUDT15 polymorphisms are associated with azathioprine toxicity; 

belatacept is not known to be subject to any genetic polymorphism 
effects.
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 Introduction

Surgical complications are the dreaded outcomes of the imperfect science of sur-
gery that can limit the quantity and quality of life following a pediatric renal trans-
plant. Thus, transplantation of the neonatal and pediatric patient requires that 
surgeons are specifically trained in and prepared for the myriad of challenges and 
opportunities posed by this precious patient population in order to minimize postop-
erative medical and surgical complications. While similar surgical techniques are 
utilized for adult and pediatric renal transplant recipients, differences in donor- 
recipient size, indications for native nephrectomy, vascular anatomic anomalies, 
and complex urologic conditions make pediatric renal transplantation a unique sub-
specialty. Patient and graft survival outcomes in children continue to improve for 
both living and brain-deceased donor transplants, particularly for the youngest age 
groups, equaling or exceeding outcomes in all adult age categories [1]. Although 
poor outcomes related to poor surgical technique cannot be salvaged by good medi-
cal management, poor medical management can compromise the best of surgical 
techniques. Thus, it should be emphasized that transplant team communication and 
collaborative patient-centric management are essential to high-quality outcomes. 
Herein, we describe the postoperative complications in the context of surgical pre-
operative evaluation of the recipient and donor, with emphasis on the intraoperative 
techniques and decision-making that help identify and mitigate postsurgical compli-
cations in pediatric renal transplant recipients.
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 Recipient Preoperative Evaluation

The most common causes of end-stage renal disease (ESRD) unique to children 
(>50% of cases) are congenital anomalies of the kidney and urinary tract (CAKUT), 
focal segmental glomerulosclerosis (FSGS), hemolytic uremic syndrome (HUS), 
and metabolic disorders (including oxalosis, cystinosis, etc.). Confounding unique 
challenges to the evaluation and management of pediatric transplant recipients 
include small size (<7 kg) at disease presentation, late clinical presentation with 
renal failure, and congenital anatomic anomalies. Of the approximately 24,000 
pediatric renal transplants performed since 1987, only 0.5% (n = 116) have been 
neonates (<1 year old) despite the trend toward earlier diagnosis of renal diseases 
[2]. This practice tendency has placed an even greater emphasis on medical man-
agement strategies for the neonate. In considering the ideal recipient size and level 
of cognitive development for optimal outcomes following renal transplant, experi-
ence varies across transplant centers. The clinical decision to place a patient on the 
renal waitlist and subsequently perform the transplant entails balancing the risks of 
renal insufficiency and renal replacement therapy, acquiring a size-appropriate kid-
ney, the projected rate of renal decompensation, the demonstrated benefits to cogni-
tive and physical development that accompany renal transplantation, and the 
potential lifelong effects of protracted immunosuppression. At this time, >25% of 
pediatric renal transplants are intentionally performed preemptively, prior to initia-
tion of renal replacement therapy. Of these pre-emptive transplants, >50% come 
from living donors which further impacts the timing of decision-making and clini-
cal management [3]. Optimizing nutrition and fluid intake prior to and during peri-
toneal dialysis allows for weight gain to an ideal minimum of 10 kilograms (kg) 
prior to transplantation. The minimum weight threshold is center-specific with some 
programs waitlisting patients at weights as low as 7 kg and reserving transplant until 
a minimum of 8–10 kg if successful dialysis is not possible [4, 5]. This effectively 
decreases the number of neonates receiving a transplant as most children do not 
reach an 8–10 kg size until 12–24 months of age. It also increases the probability 
that the child can tolerate an adult-sized kidney, thus expanding the options for both 
living and brain-deceased donor kidney access. In summary, when children are of 
adequate weight, preemptive transplant should be performed when feasible, to min-
imize the potential growth failure, morbidity, and mortality associated with dial-
ysis [6].

The initial surgical evaluation of prospective pediatric recipients includes a 
thorough medical/surgical history, appropriate immunizations, physical and psy-
chosocial examination, and proper informed consent for transplant. A dedicated 
vascular exam including abdominal imaging with either ultrasound or magnetic 
resonance imaging (MRI) should be performed to evaluate for any vascular anom-
alies that may alter the operative plan or compromise the transplant outcome. This 
is particularly valuable in smaller children or for those with known congenital 
diseases associated with anatomic variations where a more proximal anastomosis 
to the aorta or vena cava may be necessary. Urologic assessment of the bladder as 
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an adequate functional urinary reservoir begins with simple ultrasound in the 
renal insufficient child that makes urine to assess the bladder volume. Urodynamic 
study consisting of a voiding cystourethrogram and/or cystoscopy should be com-
pleted in children of age who can cooperate with the study. To avoid the morbidity 
of chronic pyelonephritis and the associated risk of graft loss, it is imperative to 
understand the urine flow dynamics for waitlisted patients who produce urine, 
have a history of vesicoureteral reflux, and demonstrated obstruction secondary to 
benign stricture or urethral stones or recurrent infections due to neurogenic void-
ing dysfunction [7]. Renal transplantation in the setting of a dysfunctional bladder 
is associated with significant urological complications precipitating ~5% lower 
1-year graft survival, particularly for anatomic abnormalities like posterior ure-
thral valves [8]. Pretransplant evaluation for preemptive bladder augmentation or 
an ileo-conduit should also be considered to avoid postoperative renal urodynam-
ics that mimic distal ureteral obstruction or reflux. Cutaneous ureterostomy may 
be a desirable approach in pediatric recipients with inadequate bladder capacity 
and function [9].

The most impactful complications contributing to chronic renal dysfunction and 
possible re-transplantation are disease recurrence, medication nonadherence, acute/
chronic rejection, and general lack of transition follow-up care. A multidisciplinary 
team approach pretransplant and constant engagement posttransplant are necessary 
strategies for improved long-term graft survival.

 Donor Selection

Donor selection for pediatric renal transplant aims to minimize the risk of delayed 
graft function (DGF) as DGF has been associated with worse long-term outcomes 
in pediatric transplant recipients [10]. Living donor allografts minimize the risk of 
DGF in pediatrics; however, selected deceased donor allografts are widely used 
with similar good outcomes to living donor transplants [11, 12]. While individual 
transplant centers define specific criteria for organ utility, identifying deceased 
donors with minimal medical comorbidities, limited low perfusion duration, pre-
served renal function without significant acute kidney injury or signs of multi-organ 
dysfunction, and shorter cold ischemia times help reduce the risk of DGF in these 
patients [2, 12]. Most allografts for children come from brain-deceased adult donors, 
as younger donors particularly those <5 kg are associated with an increased risk of 
DGF, vascular thrombosis, and urethral complications secondary to the small size of 
donor vessels and renal parenchyma [13, 14]. For this reason, renal transplant from 
donation after cardiac death (DCD) patients is infrequently performed in children. 
En bloc kidney transplant of small donors has been used with success to mitigate the 
risk of graft thrombosis [14]. Although pulsatile perfusion of deceased donor kid-
neys has a role in mitigating DGF in DCD and extended criteria kidneys for adult 
recipients, there has not been an established role for pulsatile perfusion in pediatric 
renal transplant.
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 Surgical Operation Overview

In pediatric kidney transplants, either an intraperitoneal or extraperitoneal approach 
can be performed. The extraperitoneal approach is feasible in small recipients while 
minimizing the risk of bowel complications and preserving the peritoneum for 
future peritoneal dialysis. Several studies support the extraperitoneal approach in 
pediatric recipients less than <15 kg with good graft outcomes [4, 5]. Studies utiliz-
ing the intraperitoneal approach favor this technique for ease of access if a native 
nephrectomy is necessary and mitigating concerns for adequate space for an adult- 
sized kidney, especially in younger, smaller children [6, 15]. Complications com-
monly associated with both an intraperitoneal and extraperitoneal approach include 
urinomas, lymphoceles, seromas, and vascular complications. Gastrointestinal 
complications are more common with an intraperitoneal approach and include 
bowel obstruction, incisional hernia, ileus, and volvulus [15].

For larger recipients with standard anatomy, the vascular anastomosis can be 
made to the external iliac artery and vein as in adult kidney transplants. However, 
recipient vessel size or anatomy may make a more proximal anastomosis to either 
the common iliac vessels or aorta and inferior vena cava (IVC) necessary for suffi-
cient size and inflow [9, 16]. Vascular anastomosis to the aorta and IVC can be made 
via both the intraperitoneal and extraperitoneal approaches. Congenital abnormali-
ties may result in atypical anatomical locations of the IVC, an atretic IVC, or cava 
thrombosis, requiring changes to kidney location approach choice (intraperitoneal 
vs. extraperitoneal), graft laterality (right vs. left when utilizing the extraperitoneal 
approach), necessity of interposition grafts, and anastomoses to less common 
venous structures, including the portal vein [17].

As the majority of allografts for pediatric recipients are adult kidneys, a native 
nephrectomy may be performed in smaller children to create adequate space of the 
new renal allograft. A native nephrectomy should be considered in cases of recur-
rent infection, significant proteinuria, extremely large native kidney size, unusually 
high native urine output, and refractory hypertension, as discussed in previous chap-
ters [18].

For urinary drainage, pediatric recipients with a functional bladder and no outlet 
obstruction typically undergo ureteroneocystostomy as performed in adults. The use 
of stents in pediatrics is common, but some studies have reported an increased risk 
of BK nephritis in pediatric recipients with stent placement [19], especially when 
left in for long periods of time (>7 days). If the bladder is not suitable for urinary 
drainage, other surgical options include bladder augmentation, creation of an ileal 
conduit [20–22], or a cutaneous ureterostomy [9, 19, 20–22]. The experience with 
living donor kidney recipients has shown that in uncomplicated transplants where 
postoperative fluid management does not require hourly adjustments based on urine 
output, the Foley catheter can be safely removed by postoperative day 3 to avoid the 
3–7% daily incremental increased risk of UTI. This early Foley removal has not 
been associated with increased risk of urinary leak [23]. Renal ultrasound to docu-
ment vascular patency, absence of hydronephrosis, or concerning undrained fluid 
can be obtained pre- and post-Foley removal.
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 Postsurgical Complications

 Wound Infections

Wound infections after pediatric renal transplant range from peri-incisional celluli-
tis to subcutaneous tissue abscess in 10–15% of recipients within the first 5–10 
postoperative days. Patients who are most at risk for wound complications include 
children with diabetes mellitus, morbid obesity (BMI > 30), previous ileal conduit, 
sirolimus-based immunosuppression regimens, pyelonephritis, and recent plasma-
pheresis. The principles of meticulous tissue handling and sterile technique are criti-
cal to minimizing postoperative wound infections after pediatric renal transplant. 
Most prophylactic antibiotic perioperative administration protocols utilize first- or 
second-generation cephalosporins for 24 hours postoperatively. For those who are 
allergic to cephalosporins, a single dose of vancomycin can be administered 1 hour 
prior to incision. Patients with newly constructed ileal conduits should receive a 
total of 48 hours of prophylactic antibiotics.

Cellulitis can be managed by local wound treatment consisting of minimal staple 
removal and wound packing until secondary healing has occurred. For deeper infec-
tions requiring debridement or fascial opening, care should be taken to reapproxi-
mate the fascia over the kidney in a tension-free fashion to avoid a renal compartment 
syndrome. Polypropylene, polytetrafluoroethylene (PTFE), or porcine mesh can be 
used to approximate the fascia over the kidney [24].

 Vascular Thrombosis

While occurring in only 1.9–6.5% of pediatric transplants, vascular thrombosis and 
stenosis are the most ominous surgical complications to affect early graft loss [5, 13, 
15, 25, 26]. Vascular thrombosis and/or stenosis are associated with younger recipi-
ents and donors, owing to smaller vessel size [13]. A retrospective review of 221 
transplants in pediatric recipients also found an increased risk of vascular complica-
tions in recipients age 6 years or less, en bloc grafts, and prior nephrectomy [25]. 
Other studies have reported that use of en bloc grafts may prevent vascular compli-
cations [14]. Additional risk factors include intraoperative hypotension, pretrans-
plant peritoneal dialysis, hypercoagulable states, multiple arteries, or prior 
nephrectomy [13]. Given an overall smaller vessel and anastomotic diameter, anti-
platelet therapy with aspirin in the early postoperative period can reduce thrombotic 
complications.

Early concern for vascular thrombosis in either the renal artery or vein should be 
surgically explored with thrombectomy and attempted revascularization. Detection 
of vascular compromise can be made by increased pain over the allograft and an 
abrupt decrease or cessation in urine output. Suspicion for vascular compromise 
must be high in these clinical scenarios to prompt quick evaluation and treatment. 
In addition to the aforementioned risk factors, acute arterial thrombosis can be sec-
ondary to a vessel kink, intimal flap, or complete occlusion of the vessel from a 
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technical failure. Ultrasonographic evaluation of the kidney will demonstrate a 
hypoechoic kidney with no appreciable arterial flow [27]. Renal vein thrombosis 
can also occur secondary to a technical failure or distortion of the vein. Hypovolemia, 
hypotension, and compression can also be contributing factors. On ultrasound, the 
renal vein may have low or no flow with reversal of flow seen in the renal artery 
[27]. Early emergent surgical exploration to restore flow in both situations is critical 
to salvage the allograft. Clot that has propagated very distal into the renal allograft 
may render the graft unsalvageable, and transplant nephrectomy may be required. 
The surgeon should be prepared to perform intraoperative ultrasound following 
revascularization and a transplant nephrectomy if vascularization is unsuccessful. 
Even with successful thrombectomy and revascularization, damage to the allograft 
may be significant, resulting in DGF or, in worst-case scenarios, primary non- 
function and graft loss.

 Vascular Stenosis

While data in pediatrics is limited, transplant renal artery stenosis (TRAS) can 
occur in 2–9% of pediatric kidney transplant recipients [26, 28, 29]. Based on adult 
literature, TRAS typically occurs 3–24  months after renal transplant and can be 
detected by worsening blood pressure control and a deterioration in renal function 
[28, 30, 31]. Similar to adult patients, TRAS can be reliably detected in most patients 
with Doppler ultrasonography. Initial management of TRAS is with antihyperten-
sive agents. However refractory hypertension or decline in renal function warrants 
further intervention. Percutaneous transluminal angioplasty (PTA) and stenting has 
become the mainstay of interventional treatment in adults, with a recent study dem-
onstrating PTA as a safe, effective treatment for TRAS in pediatric recipients [28]. 
For patients that fail PTA or who have severe stenosis not amenable to PTA, surgical 
correction of TRAS may be indicated.

 Urologic Complications

The external ureteroneocystostomy (Lich-Gregoir technique) can be accomplished 
in pediatric renal transplantation using a continuous suture of the spatulated ureter 
to the bladder mucosa. An anti-reflux tunnel is then created by closing the bladder 
myotomy over the hood of the ureter. Urologic complications range from 3.6% to 
13.1% following pediatric transplant [25, 26, 32, 33]. Complications include urine 
leak (2.9–7.6%), ureteral stenosis (3.8%), vesicoureteral reflux (VUR, 3.6%), and 
stone development (2.7%) [15, 26, 33]. Use of double-J ureteral stents has been 
found to decrease anastomotic urological complications; however, to avoid the 
potential infectious complications of UTI and BK virus, the stent should be removed 
by postoperative day 5 [34].

