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Abstract In the 30 years since the rabbit antithymocyte

globulin (rATG) Thymoglobulin� was first licensed, its use in

solid organ transplantation and hematology has expanded

progressively. Although the evidence base is incomplete,

specific roles for rATG in organ transplant recipients using

contemporary dosing strategies are now relatively well-iden-

tified. The addition of rATG induction to a standard triple or

dual regimen reduces acute cellular rejection, and possibly

humoral rejection. It is an appropriate first choice in patients

with moderate or high immunological risk, and may be used in

low-risk patients receiving a calcineurin inhibitor (CNI)-

sparing regimen from time of transplant, or if early steroid

withdrawal is planned. Kidney transplant patients at risk of

delayed graft function may also benefit from the useof rATG to

facilitate delayed CNI introduction. In hematopoietic stem cell

transplantation, rATG has become an important component of

conventional myeloablative conditioning regimens, following

demonstration of reduced acute and chronic graft-versus-host

disease. More recently, a role for rATG has also been estab-

lished in reduced-intensity conditioning regimens. In autoim-

munity, rATG contributes to the treatment of severe aplastic

anemia, and has been incorporated in autograft projects for the

management of conditions such as multiple sclerosis, Crohn’s

disease, and systemic sclerosis. Finally, research is underway

for the induction of tolerance exploiting the ability of rATG to

induce immunosuppresive cells such as regulatory T-cells.

Despite its long history, rATG remains a key component of the

immunosuppressive armamentarium, and its complex immu-

nological properties indicate that its use will expand to a wider

range of disease conditions in the future.

Key Points

In the 30 years since the rabbit antithymocyte

globulin (rATG) Thymoglobulin� was first licensed,

there have been profound advances in its use,

including a widening of its role in optimizing

immunosuppression for solid organ transplant

recipients and in hematology indications.

rATG dosing has decreased over time, refining the

risk:benefit ratio and reducing early safety concerns.

A growing understanding of the complex

immunological properties has prompted new

research into other therapeutic fields.
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CHU Hôpital Saint Antoine, 184, rue du Faubourg Saint

Antoine, 75571 Paris Cedex 12, France

e-mail: mohamad.mohty@inserm.fr

A. Bacigalupo

Division of Hematology and Bone Marrow Transplantation,

IRCCS San Martino, Genoa, Italy

F. Saliba
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1 Introduction

It has been 30 years since the rabbit antithymocyte glob-

ulin (rATG) Thymoglobulin� was first licensed for clinical

use in April 1984. Of the three polyclonal agents currently

available—Thymoglobulin�, the rabbit preparation manu-

factured by Fresenius (ATG-Fresenius), and, in certain

markets, the equine antithymocyte globulin (eATG, AT-

GAM�)—rATG is the most widely used. Over time, its

role in the management of solid organ transplant patients

and other therapeutic areas has expanded progressively. It

is now the most widely prescribed induction agent in the

US [1], administered to approximately half of all de novo

kidney transplant recipients [2]. From the early evidence

focusing on kidney transplantation, rATG administration

has widened to all types of solid organ transplantation,

including liver, heart, lung, pancreas, and intestinal trans-

plantation, as well as to hematopoietic stem cell trans-

plantation (HSCT) and aplastic anemia [3]. It has also been

included in immunosuppressive regimens following pio-

neering composite tissue transplant procedures (hands,

face, etc.), and as part of experimental protocols attempting

to achieve operational tolerance. Part of this expansion has

arisen from increasing awareness of additional clinical

applications for the drug. As well as providing rejection

prophylaxis, and treatment for steroid-resistant rejection

episodes, it is used to help avoid delayed graft function

(DGF) in at-risk individuals and, more recently, to facili-

tate steroid-sparing and calcineurin inhibitor (CNI)-sparing

regimens in the quest for reduced long-term morbidity after

organ transplantation.

Over the intervening years there has also been a steady

shift towards lower rATG dosing as experience has grown,

refining the risk:benefit balance. Moreover, understanding

of the immunological impact of rATG has improved, with

recent studies confirming a significant depletion of CD3?,

CD4?, CD8? and natural killer (NK) cell depletion, fol-

lowed by preferential reconstitution of central memory

CD4? T-cells at the expense of naı̈ve CD4? cells [4–6].

Long-term follow-up data have shown that CD4? T-cell

reconstitution remains impaired for up to 21 years in kid-

ney transplant patients treated with rATG compared with

controls receiving interleukin (IL)-2 receptor antagonist

(IL-2RA) induction [7].

