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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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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, 11, 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 o polypeptide (heavy) chain of the class I
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molecule. The a chain has five domains: two peptide-binding domains (al and a2),
one immunoglobulin-like domain («3), the transmembrane region, and the cyto-
plasmic tail. The p (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 la 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 (o and
) of class II molecules. In the presence of interferon-vy, 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 o and 3 chains, respectively [11].
Each of the class IT o and 3 chains has four domains — the peptide-binding domain
(ol or B1), the immunoglobulin-like domain (a2 or 32), 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 (DRBI to DRBY).

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 | molecule Class Il molecule
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Antigenic region ‘-
ol
ol
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- Cytoplasmic tail -
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Comprised of a-chain bound to 32 microglobulin Comprised of a-chain and B-chain

Fig. 1.2 A representation of the structure of class I and class I 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 o or f, 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 11l 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 HL.A 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
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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.
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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-DRBI, 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 2 ANTIGEN 3 ANTIGEN 4

EPITOPE 3 EPITOPE 3 EPITOPE 7 EPITOPE 7

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

- HLA Antigens
- Classification of an HLA protein

|—> - HLA Antibodies

- Immune response to HLA Mismatches

|—> - Allocation

Future - Balancing equity with utility

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

|—> - HLA Evolution

- Recognizing importance of epitopes over antigens

|—> - 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].

e 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.

e 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.

e 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.

e 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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Table 1.1 Clinical scenarios and interpretation of crossmatch results

Flow DSA by SAB
CDC cytometry  assay/virtual
crossmatch crossmatch  crossmatch  Interpretation Outcome
Positive Positive Positive Indicates high Contraindication (CI) for Tx as it
antibody burden is associated with hyperacute
rejection
Negative Positive Positive Moderate Not necessarily a CI for Tx but

antibody burden intermediate risk for ABMR
higher rates of AR and early and
late graft loss

Negative Negative Positive May indicate Conflicting view on clinical
lower thresholds significance. The presence of
of antibody DSA does indicate a prior
detection exposure to the donor-specific

HLA antigen, and therefore the
patient is at risk for a latent
memory response

Negative Positive Negative Likely clinically Does not appear to correlate with
irrelevant, graft outcomes (unless in rare
non-HLA cases a false negative SAB
antibody result)

CDC complement-dependent cytotoxicity, DSA donor-specific antibody, SAB single-antigen bead,
Tx transplantation, CI contraindication, ABMR antibody-mediated rejection, AR acute rejection,
HILA human leukocyte antigen

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.
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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.
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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. Itis 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 Inmunologic 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/AS5 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 I 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
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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 (AT 1R-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, AT 1R-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-ADb 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 ATIR-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-
Iution 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 Inmune 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: ¢

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 clq 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.
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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 IT HLA with donor antigens to naive 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 naive 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 I HLA from donor APCs or graft cells expressing class Il 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
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Fig. 3.1 (a) Naive 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. Naive 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-y released by Th cells damages cell integrity; macrophages
and monocytes phagocytose cellular debris. IL-2 and IFN-y 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-p). Corticosteroids and other anti-lymphocyte therapies induce a range of anti-T cell and
anti-inflammatory responses. (¢2) 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

class I 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-y drives Th1 production, IL-4 is critical to the development
of Th2 cells, and IL-21, IL-6, and transforming growth factor beta (TGF-f) promote



3 Rejection Challenges: Diagnosis and Management 47

Th17 cells [38-43]. An environment rich in IL-2 and TGF-f (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, naive CD8+ cells are activated in SLO through contact
with APCs. APCs present intact donor class [ HLA antigens to CD8+ cells through
direct allorecognition or processed class I HLA peptide segments through indirect
or semi-direct allorecognition, and CDS8+ 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-y, 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-y 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-«a that rein-
force ongoing macrophage responses; IL-6 and IL-23 that promote development
and survival of Th17 cells; and IL-12 and IFN-y that perpetuate ongoing Thl
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-f 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-f, 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-y [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

Naive 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 Il 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 (CD3e 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-y, 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 CXCLI10 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
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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-y Enzyme-Linked Immunospot (ELISPOT) assay, which detects T cell mem-
ory by measuring the number or proportion of T cells that rapidly produce IFN-y 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 I 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
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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 O 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 (z-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 #-scores, which indicate respectively higher grades of severity. A
Banff score of i171 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



62 S.Langetal.

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: (¢) 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

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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score of i2¢2. 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 (7 > 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

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 naive B cells, whereas those treated with IV corticosteroids maintained
a high memory-naive 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, pfc 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 I 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. (¢) 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 cgla by Banff criteria. (f) Electron micrograph with severe multilayer-
ing of the peritubular capillary basement membranes in chronic active AMR
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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 I 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/m? 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 (#-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 #-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 m?), 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 (# score), and within areas of IFTA, the
amount of inflammation (i-IFTA score) and tubulitis (-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 #-IFTA for diagnosis.
Tubulitis within IFTA is indeed strongly associated with i-IFTA, and the majority of
those with i-IFTA have concurrent -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. 3.5¢e) [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 I 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 Il 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 ()
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 I 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, ¢, 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 Kahwayji et al. [486], stabiliza-
tion of kidney function with IVIG and rituximab treatment was restricted to those with
more severe microvascular injury (pfc 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 pfc 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 m? and ci + ct score 3.0 vs. 2.4 for intervention vs. control). These studies
exemplify the importance of identifying and stratifying for caAAMR 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 naive 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 BKYV 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 BKYV 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 CMYV, 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 naive). 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 11
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
BKYV 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
BKYV 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 MMEF, 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 mMTOR
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.