Urine leak is the most common urological complication occurring after ~5% of 
transplants. Leaks can be diagnosed by sampling a perirenal fluid collection for 
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fluid creatinine; elevated levels greater than that of serum are diagnostic. Typically, 
urine leaks are an early complication (most occurring in the first 48 hours post-
transplant) that can be managed with bladder decompression for 7 days and percu-
taneous fluid drainage in most patients. Persistent leaks may indicate significant 
disruption of the ureteroneocystostomy; in these cases, a percutaneous nephros-
tomy tube and ureteral stenting may be necessary to control the leak. Although 
surgical intervention is rarely required, surgical options include a ureteroureteros-
tomy or a new ureteroneocystostomy with closure of the prior cystotomy. The deci-
sion for ureteral construction depends on evaluation of the transplant ureter and 
bladder tissue, taking into consideration if the ureter is under tension or appears 
devascularized and ensuring to avoid inflammation associated with the original 
anastomotic failure. The addition of a pyeloureterostomy is indicated for leaks 
associated with a stricture. There are no distinct differences in complication rates 
following these surgical options [35]. In all cases, proximal drainage of the trans-
planted kidney with a nephrostomy tube is recommended to allow decompression 
of the new anastomosis.

Ureteral stenosis typically presents with impaired graft function and is often sec-
ondary to distal ureteral ischemia. Ultrasonographic imaging will typically demon-
strate hydroureter and upstream dilation of the renal pelvis. A nephrogram can help 
determine stricture length. Percutaneous dilation of short segment stricture can be 
considered; however, most patients will require ureteral reimplantation. Similar to a 
urine leak, a new ureteroneocystostomy, ureteroureterostomy, or pyeloureterostomy 
can be considered depending on the length of the stricture, remainder of viable ure-
ter, and health of the patient’s native collecting system.

Persistent, symptomatic VUR following transplant can be managed with sup-
pressive antibiotics targeted a causative uropathogens, transurethral polymer injec-
tions, or ureteral reimplantation in more severe cases [26]. Risk of posttransplant 
VUR is associated with underlying urological conditions [33].

 Perinephric Lymphoceles, Hematomas, and Abscesses

Perinephric fluid collections can be identified in the wake of presenting symptoms 
or found incidentally. Diagnosis includes ultrasound and fluid aspiration to distin-
guish lymphoceles from urinomas, hematomas, and abscesses.

Lymphoceles occur in ~5–6% of post-renal transplant patients and are caused by 
disruption of lymphatic channels traversing the length of the iliac vessels and the 
lower IVC and/or aorta during vascular isolation dissection [36, 37]. Fluid aspirate 
from a lymphocele demonstrates an electrolyte composition consistent with the 
serum, low protein level, and predominant lymphocytes on the cell count differen-
tial. Although most lymphoceles are sterile, some can become secondarily infected. 
Depending on the intra- or extraperitoneal position of the kidney, patients can pres-
ent with a spectrum of symptoms including decreased urine output, abdominal 
“fullness,” early satiety, pain, ileus, scrotal edema, wound leakage, or wound infec-
tion [38]. In a series of 241 pediatric renal transplants, re-transplant, age >11 years 
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old, male gender, and BMI for age >95% were found to be risk factors for the 
development of lymphoceles [39].

Asymptomatic lymphoceles are incidentally identified fluid collections which 
typically resolve spontaneously. Large symptomatic lymphoceles may compress the 
ureter causing hydronephrosis and should be managed expectantly by percutaneous 
drainage. Due to the 20% failure rate of percutaneous drains and the 59% recurrence 
rate with aspiration alone, persistent and large lymphoceles may be surgically 
treated by laparoscopic peritoneal fenestration, open surgical lymphatic ligation, or 
sclerotherapy with povidone-iodine or doxycycline preparations. Surgical treatment 
carries an 84% (open surgical approach) to 92% (laparoscopic fenestration) rate of 
recurrence-free recovery [37, 40, 41].

Despite improvements in management, lymphoceles can contribute to a lower 
1-year graft survival, and thus meticulous surgical technique during the transplant, 
early diagnosis, and treatment of the complication are essential to good outcomes 
[36, 38, 40].

Hematomas can occur around the transplanted kidney as a complication of anti-
coagulation, plasmapheresis, platelet dysfunction, vascular anastomotic bleeding, a 
biopsy site, liver dysfunction, or thymoglobulin induction [38, 41]. Hematomas are 
diagnosed by decreases in hemoglobin and hematocrit in combination with imaging 
studies (ultrasound or IV contrast CT) consistent with heterogenic patterns and sep-
tations. Most hematomas are asymptomatic and self-limited and will spontaneously 
resolve. However, large hematomas may compress the kidney parenchyma activat-
ing renin-angiotensin-aldosterone system-related hypertension (Page kidney) [38]. 
Large compressive hematomas require correction of anticoagulation abnormality 
and percutaneous drainage or surgical washout.

Fluid around the renal allograft in the setting of pain and fever should raise sus-
picion for a perirenal abscess. Air-fluid levels demonstrated by CT scan may further 
assist in the diagnosis. Gram stain and culture results should guide antibiotic ther-
apy in conjunction with percutaneous drainage. Purulent wound drainage in combi-
nation with a perirenal abscess should prompt surgical drainage and appropriate 
wound management.

 Surgical Approach and Complications in Pediatric 
Renal Transplant

 (Questions)

 1. A 1-year-old 6.5 kg child with renal insufficiency secondary to focal segmental 
glomerular sclerosis presents as a referral for renal transplant evaluation. 
Evaluation and early management strategy should consist of:
 A. Dialysis evaluation
 B. Nutritional and fluid optimization
 C. Living donor evaluation options
 D. Child development evaluation
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 E. All of the above
 2. On POD# 6 following an uneventful renal transplant from a brain-deceased 

donor into a 7-year-old recipient, the patient complains of increased pain at the 
incision site and decreased urine output. The temperature is 100.9  F and the 
WBC is 11K. Ultrasound demonstrates patent renal vasculature and a large peri-
nephric fluid collection. Subsequent CT scan demonstrates a large perinephric 
fluid collection with compression of the distal ureter, hydronephrosis, rim 
enhancement, and air bubbles in the nondependent aspects of the fluid collection.

Initial treatment strategy should be:
 A. Broad-spectrum antibiotics
 B. IR-guided percutaneous fluid drainage with gram stain and culture of fluid 

collection
 C. Reinsertion of Foley catheter
 D. All of the above

 3. A 13-year-old 40 kg child is POD#2 s/p living donor renal transplant. No ureteral 
stent was placed during the transplant operation. The measured Foley urine out-
put decreased to less than 0.5 cc/kg/hr, while the drainage from the intraopera-
tively placed drain increased to 300  cc/day. The drain fluid was sampled, 
demonstrating a creatinine of 25 mg/dL. Management strategy should include:
 A. NPO for imminent exploratory operation
 B. Initiation of broad-spectrum antibiotics
 C. Continued Foley bladder decompression
 D. Ultrasound to evaluate presence of undrained fluid collection or 

hydronephrosis
 E. C and D

 Surgical Approach and Complications in Pediatric 
Renal Transplant

 (Answers)

 1. Option E. Placing a child on the renal waitlist and subsequently performing 
transplantation entails balancing the risks of renal replacement therapy and the 
lifelong effects of immunosuppression, against waiting for the child to reach 
adequate cognitive and physical development to benefit from transplantation. 
Greater than 25% of pediatric renal transplants are performed preemptively, 
prior to initiation of renal replacement therapy. Of these preemptive transplants, 
>50% come from living donors which further impacts the timing of decision- 
making and clinical management [3]. Optimizing nutrition and fluid intake prior 
to and during peritoneal dialysis allows for reserving transplant until a minimum 
of 8–10 kg if successful dialysis is not possible [4, 5].

 2. Option D. Fluid around the renal allograft in the setting of pain and fever should 
raise suspicion for a perirenal abscess. Air-fluid levels demonstrated by CT scan 
may further assist in the diagnosis. Gram stain and culture results should guide 
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antibiotic therapy in conjunction with percutaneous drainage. In the setting of 
hydronephrosis and oliguria, bladder decompression with a Foley catheter 
should be performed. Purulent wound drainage in combination with a perirenal 
abscess should prompt surgical drainage and appropriate wound management.

 3. Option E. Urine leak is the most common urological complication (~5%) follow-
ing pediatric renal transplant. Leaks are diagnosed from a perirenal fluid collec-
tion where the fluid creatinine level is greater than serum values. Typically, urine 
leaks are an early complication (most occurring in the first 48 hours posttrans-
plant) that can be managed with bladder decompression for 7 days and percuta-
neous fluid drainage. Persistent leaks may indicate significant disruption of the 
ureteroneocystostomy; in these cases, a percutaneous nephrostomy tube and ure-
teral stenting may be necessary to control the leak. Although surgical interven-
tion is rarely required, surgical options include a ureteroureterostomy or a new 
ureteroneocystostomy with closure of the prior cystotomy.
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Multiorgan Transplantation Challenges

Rachel M. Engen and Priya Verghese

Pediatric nephrologists are familiar with the many ways in which renal-associated 
diseases can cross the boundaries of traditional medical subspecialties, involving 
the eyes, ears, heart, liver, pancreas, and intestines. In these cases, the kidney may 
be part of the primary syndrome or a victim of another organ disorder via hypoper-
fusion or toxic substances. Despite this, multiorgan transplants are uncommon in 
pediatrics, with 1677 reported cases in the United States since OPTN began collect-
ing data in 1988. Incidence of pediatric multiorgan transplants rose throughout the 
1990s and 2000s, peaking at 116 procedures in 2007 before declining to the current 
average of 55 per year [1] (Fig. 14.1).

Multiorgan transplantation can pose special challenges in pediatrics, especially 
when one of those organs is a kidney. Pediatric renal transplantation in the United 
States typically involves an adult- or near-adult-sized donor kidney to minimize the 
risk of graft thrombosis; however, heart and liver transplants involve matching the 
size of donor and recipient. Standard postoperative management of renal transplants 
involves high rates of fluid administration to maintain renal blood flow and urine 
output; standard management of lung and heart transplants involves limiting fluid 
intake to avoid pulmonary edema and heart failure. Furthermore, small abdomens 
may not have adequate domain to fit multiple allografts, especially if the native 
organs are not being removed.

Related to the relative rarity of multiorgan transplantation in children, there is a 
paucity of data on postoperative management and, in some cases, indications and 
outcomes. Here we have collected and summarized the published literature on the 
allocation, incidence, indications, perioperative management, and outcomes of 
pediatric multiorgan transplants.
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 Multiorgan Allocation

While the number of pediatric multiorgan transplants has stabilized over the last 
decade, the number among adults, excluding kidney-pancreas transplants, has more 
than doubled from 560 transplants in 2010 to 1074 transplants in 2019; 67% of 
these were combined liver-kidney transplants (CLKT) [1]. With this increase has 
come rising interest in the impact of multiorgan transplants on access and outcomes 
for single-organ recipients. The US kidney allocation system prioritizes multiorgan 
recipients over kidney-alone recipients, and multiorgan transplant outcomes are not 
included in center-specific reporting [2]. This has led to concerns about the objectiv-
ity, variability, and equitability of multiorgan allocation across the country, espe-
cially the potential impact on access to transplant for pediatric patients [2, 3]. 
Multiorgan transplant recipients can be listed for transplant with estimated glomer-
ular filtration rates that would not meet the criteria for receipt of a kidney alone [4]. 
At the same time, kidneys allocated as part of a multiorgan transplant are not avail-
able to candidates for a kidney alone, and in 2016, 6.6% of kidney allografts were 
allocated with a liver or heart [2]. In the United States, the “Final Rule” governing 
the development of organ allocation policies requires the creation of policies “spe-
cific for each organ type or combination of organ types” [5]; however prior to 2014, 
there were no policies governing multiorgan transplants.

Organ allocation policies “seek to achieve the best use of donated organs” [5], 
requiring a balance between equity and organ utility. A multiorgan transplant may 
be lifesaving for one transplant candidate, but multiple single-organ transplants can 
save multiple lives. For example, recipients of combined heart-kidney transplant 
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have significantly lower mortality than heart transplant recipients who remain on 
dialysis, but have high incidence of primary nonfunction and post-transplant dialy-
sis [2], despite generally receiving higher quality (low kidney donor profile index) 
kidneys than kidney-alone recipients [3] (Fig. 14.2). Similarly, individual recipients 
of pediatric liver-kidney transplants have similar graft survival and lower rejection 
incidence compared to recipients of liver-alone transplants but worse outcomes than 
kidney-alone transplants, despite 49% of kidneys allocated with a liver-kidney 
transplant having a KDPI <35% (i.e., better quality organ) [6]. These situations 
result in improved outcomes for the multiorgan recipients but decrease the avail-
ability of kidney allografts [7].

To address these concerns in the United States, the United Network for Organ 
Sharing (UNOS) has begun developing policies to address multiorgan transplant 
allocation. Kidney-pancreas allocation policies were added in 2014, establishing 
listing criteria that included the requirement that patients meet criteria for kidney- 
alone listing and specific pancreas-specific parameters including insulin use, 
C-peptide level, and/or body mass index threshold [8]; however, pediatric candi-
dates are exempt from these requirements [9]. Kidney-pancreas candidates accumu-
late priority based on their kidney waiting time, but receive priority over kidney-alone 
recipients for all available local kidney-pancreas organs [10]. A 6-month evaluation 
of the new policy showed no change in pancreas utilization and increased regional 
sharing [11]. Between 2015 and 2019 there were an average of 802 kidney-pancreas 
transplants [1] with significant geographic variation in practice [12].
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In 2017, UNOS implemented a simultaneous liver-kidney policy that established 
kidney eligibility criteria (either chronic kidney disease, prolonged acute kidney 
injury, or metabolic disease) and created a safety net giving priority for kidneys with 
a KDPI >20% to individuals who have continued dialysis dependency or an eGFR 
≤20 ml/min/1.73m2 2–12 months after liver transplant [2]. Over the following year, 
the number of CLKT decreased from 740 to 676, while the number of kidney-after- 
liver transplants increased from 44 to 87 [2], a net decrease of 21 kidney transplants, 
although there may have been an initial “bolus” effect causing a transient increase 
in kidney-after-liver transplants immediately after policy implementation [6].

In the United States, there are currently no established national criteria for simul-
taneous heart-kidney or multivisceral transplant allocation, although proposals sim-
ilar to the liver-kidney policy have been put forward [2].

 Pediatric Heart-Kidney Transplantation

Pediatric simultaneous heart-kidney transplantation (sHKTx) is a rare procedure. 
The International Thoracic Organ Transplant Registry of the International Society 
for Heart and Lung Transplantation (ISHLT), which collects data on approximately 
80% of thoracic transplants worldwide, recorded only 50 pediatric heart-kidney 
transplants between January 1990 and June 2017 [13]. The majority of those trans-
plants are in North America; 38 pediatric sHKTxs were performed between 1988 
and April 30, 2017, in the United States [14]. The number of sHKTx overall, pedi-
atric and adult, has risen significantly in the past ten years, likely for two main rea-
sons. In part, heart transplant candidates are waiting longer for a transplant, 
developing more kidney disease related to their heart failure. Additionally, heart 
transplant recipients are surviving longer; 32.7% of pediatric multiorgan-heart 
recipients in the International Thoracic Organ Transplant Registry were re- 
transplants [13].

Individuals considered for heart-kidney transplantation typically have a primary 
cardiac disease that leads to renal failure due to multiple factors, including low car-
diac output, nephrotoxic medications, and concomitant renal anomalies such as 
agenesis or dysplasia [14, 15]. In the ISHLT registry, 36% were repeat heart trans-
plants with the majority of the remaining having congenital heart disease or dilated 
cardiomyopathy [13]. However, there is no consensus on the degree of renal dys-
function that indicates a need for renal transplantation in heart transplant candi-
dates; 61.8% of sHKTx recipients in the ISHLT registry received dialysis prior to 
their transplant [13]. In a study linking Scientific Registry of Transplant Recipients 
(SRTR) data to the US Renal Data System, pediatric heart transplant recipients who 
required acute dialysis were significantly more likely to develop ESRD (14% versus 
6.6%, HR 7.46 p = 0.0002) over the 25-year follow-up time, while an estimated 
glomerular filtration rate <60  ml/min/1.73m2 was less strongly associated with 
ESRD (HR 2.58, p < 0.001). The average eGFRs at transplant of patients who did 
and did not develop end-stage renal disease over the 25 years of the cohort were 
similar [16]. Complicating matters, renal dysfunction due to hypoperfusion may 
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resolve with improved hemodynamics. In infants with renal failure at the time of 
cardiac surgery, mortality was high but none of the survivors required dialysis at the 
time of discharge [15]. Multiple studies in adult liver-kidney transplant recipients 
have shown that renal function, as measured by radionucleotide scans, demonstrates 
some level of native kidney function recovery in up to 50% of recipients [2]. These 
studies only included one heart-kidney recipient, whose results showed that the 
native kidneys were contributing 26% of the renal function while the transplant was 
contributing 74% [17].