There is now a substantial evidence base relating to the

use of rATG in different therapeutic settings from the last

three decades [3, 8–10]. At this milestone in its develop-

ment, it is timely to focus on the most recent clinical data

regarding the use of rATG based on contemporary treat-

ment protocols.

2 Methodology

A literature search on the PubMed database was under-

taken with no time limits. Single search terms included

‘ATG’, ‘rATG’, ‘antithymocyte globulin’, and ‘Thymo-

globulin’, across all therapy areas. Only articles with an

English abstract were reviewed. Abstracts from relevant

congresses during 2013 and 2014 were also searched using

the same search terms. While all relevant publications were

reviewed, emphasis is placed on randomized trials where

possible.

3 The Basis for Rabbit Antithymocyte Globulin

(rATG) use in Solid Organ Transplantation

rATG exerts its immunomodulatory and immunosuppres-

sive effects via a wide range of immune and non-immune

targets, adhesion molecules, and chemokine receptors [11].

rATG administration induces a significant depletion of

CD3?, CD4? and CD8? T-cells and NK cells, as well as

other T-cell subsets [11], while leaving the B-cell count

unaffected [4]. CD3? cell count diminishes rapidly, with

most patients having almost no CD3? cells within 24 h

after the start of treatment [12]. The proportion of naı̈ve

CD4? cells decreases, while central memory CD4? T-cells

increase. Using a typical dosing strategy of 1.5 mg/kg on

days 0–3 (cumulative dose 6 mg/kg), rATG remains at

therapeutic levels for approximately 19 days [4]. The half-

life of rATG is about 3 weeks, with complete elimination

from the serum within 1 year [12].

Randomized trials and non-randomized trials of rATG

during the 1990s and early 2000s established the immu-

nosuppressive potency of rATG for both the treatment and

prevention of solid organ graft rejection, but also high-

lighted safety concerns. The first randomized trials of

rATG were comparative studies versus other lymphocyte-

depleting agents for the treatment of allograft rejection

following kidney transplantation [13, 14]. In one trial, a

non-significant trend to improved rates of response and

prevention of recurrent rejection was observed versus

muromonab-CD3 (OKT3), with a more favorable safety

profile [14]. Another early randomized study showed that

compared with eATG, rATG achieved a higher rate of

rejection reversal and a lower incidence of recurrent

rejection, with a similar safety profile [13]. Shortly after-

wards, a randomized, double-blind trial of rATG versus

eATG for prevention of rejection in de novo kidney

transplant patients was published [15]. In this trial, 72

patients received rATG (1.5 mg/kg/day) or eATG (15 mg/
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kg/day) for 7 days, with maintenance immunosuppression

comprising cyclosporine, azathioprine and steroids in both

groups. At 1 year, the incidence of acute rejection was

significantly lower in the rATG arm (4 % vs. 25 %;

p = 0.014) and a composite endpoint of death, graft loss or

rejection was less frequent (6 % vs. 27 %; p = 0.0005),

with a lower incidence of cytomegalovirus (CMV) infec-

tion [15]. Mourad et al. [16] also demonstrated the efficacy

of rATG in preventing rejection after kidney transplanta-

tion in a multicenter study of rATG (1.25 mg/kg/day for

10 days) with tacrolimus initiated on day 9 post-transplant

versus immediate tacrolimus with no induction. Biopsy-

proven acute rejection (BPAR) was less frequent in the

rATG group (15.2 % vs. 30.4 %; p = 0.001), but adverse

events such as CMV infection, herpes simplex infection,

fever, and thrombocytopenia were increased in rATG-

treated patients. A large multicenter trial of 555 de novo

kidney transplant patients randomized to rATG with ta-

crolimus, rATG with cyclosporine, or tacrolimus with no

induction, all with azathioprine and steroids, showed the

lowest rate of acute rejection in the rATG-tacrolimus group

(p = 0.004 vs. tacrolimus and no induction) [17]. Again,

with an rATG dose of 1.25 mg/kg/day for 10 days

(adjusted as necessary based on clinical findings), higher

rates of adverse events, including hematological distur-

bances and infections, were observed in patients receiving

rATG. In a randomized trial of 50 heart transplant patients

published in 2002, rATG and ATG-Fresenius were asso-

ciated with a similar incidence and number of rejections

when combined with a maintenance regimen of cyclo-

sporine, azathioprine, and steroids [18]. However, the study

used relatively high doses of both rATG (five doses of

2.5 mg/kg/day) and ATG-Fresenius (five doses of

approximately 3.2 mg/kg/day), and the overall rate of

infections was high (rATG 58 %, ATG-Fresenius 75 %)

[18].

