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9Induction Therapy in Pediatric Renal 
Transplant Recipients

Olga Charnaya, Asha Moudgil, and Dechu Puliyanda

9.1  Introduction

Induction therapy is the initiation of intense immunosuppression at the time of, or 
prior to, transplantation intended to prevent allograft rejection upon contact of the 
recipient’s immune system with the donor antigens. Induction therapies have been 
divided into biological agents that include monoclonal and polyclonal antibodies 
and chemical agents such as calcineurin inhibitors (CNI), antiproliferative agents 
including mycophenolate mofetil (MMF), and methylprednisolone (MP). Other 
induction therapies include plasmapheresis and intravenous immunoglobulin 
(IVIG). Most data comes from adult studies and pediatric data is provided when 
available.

Historically, induction therapy was primarily intended to provide intensive T-cell 
depletion at the time of transplantation. Recently, newer induction agents and strate-
gies have also targeted B-cells, particularly in the highly sensitized recipients.
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9.2  Aims of Induction Therapy

The main purpose of induction therapy has been to decrease the incidence, severity, 
and frequency of acute rejection (AR) episodes after transplantation with the intent 
of prolonging the life of the allograft. This is accomplished by interfering with the 
anticipated immune response to foreign antigens.

The immune response mounted against a transplanted allograft occurs due to the 
cognate interaction between the innate and adaptive immune systems, which is most 
intense at the time of transplant and continues throughout the entire life of the 
allograft. At the time of transplant, the innate immune system is activated in response 
to tissue injury sustained during organ retrieval and resultant ischemia, known as 
ischemia-reperfusion injury (IRI), which initiates and amplifies the adaptive 
response. Production of inflammatory cytokines (IL-1, IL-6, TNF-α, and 
γ-interferon), chemokines, and P-selectins induces permeability changes in endo-
thelial cells causing release of antigens from the graft and stimulating migration of 
donor-derived antigen-presenting cells (APCs) from the transplant to the recipient’s 
lymphoid tissue. Both donor-derived and recipient APCs present foreign antigens in 
the form of peptides present on their cell surface in the groove of the histocompat-
ibility antigen (HLA) molecules to the recipient CD4+ T-cells. This ensures that all 
allopeptides are presented to T-cells with the optimal T-cell receptor (TCR) specific-
ity and affinity. Proliferation of CD4+ T-cells is driven by further co-stimulatory 
signaling from APCs [1]. Activated CD4+ cells stimulate many other types of cells 
that include effector cytotoxic T-lymphocytes (CD8+), inflammatory T-cells (Th17), 
and B-cells to generate cell-mediated graft destruction and develop HLA antibodies 
and long-term immunological memory. The adaptive immune response further 
directs innate immune components such as complement, neutrophils, and phago-
cytic cells to the site of allograft injury [2]. T-regulatory (Treg) cells are also pro-
duced during this interaction which helps regulate these inflammatory responses to 
limit the destruction.

The aim of induction therapy is to prevent these inflammatory responses at the 
time of transplantation and to provide adequate immunosuppression until the oral 
immunosuppressive agents can take over this task. In patients with delayed graft 
function (DGF), defined as the need for dialysis within the first week after trans-
plantation, there is an upregulation of HLA molecules on the allograft causing an 
increased propensity for AR and therefore, the need for intensification of immuno-
suppression [3]. Successful induction therapy agents and protocols need to be safe 
and cost-effective and should not cause excessive immunosuppression, with the 
goal of minimizing the risk of infectious complications and malignancies, such as 
posttransplant lymphoproliferative disease (PTLD). The effect of any induction 
agent on long-term patient and graft survival should be assessed prior to its wide-
spread use.

O. Charnaya et al.



111

9.3  Historical Induction Agents

Total lymphoid irradiation (TLI) was one of the first induction modalities used in 
the early transplantation era in human organ transplantation [4, 5]. TLI caused lym-
pholysis and produced sufficient immunosuppression to prolong the survival of a 
variety of organ allografts in experimental animals [6, 7]. The length of effective 
immunosuppression was dose-dependent and was limited by the toxicity that 
occurred with the higher doses. The next step in evolution of induction immunosup-
pression came with utilization of polyclonal antibodies, obtained by immunizing 
laboratory animals with human lymphoid cells from cell cultures, peripheral lym-
phocytes, thymus, or spleen. The pooled sera are pre-absorbed on erythrocytes and 
platelets and purified to extract the IgG fraction. Polyclonal antibody agents have 
evolved over time and are the most commonly utilized induction agents today.

9.4  Currently Utilized Induction Agents

Current induction therapies can be broken down into three broad categories: 
lymphocyte- depleting, non-lymphocyte-depleting, and chemical agents. Numerous 
studies have compared different induction immunosuppression regimens. However, 
these studies are often underpowered, are predominantly performed in adult patients, 
and have not demonstrated a superiority of a single optimal induction regimen. 
Therefore, most pediatric transplant centers use induction agents based on their 
clinical experience rather than guided by the available data.