Opverall, 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.

. 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 pg/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+, cgl, and mild IFTA (cilctl), i-IFTAO. 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:

. (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 BKYV, 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 HIV antibody/antigen

virus Nucleic acid amplification testing

Cytomegalovirus 1gG

Epstein-Barr virus VCA IgG, IgM

Hepatitis B virus HBsAg, HBcAb IgM and IgG, HBsAb
Nucleic acid amplification testing

Hepatitis C virus HCYV antibody
Nucleic acid amplification testing

Toxoplasma 1gG

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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Table 4.2 Pretransplant Infection Tests
infectious disease screening Strongyloides Serology
for can.didates from Trypanosoma cruzi Serology
endemic areas Coccidioides Serology, antigen enzyme
immunoassay
Histoplasma Serology, antigen enzyme
immunoassay
Blastomyces Antigen enzyme immunoassay
Malaria Blood smear

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

CMYV 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

CMYV, 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
CMYV 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
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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
EBYV 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.



126 S. Kizilbash and J. M. Smith

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].

COoVID-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. UTT 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 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

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,
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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
mlIU/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 25 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 PCV 13 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 PCV 13 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 PCV 13 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-a) 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-
ateuse 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, eculizamab 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
mlU/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 5
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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 CMYV 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
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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 CMYV 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 therapy*
Induction with IL-2 receptor antibody

High risk: D+/R- Prophylaxis for 3—6 months
Intermediate risk: D+/R+, D-/R+ Pre-emptive therapy*

Low risk: D-/R- Pre-emptive therapy*

*Pre-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 (I'V) 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-CMYV infection. mTOR inhibitors have
been demonstrated to improve CMV-specific effector memory T-cells, increased
cytokine release, and improved function of CM V-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].

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].



152 I. F. Ashoor and S. Solomon

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 CMYV, 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 I'V),
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 cohortare 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
EBYV 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.
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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 0O—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-AO3 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 EBYV 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 8§84
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
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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. EB V-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
UTTrates 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, UTT 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 (>10° 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 UTT 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 UTT 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
aclinical UTT[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 UTL 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. EBYV 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?
Asymptomatic bacteriuria
Early ureteral stent removal
Presence of native kidneys
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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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
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Table 6.1 Underlying etiologies for CAKUT

Anorectal . !
Cloaca AR Exstrophy/Epispadias Prune Belly Syndrome

OEIS/Cloacal Exstrophy Spinal Dysraphisms

Neurogenic Bladder
Ureterocele (Often a secondary
diagnosis)

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.
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Regarding bladder dysfunction, storage pressures over 40 cm H,O 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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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
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Fig. 6.4 Growth of CAKUT patient. This same child with CAKUT never caught up from a meta-
bolic standpoint after transplant

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. 6.5 Voiding urodynamics. This is an image from a Voiding Urodynamics study of the same
CAKUT patient with unmanaged bladder since transplant

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
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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

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 UTIL. 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.
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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/
m?*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

Conaenital anomalies of the kidnev and urinarv 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 Megaureter

polycystic kidney disease

Ureteropelvic junction (UPJ) Ureterovesical junction
obstruction (UVIJ) 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/m*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 H,O 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 H,O 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)
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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 VILN) [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 Light microscopy — normal
mesangial LN IF — mesangial immune deposits
II Mesangial Light microscopy — purely mesangial hypercellularity and matrix

proliferative LN expansion with mesangial immune deposits
IF and EM - few isolated subepithelial or subendothelial deposits
1 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 IIT or IV
VI  Advanced >90% of glomeruli globally sclerosed without residual activity
sclerosis LN
Indicate and grade (mild, moderate, severe) tubular atrophy,
interstitial inflammation and fibrosis, severity of arteriosclerosis or
other vascular lesions
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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
graftloss 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 I 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 areview 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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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.

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 I[gAV were proposed by the European League Against
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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 I[gAV 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 I[gAV 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 (Illa) or diffuse (IlIb) 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 m? 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

11T Focal segmental (IITa) or diffuse (IIIb) mesangial proliferation with <50% crescents
v 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 IIla), IV prednisolone in combination with AZA, MMEF, 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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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.

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
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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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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.

e 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.

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].
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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 aand b

(e) Choices b and ¢

(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) Atleast 12 months
(d) Atleast 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-
Sforming transplantation after at least 12 months of disease remission in ANCA
associated vasculitis [101, 102].

4. A Syo 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) Atleast 3 months with more frequent monitoring in the first 1 month
(b) Atleast 6 months with more frequent monitoring in the first 1-3 months
(c) Atleast 9 months with more frequent monitoring in the first 1-6 months
(d) Atleast 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



216

S. 1. Savani and M. Gilbert

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 1gAV 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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