4 Contemporary rATG Dosing Regimens in Solid

Organ Transplantation

As experience with rATG grew during the late 1990s and

early 2000s, it became apparent that the high doses of

rATG (typically 1.25–1.5 mg/kg/day for 7–10 days)

administered in early clinical studies [13, 15–18] were not

necessary to achieve sustained lymphocyte depletion.

Protocol-specified doses have since declined (Fig. 1a–c).

In a non-randomized trial, Agha et al. [19] demonstrated

that a total dose of 6 mg/kg achieved similar efficacy to a

dose of 10.5 mg/kg (1.5 mg/kg/day over 7 days) in a

cohort of historical controls. Indeed, with an intraopera-

tive dose of 3 mg/kg and two subsequent doses of 1.5 mg/

kg, lymphocyte depletion appeared to be more sustained

than with the high-dose regimen [19]. Even lower doses

(\6 mg/kg in total) have been explored [20, 57–61]

(Table 1), but T-cell depletion appears to be diminished

[21]. Limited retrospective data have suggested that early

acute rejection may be more frequent if the total rATG

dose is less than 6 mg/kg [66], although good outcomes

with lower doses have also been reported [61]. Cumula-

tive doses in the range of 3–6 mg/kg may be adequate in

elderly recipients, in whom a retrospective analysis has

reported excellent outcomes with an average total rATG

dose of 5.4 mg/kg [67], and in lower-risk individuals such

as living-donor recipients [68]. However, very low doses

of rATG are likely to be inadequate, even in low-risk

groups. A retrospective analysis of 100 living-donor kid-

ney transplant patients given a single rATG dose of

1.5 mg/kg found the rate of acute rejection at 1 year to be

17 % and 35 % in recipients of related and unrelated

grafts, respectively [62]. In a controlled study of 40 kid-

ney transplants given a total dose of 1.5 mg/kg, 3.0 mg/

kg, or 6.0 mg/kg of rATG as induction with tacrolimus,

mycophenolate mofetil (MMF) and steroids, the T-cell

count returned to normal by month 3 in the 1.5 mg/kg

group, and during the first year in the 3.0 mg/kg group,

but remained lower than in controls in the patients given a

dose of 6.0 mg/kg [69]. Experimental evidence indicates

that a total dose of approximately 6.4 mg/kg achieves

lymphocyte depletion in peripheral blood and the spleen

and lymph nodes [70]. Overall, it appears that a cumu-

lative rATG dose of 6 mg/kg is generally appropriate for

induction therapy [4, 69].

A further imperative to reduce rATG dosing came from

the realization that early high-dose regimens increased the

risk of infectious disease, particularly CMV infection [15].

In one study, a dose of 1.5 mg/kg/day for 9 days (13.5 mg/

kg in total) was associated with a significantly higher rate

of CMV disease versus no induction in kidney transplant

patients [16], while in liver transplantation a very high total

dose of 25 mg/kg over 10 days resulted in a higher rate of

fatal infections than a 3-day course with a total dose of

7.5 mg/kg [71].

Following a gradual decline over time, the typical dose

of rATG now used in kidney transplant patients receiving a

standard triple-dose maintenance regimen is 6.0–7.5 mg/kg

(Fig. 1a). Trial results indicate that this dose level achieves

high efficacy with a good safety profile in kidney transplant

patients, even in high-risk individuals [4, 24, 26, 72]. In

recent trials of liver transplantation, total doses have gen-

erally been similar to those in kidney transplantation

(6–7.5 mg/kg) [73]. Data are more limited in heart trans-

plantation [74–77]. There is evidence suggesting that

1.5 mg/kg/day for 5 days may offer less effective rejection

prophylaxis than a 7-day course following heart trans-

plantation [78].
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Fig. 1 rATG

(Thymoglobulin�) dose in

clinical studies according to

year of publication with

(a) standard triple maintenance

regimen [4, 15, 19–34];

(b) steroid-sparing regimen

[35–46] and (c) CNI-sparing

regimen [16, 17, 47–56]. Doses

shown are protocol specified or,

if unavailable, mean dose

administered. CNI calcineurin

inhibitor, rATG rabbit

antithymocyte globulin
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Various different innovative dosing strategies for rATG

have also been explored, notably single-dose regimens or

dosing based on immune monitoring (Table 1). In one study, a

single infusion of 6 mg/kg instead of four divided doses of

1.5 mg/kg/day was found to offer improved renal function at

month 6 after kidney transplantation [22], an intriguing finding

that merits further investigation since two infusions of 3 mg/kg

instead of four divided doses of 1.5 mg/kg/day induce a similar

pattern of T-cell and NK-cell depletion and reconstitution [4].