9.4.1  Lymphocyte-Depleting Agents

Rabbit antithymocyte globulin (rATG) under the brand name Thymoglobulin® 
received FDA approval in 1998 for the treatment of steroid-resistant AR in trans-
plant recipients; in the last few years, it was also approved as an induction agent. It 
is created by immunizing rabbits with human thymocytes and purifying the result-
ing IgG fraction. The antibodies in Thymoglobulin are polyclonal, and although 
their effect is predominantly anti T-cell, it also has a lesser degree of activity against 
B-cells, monocytes, and neutrophils due to shared antigens between different 
immune cells [8]. Data show that rATG induces a proportionally larger decrease of 
CD4+ Foxp3- cells compared to CD4 + CD25 + Foxp3+ Treg cells resulting in rela-
tive preservation of Treg cells [9].

Brennan et al. performed the first studies to demonstrate the safety, effectiveness, 
and superiority of Thymoglobulin over another polyclonal horse-derived prepara-
tion (ATGAM) and basiliximab [10–12]. These landmark studies changed the clini-
cal approach to induction immunosuppression as evidenced by a persistent and 
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Fig. 9.1 2018 SRTR/OPTN annual report. Use of induction immunosuppression by agent in pedi-
atric kidney transplant by year [133]

steady increase in rATG induction compared to no-induction or basiliximab 
(Fig. 9.1). While pediatric studies are limited, rATG induction followed by CNI, 
MMF, and prednisone was demonstrated to be a safe and effective immunosuppres-
sion regimen in pediatric patients with 1 year of follow-up, with a low incidence of 
AR, symptomatic cytomegalovirus (CMV) or Epstein-Barr virus (EBV) infection, 
or PTLD [13]. A single-center study of 198 children and adolescents showed 
decreased rates of AR when compared to an ATGAM-induction historical cohort; 
however, there were increased rates of EBV viremia with Thymoglobulin® but 
similar patient and graft survival [14].

Thymoglobulin® can be administered through a large peripheral vein or central 
venous access and is usually given daily (1.5–2.0 mg/kg/day) to achieve total cumu-
lative dose ranging from 4.5 to 7.5 mg/kg [11, 15–17]. The current FDA dosing 
guidance recommends a minimum of four doses of rATG at 1.5 mg per kg for a 
cumulative dose exposure minimum of 6 mg per kg for induction purposes [18]. 
Individual centers use varying doses of rATG for induction based on the center’s 
experience and preferences.

Rounding the daily dose to the nearest 25 mg increment (but still ensuring the 
complete total dose), dosing guided by CD3+ T cell counts as well as delayed 
administration of doses can help to reduce the cost of this therapy [19]. More 
recently, low-dose (3–4.5  mg/kg) Thymoglobulin induction regimens have been 
studied in adult patients and shown to have similar rates of biopsy proven AR, 
delayed or slow graft function, graft loss, and leukopenia [20, 21].

Alemtuzumab (Campath-1H®, Genzyme, Cambridge, MA), a monoclonal anti-
body targeted at the CD52 antigen present on T- and B-lymphocytes and monocytes, 
received FDA approval in 1998 for the treatment of chronic lymphocytic leukemia. 
It has been used extensively off label in solid organ transplantation as an induction 
agent. The nature and kinetics of lymphocyte repopulation depends on the mainte-
nance immunosuppression. Similar to rATG, alemtuzumab also proportionally 
increased CD4  +  CD25  +  Foxp3+ Treg cell population independent of the 
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maintenance immunosuppression regimen [22, 23]. This suggests that repopulation 
of the lymphoid compartment after T-cell depletion with alemtuzumab results in 
long-term increases of Treg cells.

Initial adult trials were aimed at CNI and steroid avoidance with alemtuzumab 
induction; however, they resulted in an unacceptably high incidence of acute cellu-
lar and humoral rejection [24–26]. Five-year follow-up results of alemtuzumab 
induction in 33 renal transplant recipients with half-dose CSA monotherapy com-
pared with patients treated with conventional immunosuppression with CSA, aza-
thioprine (AZA), and steroids showed comparable patient and graft survival, graft 
loss, incidence of infections, and serious adverse events and incidence of AR [27]. 
The results of this study suggested that alemtuzumab induction was safe in the long 
term. However, it was noted that it may cause delayed onset of AR, and therefore 
continued surveillance for AR is needed.