Much of the discussion about pediatric sHKTx focuses on whether or not to 
perform the procedure. Simultaneous heart-kidney transplantation offers certain 
advantages to the recipient. Recipients of a sHKTx were less likely to have an epi-
sode of rejection within the first year post-transplant (10%) compared with recipi-
ents of a heart alone (25%) [13]. Animal models have shown that recipients of 
multiorgan transplants seem to develop tolerance to the donor, perhaps in part due 
to the increased total mass of allograft relative to body size [18]. Similarly, infant 
recipients of adult-sized kidneys have longer allograft survival than older children 
receiving similar-sized grafts [19]. Observational studies of adults have also shown 
decreased mortality among sHKTx recipients compared to heart transplant alone, 
although there is concern that these studies are subject to bias in that healthier 
patients were more likely to be listed for sHKTx [2]. A similar improvement in 
survival has not been reported in pediatric sHKTx recipients (Fig.  14.3). ISHLT 
data showed no difference in survival or freedom from cardiac allograft vasculopa-
thy among recipients of a pediatric heart-kidney or heart-liver transplant [13] 
(Fig. 14.4).

Fig. 14.3 Kaplan-Meier curve comparing survival for pediatric heart-alone transplants to that of 
pediatric multiorgan transplants that involved a heart, January 1990 to June 2016, 80% of which 
are heart-kidney transplants. (With permission from The Journal of Heart and Lung 
Transplantation [13])
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A sHKTx also offers potential advantages over kidney-after-heart transplanta-
tion, in that it avoids the potential immunologic risk from two donors and the addi-
tional induction therapy and surgical recovery. Recipients of a heart-alone transplant 
who develop ESRD often wait years to receive a kidney transplant and may have 
developed HLA antibodies related to their heart transplant, decreasing the pool of 
possible donors. The 25-year cohort studied by Choudhry et al. showed that 48% of 
heart transplant recipients on chronic dialysis had not received a kidney transplant 
at the time when the data were censored, and patients who remained on chronic 
dialysis had a significantly higher risk of death (HR 31.4, 95%CI 21–48.4, 
p < 0.0001) than those who received a kidney transplant [16].

However, sHKTx also has disadvantages for both the patient and the utility of the 
kidney allograft. In sHKTxs, the heart transplant is generally performed first fol-
lowed by the kidney transplant [14, 20]. This results in increased cold ischemia time 
for the renal allograft. Heart transplant recipients may also develop vasoplegic syn-
drome and require ionotropic drug support, both of which compromise renal perfu-
sion [20]. These factors likely contribute to the increased incidence of primary 
allograft non-function and high incidence of post-transplant dialysis (14–42%) [13, 
14, 20, 21]. In the ISHLT registry, 20% of survivors of a sHKTx had severe renal 
dysfunction at 5 years, defined as a creatinine >2.5 g/dl or return to chronic dialysis 
[13]. Young children are particularly poor candidates for a simultaneous heart- 
kidney transplant. Heart allografts are matched to recipients based on size, but kid-
neys from donors less than 5 years of age have high rates of renal arterial thrombosis, 
delayed graft function, and early renal allograft loss [15]. Therefore, sHKTx in the 
smallest patients may result in worse outcomes than when kidney transplant is 

Fig. 14.4 Kaplan-Meier curve comparing time to development of cardiac allograft vasculopathy 
for pediatric heart-alone transplants compared to that of pediatric multiorgan transplants that 
involved a heart, January 1994 to June 2016, the majority of which are heart-kidney transplants. 
(With permission from The Journal of Heart and Lung Transplantation [13])
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performed separately using an adult-sized allograft. Due to these concerns, some 
favor a kidney-after-heart approach, ideally using a living donor kidney [13].

Once a decision has been made to perform a sHKTx, there are several periopera-
tive considerations. Due to the heart’s relative intolerance to ischemia, the heart 
transplant is performed first, followed by the kidney transplant. However, it is 
debated whether the kidney transplant should be performed immediately, under the 
same anesthetic, or whether the kidney transplant should be delayed for up to 
24 hours, often called a staged procedure, to allow for recovery of the newly trans-
planted heart and optimization of hemodynamics and volume status [20, 22]. 
Immediate kidney transplant minimizes renal allograft cold ischemia time, which 
decreases the risk of delayed graft function and worse long-term outcomes. 
However, it is not clear if this benefit outweighs the risks of hypotension, post- 
cardiopulmonary bypass inflammatory cascade, and high doses of vasoconstrictor 
medications [20]. Staged sHKTx also allows for reallocation of the kidney if the 
heart transplant procedure does not go well.

Fluid management in sHKTx is also complex. During cardiopulmonary bypass, 
there is often significant ultrafiltration, causing fluid shifts that can take hours to 
equilibrate and further impact renal allograft perfusion [20]. Renal allografts benefit 
from high rates of intravenous fluids, high central venous pressures (often 10–15 mm 
Hg), and higher mean arterial pressures. On the other hand, cardiopulmonary bypass 
in heart transplant is associated with acute right ventricular failure when the donor 
heart is unable to adapt to higher pulmonary arterial pressures in the recipient. In 
this state, the heart is preload dependent but sensitive to distension; high central 
venous pressure should be avoided [23]. Transesophageal echocardiography can be 
used to closely monitor the fluid balance and ventricular function, allowing maximi-
zation of central venous pressure without overwhelming the heart [20, 23]. Several 
measures have also been shown to improve right ventricular function including the 
use of inotropes to increase contractility, provision of adequate oxygenation and 
ventilation, and use of inhaled pulmonary vasodilators [23].

Immediately post-transplant heart recipients often have small left ventricles with 
decreased compliance and increased filling pressures. The denervated heart allograft 
also lacks the baroreceptor reflex that compensates for hypotension due to hypovo-
lemia or systemic vasodilation. Thus, they often require ionotropic support that can 
decrease renal perfusion. At this time, there is no conclusive evidence to suggest 
that any particular ionotrope is more protective of renal perfusion after sHKTx [20].

Post-transplant, long-term management of a sHKTx requires coordinated man-
agement by both nephrology and cardiology teams. Immunosuppression protocols 
for both pediatric heart and kidney transplant are center-specific, and there are no 
guidelines for induction or maintenance immunosuppression of a sHKTx; there is 
also no evidence that sHKTx recipients require more or less immunosuppression 
than solitary organ recipients. A review of Organ Procurement and Transplant 
Network data on sHKTx showed improved survival with rabbit anti-thymoglobulin 
induction compared to no induction or interleukin-2 receptor antibody induction, 
though this was no longer statistically significant in an adjusted model, and pediat-
ric patients were excluded [24]. Both organs must be monitored for rejection 
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individually per local protocols as they can reject simultaneously or separately [25]. 
Blood pressure management must also be closely coordinated.

 Pediatric Liver-Kidney Transplantation

Combined liver-kidney transplant (CLKT) is the most common pediatric multior-
gan transplant, with 372 performed in the United States to date [1]. Nearly half of 
these are in children 11–17 years of age with another 30% in children 1–5 years of 
age; there have been only 11 CLKTs in children less than 1 year of age and none 
since 2015. Worldwide, only 10–30 CLKTx are performed annually [26]. Since 
2000, the incidence of CLKTx in the United States has doubled from approximately 
8 per year to approximately 17 per year [1]. While adult CLKT significantly 
increased after the introduction of MELD score, a similar increase was not seen 
after the introduction of the PELD score [27], possibly because the PELD score 
does not give priority based on renal function.

The primary indications for CLKT in children are congenital conditions that 
affect both the liver and kidney. A review of CLKTs between October 1987 and 
February 2011 showed that 37% were performed for primary hyperoxaluria and 
18% for congenital hepatic fibrosis/autosomal recessive polycystic kidney disease 
(ARPKD) [7]. Methylmalonic acidemia, alpha-1-antitrypsin deficiency, Alagille 
syndrome, atypical hemolytic uremic syndrome, and glycogen storage disease 1a 
are other genetic diseases affecting both organ systems for which CLKT may offer 
benefit. CLKT in atypical hemolytic syndrome caused by genetic mutations in liver- 
synthesized complement factors (complement factor H, complement factor B, and 
C3) is less clearly indicated in the era of terminal complement inhibition medica-
tions, but it has not been entirely excluded.

Such patients should be evaluated on a case-by-case basis, including assessment 
of the risks of liver transplant and access to complement inhibition therapy [28]. 
Approximately 18% of pediatric CLKT recipients reported primary liver disease, 
including TPN-induced liver disease, biliary atresia, and familial and neonatal cho-
lestasis with a second kidney disease [27]. Hepatorenal syndrome, which typically 
resolves with liver transplantation, is not generally considered an indication for 
CLKT. However, a subset of patients who require dialysis for greater than 6–8 weeks 
prior to liver transplantation may not recover, and CLKT has been used for adults 
with this indication [27].

Combined liver-kidney transplantation in children is a technically complex pro-
cedure that is mostly performed using deceased donor organs [29]. Living donation 
of both organs from one donor is technically possible [30] but is riskier for the 
donor; living donation is more commonly done as two sequential procedures. The 
liver is transplanted first followed by the kidney using standard surgical technique. 
In patients with anuric renal failure pre-transplant, such as ARPKD, fluid manage-
ment during the liver transplant phase can be difficult, and continuous renal replace-
ment therapy (CRRT) may be helpful [29]. Intraoperative CRRT can be safely 
performed, but its use is complicated by the patient’s changing coagulation status; 
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systemic heparin increases the risk of bleeding, citrate anticoagulation may result in 
citrate excess toxicity due to impaired liver clearance, and anticoagulation-free dial-
ysis is associated with risk of clotting [31]. In one adult cohort that largely avoided 
heparin or citrate anticoagulation, 40% of filters clotted during the procedure [32]. 
Patients with ARPKD may also require native nephrectomy to create sufficient 
intrabdominal space for CLKT due to the large size of the native kidneys. In this 
situation, the risk and benefits of performing a third procedure during the CLKT 
should be weighed against those of performing nephrectomy prior to transplant 
[26, 29].

Immediately after transplant, CLKT recipients require close monitoring for 
bleeding and vascular complications. Liver transplant recipients can have signifi-
cant blood loss and disturbances of coagulation during transplantation, especially if 
intra-abdominal varices or hypersplenism was present. Overcorrection with exces-
sive fresh frozen plasma, platelets, cryoprecipitate, and/or fibrinogen can result in 
vascular thrombosis after organ reperfusion. Management is therefore a matter of 
maintaining balance [26]. In one single-center cohort, 8 out of 18 pediatric CLKT 
recipients had bleeding complications [33], while another cohort reported bleeding 
in 6 of 12 children, half of whom required operative revision and vascular complica-
tions in two children [34]. For comparison, among pediatric liver-alone transplants, 
the incidence of bleeding is 5% and the incidence of vascular complications is 18% 
[26]. Frequent Doppler ultrasound examinations are necessary to monitor for 
complications.

The need for postoperative hemodialysis is also high among pediatric CLKT 
recipients, although these numbers are somewhat confounded by the routine use of 
hemodialysis after transplant in recipients with primary hyperoxaluria type 1. Harps 
et al. reported a cohort of 16 pediatric CLKT recipients, of whom 9 required con-
tinuous renal replacement therapy post-transplant; 8 of these had primary hyperox-
aluria type 1 [35]. Similarly, Büscher et al. reported a need for dialysis in 5 of 11 
children with primary hyperoxaluria type 1 and 1 of 10 patients with other indica-
tions for transplant [36]. In a review of SRTR data, Calinescu et  al. reported an 
overall incidence of delayed graft function of only 22.4% [7], underscoring the idea 
that the need for dialysis is not likely related to kidney function.

Combined liver-kidney transplant may be particularly challenging in younger 
children due to their size. Harps et al. reported that increasing donor to recipient 
weight ratio and donor to recipient age ratio were strongly associated with lon-
ger intensive care unit (ICU) stay, with a receiver operating curve suggesting an 
age ratio of 5.34 and weight ratio of 3.4 as cutoffs for a good ICU outcome [35]. 
However, the use of kidneys from donors less than 5 years of age is associated 
with worse renal allograft outcomes due to increased vascular complications 
[15]. Therefore, the kidneys of young liver donors may have worse outcomes. 
There are reports of successful CLKTs in children under 10 kg [35, 37], but a 
staged procedure, with isolated liver transplant followed by kidney transplant 
once the patient has grown, may be necessary [36, 37]. Smaller patients also 
typically require split- liver transplants, which have higher rates of bleeding and 
thrombosis [36].
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There are no guidelines regarding immunosuppression management for CLKT 
recipients, and induction and maintenance immunosuppression protocols are gener-
ally center-specific [29]. There are data suggesting that transplantation of a liver and 
kidney from the same donor is associated with a lower incidence of acute rejection 
and improved renal graft survival [29], and there are cases of a pre-transplant- 
positive lymphocytotoxic crossmatch becoming negative after liver transplant [27]. 
Multiple reasons for this have been theorized, including neutralization of circulating 
alloantibodies by soluble class I HLA antigens produced by the liver allograft, inhi-
bition of natural killer and cytotoxic T cells by liver-produced HLA-G antigen, and 
liver clearance of circulating class 1 HLA antibodies [27, 29]. Adult observational 
studies have shown decreased kidney graft loss to chronic rejection among CLKT 
recipients (2%) compared to kidney-alone recipients (8%) [38]. However, a similar 
benefit was not seen among pediatric CLKT recipients in the European Society for 
Pediatric Nephrology/European Renal Association-European Dialysis and 
Transplant Registry [39]. In this cohort of 202 pediatric patients with ARPKD, there 
was no difference in 5-year death-censored kidney allograft survival between recip-
ients of a CLKT and recipients of a kidney alone (92.1% vs 85.9%, p = 0.4), though 
age- and sex-adjusted risk for death was 6.7 times higher among the CLKT recipi-
ents [39]. Three of the four deaths within 1 month post-transplant were among the 
CLKT recipients; causes of death included cardiovascular disease, infection, and 
“other/unknown” factors [39].

A 2014 study evaluated outcomes for 152 children in the United States who had 
received CLKT. Patient survival for CLKT was 86.8% at 1 year, 82.1% at 5 years, 
and 78.9% at 10 years. A total of 12 of the 32 deaths occurred within 30 days post- 
operation and 17 had primary hyperoxaluria. The primary causes of death were 
infectious and cardiovascular complications. In comparison, patient survival after 
isolated liver transplant over a comparable period was 86.7% at 1 year, 81.2% at 
5 years, and 77.4% at 10 years. Patient survival after isolated kidney transplant was 
98.2% at 1 year, 95.4% at 5 years, and 90% at 10 years [7] (Fig. 14.5).

Liver graft survival was 81.9% at 1 year, 76.5% at 5 years, and 72.6% at 10 years. 
Liver graft survival was significantly worse among those with primary hyperoxal-
uria (p = 0.01), possibly due to the complications of systemic oxalosis, and the most 
common causes of liver graft failure were venous thrombosis (37.5%) and infection 
(25%). Kidney graft survival was 83.4% at 1 year, 76.5% at 5 years, and 66.8% at 
10  years. Primary hyperoxaluria was significantly associated with reduced renal 
allograft survival (p = 0.01), and the most common causes of renal graft loss were 
chronic rejection (24%), infection (24%), and venous thrombosis (12%). Fourteen 
children (9.2%) had failure of both the liver and kidney, with kidney allograft failure 
preceding liver allograft failure in 57.1%. The time between failure of the two 
allografts was less than 40 days in 64.2% of children [7].