However, perhaps of more interest is adaptation of dosing

based on T-cell count, which has been explored in kidney and

heart transplantation (Table 1). Prospective [23, 64] and ret-

rospective [64] studies indicate that the total dose of rATG can

be reduced markedly [23, 79] without compromising lym-

phocyte suppression or immunosuppressive potency. In a

prospective, non-randomized trial, Djamali et al. [23]

observed that withholding rATG until CD3? T-cell count

exceeded 10 cells/mm3 led to an approximately 25 % reduc-

tion in rATG dose but provided similar T-cell depletion to a

standard daily dosing (mean total dose 6.6 mg/kg vs. 9.1 mg/

kg). Lymphocyte count has been proposed by some investi-

gators in the field of solid organ transplantation as the preferred

tool to adjust rATG dosage, but randomized trials are lacking.

This approach is not widely accepted, and overall dosage based

on milligrams per kilogram remains the most common mode of

administration. Using weight-adjusted dosing, caution should

be exercised in patients with body weight below 40 kg or

greater than 80 kg, to avoid under- or over-immunosuppres-

sion. Pharmacokinetic monitoring techniques are emerging but

are not yet routinely used.

Lastly, intraoperative administration of the first dose may

help to minimize the risk of DGF in at-risk kidney transplant

recipients [20, 80], possibly by ameliorating ischemia-

reperfusion injury through suppression of inflammatory cells

and mediators as a result of leukocyte and T-lymphocyte

depletion [81–83], but this remains unconfirmed.

The duration and dose of rATG therapy, of course,

impacts on drug purchase costs. There is also evidence that

a shorter course—for example, 3 days at 2 mg/kg/day

versus 4 days at 1.5 mg/kg/day—may result in indirect

cost savings, largely due to reduced hospital stay [84, 85].

Dosing based on CD3? monitoring may also lower drug

costs versus a fixed-dose regimen [86].

5 rATG in Kidney Transplantation

5.1 Risk Stratification

rATG induction is typically used in high-risk or medium-

risk kidney transplant patients, specifically those who are

sensitized, or in patients at risk of DGF [87]. The decision

to administer rATG or other induction therapy after kidney

transplantation is based on demographic characteristics

such as age and race, taking into account other clinical

factors such as previous transplantation and the type of

donor. These variables are coupled with immunological

markers of rejection risk: the degree of human leukocyte

antigen (HLA) matching, the presence of anti-HLA prior to

transplantation [88]. More recently, growing awareness of

the predictive role of pre-transplant donor-specific anti-

bodies (DSA) has received intense attention. The presence

of pre-transplant DSA (class I or II) [89] and the DSA titer

[90] show a close correlation with the risk of acute anti-

body-mediated rejection after kidney transplantation.

However, DSA measurement by the Luminex technique is

not always reproducible and suitable cutoff points using

other detection techniques, such as complement-dependent

cytotoxicity (CDC) cross-match, have not been established.

Testing for DSA prior to transplantation is not yet standard.

Nevertheless, there is a growing movement towards

inclusion of DSA during risk stratification of transplant

recipients in order to target rATG induction and other

interventions appropriately.

5.2 Rejection Prophylaxis and Graft Survival

The efficacy of rATG in preventing acute rejection in

kidney transplant patients is well-established [3, 8, 9].

Randomized trials have shown a lower rate of rejection for

rATG versus the antilymphocyte preparation ATGAM

[14], or versus IL-2RA induction in patients with moderate

to high immunological risk [24, 91] with similar rejection

rates to IL-2RA induction in low-risk patients [47, 72, 92,

93] (Table 2). Meta-analyses have confirmed that rATG

induction confers a lower rejection risk compared with no

induction [95], with similar rates of rejection to ale-

mtuzumab induction [96]. A large-scale analysis of data

from the Organ Procurement and Transplant Network

(OPTN) showed rejection to be less likely under rATG

than IL-2RA induction [87].

In a prospective, randomized study of kidney transplan-

tation comparing rATG versus alemtuzumab induction, in

combination with tacrolimus plus MMF and a 5-day course of

corticosteroids, alemtuzumab was associated with a lower

rate of early BPAR in low-risk individuals but there was no

difference in high-risk patients [97]. A meta-analysis of

randomized trials in kidney transplantation found no signif-

icant difference in the risk of BPAR when rATG induction

was compared with alemtuzumab [96].