As with most induction agents, pediatric data are limited by small sample size 
and short follow-up. Alemtuzumab induction was first shown to be safe and effec-
tive with tacrolimus monotherapy immunosuppression in a pilot study of 17 
unselected pediatric patients. Tacrolimus was begun posttransplantation with subse-
quent lengthening of intervals between doses with the hypothesis that heavy post-
transplant immunosuppression may contribute to long-term immunosuppression 
dependence by subverting tolerogenic mechanisms [28]. Steroids were added tem-
porarily to treat rejection in two patients (both rATG subgroup) or to treat hemolytic 
anemia in two others. After a mean follow-up of 22 months, patient and graft sur-
vival were 100% and 94%, respectively. Following the same protocol, Sung et al. 
reported data on 25 pediatric patients receiving alemtuzumab induction with 100% 
actuarial patient and graft survival at 3 years, and only one graft was lost at 4 years 
due to nonadherence [29]. At the 4-year follow-up, 48% remained on tacrolimus 
monotherapy maintenance immunosuppression, 32% on dual therapy (tacrolimus 
and an antiproliferative agent), and 16% on triple therapy (tacrolimus, antiprolifera-
tive agent, and glucocorticoids). Early acute rejection (< 12 months) occurred in 
12%, late acute rejection episodes occurred in 16% of patients, and 20% of patients 
developed de novo donor-specific antibodies (dnDSA). Similarly, Tan et al. showed 
favorable 4-year outcomes in patients receiving a living donor kidney transplant 
with alemtuzumab induction and tacrolimus monotherapy [30]. Acute cellular 
rejection was seen in 4.8% of patients and no antibody-mediated rejection (AMR) 
was seen; 17% developed dnDSA. The mean HLA mismatch in the cohort was only 
2.6, notably better than many transplants done today.

Alemtuzumab is given at the time of organ reperfusion (0.3–0.6  mg/kg, max 
30 mg) IV or as a subcutaneous injection at similar doses [31]. Most commonly, a 
single dose is used in pediatric patients; however, in some adult protocols, a second 
dose is administered after 24 hours resulting in prolonged lymphocyte depletion 
[32]. In 2013, the manufacturer changed their distribution model for alemtuzumab 
and it is no longer commercially available. It is now provided only through the 
Campath® Distribution Program free of charge for patients deemed appropriate. 
While this is an economic advantage to centers at the present time, concern remains 
for the future and availability of alemtuzumab in the long term [19].
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A recent Cochrane review analyzed 99 studies (8956 adult and pediatric partici-
pants) with the aim of evaluating the relative and absolute effects of lymphocyte- 
depleting agents and to determine differences in adverse effects. They found that 
both rATG and alemtuzumab reduce AR rates compared to no-induction, at the cost 
of increased CMV infections, while patient-centered outcomes (death and toxicity) 
do not appear to be improved [33].

9.4.2  Non-lymphocyte-Depleting Agents

Basiliximab (Simulect®, Novartis Pharmaceuticals Corp, East Hanover, NJ) is a 
chimeric (75% human, 25% murine) monoclonal antibody that targets the CD25 
molecule on the IL-2 receptor and selectively prevents the clonal expansion of acti-
vated T-cells. Daclizumab is a humanized monoclonal antibody, which is no longer 
on the market and will not be discussed in this chapter.

The IL-2 receptor is comprised of three chains: α chain (CD25), β chain (CD122), 
and γ chain (CD132). Only the β and the γ chain are expressed on the surface of the 
resting T-cells. In response to antigenic stimulation, the activated T helper lympho-
cyte (CD4) can induce activation of the IL-2 receptor α chain (CD25) and form the 
activated IL-2 receptor heterotrimeric complex. This leads to the clonal expansion 
of activated helper and cytotoxic T-cells. An important caveat to consider is that 
Treg cells are depended on IL-2 signaling for ongoing activity and therefore their 
function can be impaired by this therapy. Studies have shown that basiliximab ther-
apy led to a profound, but transient, reduction in CD4+CD25+FOXP3+ Treg within 
7 days of treatment lasting for approximately 90 days after transplant [34].

Several single-center and a few multicenter studies have reported their experi-
ence with IL-2 receptor antagonist (IL2-RA) induction in pediatric renal transplan-
tation, with triple immunosuppression consisting of CSA or tacrolimus, and MMF 
or AZA and steroids, as maintenance immunosuppression. Although most of the 
reports have a small sample size, the incidence of AR at 1 year has varied between 
6% and 17%, with 1-year graft survival between 86 and 98% [35–37]. Pooled data 
from NAPRTCS reported 284 patients treated with daclizumab, 166 with basilix-
imab, and 711 with no-induction therapy as controls [38]. One-year incidence of 
AR was 23–26%, lower than 34% observed in no-induction controls. Graft survival 
was significantly higher with 95–97% versus 93% in no-induction controls. There 
was no increase in the incidence of side effects in those treated with IL2-RA com-
pared to no-induction control group. Smith et al. reported decreased incidence of 
graft thrombosis in those treated with IL2-RA induction (1.07%) compared with 
those treated with no-induction therapy (2.40%, OR 0.44, 95% CI 0.23, 0.84, 
p = 0.014) in a retrospective analysis of data reported to NAPRTCS [39]. All these 
studies, though mostly single-center and/or retrospective, point to the fact that 
IL2-RA can prevent AR without increasing side effects.

A 2010 Cochrane review compared basiliximab with no-induction or rATG [40]. 
When compared to rATG, there was no difference in graft loss at any time point, but 
there was a reduction of biopsy-proven AR at 1 year (RR 1.30, 95% CI 1.01 to 1.67) 
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with rATG but a 75% increase in malignancy and 32% increase in CMV disease. 
Notably in this review, despite the homogeneity of results across the populations of 
the pooled studies, there was underrepresentation of high-risk participants and in 
particular of children.