 Primary Hyperoxaluria

Special consideration must be given to the question of CLKT in patients with pri-
mary hyperoxaluria. Primary hyperoxaluria type 1 is a defect in the AXGT gene, 
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resulting in defective production or trafficking of alanine-glyoxylate aminotransfer-
ase in the liver [27]. This deficiency leads to overproduction of oxalate and exces-
sive urinary excretion of calcium oxalate that causes a decline in renal function. As 
the estimated glomerular filtration rate falls below 30–50 ml/min/1.73 m, renal oxa-
late excretion can no longer keep pace with production, and oxalate accumulates in 
the bones, vessels, heart, joints, and retina. Oxalate is poorly cleared by hemodialy-
sis, with levels only decreasing by about 40% and returning to 95% of pre-dialysis 
levels within 48 hours; peritoneal dialysis clearance is worse. Children with primary 
hyperoxaluria often require daily hemodialysis with or without nightly peritoneal 
dialysis in order to keep pace with the continuous excess production of oxalate by 
the liver [40]. End-stage renal disease develops in 50% of children with primary 
hyperoxaluria type 1 by 15 years of age and 80% by age 30 years [27], though the 
course can be highly variable, even in siblings with the same genetic mutation [41].

The first step in considering CLKT for primary hyperoxaluria is genetic testing 
or liver biopsy to confirm alanine-glyoxylate aminotransferase deficiency [33]. 
Outcomes for kidney-alone transplant in primary hyperoxaluria type 1 are dismal, 
with a 5-year graft survival of 14% in children, primarily due to ongoing overpro-
duction of oxalate in the liver that damages the allograft. However, the indications 
for liver transplantation in primary hyperoxaluria secondary to causes other than 
AXGT mutation remain unclear, with sources reporting both good outcomes and 
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compared to patient survival in isolated kidney transplantation (KT) and isolated liver transplanta-
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graft losses due to oxalate deposition among recipients of kidney-alone transplant in 
primary hyperoxaluria type 2, a milder form of the disease associated with muta-
tions in glyoxylate reductase/hydroxypyruvate reductase and decreased risk of pro-
gression to ESRD. Another important step is determining if the patient is pyridoxine 
sensitive, as approximately 25–30% of patients with primary hyperoxaluria type 1 
will have reduced oxalate excretion with pharmacologic doses of pyridoxine 
(5–10 mg/kg/dose twice a day). Soliman et al. reported that 8 of 26 patients on pyri-
doxine therapy were able to maintain normal renal function after 2 years of follow-
 up [42]. There are case reports suggesting that pyridoxine-responsive patients may 
have successful kidney-alone transplants, but the overall results of this practice 
remain unclear [33]. Similarly, there are multiple case reports of primary hyperox-
aluria diagnosed only after kidney-alone transplantation; most cases resulted in 
early graft dysfunction (often within days to months of transplant) and early graft 
loss, but there also are reports of renal function stabilizing with aggressive fluid 
intake [43].

Among patients with confirmed primary hyperoxaluria type 1, there remains 
great debate about the appropriate timing of kidney transplantation [44]. After liver 
transplantation corrects the underlying genetic defect, systemically deposited oxa-
late is progressively mobilized into the blood to be filtered by, and damage, the 
kidneys. One management option is sequential liver and kidney transplant. The liver 
transplant occurs first, allowing for immediate correction of the oxalate overproduc-
tion, followed by a period of intensive dialysis to clear the mobilized systemic oxa-
late. Once plasma oxalate levels are lowered or normalized, the kidney transplant 
occurs, typically in a range of 51  days to 9  months post-liver transplant [45]. 
Advantages of the sequential strategy include protection of the renal allograft from 
systemic oxalosis and stabilization of liver function and coagulation prior to pro-
ceeding to kidney transplantation. Sequential transplant may also be more appropri-
ate for children with the infantile form of primary hyperoxaluria type 1, for whom 
it is difficult to find appropriately size-matched liver and kidney allografts from the 
same donor. There are also multiple reports of successful sequential liver and kid-
ney transplants using the same living donor [44, 46, 47]. However, if a patient 
requires a deceased donor for both organs, the wait time between liver and kidney 
transplants on intensive dialysis can be long [48].

In combined liver-kidney transplant, the metabolic defect and renal failure are 
corrected immediately, allowing earlier discontinuation of dialysis. Plasma oxalate 
levels drop significantly after CLKT, from >60–100 μmol/L to <20 μmol/L, but they 
can remain elevated for months or years as systemically deposited oxalate is mobi-
lized [45, 49] (Fig. 14.6). Post-transplant management with high fluid intake, urine 
crystallization inhibitors, such as citrate, and pyridoxine (if patient is pyridoxine- 
responsive) is necessary to protect the renal allograft until oxalate levels are normal 
[33, 45]. The value of dialysis immediately after CLKT, to clear oxalate and prevent 
early oxalate deposition in the new renal allograft, remains unclear [33], as the anti-
coagulation needed for dialysis increases the risk of bleeding in a patient whose 
synthetic liver function is still recovering. CLKT also allows the patient to benefit 
from the lower rejection rates seen in CLKT [45]. In a recent case series reported by 

R. M. Engen and P. Verghese



383

Horoub et al., 24 patients with primary hyperoxaluria type 1 underwent transplanta-
tion between 2011 and 2018, 13 of whom were less than 18 years of age. Thirteen 
patients received sequential liver and kidney transplant and eight patients received 
CLKT. The authors reported no differences in mortality at 3 years, need for hemo-
dialysis after transplant, acute cellular rejection, or estimated glomerular filtration 
rate between the sequential and combined transplant strategies [50].

Pre-emptive liver transplant for patients with primary hyperoxaluria type 1 
remains controversial. It may be an option for patients who are diagnosed prior to 
significant decline in renal function, correcting the metabolic defect before systemic 
oxalosis develops and preventing the need for a renal transplant. “Late” pre-emptive 
liver transplant, in patients with a glomerular filtration rate <30 mL/min/1.73m2, 
may also delay the need for kidney transplant [48]. In young children, preemptive 
liver transplant avoids the technical and anatomic issues of CLKT in a small abdo-
men [48]. However, primary hyperoxaluria has a heterogeneous course; it can pres-
ent clinically in infancy with rapid progression, in adolescence with recurrent 
nephrolithiasis, or even in adulthood [51]. Factors predicting the onset of renal fail-
ure are unclear but may include a higher urinary oxalate level and nephrocalcinosis 
[52, 53]. Family history or genetic mutation is not necessarily predictive [41].

Given this uncertainty, and liver transplant graft survival outcomes of 85% at 5 years, 
70% at 10 years, and 50% at 20 years [51], and the risks of immunosuppression, the 
difference between “preemptive” and “premature” liver transplant remains debated. 
There have been 24 published cases of preemptive liver transplantation for pediatric 
primary hyperoxaluria type 1, of which 20 patients were free of end-stage renal disease 
at follow-up of 0.7–16 years [48]. Ongoing research in hepatocyte transplantation [48] 
and the recent US Food and Drug Administration approval of lumasiran, an RNA inter-
ference-based treatment that decreases oxalate production by reducing levels of 

Fig. 14.6 Plasma oxalate levels declined rapidly following successful combined kidney-liver 
transplantation but remained above normal in most patients during the first year after transplant. 
The normal range for plasma oxalate levels is <1.8  μmol/L, shown in the gray-shaded area. 
(Reprinted with permission from American Journal of Transplantation [49])
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glycolate oxidase, [29] may change management of primary hyperoxaluria type 1, fur-
ther complicating considerations for preemptive liver transplantation.

 Pediatric Kidney-Pancreas Transplantation

Pediatric kidney-pancreas transplantation is a rare procedure, with only 69 reported 
cases in the US Organ Procurement and Transplantation Network [1]. The number 
of kidney-pancreas transplants in children has been declining in recent years, from 
a median of 4 per year 2006–2010 to a median of 2 per year 2016–2020. Pancreas- 
alone transplant is more common in children, with 703 performed since 1988. Of all 
pediatric kidney-pancreas transplants performed in the United States, 8 (11.5%) 
were in children less than 1 year old, 22 (31.9%) were in children 1–5 years old, 15 
(21.7%) were in children 6–10  years old, and 22 (31.9%) were in children 
11–17 years old [1].

Nearly 50 (72.4%) of the 69 pediatric kidney-pancreas recipients did not have 
diabetes [1]; their indications for transplant are not clearly documented in published 
OPTN data but may include cystic fibrosis and chronic pancreatitis [1]. Seven 
(10.1%) pediatric kidney-pancreas recipients reported type I diabetes, while the 
remainder are “unknown.” Forty-three (62.3%) recipients reported “other” as their 
indication for renal transplant. As of writing, there were three pediatric patients 
waitlisted for kidney-pancreas transplant, two of whom had congenital/metabolic 
disorders [1].

In 1996, Bendel-Stenzel et  al. published two cases of children who received 
simultaneous pancreas-kidney transplants. Both patients had a history of diarrhea- 
associated hemolytic uremic syndrome that resulted in pancreatic insufficiency 
requiring insulin and renal failure. One patient received a deceased donor transplant 
and one received a living-related simultaneous kidney and segmental pancreas 
transplant. Induction was with antithymocyte globulin in both patients. Both patients 
received tacrolimus and prednisone maintenance immunosuppression; in addition, 
one patient received azathioprine and one patient received mycophenolate mofetil. 
The need for insulin in both patients resolved within 6 hours of post-transplant; one 
patient continued to require pancreatic enzyme supplements. One patient had mul-
tiple episodes of rejection, while the other had none. Both patients had functioning 
allografts at 1-year follow-up. The authors further reported on a total of eight pedi-
atric simultaneous kidney-pancreas transplants in the International Pancreas 
Transplant Registry, six of whom had function of both grafts at follow-up [54].

Due to the rarity of the procedure, published data on simultaneous kidney- 
pancreas transplant are largely limited to the adult population, where the primary 
indication is type 1 diabetes with concurrent diabetic nephropathy and patient 
comorbidities may be substantially different. The pancreas transplant is com-
pleted first to limit ischemic time [55]. The pancreas is transplanted heterotopi-
cally, but the exact location is a matter of surgeon and center preference. Common 
anastomosis sites include the pelvis, with anastomoses to the common or exter-
nal iliac artery and vein, or the small bowel mesentery, with anastomoses to the 
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iliac artery or aorta and the portal vein or superior mesenteric vein. Venous anas-
tomosis to the systemic circulation is technically easier but carriers a higher risk 
of hyperinsulinemia; venous anastomosis to the portal circulation is theoretically 
more physiologic but has not been shown to improve graft survival [55]. The 
pancreas is a technically challenging organ on which to operate. Technical com-
plications are common and include pancreatic pseudocyst and thrombosis 
(5–10%) [55, 56]. Abdominal infections are responsible for 9.2–15% of techni-
cal failures and remain a major cause of mortality in pancreatic transplanta-
tion [57].

As most adult simultaneous kidney-pancreas transplants are for type 1 diabetes, 
the patient has intact exocrine function of their native pancreas; therefore, the exo-
crine duct of the pancreatic allograft is typically diverted to either the bladder or 
jejunum. Anastomosis with the bladder was more common historically, but this can 
result in chronic metabolic acidosis due to loss of bicarbonate-rich fluid in the urine, 
infections, and damage to the urethra by pancreatic enzymes [58]. A duodenal or 
jejunal anastomosis of the exocrine duct is now more commonly used [55, 56], 
though this may result in malabsorption and diarrhea [58]. In pediatric patients with 
exocrine dysfunction, the location of the duct anastomosis may affect their need for 
pancreatic enzyme supplementation.

Post-transplant, close monitoring of blood glucose level is critical as it reflects 
graft function; failure to achieve normoglycemia quickly after transplant is a sign of 
graft dysfunction, rejection, pancreatitis, and/or an allograft that is too small for the 
patient [56]. Pancreatic allograft rejection in adult simultaneous kidney-pancreas 
recipients is concordant with kidney graft rejection in 60% of cases [55]. Elevated 
C-peptide and lipase are suggestive of dysfunction. Biopsy of the pancreatic graft is 
technically challenging and may be nondiagnostic in 12% of cases due to sampling 
error [55].

Data in adults suggest that simultaneous kidney-pancreas transplant has increased 
graft survival (>90% at 1 year) compared to isolated pancreas (80%) or pancreas- 
after- kidney (82%) transplantation [56]. Simultaneous kidney-pancreas recipients 
also have longer graft survival (72% at 8 years) than deceased donor kidney-alone 
recipients (55% at 8  years) [55]. However, wait times for simultaneous kidney- 
pancreas transplant are substantially longer than for kidney or pancreas alone. For 
example, between 2011 and 2014, the median wait time to receive a simultaneous 
kidney-pancreas transplant in the United States for an 11- to 17-year-old was 
1033 days, compared to 680 days for a kidney alone and 758 days for a pancreas 
alone [1]. Therefore, the improved graft survival must be balanced with the longer 
wait time.

 Liver-Kidney-Pancreas Transplant

There have been two pediatric liver-kidney-pancreas multiorgan transplants per-
formed in the United States [1], which correspond to two case reports of such trans-
plants for Wolcott-Rallison syndrome. Wolcott-Rallison syndrome is a rare genetic 
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disorder that causes neonatal-onset insulin-dependent diabetes, skeletal dysplasia 
(mostly spondyloepiphyseal dysplasia), short stature, and hepatic dysfunction with 
recurrent acute liver failure [59]. The disease is autosomal recessive and is caused 
by mutations in EIF2AK3, which encodes pancreatic endoplasmic reticulum kinase 
(PERK). In the absence of PERK, the endoplasmic reticulum cannot respond to 
stress from accumulated unfolded proteins [60]. Infection, medications, or anesthe-
sia can trigger episodic acute liver failure, often accompanied by acute renal failure 
[61]; the first “aggravation” is fatal in approximately 50% of cases [60].

Rivera et al. reported an 8-year-old girl with genetic-confirmed Wolcott-Rallison 
syndrome who presented with a dry cough, low-grade fever, and abdominal pain. 
She quickly developed multisystem organ failure, including a need for continuous 
renal replacement therapy. Nine days later, she underwent en bloc liver, pancreas, 
and kidney transplant from an 8-year-old ABO-compatible donor with thymoglobu-
lin induction. Abdominal wall closure was completed on postoperative day 2; she 
was extubated and began eating on postoperative day 4. Post-transplant course was 
complicated by acute rejection of the liver and pancreas on day 45 and Enterococcus 
urosepsis at 6 months. She was in good health with good graft function at 18 months 
of follow-up [62].

Tzakis et al. reported a 6-year-old girl who presented with acute hepatic failure 
and was confirmed to have Wolcott-Rallison syndrome by genetic testing. She 
required mechanical ventilation, dialysis, and plasmapheresis for 6 weeks before 
recovering. Once she had been discharged, she was evaluated and listed for liver, 
pancreas, and kidney transplant. She received en bloc transplant with both kidneys; 
the native kidneys were not removed. The abdominal wall was closed on postopera-
tive day 6. Post-transplant course was complicated by severe rejection of all three 
organs with acute respiratory distress syndrome, from which she recovered after 
2 months of hospitalization. She was in good health with good graft function at 
18 months of follow-up [60].