A recent retrospective case-control series also indicated

that in patients undergoing a second kidney transplant,

rATG induction achieves similar lymphocyte depletion to

that observed after a first course, and is as well tolerated

[98]. In pediatric kidney transplant recipients, good out-

comes have been reported with rATG at a dose of
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1.5–2.5 mg/kg/day for 5–10 days [99–103], with promis-

ing rates of graft survival in high-risk patients, but dose-

finding studies and robust comparisons with other regimens

are lacking.

Determining whether an effect on rejection rates translates

to higher graft survival rates is more difficult to determine.

The number of patients and duration required means that it is

impractical for a controlled trial to be adequately powered.

The available evidence is largely restricted to retrospective

single-center studies or registry analyses, in which patient

characteristics are not always fully captured. There are

reports in the literature that rATG induction is associated with

improved graft survival rates [35, 61, 104–106] compared

with no induction or IL-2RA induction therapy, but data from

a recent meta-analysis (n = 892) [95] and large-scale regis-

try analyses [87, 107] are conflicting. One recent analysis of

graft survival rates, based on data from the OPTN for kidney

transplants during 2001–2005, reported a lower 6-month

incidence of a combined endpoint of rejection, graft failure or

death with rATG versus IL-2RA induction or no induction

[108]. Moreover, any effect of rATG on graft survival

appears to be influenced by the type of patient population; no

effect was observed in one analysis of zero-mismatched

deceased-donor recipients [109], whereas an analysis of

12,100 deceased-donor recipients with DGF demonstrated a

significant improvement in death-censored graft failure

(p = 0.04) and death with a functioning graft (p = 0.0005)

versus IL-2RA induction therapy after adjustment for con-

founding factors [110]. In a large retrospective analysis of

475 kidney transplants undertaken during 2001–2009 at a

single center, a low rATG dose (mean 3.2 mg/kg) was

associated with higher graft survival than IL-2RA induction,

a difference that was more pronounced among obese recipi-

ents (90.3 % vs. 63.6 % at an average of 47 months’ follow-

up; p \ 0.04) but was still significant in non-obese individ-

uals (88.7 % vs. 68.2 %; p \ 0.01) [61]. No firm conclusions

on an effect of rATG on kidney allograft survival can be

drawn, although there are some encouraging indications.

Based on the available data, rATG induction is appro-

priate in patients with moderate or high immunological risk

as rejection prophylaxis, but in low-risk patients is required

only if early CNI-sparing or steroid withdrawal is planned.

Use of rATG induction in low-risk kidney transplant

patients receiving a standard triple-therapy maintenance

regimen is unlikely to be cost effective and unnecessarily

exposes the patients to risk of over-immunosuppression.

5.3 Ischemia-Reperfusion Injury and Delayed Graft

Function

Beyond its traditional use in rejection prophylaxis and

treatment, it is possible that rATG may ameliorate ische-

mia-reperfusion injury by inhibiting expression of adhesionT
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molecules and cytokines [82]. Coupled with T-cell deple-

tion, such an effect could help to prevent DGF. In a ran-

domized trial in liver transplant patients, rATG resulted in

less clinical evidence of ischemia-reperfusion injury [111],

but a similar histological study in kidney transplant patients

is lacking. Clinical data are not adequate to assume a

benefit for rATG in terms of diminishing injury.

In 2003, Goggins et al. [20] reported a lower incidence

of DGF using intraoperative rATG compared with post-

operative administration (14.8 % vs. 35.5 %; p \ 0.05).

More recently, Harrison and colleagues observed no dif-

ference in renal function during the first year post-trans-

plant in patients given the first rATG dose before

reperfusion or postoperatively [112]. In two randomized

trials in which the first dose of rATG was given before

graft reperfusion, the rate of DGF was significantly lower

versus IL-2RA induction in one study of 227 immuno-

logically high-risk, HLA-sensitized patients [91], but no

difference was observed in the second trial of 278 patients

at high risk for acute rejection or DGF [23]. Other studies

have not shown a reduction in DGF rates [34, 47, 74] in

patients receiving rATG induction, although the risk and/or

severity of rejection is generally lower in patients with

DGF who receive rATG [15, 34]. The multifactorial eti-

ology of DGF means it is difficult to confirm a contribution

of rATG induction conclusively, but it appears that rATG

may offer some benefit in decreasing the risk of DGF

[113]; further data are awaited. A recently proposed scale

to classify patients according to their DGF risk [114] may

help identify high-risk individuals.