Basiliximab is given on day 0 and day 4 of transplant as 20 mg/dose in adults and 
12 mg/m2/dose in children. In a cost comparison between basiliximab and placebo 
(including steroid therapy), no significant differences in costs were seen in terms of 
immunosuppressive therapies, total hospitalization, laboratory tests, outpatient vis-
its, postoperative dialysis, or total costs at 6 or 12  months from an institutional 
perspective [41].

Belatacept (Nulojix®), approved in June of 2011, is indicated for the prophy-
laxis of organ rejection in adult patients receiving a renal transplant. A soluble 
fusion protein, it binds to CD80 and CD86 on APC inhibiting CD28-mediated co- 
stimulation of T-lymphocytes [42]. Unlike the lymphocyte-depleting agents, the 
effect on circulating Treg cells is unclear with studies showing both decreased and 
increased counts and function [34, 43–45].

Belatacept was introduced as a CNI-sparing agent for maintenance immunosup-
pression. Early studies (BENEFIT trial) showed an increased risk of early ACR 
episodes and increased risk for PTLD in EBV-seronegative patients [42, 46]. In both 
a Cochrane review and the 7-year follow-up studies, patients treated with belatacept 
were shown to have more AR but better renal function, less hypertension, improved 
lipid parameters, and less new-onset diabetes compared to patients receiving CSA- 
based maintenance immunosuppression [47–50]. To address the increased risk for 
AR, Wojciechowski et  al. studied a protocol of low-dose rATG combined with 
belatacept induction followed by belatacept and everolimus maintenance therapy. 
This study of 44 adult patients showed an 11.3% 1-year AR rate, which was numeri-
cally lower than that seen in the BENEFIT study [51]. Kirk et al. showed that the 
increased early acute rejection risk could be overcome with a CNI and steroid-free 
regimen when belatacept is paired with alemtuzumab induction and sirolimus main-
tenance in adult patients [52]. The initial cohort consisted of 20 living donor kidney 
transplant recipients. Half of the cohort received donor bone marrow infusion as 
there is evidence that mTORi can promote the effects of co-stimulatory blockade, 
especially with high levels of circulating donor antigen. No patients in this trial 
developed DSA or had clinical rejection (three patients with subclinical rejection) 
in the first year, and 7/20 patients were able to successfully wean to belatacept 
monotherapy after 1 year. The 5-year follow-up study of an expanded cohort of 40 
patients including deceased donor transplant recipients, expanded criteria donors, 
and those with pre-formed alloantibody did not include donor bone marrow infu-
sions [53]. DSA developed in 5/40 patients, 4 had subclinical rejection detected on 
protocol biopsy in the first year, and only 2 patients experienced a clinical rejection 
event. There were no grafts lost due to rejection and 12/40 patients were able to 
wean to monotherapy with belatacept. These two studies showed that co- stimulatory 
blockade could successfully be employed at the time of transplant with comparable 
complication rates to standard induction protocols.
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9.4.3  Comparison of Antibody Induction Agents

A prospective study compared the effects of alemtuzumab, rATG, and basiliximab 
on AR in high- and low-immunological risk patients. All patients had the same early 
steroid withdrawal, and CNI/MMF maintenance immunosuppression regimen. 
High-risk patients received either alemtuzumab or rATG, and low-risk patients 
received either alemtuzumab or basiliximab. By the first year after transplant, 
biopsy-confirmed AR was less frequent with alemtuzumab than with conventional 
therapy in the low-risk group, but no apparent difference was detected in the high- 
risk group [54]. Koyawala et al. compared outcomes in adult KT recipients based on 
induction agent utilizing OPTN data linked with Medicare claims data. The study 
showed higher mortality risk and odds ratio of AR with alemtuzumab and basilix-
imab, and higher risk of allograft failure in the alemtuzumab group compared to 
matched rATG recipients [55]. Similarly, Tanriover et al. compared outcomes based 
on induction regimen in adult living and deceased donor KT recipients. They 
showed that compared with no-induction therapy, IL2-RA induction was not associ-
ated with better outcomes when TAC/MPA/steroid maintenance was used. However, 
rATG appears to offer better graft survival compared to IL2-RA in steroid avoidance 
protocols [56, 57].

For patients considered to be at high-immunological risk including African 
Americans (AA), high HLA mismatch, and DGF, lymphocyte-depleting induction 
therapy as compared with IL2-RA reduces the risk of rejection, graft loss, and death 
[12, 58–61].

9.4.4  Chemical Agents (CNI, Corticosteroids)

Chemical agents for induction include corticosteroids, CSA, and tacrolimus. These 
are the same drugs that are used for maintenance immunosuppression except they 
may be used intravenously and usually in higher doses.