 Kidney-Intestinal and Multivisceral Transplants

Composite visceral transplants are any transplant including the intestine and at 
least one other abdominal organ; multivisceral transplants are intestinal trans-
plants that also include the stomach, duodenum, and pancreas with or without the 
liver and kidney [63]. Per OPTN data, 55 pediatric composite visceral transplants 
that include a kidney have been performed in the United States to date; 50 of these 
are liver- kidney- intestinal-pancreas transplants. Of the remainder, two were 
kidney- intestinal transplants, two were kidney-intestinal-pancreas transplants, 
and one was a liver- kidney- intestinal transplant. A total of 21 (42%) of the 50 
transplants were performed in children aged 6–10 years. The incidence of multiv-
isceral transplantation peaked in 2008–2010 before declining. In the past 5 years, 
multivisceral transplantation has been limited exclusively to liver-kidney-intesti-
nal-pancreas transplants performed in children of ages 1–10 years at a rate of 1–3 
transplants per year [1].
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Intestinal and multivisceral transplant is the standard of care for patients with 
irreversible intestinal failure who can no longer be maintained on parental nutrition 
[63]. The primary causes of intestinal failure are short bowel syndrome, congenital 
enteropathies, and intestinal motility disorders. Primary treatment for intestinal fail-
ure is parental nutrition, with a goal of intestinal rehabilitation and return to full 
enteral nutrition, but maintenance of parental nutrition may be limited by severe 
cholestatic liver disease, recurrent catheter-related infections, and/or loss of vascu-
lar access [64]. Intestinal failure-associated liver disease (IFALD) occurs in 40–60% 
of children, and as many as 85% of neonates, who depend on parenteral nutrition for 
prolonged periods; approximately 15% of these will progress to end-stage liver dis-
ease [65]. IFALD is multifactorial and related to prematurity, recurrent infections, 
and parenteral lipid intake, especially the soybean oil routinely used in the United 
States [64, 65]. In infants with IFALD who are considered to have a high likelihood 
of intestinal adaptation and return to enteral nutrition, liver transplant alone may be 
considered, as liver disease has been shown to interfere with intestinal adaptation 
[65]. However, this can be difficult to predict. IFALD often recurs in the liver 
allograft, and the immunosuppressive medications may increase the risks of sepsis 
in children who still require parenteral nutrition [65]. Intestinal failure is less com-
monly associated with kidney disease; in the OPTN/SRTR 2016 Annual Data 
Report, only 3.7% of intestinal recipients required simultaneous kidney transplant 
[66]. Of note, many multivisceral transplant recipients do not require a pancreas 
transplant, but the pancreas is often included for technical reasons, as it eliminates 
the need for biliary reconstruction (and associated risk of bile leaks), simplifies 
backtable preparation, and allows for procurement of longer superior mesenteric 
artery and vein vessels [67].

The intestinal transplant procedure is complex and individualized to the patient, 
depending on the organs being transplanted and the abdominal anatomy of the 
patient. In the pre-transplant phase, a full assessment of upper and lower vascular 
patency is key as many patients will have vascular thrombosis related to their paren-
tal nutrition dependence that can complicate or even preclude the procedure. The 
kidney may be transplanted en bloc with the intestine or separately [63]. A recent 
case series by Kunzler de Oliveira Maia et al. reported using infant en bloc kidneys 
with a bladder segment, using the bladder patch technique in three children receiv-
ing multivisceral transplants [68]. All three patients had good vascular flow; one 
developed ureteral stenosis. One patient died of sepsis, while the other two were 
alive with graft function at 2 and 5 years of post-transplant [68]. Small patients may 
not have adequate abdominal domain to place an en bloc multivisceral transplant 
with abdominal wall closure, but abdominal wall closure at the time of surgery is 
preferred to decrease the risk of infection. There are several reports of using the 
abdominal rectus as fascia to allow tension-free abdominal closure with good results 
[69, 70]. Postoperatively, multivisceral transplant recipients typically continue 
parental nutrition with gradual, stepwise introduction of enteral feeds [63]. Acute 
kidney injury is common (25% incidence in adults), and is likely related to erratic 
intestinal absorption of tacrolimus, which can lead to markedly elevated tacrolimus 
levels and calcineurin inhibitor-related renal artery vasoconstriction [71].
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Compared to other organs, the intestinal allograft includes significantly more 
lymphoid tissue and is highly antigenic; both rejection and graft versus host disease 
can and do occur. Acute cellular rejection has been reported in 30–60% of intestinal 
transplant recipients by 3 months of post-transplant [69, 71]. The rejection is typi-
cally isolated to the intestine with other transplanted organs relatively spared [71]. 
Intestinal rejection can present with fever, diarrhea, abdominal pain, dissension, and 
bacteremia due to translocation of bacteria. Tacrolimus levels may appear elevated 
during rejection due to impaired enterocyte tacrolimus metabolism [71]. To monitor 
for rejection, an ileostomy is commonly created to allow for surveillance biopsies 
[63] as often as twice a week immediately after transplant [71]. Depending on 
which other organs are transplanted, routine monitoring of hepatic enzymes, pan-
creatic enzymes, and serum creatinine is also necessary. Immunomodulatory strate-
gies, including allograft radiation and bone marrow augmentation, have also been 
explored with some improvement in outcomes [63, 72].

Simultaneously, the patient must be monitored for graft versus host disease 
(GvHD), which occurs in 4–30% of recipients [71, 73]. The risk is highest in 
patients with an immunodeficiency (such as in familial multiple intestinal atresia or 
trichoheptoenteric syndrome) or who are under the age of 5 years [73, 74]. Unlike 
GvHD of after hematopoietic stem cell transplant, GvHD after multivisceral trans-
plant nearly always involves the skin (often a maculopapular rash that starts on the 
palms and soles) [73], though intestine, lungs, and bone marrow involvement may 
occur concurrently [75]. The diagnosis is confirmed by the presence of donor leuko-
cytes in the recipient’s peripheral blood or organs [63]; management involves ste-
roids and reduction in other immunosuppression. Mortality among multivisceral 
transplant recipients has been reported to be as high as 60–70% in one small case 
series [75, 76].

Intestinal transplant recipients have the highest rates of Epstein-Barr virus (EBV) 
infection and post-transplant lymphoproliferative disease (PTLD), with an inci-
dence ranging from 13 to 33%, likely related to the comparatively younger age of 
recipients, more frequent use of T-cell depleting induction therapy, and larger 
amount of donor lymphoid tissue present in the intestine [77, 78]. One case series 
also reported two cases of intra-abdominal EBV-associated smooth muscle tumor, 
an overall incidence of 14% in the pediatric multivisceral population [78]. Both 
PTLD- and EBV-associated smooth muscle tumors are treated with reduction in 
immunosuppression, but case reports suggest that resection of smooth muscle 
tumors may improve survival [79].

Related to these complications, outcomes for multivisceral transplants remain 
significantly worse than other solid organ transplants. They are also worse than 
outcomes for individuals with intestinal failure who can be maintained on chronic 
parenteral nutrition [80]. Data on kidney-inclusive multivisceral transplants are not 
available, but current 5-year patient survival among all pediatric multivisceral trans-
plant recipients is approximately 50–60% [69, 80, 81]. Younger age at transplant, 
receipt of a liver transplant from the same donor, and use of rapamycin as mainte-
nance immunosuppression have all been associated with improved graft and patient 
outcomes [81]. However, Ramisch et al. reported that 93% of graft recipients were 
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taking full enteral nutrition within 1 month of post-transplant [69], and quality of 
life is reportedly good after intestinal transplantation, though lower than the general 
population, especially in areas of school functioning [82, 83]. With improvements 
in intestinal rehabilitation and prevention of IFALD, the role of multivisceral trans-
plant may be limited to that of a “final option” therapy until outcomes improve.

 Future Directions

Despite growth in multiorgan transplantation over the last two decades, current 
information on management and outcomes, especially among pediatric patients, 
remains limited. Existing data supporting or refuting the role of multiorgan trans-
plantation versus single-organ or sequential transplantation are often subject to con-
founding by indication and is difficult to interpret. National and international 
consensus on indications for multiorgan transplant is lacking. Peri- and post- 
operative management remains largely center-specific, driven by expert opinion 
rather than data. National and international registries often combine pediatric and 
adult data in their reporting, making it challenging to apply the results to children. 
Centers that frequently perform multiorgan transplants should be encouraged to 
publish their experience (especially in the field of pediatric kidney-pancreas trans-
plantation), and existing registries should be encouraged to publish pediatric- 
specific outcomes from their databases to continue to improve the care we provide 
to this small but vulnerable population.

 Questions

 1. Which of the following statements is true regarding multiorgan allocation?
 A. Incidence of multiorgan allocation to pediatric patients has risen over the last 

5 years.
 B. There are no policies surrounding allocation of organs for multiorgan 

transplantation.
 C. Current allocation policies result in multiorgan transplant recipients receiv-

ing kidneys with a lower KDPI than kidney-alone transplant recipients.
 D. There are simple and straightforward ways to balance equity and utility in 

multiorgan transplant allocation.
C. Because multiorgan transplant takes priority over solo pediatric kidney, 

recipients of multiorgan transplants often receive better quality kidneys (lower 
KDPI) than recipients of kidney alone.

 2. Outcomes among pediatric simultaneous heart-kidney transplant recipients:
 A. Show increased rejection within the first-year post-transplant compared to 

heart-alone transplantation
 B. Show increased rates of primary allograft nonfunction compared to kidney- 

alone transplantation
 C. Are likely to be better for infants <10 kg than for larger children
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 D. Show increased mortality compared to heart-alone transplantation
B. Recipients of combined heart-kidney transplant have significantly lower 

mortality than heart transplant recipients who remain on dialysis but have high 
incidence of primary nonfunction and post-transplant dialysis, despite generally 
receiving higher quality (low KDPI) kidneys than kidney- alone recipients.

 3. Perioperative management of combined liver-kidney transplant recipients 
involves:
 A. Transplanting the kidney first, followed by the liver
 B. Routine use of CRRT with heparin anticoagulation in all patients
 C. Careful balancing of bleeding and thrombosis risks
 D. Rare use of postoperative dialysis

C. Immediately after transplant, CLKT recipients require close monitoring 
for bleeding and vascular complications. Liver transplant recipients can have 
significant blood loss and disturbances of coagulation during transplantation, 
especially if intra-abdominal varices or hypersplenism was present. 
Overcorrection with excessive fresh frozen plasma, platelets, cryoprecipitate, 
and/or fibrinogen can result in vascular thrombosis after organ reperfusion.

 4. Compared to other solid-organ transplant recipients, multivisceral transplant 
recipients are at higher risk for:
 A. Graft versus host disease
 B. Rejection
 C. Post-transplant lymphoproliferative disease
 D. All of the above

D. Multivisceral transplant recipients are at higher risk of all of the listed 
complications and have to be monitored carefully.
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 Introduction

For a young person with end-stage kidney disease (ESKD), kidney transplant can 
offer freedom from the strict schedule and diet of chronic dialysis and is generally 
associated with improved morbidity, mortality, and self-reported quality of life 
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(QOL) [1, 2]. Kidney transplant is not a cure for ESKD and the transplant process 
involves significant short-term surgical and medical risks, as well as its own inva-
sive and intensive chronic long-term management and surveillance. Despite the bur-
dens of post-transplant care, the benefits of kidney transplantation will usually 
outweigh the short- and long-term concerns, making transplant the preferred form 
of kidney replacement therapy for most children.

The demand for solid organ transplantation outweighs the supply of available 
organs. In 2018, 897 children in the United States received either a living-donor or 
deceased-donor kidney transplant, while an additional 966 children were newly 
added to the waiting list. Over the course of that year, 25 children on the active 
kidney transplant waiting list died while waiting [3]. Because this shortage exists, it 
is important to ensure not only that donation opportunities are maximized but also 
that those who receive organs can truly benefit from them.

When considering an individual transplant recipient, the ethical principles of 
beneficence, nonmaleficence, and respect for persons are paramount to determining 
the suitability of the transplant for that child and the optimal timing of the trans-
plant. A transplant done too early (i.e., before the glomerular filtration rate (GFR) is 
low enough to require it or before the child is prepared to receive it) risks burdening 
the child with post- transplant complications without benefit. Delaying or denying 
transplant access to a child and leaving them on dialysis may rob them of the ben-
efits that transplant can provide. Respect for persons dictates that we allow capable 
people to make the choices that are consistent with their personal values. While this 
autonomy has limits, including when individual choices harm others, just transplant 
policy will allow for some degree of personal choice [4].

Because the demand for organs exceeds the supply, the individual transplant can-
didate must be considered within the larger group of candidates, so the ethical prin-
ciples of utility and equity are relevant [5, 6]. Utility describes the effort to maximize 
the good to individual and society with each transplanted organ. For the most part, 
this requires that any particular organ that is available ought to be given to the per-
son who is likely to realize the most benefit [5]. The principle of equity requires that 
all potential candidates for organ transplant be given the opportunity to undergo a 
fair and balanced assessment of their eligibility and that allocation decisions be 
made on morally relevant criteria alone [5]. Transplant eligibility focuses on medi-
cal suitability for transplant and aims to disregard morally irrelevant criteria like 
wealth or social status. Reciprocity may play a role in just allocation as well, 
acknowledging that there is a duty owed to those who contribute to their communi-
ties that may elevate them in terms of transplant priority.

In addition to the principles guiding ethical transplant policy in general, ethical 
decision-making in children is guided by the best interest standard, at least as long 
as children lack capacity to make the decisions most consistent with their own val-
ues and priorities. In the best interest standard, the balance of benefits and burdens 
of a proposed treatment are used to determine whether a proposed treatment is per-
missible and ethically supportable [7]. Burdens are understood to take many forms, 
and they include pain, activity limitation, fear, anxiety, isolation, disruption, and 
medical/surgical risks and complications [8, 9]. No one combination of burdens is 
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sufficient to deem a proposed intervention impermissible, although burdens that are 
significant, recurring, or enduring ought to be strongly considered before pursuing 
a proposed intervention. Another important standard used in pediatric decision- 
making is the harm principle, which sets a threshold for state intervention in paren-
tal decision-making when “there is evidence that parental actions or decisions are 
likely to harm a child” [10].

Organ transplant authorities, international societies, and sometimes legislatures 
have created standards and guidelines to guide how organ allocation decisions are 
made and justified. Although there is characteristically application and consider-
ation of utility, equity, and respect for persons across these laws and policies, indi-
vidual institutional protocols and society guidelines are not uniform, and certain 
patient factors remain controversial with respect to their suitability for receiving an 
organ transplant [11, 12]. There are stark inequities in access to transplantation for 
children of different races, intellectual capacity, and citizenship status, indicating 
that we need to continually interrogate our transplant policy and aim for better out-
comes for all children. Throughout this chapter, we will explore various potential 
ethical dilemmas and challenges as they relate to kidney transplantation.

 Children with Intellectual Disability and Other Co-morbidities

Intellectual disability (ID; also referred to as “intellectual development disorder” 
and replacing the outdated term “mental retardation”) is defined by the presence of 
deficits in both intellectual and adaptive functioning in conceptual, social, and prac-
tical domains. ID has a prevalence of 1% among the general population, and 
“severe” ID has a prevalence of 0.6% [13]. The diagnosis of ID requires standard-
ized assessment of both intelligence and adaptive function. Intelligence quotient 
(IQ) test scores, which formed the basis of diagnosing ID in previous editions of the 
Diagnostic and Statistical Manual of Mental Disorders (DSM), are now recognized 
to be only approximations of an individual’s ability to accommodate, adapt, and 
perform tasks [14]. An individual’s adaptive function may be above, at, or below 
what would be expected given their IQ test score, hence the recent de-emphasis on 
formal IQ testing when it comes to making a diagnosis of ID. Differences in adap-
tive functioning may be at least partly related to differences in social and commu-
nity supports for an individual living with ID [14, 15]. The American Psychiatric 
Association recommends that assessment of adaptive function be based on clinical 
interpretation of standardized assessments and interviews and information from 
multiple informants [13]. There is no standardized method of assessing adaptive 
function that is recommended by the transplant community at present [11, 12].