5.4 Reducing Maintenance Immunosuppression

In recent years, clinical investigation of rATG in kidney

transplantation has centered on its ability to support either

early steroid withdrawal or CNI-sparing regimens. The

most robust data relating to early steroid withdrawal

comes from a multicenter trial in which 151 living-donor

kidney transplant patients were randomized to rATG (total

dose 5–6 mg/kg) with steroids to day 7, or to an induc-

tion-free standard-steroids regimen, both with tacrolimus

and MMF [94] (Table 2). At 12 months post-transplant,

rates of BPAR and all efficacy endpoints were similar

between the two groups, but total cholesterol was lower in

the steroid-withdrawal group with trends towards a lower

triglyceride level and less weight gain, although leuko-

penia was more frequent in the rATG cohort. A large,

randomized trial by Kandaswamy et al. [36], in which

standard-risk patients received rATG at a total dose of

5.0–7.5 mg/kg, demonstrated a low rate of rejection when

steroids were withdrawn after day 5 with a variety of

maintenance regimens. Steroid withdrawal at month 3

from a maintenance regimen of cyclosporine and MMF

also appears feasible based on data from a randomized,

double-blind trial reported by Lebranchu et al. [115] in

which 104 patients were given rATG induction according

to local practice with cyclosporine and MMF maintenance

therapy, but rATG dosing information was not provided.

Other prospective or retrospective non-comparative trials

have also shown a low rate of rejection following early

steroid withdrawal supported by rATG induction [37–39].

In low-risk children, non-randomized trials have sug-

gested that rATG induction can support early (\1 week)

steroid discontinuation [116] or steroid-free immunosup-

pression [117] with a maintenance regimen of CNI and

MMF, with no increase in rejection risk. One retrospec-

tive study has compared rATG induction (6.0 mg/kg)

versus IL-2RA induction with basiliximab in 99 kidney

transplant patients for whom early steroid discontinuation

on day 6 was planned [118]. By 1-year post-transplant,

the incidence of BPAR was lower (7 % vs. 26 %), and

mean time to first BPAR (151.4 vs. 53.6 days) was longer,

with rATG versus IL-2RA induction. As with standard

maintenance immunosuppression, the dose of rATG

administered in patients receiving a steroid-sparing regi-

men has declined over time (Fig. 1b).

The use of rATG induction to facilitate delayed intro-

duction of CNI therapy by up to 9 days—often in an

attempt to avoid DGF—has been shown to maintain

immunosuppressive efficacy following kidney transplan-

tation [16, 24, 47, 93] and is a recognized therapeutic

strategy in patients at risk of DGF. More controversial,

single-arm studies [119, 120] and randomized, controlled

trials [48–51] have administered rATG induction with an

entirely CNI-free, sirolimus-based maintenance immuno-

suppressive regimen (Table 2). In each of the comparative

studies, the rate of acute rejection was low and similar to a

standard CNI regimen [48–51], although graft survival was

lower with the CNI-free group in one study [48]. In all but

one randomized trial [50], renal function was superior at

1 year in the CNI-free arm, either overall [48, 51] or

among the subpopulation who remained on a CNI-free

regimen [49]. Five-year follow-up data from the Spiesser

study [49] confirmed that estimated glomerular filtration

rate (GFR) remained higher in the CNI-free treatment

group, with no difference in acute rejection rates [121]. In a

small, prospective study of seven patients receiving a

kidney from an HLA-identical living donor, rATG with

MMF or sirolimus and no CNI therapy achieved 100 %

graft and patient survival over a median of 26 months’

follow-up; rATG induction was continued for 10 days at an

unspecified dose [122]. In contrast, de novo immunosup-

pression with sirolimus and no CNI therapy in patients

receiving IL-2RA induction is associated with a high rate

of acute rejection ([30 % at 1 year) [123, 124]. It appears

that adequate immunosuppression in the early period after
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kidney transplantation may require rATG induction if CNI

avoidance is attempted.

One novel strategy to reduce both CNI and steroid

exposure is to use low-dose rATG in combination with IL-

2RA induction. This approach has been assessed in a

prospective, single-center, non-randomized study which

compared rATG at a total dose of 200 mg combined with

basiliximab (total dose 40 mg) versus basiliximab alone

[125]. In the rATG group, tacrolimus exposure was

reduced and steroids were selectively withdrawn at

3–6 months. At 1 year, the incidence of acute rejection was

similar in both groups despite lower exposure to both CNI

and steroids. Alternatively, rATG induction (up to 6 mg/kg

in total) coupled with maintenance therapy using the co-

stimulation blocker belatacept and a mammalian target of

rapamycin inhibitor or MMF may enable avoidance of both

CNIs and steroids with an acceptable rate of rejection

[126]; further data are awaited.