Corticosteroid induction followed by maintenance therapy has played a central 
role in the evolution of renal transplantation. It was and remains a cornerstone of 
immunosuppression in the majority of patients. Most studies have used 10–15 mg/
kg of methylprednisolone (MP) in the operating room followed by steroid taper. 
Corticosteroids prevent T-cell activation by preventing release of T-cells and APC- 
derived cytokines such as IL-1, IL-2, IL-3, IL-6, TNF-α, and γ-interferon. In addi-
tion, corticosteroids are beneficial in reducing IRI, especially in deceased donor 
organ transplantation. In steroid avoidance protocols, steroids are still used for the 
first 5 days after transplant to help reduce IRI.

Tacrolimus is a highly protein-bound drug that binds to the immunophilin, 
FK-binding protein, within the cytoplasm of the cell. This causes inhibition of the 
calcineurin pathway preventing the generation of IL-2 and therefore inhibiting the 
proliferation of T-lymphocytes. The drug was introduced in the late 1980s and has 
been extensively used as a maintenance immunosuppressive drug since the 
mid- 1990s. The side effects of tacrolimus are similar to those of cyclosporine, 
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except that fewer cosmetic side effects such as hirsutism and gingival hyperplasia 
are observed with tacrolimus. However, tacrolimus has more pronounced side 
effects on the neurological system and may have an increased incidence of post-
transplant diabetes and PTLD as compared to CSA [62].

Studies with the use of IV tacrolimus as an induction agent are extremely limited 
and are really of historic interest only.

Mycophenolate mofetil (MMF) has been administered anywhere from 12 hours 
up to 14 days prior to transplant to allow for lower maintenance CNI doses [63]. 
Initial pharmacokinetic studies were done with patients on CSA and determined an 
ideal starting dose of 1200 mg/m2/day. Tacrolimus does not have the same effect on 
MMF metabolism and therefore lower starting doses (600–900 mg/m2/day) should 
result in similar AUC [64].

Other than IV methyl prednisolone, chemical agents are rarely used for induction.

9.5  Induction Strategies Based on Patient Risk

9.5.1  Induction Therapy in Standard-Risk Group

In 2009, the Kidney Disease Improving Global Outcomes (KDIGO) guideline for 
“Care of Kidney Transplant Recipients” recommended induction therapy in all kid-
ney transplant recipients (Level 1A) [65]. This guideline recommended children 
with standard immunological risk receive IL2-RA (basiliximab) as first-line ther-
apy, but children at high-immunological risk receive lymphocyte-depleting induc-
tion. There is presently no consensus among pediatric kidney transplant centers 
regarding the use and optimal regimen for immunosuppressive induction therapy.

9.5.2  Induction Therapy with Steroid Avoidance

Sarwal et al. from Stanford University subsequently conducted single-center pilot 
trial that enrolled 57 pediatric renal transplant recipients in a steroid-free protocol 
using extended daclizumab induction followed by tacrolimus and MMF mainte-
nance [66]. Study patients underwent serial protocol biopsies. The control group 
included 50 historical-matched steroid-based children receiving tacrolimus. In this 
study, 98% graft and patient survival was achieved in the steroid avoidance group. 
At 1 year of analysis, steroid-free recipients showed significant improvements in 
clinical AR, graft function, hypertension, and growth without an increase in infec-
tious complications. Since that time, numerous studies have been published show-
ing long-term (up to 5  years) safety and efficacy with early steroid withdrawal 
protocols utilizing lymphocyte depletion induction [67–72]. The benefits seen in all 
of these protocols are improved cardiovascular risk factors (blood pressure and lip-
ids) and improved growth with comparable rates of AR and graft survival.

A direct comparison of alemtuzumab and rATG induction with complete steroid 
avoidance protocols was recently completed and showed no difference in 1-year 
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graft survival, low corticosteroid conversion in both groups, similar incidence of 
DSA, and biopsy-proven AR [73]. Notable differences between the groups included 
more leukopenia in the alemtuzumab group and more CMV viremia in the rATG 
group. However, there were other center-specific practices regarding MMF and val-
ganciclovir dosing that may have contributed to the differences; therefore, they can-
not be attributed to induction agent alone.

9.5.3  Induction Therapy in Diseases with a High Risk 
of Recurrence

9.5.3.1  Focal Segmental Glomerulosclerosis (FSGS)
Primary idiopathic FSGS recurs in 30% of patients receiving their first kidney trans-
plant, >80% in a second transplant, and is associated with a high risk of graft failure 
[74]. The current theory that a humoral circulating factor is responsible for the dis-
ease has led to the specific targeted therapies added to standard induction immuno-
suppression [75].

Plasma exchange (PLEX) removes the patient’s plasma and replaces it with 
pooled donor fresh frozen plasma (FFP) or albumin with the aim of removing the 
suspected offending circulating agent. This therapy is currently the mainstay of 
treatment of posttransplant FSGS recurrence. Two of the first prospective studies of 
preemptive use of PLEX in kidney transplant in adult and pediatric patients, utiliz-
ing varying numbers of PLEX treatments with differing time of initiation depending 
on living donor or deceased donor transplant, showed a reduced rate of FSGS recur-
rence; however, the numbers in both studies were very small (n = 10 and n = 21) [76, 
77]. More recently, pediatric-specific data has not shown a benefit of preemptive 
PLEX in reducing recurrence of FSGS [78–80]. Given the cost and potential com-
plications of this therapy, careful consideration of the risk/benefit in each individual 
patient is recommended as we await better powered studies to provide evidence- 
based guidance.