The exact prevalence of ID among children with CKD/ESKD is unknown, 
although there are a number of conditions, including genetic syndromes and peri- 
and neonatal complications that can lead to both intellectual disability and chronic 
kidney disease (CKD). Registries like the Chronic Kidney Disease in Children 
(CKiD) have found that 21–40% of participants scored at least one standard devia-
tion (SD) below the mean on measures of IQ, academic achievement, attention 
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regulation, or executive functioning [16]. In a review of kidney allograft outcomes 
among all children from 2008 to 2011, 16% of all first kidney transplant recipients 
had definite or probable ID of some severity [17]. The United Network of Organ 
Sharing (UNOS) has collected data on intellectual disability in solid organ trans-
plant recipients since 2012. Due to differences in listing criteria, transplant center-
specific reports may not accurately represent the number of children and young 
people with ID who could be a candidate for kidney transplant but who may not 
have been referred or listed. As more children with complex medical conditions are 
surviving through advances in technology and therapeutics, and that some of these 
children will have both ID and CKD/ESKD as a result of their underlying condition 
or complications of their medical treatment, it is therefore possible that the rates of 
ID in children with chronic kidney disease may rise and that more of these children 
may present as transplant candidates.

Individuals with ID have and continue to face discrimination and limited oppor-
tunities from societies in which their disabilities are not accommodated; solid organ 
transplant is no exception. Individuals with ID were historically excluded from con-
sideration for solid organ transplant with little discussion [12]. In the 1990s, the 
cases of Terry Urquhart and Sandra Jensen received widespread attention toward 
these exclusionary practices from the public at large. Mr. Urquhart and Ms. Jensen 
both had trisomy 21 and ID; Mr. Urquhart was considered for a lung transplant and 
Ms. Jensen for a combined heart-lung transplant. Both were initially denied listing 
on the basis of their respective listing committee’s concerns that they would not 
have the “satisfactory intelligence” or ability to comply with complicated immuno-
suppressive regimens necessary to maintain a functioning allograft [12, 15]. In 
2012, Amelia Rivera, a then 3-year-old girl with Wolf-Hirschhorn syndrome, ID, 
and ESKD, was allegedly refused a kidney transplant on the basis of her ID [18]. 
The public outcry from these cases was strongly in favor of approving them for 
transplant candidacy, and eventually all three did get access to solid organ transplants.

The transplant community has generally moved toward more acceptance of can-
didates with ID, but there is still no uniform consensus. A 2009 survey of pediatric 
centers across different organ groups found that neurodevelopmental status (includ-
ing ID) was considered by 85% of transplant centers as part of their listing criteria 
at least some of the time, with 33% of transplant centers “always” considering neu-
rodevelopmental delay as part of their listing criteria [11]. None of the centers that 
were included in the study reported having a formal method of assessing neurode-
velopmental status. A recent international survey of pediatric nephrologists found 
that 34% of those surveyed oppose transplantation for children with ID [19]. 
Notably, 38% of pediatric transplant centers reported that there had been cases of an 
individual child who had been denied listing for organ transplant, but would have 
been listed if not for their neurodevelopmental status, while 40% of transplant cen-
ters reported that neurodevelopmental delay was never an absolute contraindication 
to listing for transplant [11].

Most major transplant society guidelines now incorporate some degree of con-
sideration of ID into their recommended practices with many more recent docu-
ments supporting transplant candidacy. The 2020 KDIGO guidelines on transplant 

J. Johnston and A. Goldberg



401

candidacy recommend that children “should not be excluded from kidney transplan-
tation because of non-progressive intellectual, developmental, or cognitive disabil-
ity” [20]. An American Academy of Pediatrics position statement regarding children 
with intellectual and developmental disabilities as organ transplant recipients states 
that “the notion that children with disabilities have a lower quality of life than chil-
dren with typical development is both incorrect and ethically problematic in deci-
sions regarding organ transplant” [15]. The Canadian Society of Transplantation 
mentions that “children who would otherwise be considered for kidney replacement 
therapy should not be excluded from consideration for transplantation solely on the 
basis of diminished cognitive or physical capacity” [21]. Others have changed their 
approach to ID over time. The Transplantation Society of Australia and New Zealand 
stated in their 2011 guidelines that ID may be considered a relative contraindication 
based on concern for adherence with the post-transplant regimen in the absence of 
a caregiver, but in their more recent guidelines, neurocognitive disability is only 
considered a possible contraindication “in the absence of a carer capable of facilitat-
ing adherence to therapy” [22].

The Americans with Disability Act (ADA) prohibits disability-based discrimina-
tion in any healthcare setting and specifically includes healthcare settings that are 
funded by Medicare, Medicaid, and organizations such as United Network for 
Organ Sharing (UNOS) that operate under a federal contract [17]. However, as of 
2019, only 10 US states had specific state legislation that prohibited individuals 
with intellectual and physical disability from being disqualified from transplant 
assessment on the basis of their disability [23].

There are a number of established medical contraindications to transplantation 
that are related to the concept of reduced graft utility; these include diseases that 
could be expected to recur post-transplant, diseases that could be expected to be 
worsened by post-transplant immunosuppression, and diseases that could make 
transplant surgery unsafe for the patient [24]. In those cases, withholding a scarce 
resource from a patient with a medical contraindication is ethically permissible if 
there is another patient who could benefit without the increased risk for graft failure 
or poor patient outcome.

Arguments against providing kidney transplants for individuals with ID have 
included concerns about poorer allograft function in individuals with ID, concerns 
about the amount of benefit that is gained from providing an organ transplant to an 
individual with ID, and concerns that other wait-listed patients could suffer on 
account of transplants being offered to individuals with ID [12, 15, 16]. As a promi-
nent physician stated in regard to the Rivera case, her transplant should have been 
denied “because there is a shortage of kidneys… and her impairments are too sig-
nificant” [32].

However, the existing literature on graft and patient outcomes in transplant recip-
ients with ID is that they do just as well as those of average intellect. Several studies 
examining patient and allograft outcomes among children with ID have observed 
excellent graft and patient survival [12]. Importantly, no significant difference in 
patient or graft outcomes was observed when pediatric kidney transplant recipients 
with ID were compared to pediatric kidney transplant recipients without ID [17]. 
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This is likely due to the fact that all of these children who need a kidney transplant 
also need support to manage that transplant. All children with ESKD and who 
receive chronic kidney replacement therapies, including kidney transplantation, will 
require considerable social support from their caregivers and transplant teams. 
Some children will never reach a level of independence that permits them to entirely 
self-manage their chronic post-transplant regimen, including many individuals with 
ID, and may remain dependent on their caregivers well past the age of legal matu-
rity. The spectrum of support needs among individuals with ID is broad, but there 
are resources in place to address the various and proportionate needs of people with 
intellectual and physical disabilities. These needs should therefore not be used as 
reason to deny these individuals access to transplant [15, 23].

Individuals with ID may have other conditions that are potentially life limiting, 
but it is important to make decisions on their transplant candidacy based on an assess-
ment of how transplant could improve their life, not a simple weighting of how many 
disabilities they face. If a child’s lifespan would not be significantly improved by 
undergoing kidney transplantation, or if their medical conditions were expected to 
drastically reduce the likelihood of transplant function, then it may be reasonable to 
not offer kidney transplantation, for the same utility-based rationale that kidney 
transplantations are withheld for other medical contraindications. An example of this 
may be co-existing and non-remediable severe heart failure. However, it is also not 
uncommon for individuals with ID to have multiple medical conditions that do not 
significantly reduce their expected life span or quality of life. For example, a child 
with Bardet-Biedl syndrome might have visual impairment, ID, and kidney disease. 
In this case, kidney transplant may improve the child’s length of life and allow them 
the time to live well with supports for their other conditions. It would be inappropri-
ate to withhold kidney transplantation from such a child simply because she has 
multiple challenges since none of them reduce the utility of the transplant itself.

Advances in medical technology have also changed our understanding of life- 
limiting conditions and ID, and we now understand better that children can live 
meaningful lives even when they have multiple disabilities. Trisomy 13 and trisomy 
18, for example, were until very recently considered universally fatal in the perina-
tal/neonatal period. Due to changing perception of ID and the advocacy of parents 
of children with these conditions, changes in the approach to providing life- 
sustaining support for these individuals became accepted practice in some centers, 
and some of these children now live well into their childhoods and beyond, making 
interventions like heart surgery and even transplantation possible for these children 
[25, 26]. Conditions that were once barriers to successful intervention now have 
better therapies to ameliorate them. For example, tracheostomy and feeding tube 
placement can extend the lifespan and improve the quality of life for individuals 
with chronic respiratory and nutritional issues, such that medical multi-morbidity 
may not necessarily be a contraindication to other interventions. While the cumula-
tive burdens of these intensive therapies needs to be considered prior to proceeding 
with a transplant evaluation, even a high technology intervention can be ethically 
considered so long as the overall benefits are expected to outweigh the burdens. This 
does not mean that any child or individual with ESKD, ID, and medical complexity 
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is obligated to receive a kidney transplant, as there are situations in which the bur-
dens will exceed the benefits [24].

Implicit and explicit biases have discriminated against individuals with ID (and 
other disabilities) and influenced their eligibility to be evaluated for transplantation. 
A 2004 survey of individuals living with disabilities and solid organ failure reported 
that 80% of participants faced some degree of discrimination (both physical/struc-
tural and attitudinal) during their transplant process [27]. The concept of “quality of 
life” is a core issue in organ transplantation. Kidneys are allocated to individuals 
who are felt to most benefit from them, and this is often communicated on the basis 
of improvement in quality of life. However, these assessments are fraught with trou-
bling limitations. Many tests of quality of life rely on assessment of functional abili-
ties, which are interpreted through the eyes of an individual without the disability, 
thus reflecting the viewpoint of the person without disability rather than the indi-
vidual being assessed [28]. When individuals with disabilities have self-reported 
their own quality of life, it has tended to be similar to individuals without disability, 
whereas the physicians of those individuals tend to report their quality of life as 
lower [29, 30]. Such interpretations of quality of life are rooted in a social worth 
framework, in which “normal function” is prioritized and privileged due to a per-
ceived ability to “contribute” to society, and disability is discounted and underval-
ued due to an apparent inability to contribute [28, 29]. Solid organ allocation 
decisions made on the basis of social value criteria therefore violate the fundamen-
tal principle of justice by incorporating morally irrelevant factors, as it fundamen-
tally devalues the lives and societal and relational contributions of individuals with 
disabilities. The public at large has indicated their support for organ allocation pro-
grams that incorporate considerations beyond simply maximal outcomes, including 
need for transplant, and equal chances for all candidates to receive an organ [31].

While there is a strong case to be made for transplant candidacy for children with 
mild or moderate ID, children with severe ID and/or neurodevelopmental impair-
ment may merit additional consideration. There may be cases in which an individual 
child’s disabilities and impairments are so severe and significant, that the concept of 
burdens and benefits becomes meaningless. There is also the possibility that an 
individual’s disabilities make it such that significant burdens cannot be sufficiently 
alleviated, even with a transplant, or, that an individual’s disabilities make it so that 
substantial benefits cannot be sufficiently enjoyed [32]. For example, Kamin and 
colleagues argue that conditions such as persistent vegetative state may represent an 
absolute contraindication to transplantation due to an absolute lack of benefit on the 
part of the child with persistent vegetative state [33]. Ideally, an individualized 
assessment of an individual’s specific circumstances and their ability to benefit from 
an organ transplant ought to be made in these cases [24, 33]. However, the ability of 
a severely intellectually disabled or neurodevelopmentally impaired child to benefit 
from a transplant may be challenging to measure or interpret. In these cases, the 
concept of a relational potential has been considered, referring to the presence or 
absence of self-consciousness and ability to form relationships. Under a relational 
potential standard, offering life-sustaining therapies to individuals with severe 
impairments but preserved relational potential would be ethically reasonable, 
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whereas it would be permissible to withhold or withdraw such therapies from indi-
viduals who did not possess a relational potential and was therefore incapable of 
interacting meaningfully with another person [34]. Rather than focus on “normal 
function” and social worth as a marker of quality of life, relational potential places 
value on the ability to interact with others as a marker of a quality life. Wightman 
et al. discuss an expanded conceptualization of the relational potential standard, in 
which the presence or capacity for a caring relationship – even if one- sided – is suf-
ficient to satisfy the relational potential standard [34]. In this conceptualization, the 
values and virtues of a relationship are evidence of a good, quality life, and so long 
as the burdens of a proposed treatment are not significant, excruciating, recurring, 
or enduring beyond an alleviation or an individual’s capacity to reasonably bear 
them, proceeding with a life-sustaining treatment, such as organ transplantation, is 
ethically permissible [24, 34].

While the transplant and post-transplant processes may be made less straightfor-
ward by the presence of severe ID or multiple medical conditions and complexity, 
transplant should not be withheld if the individual’s quality of life could reasonably 
be expected to improve with transplant and there is no other medical or relevant fac-
tor that cannot be adequately addressed. The literature demonstrates that ID is not a 
relevant factor to patient and graft survival, and graft success and cases of medical 
complexity would be best addressed by an individualized approach that seeks to 
optimize all modifiable factors before (or in conjunction with) deciding on the basis 
of the best interest standards whether a solid organ transplantation is appropriate for 
the individual child in front of them [12, 17, 35]. An algorithm proposed by Goldberg 
et al. highlights the need for comprehensive, individualized assessment characterized 
by multidisciplinary input and clear, transparent communication throughout the 
transplant evaluation [24]. In light of the inconsistent methods of psychosocial evalu-
ation used in different transplant centers, the algorithm can serve as the foundation 
from which to build an equitable transplant evaluation process (Fig. 15.1).

 Undocumented Children

There are over one million children in the United States who are living with undocu-
mented status [36]. Only a small portion of these children will develop end-stage 
kidney disease, but those who do may not have access to kidney transplantation. 
While dialysis is available as emergency therapy across the United States through 
the federal Emergency Medical Treatment and Labor Act (EMTALA) legislation 
and state laws, undocumented children may not have access to the state-funded 
programs that finance transplant and post-transplant care. Parents and other rela-
tives, who may lack their own health insurance, may not be able to easily volunteer 
as living kidney donors. Some states, like Illinois and California, have included 
undocumented children in their state funding for organ transplant, but many others 
have yet to do so [37, 38].

Access to donated organs is not restricted by residency status as UNOS allows 
non-citizens to receive solid organ transplants. There was previously a rule that led 
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to audit if a center’s non-citizen transplant rate exceeded 5% of their transplants in 
a year [39]. Although apparently designed to reduce transplant tourism to the United 
States, the policy also discouraged transplant for undocumented residents as centers 
feared audit if they transplanted too many non-citizen residents as well. The 5% cap 
has now been replaced by a policy that allows review of registrations or transplants 
of non-US citizens/non-US residents without a hard cap or specific punitive mea-
sures, and non-citizen/residents are now tracked separately from non-citizen/non- 
residents [40]. In 2018, 13 of the 1084 children under 10 years who received a solid 
organ transplant were non-citizen/residents [41]. Since undocumented residents are 
estimated to make up 3% of the US population, this low percentage indicates that 
undocumented residents receive transplants at a lower rate than the general American 
population. A 2014 paper estimated that 3.3% of donated organs came from non- 
citizens, so it is quite likely that undocumented residents actually donate in a larger 
proportion to what they receive.

Responsible stewardship of scarce resource does require drawing lines between 
those who are part of a funded or serviced group, and those who will not be included. 
These lines are often drawn based on residency status and relate to who will pay for 
the healthcare, even in countries where funding comes primarily from the govern-
ment. In Canada, for example, health care is federally funded and provincially man-
aged. Visitors to such countries, like tourists or international students, are required 
to pay for the health care they receive (either directly or through insurance) as they 
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are outside the boundaries of the Canada Health Act [42]. Such a rule allows health 
care resources which are funded primarily through the tax base to be allocated 
toward those who contribute to that tax base and to other aspects of Canadian soci-
ety through their permanent residency in the country. This is consistent with the 
Rawls’ contractarian view of social justice, in which those who contribute to a soci-
ety are entitled to the benefit of society membership [41].