5.5 rATG and Donor-Specific Antibodies

Awareness that the presence of de novo DSA nearly dou-

bles the risk for antibody-mediated rejection after kidney

transplantation [89] has focused attention on preventative

strategies. There are early data to suggest that rATG

preferentially inhibits the proliferation of donor antigen-

activated T-cells in kidney transplant patients by inducing

expression of donor-specific helios-FOXP3? regulatory

T-cells, an effect not seen with IL-2RA induction agents

[127]. B-cell expression and phenotype remained unchan-

ged after administration of low-dose rATG [128], or even

after high doses (3 mg/kg/day) [4]. Clinically, a retro-

spective study of rATG induction with intravenous

immunoglobulin (IVIG) in kidney transplant patients with

preformed DSA receiving tacrolimus-based triple therapy

has demonstrated that sensitized patients with positive flow

cytometry cross-match can achieve excellent graft survival

rates with acceptable levels of antibody-mediated rejection

[129]. In liver transplantation, rATG with rituximab

induction has also been shown to result in low rates of

antibody-mediated rejection [130].

Data regarding a possible effect of rATG induction

therapy on the risk of post-transplant de novo DSA are

starting to emerge. In a series of 114 moderately sensitized

DSA-positive patients, occurrence of de novo DSA

(defined as absence of pre-transplant DSA) increasing at

least threefold was monitored for a mean of 12.4 months

[32]. rATG was given to 85 of the patients (mean total dose

4.98 mg/kg), and the IL-2RA induction agent basiliximab

was given to 29 patients. Multivariate analysis showed that

rATG induction was associated with a significant reduction

in risk of both de novo DSA and acute antibody-mediated

humoral rejection [32] (Table 3). Of all factors assessed,

rATG induction was the single most important variable

associated with both de novo DSA and humoral rejection.

In a single-center, matched-cohort study of 16 kidney

transplant patients and 32 controls [128], there was a lower

incidence of de novo DSA at 1-year post-transplant in

patients treated with rATG or basiliximab versus ale-

mtuzumab (p = 0.011). The difference was maintained at

2 years (p = 0.010) because alemtuzumab induces B-cell

depletion and regeneration. If these data are confirmed, use

of rATG in patients at risk of developing de novo DSA

would be of considerable clinical interest. However, other

single-center, retrospective analyses have observed no

difference in DSA production in kidney transplant patients

with or without rATG induction [131, 132]. Further pro-

spective trials are required, including examination of the

effect of rATG therapy on the capacity of DSA to bind

complement fraction C1q, a variable that shows a strong

correlation with risk of antibody-mediated rejection in the

first year after kidney transplantation [133].

6 rATG in Liver Transplantation

6.1 Rejection Prophylaxis

Induction therapy is used far less frequently in liver

transplant patients compared with kidney transplant recip-

ients [1], although recent evidence that induction therapy is

associated with improved long-term graft and patient sur-

vival following liver transplantation [134, 135] may con-

tribute to greater use in the future. At present, data relating

to the use of rATG after liver transplantation are relatively

limited [3, 73, 136].

Induction with rATG in liver transplant patients

receiving a standard triple or dual regimen has been com-

pared with no induction in two single-center, randomized

trials [111, 137] (Table 4). With follow-up to 5 years [137]

or 3 months [111], there were no significant differences in

Table 3 Univariate and multivariate analysis of association between

rATG induction and risk of dnDSA and acute AMR in 114 moder-

ately sensitized DSA-positive kidney transplant patients receiving

rATG (mean total dose 4.98 mg/kg) or IL-2RA induction [32]

Univariate analysis Multivariate analysis

HR (95 % CI) p-Value HR (95 % CI) p-Value

dnDSA 0.1 (0.02–0.48) 0.003 0.16 (0.04–0.5) 0.003

Acute

AMR

0.01 (0.001–0.15) 0.0007 0.16 (0.05–0.6) 0.006

Reference IL-2RA induction

AMR antibody-mediated rejection, CI confidence interval, dnDSA de

novo donor-specific antibody, DSA donor-specific antibody, HR

hazard ratio, IL-2RA interleukin-2 receptor antagonist, rATG rabbit

antithymocyte globulin
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acute rejection, graft or patient survival in either trial,

although one trial noted a longer mean time to rejection

[137] and the other reported a shorter hospital stay [111]