Rituximab is an anti-CD20 monoclonal antibody that depletes B-cells and sup-
presses antibody production. The mechanism of action in FSGS is not completely 
understood but thought to be through interference with the production of a circulat-
ing factor involved in FSGS pathogenesis, either through its direct effects on B-cells 
or through its indirect effects on T-cells [81]. In addition, some direct effect on 
podocyte structure has been theorized [82]. Rituximab has been used for treatment 
of documented recurrence and has been shown to help sustain remission in combi-
nation with PLEX; however, its use as an induction agent is limited [83]. Case 
reports have shown effectiveness of rituximab to prevent posttransplant FSGS [80, 
81]. Rituximab was used successfully in a patient receiving a second kidney trans-
plant, and in another patient, it was used as the only induction agent in an actively 
nephrotic patient with no disease recurrence with up to 30 months of follow-up [84, 
85]. Ofatumumab (a fully humanized monoclonal antibody to CD20) has been used 
in three children with recurrent FSGS with attainment of full or partial remission 
after failing PLEX, CSA, and rituximab [86, 87]. This drug has not been used as 
part of an initial induction regimen and needs to be studied further.
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Protein adsorption column and LDL apheresis have been described as treatment 
options for recurrence in a few case reports [88, 89]. There is one case report of five 
adult patients with primary FSGS who received perioperative LDL apheresis with a 
short follow-up time (60  days–22  months) with no recurrence events in this 
cohort [90].

Cyclosporine A has shown some degree of efficacy in pediatric patients with an 
up to 81% percent reduction in proteinuria in patients with recurrent disease. 
However, this is usually in combination with other therapies such as PLEX, and 
therefore the individual effect of this drug is difficult to determine [91, 92]. Unless 
we have reliable biomarkers of FSGS recurrence or these therapies are tried in a 
large number of patients in a randomized manner, the role of preemptive therapies 
remains anecdotal and speculative since only 30% patients have recurrence.

9.5.3.2  Atypical Hemolytic Uremic Syndrome (aHUS)
The unifying pathogenesis of aHUS is dysregulation of the alternative complement 
pathway caused by one or a combination of genetic mutations in the various regula-
tory proteins required to suppress this constitutively active pathway. Risk of recur-
rence is very high, up to 80% within the first 2 years, depending on which mutation 
is identified. There are three primary strategies to minimize risk of recurrence: [1] 
kidney transplant + PLEX, [2] kidney transplant + eculizumab, and [3] combined 
liver-kidney transplant [93].

PLEX with FFP replacement can ameliorate symptoms of aHUS by replacing 
the missing factor where the underlying pathophysiology is a deficiency of regula-
tory proteins. However, this therapy will be ineffective in the mutations caused by 
membrane cofactor protein (MCP) and can exacerbate aHUS in gain-of-function 
mutations. This regimen is associated with a high rate of complications and there-
fore is not an ideal option for patients with aHUS.

Eculizumab, a recombinant humanized monoclonal antibody that binds C5 and 
effectively stops its cleavage thus inhibiting the formation of terminal membrane 
attack complex (C5b-9), has revolutionized the care of adults and children with 
complement disorders. This drug should be used in combination with a standard 
induction regimen, the first dose to be given either given prior to surgery or within 
the first 24 hours following reperfusion. It should be continued indefinitely after 
transplant [94–96].

9.5.3.3  C3 Glomerulopathy (C3GN)
C3GN is a membranoproliferative glomerulonephritis mediated by alternative com-
plement pathway dysregulation and has an estimated 50% risk of recurrence in the 
allograft. Recurrence usually occurs within the first 1–2 years and is characterized 
by decreasing renal function, proteinuria, hematuria, and/or hypocomplementemia 
[97]. Eculizumab has been used to treat recurrent C3GN; however, there are no data 
to support the prophylactic use of this drug as part of an induction regimen [94, 98].
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9.5.4  Induction Therapy in Immunologically High-Risk 
(HLA-Sensitized) Patients

Patients are considered HLA sensitized if their panel reactive antibody (PRA) is 
greater than 30%. They are considered broadly sensitized if their PRA is >80% [99]. 
These antibodies make it difficult for them to receive a kidney transplant with a 
negative crossmatch (both with living and deceased donors); and wait times on dial-
ysis are longer than the average low-risk patients. After transplant, they are at high 
risk for AMR and have a higher risk of graft loss [100]. Therefore, this group of 
patients presents a unique challenge to the transplant physicians.