Some have argued that non-residents should not be granted transplant access, or 
should only be granted that access after legal citizens of a country are first priori-
tized, based on the view that they are not members of the community [43]. Some 
argue that including undocumented residents in a country’s publicly funded system 
will lead to “free riders” who take from the system but do not contribute to it [44]. 
Others offer utilitarian perspectives that recipients of these organs may return to 
their home countries which lack the resources to help them maintain their grafts and 
that their home countries will not develop sufficient resources if their citizens can 
get access to transplant in more resource-rich countries [43]. Some have argued that 
in the case of undocumented children, their parents have displayed a pattern of rule 
breaking as proven by their illegal immigration and worry that such a pattern may 
be a predictor of future nonadherence to post-transplant care [45]. Of course, in 
some jurisdictions, a center may be willing to transplant a patient, but it may be 
restricted from doing so because the insurance to pay for the transplant and post-
transplant medications is simply not available to that child [41].

While justified in some areas of resource allocation, excluding undocumented 
children from receiving transplants on the basis of their community membership is 
not justified – they are as much a part of the community as are their legal peers. 
Undocumented residents contribute financially to the wealth of their resident coun-
try with their labor, contributing an estimated 11 billion dollars to state and local tax 
bases in the United States in 2017 [46]. As stated above, they contribute organs to 
the donor pool, likely more than they take from it. In one study, 60% of undocu-
mented residents with ESKD who lacked the insurance necessary to receive a trans-
plant had at least one potential living donor, further reducing the potential impact on 
the deceased donor pool if they were allowed to move forward [47].

Undocumented children and their families are part of the complex social struc-
ture of American life, and as the widespread public support for the Deferred Action 
for Childhood Arrivals (DACA) “Dreamers” indicates, American citizens want 
them to stay [48]. While it is possible that some undocumented children may be 
forced to return to their country of origin at some point, most will continue to live 
in the United States even if they lack legal status. They should be treated as the com-
munity members that they are.

Transplanting these children may improve overall utility by removing undocu-
mented children from state-funded dialysis (although only a minority of states pro-
vide state-funded dialysis for non-documented children.) The transplant therapy 
that can save these children’s lives costs much less than maintaining them on dialy-
sis, thus benefiting the public purse.

Concerns that these children are somehow prone to be less adherent than their 
legal peers because of their parents’ decision to bring them to a country of refuge 
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without legal approval is simply unfounded, as undocumented children who received 
kidney transplants and can continue to pay for their transplant medication do well 
regardless of their immigration status. A 2015 study by McEnhill and colleagues 
showed that undocumented children who received a kidney transplant in California 
between 1998 and 2010 had graft survival at 1- and 5-year post-transplant similar to 
their legal status peers [16]. This is partly due to the fact that these children’s trans-
plant care is funded through the state’s Medi-Cal system. When these children grad-
uate from the program and lose funding for their immunosuppressive medications, 
one in five of them lost their grafts. While this could be seen as a threat to utility, it 
is probably better conceived as justification for extending state funding of transplant 
immunosuppression past childhood, so that these healthy patients can continue to 
take care of their healthy grafts.

Ethical allocation policy distributes organs on the basis of medical need and 
likelihood of benefit. An undocumented child’s legal status does not affect the 
amount of their need nor their likelihood of benefit and they are members of the 
community; they should receive the same access to transplant as other American 
children with ESKD. As stated by Gordon and Gill, “Maintaining a just and com-
passionate transplant system in the increasingly protectionist US environment 
demands continuation of the tradition of supporting access to transplantation to per-
sons in need regardless of their citizenship or place of residence” [49].

 Non-adherent Children

While transplant is widely regarded as the treatment of choice for pediatric ESKD, 
it is not a cure. The long-term survival of the kidney allograft is dependent on dili-
gent adherence to the immunosuppressive regimen, lest the graft be lost to rejection. 
Adherence is defined as “the extent to which a person’s behavior, in terms of taking 
medications, following diets, or executing lifestyle changes, coincides with medical 
or health advice” [50]. While important in the management of all chronic illness, it 
is a particularly relevant topic in solid organ transplant, and even more so for ado-
lescents since they have been consistently documented to have the highest rates of 
non-adherence (NA) among all kidney transplant recipients [51, 52]. Should trans-
plant eligibility hinge on a candidate’s proven or predicted non-adherence? Should 
the rules for a second transplant be stricter if an initial graft is lost due to 
non-adherence?

There is no ideal way to measure adherence and many commonly used methods 
have their drawbacks [53]. Self-reported NA can be easily assessed and offers an 
immediate opportunity to address the causes and contributors, but it can sometimes 
be unreliable, as individuals may be reluctant to report NA fearing they will upset 
their providers or face punitive consequences from the medical team or parents [54]. 
Random drug monitoring can root out unreported issues, but it may undermine the 
therapeutic relationship between patient and provider. Outcome-based assessments, 
such as biopsy-proven rejection and graft failure, offer limited opportunity to inter-
vene before adverse outcomes occur. Directly administered or directly observed 
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therapy is intrusive and difficult to sustain for patients and providers, particularly 
for multiple daily medications that must be taken life-long. Measurement of drug 
metabolite levels is possible for some anti-rejection drugs, but increased adherence 
in the days leading up to a clinical visit in anticipation of impending drug level test-
ing may falsely reassure providers (aka “white coat adherence”) [55]. More com-
plex methods of measuring adherence can work well in study environments but may 
lack generalizability to all clinical situations [56, 57].

Acknowledging the difficulty in accurate detection, systematic review of medi-
cation NA in pediatric kidney transplant recipients has reported rates of 30% or 
higher [51]. Medication NA has been consistently associated with higher rates and 
faster progression of graft failure and loss [58, 59], mediated through the develop-
ment of donor-specific antibodies (DSAs) and consequent antibody-mediated rejec-
tion. NA is more of a problem in adolescents, when rates are reported at just above 
40%, compared with just over 20% of recipients <10 years old [51]. Just under 15% 
of all pediatric kidney allograft failures are attributed to medication NA, but amount 
for over 30% of all adolescent kidney allograft failures. Economic modeling has 
shown a significant increase in health care costs over $12,000 US dollars (USD) 
(which may be shouldered by the individual or the health care system or both) asso-
ciated with persistently low adherence to the recommended post-transplant regimen 
[60]. As stewards of a scarce resource, clinicians are understandably apprehensive 
about the possibility of graft failure due to NA as unsuccessful transplants violate 
the principle of utility. Surveys have shown that a majority of transplant providers 
consider previous medication NA to be – or ought to be – a contraindication to 
transplant [61]. Approximately 5% of transplant candidates are refused on the basis 
of previous medication NA, and it is reasonable to assume that more potential can-
didates are likely not referred for evaluation on the basis of NA [62].

Explanations for increased incidence of medication NA in adolescents are mani-
fold. Unintentional forgetfulness is by far the most commonly reported reason for 
missing or delaying doses of the immunosuppressive regimen but is by no means 
the only reason [63, 64]. Adolescence involves an interplay of physical, sexual, 
cognitive, and psychosocial changes as a young person forms their adult identity 
independent from their parents and peers. The various domains of adolescent devel-
opment occur in tandem but are not uniform. Furthermore, the progress of stable, 
functional adolescent development can be challenged by any number of factors, 
including chronic illness, mental health struggles, psychosocial issues, and chal-
lenges in cognition. The experience of chronic kidney disease and exposure to 
chronic uremia may contribute to any one of these challenges, particularly cognitive 
dysfunction [16]. Developmental cognitive changes from concrete to abstract think-
ing and formal operations are inconsistent in early adolescence and are vulnerable 
to regression in times of stress [50, 65]. Persistence of concrete thinking can con-
tribute to a sense of invulnerability in adolescents if they cannot conceptualize 
themselves succumbing to complications that are not experienced personally, or 
those that are not immediately recognizable, such as the development of DSAs or 
chronic rejection [50, 64, 65]. Adolescent self-concept and self-esteem can be chal-
lenged or consolidated by the experience of living with a chronic illness. Those 
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adolescents who fail to incorporate their chronic illness into their self-conception 
may struggle to adhere to recommended treatments if they fail to recognize the 
importance of managing their condition [64, 66]. Cosmetic side effects, which can 
impact adherence at any age, may be particularly bothersome to adolescents [64]. 
Chronic illness may contribute to a sense of isolation from one’s peers that in turn 
may lead to the adolescent rejecting the label of the chronic illness. The affected 
adolescent may try to hide evidence of their difference, manifesting as inconsistent 
adherence to medications, therapies, or appointments [50, 64]. Parents may struggle 
with how to transition responsibility for medications and appointments to their ado-
lescent child, which could result in a lack of medication oversight. The adolescent’s 
desire for independence and control over one’s life may manifest as rejection of the 
medications or appointments that have been foisted on the adolescent by nature of 
having chronic organ failure [50, 64, 66]. However, it is important to recognize that 
adherence issues are not uniform among all adolescents. The experience of living 
with chronic illness can just as easily build resiliency and facilitate self-manage-
ment capacity among young people as the pressures of adolescence can undermine 
adherence to a recommended treatment.

There is now increasing recognition that NA cannot be attributed to patient fac-
tors alone. Rather, NA should be conceptualized as a common outcome of varying, 
interacting, additive risk factors arising from patient-, condition-, treatment-, 
sociodemographic-, and health care system-related considerations [51, 56]. 
Figure 15.2 illustrates these contributory factors (with examples provided) in the 
form of a pie chart [56]. This conception highlights the equal weight that each of 
these factors can play in the propagation of NA.
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Fig. 15.2 Multifactorial contributors to NA. (Reproduced from Nevins et al. [56])
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Given the significant adverse outcomes associated with NA and the desire to 
optimize successful utilization of a scarce resource, predictive modeling for post- 
transplant NA has been proposed [67, 68]. There is some evidence in support of the 
notion that pre-transplant medication adherence predicts post-transplant medication 
adherence [68] and some evidence that psychosocial stressors are associated with 
NA and graft failure [69]. The argument in favor of denying a kidney transplant on 
the basis of NA is based on the principle of utility – providing a kidney allograft to 
an individual who later loses their transplant due to medication NA not only harms 
the individual in question but also disservices the individuals on the transplant wait-
ing list who could have benefitted from the graft that is now lost to all. However, 
there is no predictive pattern, model, tool, or collection of factors that can defini-
tively predict post-transplant NA; thus, these tools are at best suggestive. It is impor-
tant to recognize that the tasks involved in living on chronic dialysis and living with 
a kidney transplant (such as fluid intake and dietary restrictions) are significantly 
different, and the relief of uremic symptoms may make it easier to tolerate pills and 
perform cognitive tasks like remembering to take pills on time. Without the ability 
to conclusively predict whether someone will be non-adherent post-transplant, 
denying their access to a life-changing therapy on the basis of a flawed assessment 
cannot be ethically supported.

Predictive models and psychosocial assessments can play an important role in 
the peri-transplant process, but dismissive, prejudicial, or punitive use risks deny-
ing children who could benefit from a kidney transplant from receiving one. It 
risks labeling an individual with a marker that is difficult to shake and can color 
their future experiences with health care. It also risks further restricting access to 
marginalized groups, who in addition to experiencing barriers at all points along 
the transplant process are more likely to be labeled as non-adherent [70–73]. The 
ethical use of these models and assessments should be systematic, individualized, 
thoughtful, and solution-focused. We can respect the utility of the graft while also 
equipping our patients with the necessary tools for success. NA may still occur 
despite comprehensively addressing risk factors, and there are some contributory 
factors that are beyond the ability of an individual patient or care team to mitigate. 
But, as we have discussed elsewhere, denying transplantation on the basis of pos-
sible future challenges is not ethically supportable, particularly when the conse-
quences of doing so are so significant. Medication adherence and NA can fluctuate 
over time, so as pediatric kidney transplant recipients continue to grow up, 
addressing NA must be thought of as an ongoing, essential process that requires 
us to be vigilant and attuned to its presence [74]. A number of different strategies 
are available for addressing incident, chronic, and recurrent NA. There is emerg-
ing evidence that promoting self-management can help to reduce the incidence of 
NA in transplant recipients [64, 66], and this may represent an effective way of 
preventing problems associated with medication NA, rather than dealing with the 
consequences.

Between 3% and 11% of the deceased donor kidney transplant waiting list is made 
up of those relisted after previous graft failure [75]. Although graft loss due to NA can 
be difficult to accurately ascertain, we know that NA is a common cause of rejection, 
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and rejection a common cause of graft loss [59]. When NA leads to graft loss, it is 
reasonable to consider how much that nonadherence should factor into the decision to 
reactivate that patient for a second kidney transplant. There may be concerns that a 
second transplant may not actually benefit the recipient unless the reasons for the first 
graft loss have been ameliorated. Moreover, there may be a justice-based argument 
against re-transplantation in that patients who receive two kidney allografts are bene-
fitting disproportionately compared to patients who have remained waiting for their 
first. Since most deceased donor allocation systems prioritized pediatric recipients for 
a transplant, it is possible that a child who lost their first transplant to nonadherence 
could receive a second transplant faster than an adult waiting for their first.

There is overall limited evidence on the outcomes of re-transplantation in previ-
ously non-adherent kidney transplant recipients, likely because transplant programs 
are apprehensive about pursuing re-transplantation in the first place. When out-
comes from re-transplantation were examined using a carefully selected population, 
the rates of second graft loss in previously non-adherent transplant recipients are 
higher than that in individuals without previously documented NA (14% to 2%) 
[76]. However, within that same study population, the majority of previously non- 
adherent re-transplanted individuals were able to change their medication-taking 
behavior and had outcomes similar to those who were re-transplanted for graft fail-
ures not related to non-adherence [76]. Of particular note is the finding that adoles-
cents who lost their transplant due to NA were more likely to improve their 
medication-taking behavior than those who were already adults when they lost their 
graft [76], suggesting that developmental susceptibility to NA can effectively be 
outgrown. The possibility for behavior change exists and should be considered. NA 
arises for reasons beyond just individual factors, and therefore resolutely punishing 
an individual who has been non-adherent by barring them from receiving another 
chance at a life-changing therapy would seen to go againts the fundamental princi-
ples of beneficence and non-maleficence that guide medical ethics. If we can recog-
nize, intervene, and support individuals who are non-adherent, we can do our duty 
to the person, organ, and community that we serve and honor the principles of utility 
and justice that guide transplant decision-making.

There are well-established associations between transition to adult care and graft 
failure [77], and published associations between race and rates of NA [67, 78]. 
Acknowledging NA as a multifactorial process broadens and complicates our 
understanding of these associations. Easily measured patient factors are thus 
revealed as superficial proxies for deeper, more complex matters like access and 
affordability of medications, ease of appointment scheduling, family dysfunction, 
and beyond [51, 56]. A multifactorial-informed approach creates many potential 
avenues for intervention and addressing root causes of NA and can increase equity 
among children in need of kidney transplant. The rates of NA observed during the 
young adult transition period should therefore be recognized to occur not only to 
developmental susceptibility. There should be at least partial onus on the medical 
system to create a process that does not leave transitioning teenagers without ade-
quate therapeutic supervision and oversight when they leave pediatric and enter 
adult medical care [77].
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A discussion of NA should necessarily include a discussion of race and acknowl-
edgement of systemic racism. Race is a social construct that nevertheless is fre-
quently found to have a significant effect on medical outcomes, mostly due to the 
barriers and systemic racism that exists in healthcare, economic, and social policies. 
As a readily measured factor that can distinguish between individuals and groups, 
race is frequently reported in the medical literature, including in kidney transplant 
and adherence [79]. Racialized groups are more frequently identified or predicted to 
be non-adherent [72] than white comparators, and predicted NA has been reported 
as a basis from which to deny access to kidney transplant to a minority group [73, 
80]. The experience of racialized groups is inherently influenced by socioeconomic 
and cultural factors, which are often discriminatory and inequitable. There is little 
doubt that the differences observed among racialized groups exist, but the relevant 
socioeconomic and systemic factors that propogate these differences can be over-
looked when race alone is used at the reported variable in outcome data [81]. The 
experiences of racialized individuals cannot adequately be conveyed by reporting of 
skin color alone; however, ongoing systemic discrimination and marginalization 
persist when skin color alone is used to predict risk and restrict access. For example, 
the association between skin color and predicted NA has been directly cited as rea-
son for nephrologists to restrict transplant listing among Indigenous peoples in 
Australia [73].