Prior to consideration for transplantation, measures are undertaken to remove 
these antibodies and to suppress their production. This process is referred to as 
desensitization or immunomodulation. Several protocols for immunomodulation 
are available and have been studied; however, this is beyond the scope of this chap-
ter [101–104].

Once the patient has undergone immunomodulation, and a kidney with an 
acceptable crossmatch is available, the induction immunosuppression regimen is 
intense and may consist of one or more of the following agents [105]. It is important 
to note that almost all studies of induction therapies in highly sensitized patients are 
in adults. It is also important to note that most studies are with a combination ther-
apy, and therefore it is difficult to assess the efficacy of individual induction agents.

9.5.4.1  Intravenous Immunoglobulin: IVIg
IVIg has been the mainstay in the repertoire of induction agents used for HLA- 
sensitized patients. It was the very first agent used for desensitization and continues 
to be used as an induction agent in combination with other agents. IVIg is effica-
cious in reducing anti-HLA antibodies in  vitro and in  vivo [106]. This action is 
perhaps mediated through an anti-idiotypic antibody-blocking effect; it is also a 
modifier of complement activation and injury [107].

The IG02 placebo-controlled study assessed the use of IVIg vs placebo as an 
induction agent in 24 highly sensitized adult kidney transplant recipients. Patients 
received 2grams/kg IVIg (maximum dose of 140 grams). IVIg was superior to pla-
cebo for the reduction of HLA antibodies and improving the rates of transplanta-
tion, with similar rates of adverse events in both groups [101]. A single pediatric 
study showed the efficacy of IVIg along with rATG induction in successful trans-
plantation of a 7-year-old highly sensitized child [108].

IVIg products are derived from pooled human sera, and several IVIg prepara-
tions are currently available on the market, differing with regard to excipient com-
pounds. The adverse effects of each preparation differ based on the excipient used, 
and therefore proper product selection is important [109]. In general, sucrose-free 
products decrease the risk of acute kidney injury (AKI), and splitting the dose of 
IVIg and giving over a longer period of time might mitigate the risk of thrombosis 
seen with these products [110].
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9.5.4.2  Alemtuzumab
Alemtuzumab has been used for induction in highly sensitized pediatric patients. In 
a pediatric study, 15 highly sensitized patients underwent induction with alemtu-
zumab (15–30  mg as a one-time subcutaneous injection) [111]. This group was 
compared to 35 non-sensitized patients who had received basiliximab induction. 
Although there was a higher risk of acute cellular rejection in the highly sensitized 
group, the rates of AMR were comparable. WBC count and absolute lymphocyte 
count were significantly lower in the alemtuzumab group at 30 days and 1 year; 
however, the rates of viral, bacterial, and fungal infections were comparable. Patient 
survival was 100% with excellent graft survival in both groups. In another pediatric 
study, three highly sensitized patients were successfully transplanted after desensi-
tization and alemtuzumab induction with stable 3-year graft function [112].

9.5.4.3  Antithymocyte Globulin
Various dosing regiments of rATG have been used in highly sensitized patients 
ranging from a single dose at 9 mg/kg given in the perioperative period to 1.5 mg/
kg/day for 4–5 days for a total of 6 mg/kg [113, 114]. The incidence of AR was 
comparable to low-risk patients receiving non-lymphocyte-depleting agents for 
induction [115]. A study comparing rATG to alemtuzumab induction in adult highly 
sensitized patients showed a significantly lower incidence of AR and DGF with 
alemtuzumab [116]. However, the incidence of AR decreased when rATG was com-
bined with rituximab for induction therapy [21].

There are reports of two highly sensitized children treated with rATG induction 
who had stable graft function and no detectable CMV, EBV, and BK viremia, at 
1-year posttransplantation [108, 112].

9.5.4.4  Rituximab
Rituximab has been successfully used in desensitization protocols in combination 
with IVIg and PLEX. The typical dose for induction is 375 mg/m2 as a one-time 
dose given in the perioperative period. Several adult studies have shown beneficial 
effect and stable allograft function with the use of rituximab alone or in combina-
tion with IVIG or rATG [21, 117, 118].

Rituximab may be associated with increased risk of hypogammaglobulinemia 
and infections. However, two reports did not show increased risk of infectious com-
plications in highly sensitized renal transplant recipients treated with rituximab 
either for induction or for the treatment of AMR [119, 120].

9.5.4.5  Eculizumab
In a rat model of acute AMR after kidney transplant, terminal complement blockade 
preserved allograft function resulting in significantly longer graft survival than in 
those not treated with C5 blockade [121]. Eculizumab has been used as an induction 
agent in highly sensitized adult patients to mitigate the risk of AMR. Nine weeks of 
eculizumab (starting on the day of transplant) was used in 80 highly sensitized 
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patients in combination with rATG induction, and the drug was well tolerated [111, 
122]. At 36 months, graft and patient survival rates were 83.4% and 91.5%, respec-
tively. Similar results have been noted in other studies [123, 124].

Because of the association between terminal complement inhibition and 
Neisseria meningitidis infection, patients are required to be vaccinated for it at least 
14 days before receiving the first dose of eculizumab or to be vaccinated at the time 
of transplant and receive prophylaxis with an appropriate antibiotic for 14 days after 
the vaccination.

9.5.4.6  C1-INH (Berinert; CSL Behring, King of Prussia, Penn)
C1-INH is a serine protease inhibitor which inhibits complement activation by 
interrupting C1s and C1r in the classic complement pathway [125]. It is also a 
potent inhibitor of the lectin complement pathway by neutralizing lipopolysaccha-
rides, thereby inhibiting both sepsis and endotoxin shock in animal models. It plays 
an important role in vascular permeability and its deficiency leads to hereditary 
angioedema [126].

In a placebo-controlled trial in highly sensitized adult transplant recipients, 
C1-INH used with alemtuzumab induction was noted to be safe with no significant 
adverse events. No AMR episodes were observed, and C1-INH therapy led to reduc-
tions in levels of C1q HLA antibodies, thus indicating its role in prevention of 
AMR. It has also been shown to prevent DGF in a randomized placebo-controlled 
trial [127].

9.5.4.7  Bortezomib
The drug works by inhibiting proteasomes, cellular complexes that break down pro-
teins, and specifically target antibody-producing plasma cells. It has been used in 
conjunction with pheresis to treat AMR and for desensitization, but reports of its use 
as an induction agent are very limited. Bortezomib is associated with peripheral 
neuropathy in 30% of patients [128].

9.5.4.8  Imlifidase
Imlifidase contains the IgG-degrading enzyme derived from Streptococcus pyo-
genes (IdeS), an endopeptidase that cleaves human IgG into F(ab’)2 and Fc frag-
ments inhibiting both complement-dependent and antibody-dependent cytotoxicity. 
Imlifidase therefore can be useful as an induction agent in highly sensitized patients.

IdeS was administered to 25 highly HLA-sensitized patients (11 patients in 
Stockholm, Sweden, and 14 in Los Angeles, USA) before the transplantation of a 
kidney from an HLA-incompatible donor. Frequent monitoring for renal function, 
adverse events, outcomes, donor-specific antibodies, and renal biopsies were per-
formed. Maintenance immunosuppression consisted of tacrolimus, MMF, and ste-
roids. IdeS reduced or eliminated donor-specific antibodies and permitted 
HLA-incompatible transplantation in 24 of 25 patients [129]. In a study by Lonze 
et al., Ides was used in seven highly sensitized patients prior to renal transplantation. 
Three out of seven patients had rebound in DSA and ABMR that responded to stan-
dard of care. Therefore, patients in the Ides study in the USA also received IVIg and 
rituximab after transplantation to prevent antibody rebound [130].
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Very few highly sensitized pediatric patients have received renal transplant after 
desensitization due to availability of other options for children including receiving 
an organ though donor exchange registries or by preferentially allocating kidneys to 
these children as was done in a recent Italian study [131]. However, there are a few 
patients who are running out of dialysis access due to prolonged time on dialysis 
and may benefit from such therapies. Due to lack of sufficient data, most treatments 
in children are guided by adult studies. However, it is very important to have long-
term follow-up data in children to assess if these therapies have unique effects on 
growth and development in children and young adults.

9.6  Current Practices in the USA

The KDIGO guidelines recommended induction therapy in all kidney transplant 
recipients (Level 1A) [65]. They recommend children with standard immunological 
risk receive IL2-RA (basiliximab) as first-line therapy and that polyclonal agents be 
reserved for patients determined to have high-immunological risk (black race, allo-
sensitization, younger age). Peritransplant events such as DGF, prolonged cold isch-
emia time, high number of HLA mismatches, and in recipients of donors with 
higher kidney disease profile index (KDPI) may also warrant antibody induction 
therapy [12].

Despite these recommendations to stratify induction immunosuppression based 
on patient risk, this is not reflected in an analysis of practice patterns. Dharnidharka 
et  al. evaluated induction immunosuppression for all adult and pediatric patients 
who received a kidney transplant from 2005 to 2014 utilizing the SRTR database 
and found that only a minority of variation in induction immunosuppression choice 
was a result of donor/patient factors, and the majority was a result of center-practice 
patterns [132].

The 2018 UNOS/OPTN report shows that the most commonly used induction 
agents are T-cell-depleting preparations, followed by IL2-RA, and no-induction 
agent staying static over the last 2 years [133, 134].

9.7  Conclusions

The goal of available induction therapies in conjunction with maintenance immuno-
suppression is to prevent AR and its deleterious effects on the allograft. It is perti-
nent to find the least toxic, steroid-sparing, and cost-effective induction regimen. 
Currently, induction is commonly used for most pediatric transplants and for all 
high-risk patients including those who are receiving a re-transplant, highly sensi-
tized, cross-match positive and with DGF or those at risk for DGF, and those at risk 
of recurrence of their native kidney disease. Most recently, innovative induction 
protocols are being used to minimize maintenance immunosuppression. However, 
more pediatric data is needed to ensure risks and safety profile in growing children 
and adolescents.
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