In summary, adherence is likely the most important and most modifiable factor 
within the patient’s locus of control that contributes to good graft outcomes. Having 
said that, assessment and amelioration of non-adherence are rife with potential 
biases. An ethical approach to using non-adherence in the evaluation of pediatric 
kidney transplant candidates will acknowledge the potential biases and pitfalls, 
while working with families toward greater trust and co-management throughout 
their transplant journeys.

 Under-Vaccinated Children

Vaccines save lives and vaccines are safe. Children with suppressed immune sys-
tems, including those with kidney transplants, are more susceptible to vaccine- 
preventable illnesses than are their healthy peers [82, 83]. While many vaccines can 
be given after kidney transplant or need to be repeated intermittently (like the influ-
enza vaccine), there are some vaccines that are safer or more effective to give prior 
to transplant. Live virus vaccines are safest to give prior to solid organ transplant 
due to the risk for disease activation from a post-transplant inoculation [84]. Many 
vaccines, like the human papillomavirus (HPV) vaccine, can be given after trans-
plant but are more immunogenic if they can be given pre-transplant [85].

Because of the benefits of pre-transplant vaccination, major pediatric and trans-
plant associations recommend both routine and enhanced vaccination for children 
preparing for kidney transplantation [84]. As general vaccination rates decline, so 
does the degree of herd immunity, making vaccinations for individual transplant 
candidates even more important [82]. There is no question that vaccination should 
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be strongly recommended as part of any transplant workup and that the kidney 
transplant team should strongly support vaccination. In the midst of the current 
coronavirus-19 (COVID-19) pandemic, vaccines are likely to become even more of 
a “hot topic” in the years to come. There is growing data on vaccine hesitancy in the 
general pediatrics population, but relatively little specific to pediatric transplant 
candidates.

Despite the strong support for vaccinations among transplant professionals, there 
may be situations in which patients or families decline vaccination with some or all 
of the medically recommended pre-transplant vaccines. Transplant programs are 
then left with a difficult decision – do they proceed with transplant listing if the vac-
cine schedule is not complete or do they refuse to list patients who do not complete 
the entire recommended schedule?

Some have argued that mandated vaccination for non-emergent transplant candi-
dates is medically beneficial and ethically justified [86]. In the general pediatrics 
population, universal vaccination serves to both protect the individual child and 
improve herd immunity. Both beneficence and justice are served by this approach, 
as vaccinating one’s child protects both them and their peers from vaccine prevent-
able illnesses (VPIs). In the case of children preparing for kidney transplant, the 
self-protection aspect of vaccination is even higher, as immune-suppressed children 
are more prone to vaccine-preventable diseases and suffer greater mortality when 
they contract them. Likewise, the other transplant recipients who they interact with 
in busy waiting rooms or at transplant camps benefit from herd immunity when all 
transplant recipients follow the recommended vaccine schedules. Since kidney 
transplant is generally a non-emergent procedure, those who favor mandated vac-
cination accept the risk of mortality while waiting for parents to comply to be an 
acceptable risk given the post-transplant risk of VPIs.

There is also a potential concern that parents who refuse to vaccinate may not 
follow other medically sound advice post-transplant, leading to higher rates of non-
adherence, rejection, and graft loss. As discussed in the section on adherence, psy-
chosocial readiness is a critical part of the transplant work-up. A parent who is 
unwilling to follow basic public health advice, or who insists on following recom-
mendations that are not based in sound science, may be suspected as a parent who 
is not ready for the rigors of transplant.

Some argue that restricting transplant to those who follow the pre-transplant vac-
cine guidelines serves a utilitarian goal. Feldman and colleagues argue that since 
donated organs are a limited resource, refusing transplant to those who do not vac-
cinate will result in allocation of organs to “those recipients who have proactively 
maximized the health of their new organ by getting immunized pretransplant” [82].

While it is completely reasonable to promote and strongly encourage vaccination 
pre-transplant, there are also potential downsides to mandating this adherence. If a 
program is serious about enforcing a vaccine mandate, then they must be willing to 
delay or deny a child access if their parents do not agree to the pre-transplant schedule. 
While this hardline approach may convince some reluctant parents to agree to the 
recommendations, in some cases, it will leave an otherwise medically suitable child 
languishing on dialysis. A delay in transplantation means a delay to the benefits of 
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transplantation – the rate of post-transplant vaccine-preventable infections may well 
go down, but the rate of dialysis complications and related morbidity and mortality 
may rise. The child left waiting will be less immune compromised but still vulnerable 
to VPIs and could even infect other pediatric dialysis patients if they contract a 
VPI. The balance of benefits and burdens from extending dialysis time vs. the morbid-
ity and mortality of VPIs may well swing in favor of moving forward with transplant.

The under-vaccinated child remains prone to VPIs while they remain on dialysis, 
so the goals of reducing VPIs are not attained by denying them transplant outright. 
While their risk of serious complications may be somewhat lower since they are not 
yet as immune suppressed as they will be post-transplant, they still pose a danger to 
themselves and others and could infect other children in the dialysis unit as easily, 
or even more easily, than they could infect other children in the transplant clinic.

A survey by Ladd and colleagues found that 82% of transplant centers would list 
a child who was incompletely vaccinated for medical reasons, but only 47% would 
list if the parents refused [87]. This finding suggests that the suspicion and/or anger 
we have toward parents who refuse recommended vaccinations would lead us to a 
different decision for this child over one who was unable to get a vaccine for medi-
cal reasons. While this anger against the parents is understandable, it is not fair to 
allow a child to suffer for the parent’s poor choices or for the rising tide of anti- 
vaxxers worldwide. This violates the principle of equity because a child is treated 
differently than other children based on morally indefensible grounds – the provid-
ers’ feelings toward the parents of the child. The best interest standard requires us 
to determine whether a transplant, even with the added risk of VPI, serves to benefit 
the child more than it does to harm them.

The harm principle sets a lower threshold for state intervention when parents 
make decisions that could truly harm their children. Given the risk of VPIs post- 
transplant, there is a possibility that vaccine hesitancy may cross that threshold – 
they are delaying their children’s access to life-saving therapy but refusing a vaccine 
that is safe and effective. On the other hand, the decision of a transplant team to 
deny kidney transplant to a child based on incomplete vaccinations may also pass 
that threshold. As discussed above, the risk of vaccine-preventable infection mor-
bidity needs to be balanced against the risk for morbidity from the myriad of com-
plications that can occur when a child remains on dialysis – infection, cardiovascular 
events, etc. While there are of course some situations in which parents truly cannot 
support their child through transplant, state intervention should be reserved for only 
the most extreme cases. The parent’s trust and collaboration with the transplant 
team is crucial to post-transplant success. We should work as much as is possible 
with parents to maintain and build upon that trust. It does not appear that the current 
available evidence puts children at such a high risk that vaccine hesitancy meets the 
threshold for state intervention even in the transplant scenario.

It may be tempting to assume that parents who refuse the medical advice to vac-
cinate their children may refuse other sound medical advice, like medication 
changes, regular checkup, and protocol biopsies. A choice to acquiesce to a parent’s 
reluctance in this case may be seen as a “slippery slope” in which we have, as trans-
plant professionals, ceded our expert opinion to a non-rational and 
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non-science- based approach to care for a complex disease. However, there is cur-
rently a lack of evidence to support or refute this assumption – parents may well be 
adherent to medications and follow-ups even when they refuse some vaccines. It 
would be reasonable for the transplant team to discuss their adherence concerns 
with the family, and even to potentially contract to post-transplant adherence, but 
until such evidence exists we should not assume that vaccine behaviors are a clear 
indicator of post-transplant adherence.

As with adherence to transplant medications, there is not a one-size-fits-all approach 
to explain why some parents are hesitant to vaccinate their children. Vaccine hesitancy 
has multiple influences including contextual factors like history, individual and group 
influences, personal experiences, and issues specific to a particular parent, family, or 
community [88]. This will play out differently for different families. While race is an 
understudied area of vaccine hesitancy, the data that do exist show different reasons for 
under-vaccination between white and black Americans, with cost of vaccines, trust, 
and confidence playing a bigger role in vaccine decisions for black respondents [89]. 
While there is likely a subset of the population that is truly anti-science and/or irratio-
nal, there are many parents who are vaccine hesitant because they have concerns that, 
to them, are very valid, or may not have yet been able to process the medical advice that 
they are receiving. Lumping these parents in with the “anti- vaxxers” who “don’t care” 
about others or who are acting “irrationally” oversimplifies a very complicated issue. 
Trust in one’s healthcare team is built up over time and is affected by complex social, 
cultural, historical, and personal narratives [90].

Instead of enforcing a vaccine mandate and denying kidney transplant to those 
who do not comply, a more nuanced approach may be more appropriate. A reluctant 
parent should be approached with compassion and an interest in education over pun-
ishment. As suggested by the American Academy of Pediatrics in regard to vaccina-
tion in general, “The role of the physician in these situations is to provide parents 
with the risk and benefit information necessary to make an informed decision and to 
attempt to correct any misinformation or misperceptions that may exist” [91]. As 
with any other aspect of the transplant workup, an honest and open approach to risk 
communication about vaccines serves to build trust and hopefully move the vaccine 
hesitant to vaccine accepting. As suggested by Fahlquist, an approach that recognizes 
the “moral emotions” that parents bring to this decision may help move the needle. 
For example, asking questions such as: “what scares you about vaccines?”, “what 
can we do that could reduce your fear?”, and “can you understand why not vaccinat-
ing scares me as your child’s physician?”, can open the pathway to further commu-
nication and recognition of the role that emotion plays in decision-making.

While a full pre-transplant vaccination program should always be recommended 
and strongly encouraged, it may be reasonable to compromise on which vaccines are 
absolutely necessary pre-transplant and which are less time-sensitive and more nego-
tiable. For example, a program might refuse listing until all live virus vaccines have 
been administered but be more flexible regarding the annual influenza vaccine or the 
HPV vaccine. Since parents may have concerns about one vaccine but be willing to 
accept others, focusing on the controversial vaccine and its benefits may serve to focus 
the discussion on what is the most important. Delaying some vaccines for reluctant 
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parents while insisting on other parts of the pre-transplant preparation may help to 
build bridges and trust with a family dealing with a complex and frightening path 
toward transplant. Vaccination is not an all-or-nothing conversation, and a “no” right 
now does not mean that a family will always refuse vaccination. For annual vaccines, 
like influenza, or inactivated virus vaccines that require boosters, like tetanus, there is a 
chance to revisit and rediscuss the importance of vaccination post- transplant. With 
emerging evidence that live virus vaccines may be possible to give after transplant in 
epidemic situations, there may be further room to negotiate. For example, a vaccine-
hesitant parent refusing the measles, mumps, rubella-varicella (MMR-V) vaccine pre-
transplant might be offered post-transplant vaccination in case of a local outbreak [92]. 
While certainly not ideal due to the risks of post- transplant live vaccines, this just-in-
time approach may be better than the alternatives of allowing a child to languish on 
dialysis or forcing a parent to agree to something without true informed consent.

There are strategies that may encourage vaccination even when parents are ini-
tially reluctant. A retrospective review of adult kidney transplant candidates showed 
that pre-transplant consultation with an infectious disease (ID) specialist was asso-
ciated with a higher rate of pneumococcal and influenza vaccination. While it is not 
clear from this study that whether the improvement was due to better monitoring of 
immunization status in those who saw specialist or whether the ID specialists were 
able to convince reluctant individuals to get vaccines, this strategy may be one that 
can be employed in pediatric kidney transplant candidates as well. Transplant pro-
grams should do everything possible to promote full vaccination by reducing other 
barriers, such as insurance coverage for vaccines and clear communication with 
primary care providers around vaccine schedules, for example, well-designed digi-
tal health solutions that could better track vaccinations in these patients and connect 
nephrology teams to primary care providers and public health [93].

Vaccines are safe, effective, and recommended as part of a complete transplant 
workup. Working with vaccine-hesitant parents to complete that schedule to the 
greatest degree possible is a difficult and time-consuming endeavor. With a nuanced 
and compassionate approach that acknowledges the fear and mistrust that may be 
underlying this hesitancy, transplant professionals can advocate for the best possible 
preparation for transplant while working with reluctant families to achieve the best 
outcomes for their children with ESKD.

 Conclusions

In this chapter, we discussed four types of children who have and continue to be 
questioned as worthy or optimal kidney transplant candidates. We have explained 
the underpinning ethical principles of a just organ allocation system, the difficulties 
with assessment of some of these factors, and the arguments that may justify delay 
or denial of transplant based on these grounds. Ultimately, we argue for an alloca-
tion system that is as inclusive as possible and that gives most children with ESKD 
a chance at transplant. We acknowledge that there may be significant logistical and 
practical barriers to achieving transplant success for these children, but it is a goal 
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toward which we should be striving, both as individual transplant centers and as a 
transplant community. With better funding for transplant care and research, better 
evidence to support or refute our assumptions, and a continued commitment to do 
the very best for our patients, we are hopeful that all children for whom transplant 
will be of more benefit than burden will be able to access this lifesaving and life- 
improving technology.

 Multiple Choice Questions

 1. Which of the following is the best definition for the ethical principle of “equity” 
as it relates to kidney transplant?
 (a) All potential candidates are given an opportunity for a fair and balanced 

assessment, which focuses on medical suitability rather than social status, 
wealth, or other morally irrelevant criteria.

 (b) Renal allografts should preferentially be allocated to individuals from socio-
economic groups that have historically been disadvantaged.

 (c) Potential candidates are given the opportunity to accept or decline a trans-
plant evaluation based on their personal beliefs and values.

 (d) All potential candidates are given an opportunity for a transparent assess-
ment, which focuses only on a specific set of predefined criteria and ignores 
other aspects of that individual’s personal and medical history.

 (e) Renal allografts should preferentially be allocated to individuals who are 
likely to benefit most from the transplant.
(a). The principle of equity requires that all potential candidates for organ 

transplant be given the opportunity to undergo a fair and balanced assessment of 
their eligibility and that allocation decisions be made on morally relevant crite-
ria alone.

 2. Compared to children without intellectual disability, renal allograft and patient 
survival among pediatric kidney transplant recipients with intellectual dis-
ability is:
 (a) Generally better
 (b) Generally worse
 (c) Generally similar
 (d) Dependent on the severity of the intellectual disability
 (e) Impossible to determine empirically

(c). Children with intellectual disability generally have similar outcomes 
when compared to children without intellectual disability.

 3. What proportion of all adolescent kidney transplant allograft failures is thought 
to be related to medication non-adherence?
 (a) 40%
 (b) 30%
 (c) 20%
 (d) 15%
 (e) 10%

15 Ethical Challenges in Pediatric Kidney Transplantation



418

(b). Medication NA in pediatric kidney transplant recipients has reported 
rates of 30% or higher. Medication NA has been consistently associated with 
higher rates and faster progression of graft failure and loss. NA is more of a 
problem in adolescents, when rates are reported at just above 40%, compared 
with just over 20% of recipients <10 years old. Just under 15% of all pediatric 
kidney allograft failures are attributed to medication NA, but amount for over 
30% of all adolescent kidney allograft failures.
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