in the rATG cohorts. Relatively large retrospective stud-

ies, in which patients have received a variety of mainte-

nance regimens, have suggested that rATG induction may

reduce the risk of acute rejection versus no induction, but

poor study design limits the validity of these findings

[138, 139]. Interestingly, a recent retrospective review of

112 positive cross-match liver transplant patients receiv-

ing combined induction therapy with rATG and rituximab

reported low rates of acute cellular rejection (9 %) and

chronic rejection (4 %), and graft survival was only

slightly lower than in negative cross-match patients (85 %

vs. 89 %; p = 0.26) [130]. Such an approach in this very

high-risk patient group may merit further investigation.

Elsewhere, another retrospective, single-center experience

has reported good outcomes in liver transplant patients

receiving delayed rATG in combination with a single dose

of rituximab in standard-risk recipients [136]. There is

also preliminary evidence (published in abstract form

only) from a single-center, retrospective analysis of 89

patients that rATG may significantly reduce the rate of

ischemic cholangiopathy (12.5 % vs. 35.2 % with IL-2RA

induction; p = 0.017) after liver transplantation from a

donor after circulatory death [140]. Ischemic cholangi-

opathy is a major cause of liver graft loss in patients

undergoing a liver transplantation from donors after car-

diac death and this potentially important finding requires

examination in further studies.

Comparative trials versus IL-2RA agents or other

induction therapies are lacking in liver transplant

patients.

6.2 Reducing Maintenance Immunosuppression

Randomized trials of CNI reduction or avoidance in liver

transplant patients using rATG induction are lacking, but

retrospective, single-center data from a series of 391

recipients suggest that rATG induction with CNI initiation

delayed to day 3 may reduce the risk of rejection versus a

standard CNI therapy (14.5 % vs. 31.8 %; p = 0.0008)

[71]. Other retrospective analyses have also indicated that

rATG induction with reduced tacrolimus exposure and no

steroids [63], or delayed tacrolimus [141], effectively

maintains immunosuppressive efficacy. Such approaches

may be particularly helpful in liver transplant patients with

renal impairment at the time of transplantation, to mini-

mize CNI-related nephrotoxicity and avoid acute renal

failure to help preserve long-term kidney function [142].

In terms of steroid avoidance, a randomized trial in 119

liver transplant recipients showed that a low-dose rATG

regimen (total dose 3 mg/kg) demonstrated a similar rate of

acute rejection in patients receiving a steroid-free regimen

versus a standard steroids protocol [58]. These promising

data await confirmation in other controlled trials.

6.3 Hepatitis C Virus Recurrence

With modern maintenance regimens, and the decrease in

rATG dose over time, early concerns that lymphocyte

depletion with OKT3 induction could lead to a permissive

environment for hepatitis C virus (HCV) replication fol-

lowing liver transplantation [143] have not been borne out

by recent results. Registry analyses of patients receiving

induction with an ATG preparation or an IL-2RA agent

[135, 144], as well as in subpopulation analyses of HCV-

Table 4 Randomized trials of rATG (Thymoglobulin�) induction therapy in liver transplant patients

Study

(year)

N Immunological

risk status

rATG

regimen

Comparator group/s Maintenance

immunosuppression

Follow-

up

Treatment

group

Patient

survival

(%)

Graft

survival

(%)

Acute

rejection

(%)

Boillot

et al.

(2009)

[137]

93 Standard Mean total

dose

8.78 mg/kg

No induction Tacrolimus

MMF

Steroids

(withdrawn after

month 3)

5 years rATG 77.3 77.3 11.4

No

induction

87.8 87.8 14.3

p-Value NS NS NS

Bogetti

et al.

(2005)

[111]

22 Standard Total dose

4.5 mg/kg

(days 0–4)

No induction CNI

Steroids

3 months rATG 100 100 25

No

induction

100 100 30

p-Value NS NS NS

Eason et al.

(2003)

[58]

119 Standard Total dose

3.0 mg/kg

(days 0–1)

Steroids to month 3

(no steroids in rATG

group)

Tacrolimus

MMF (withdrawn

after month 3)

2 years rATG

(steroid-

free)

85 82 25

Steroids 85 80 31.0

p-Value NS NS NS

CNI calcineurin inhibitor, MMF mycophenolate mofetil, NS not significant, rATG rabbit antithymocyte globulin
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positive patients in randomized trials [135, 145] and ret-

rospective studies [63, 138, 141, 146], have not indicated

any increase in HCV recurrence in patients receiving rATG

induction.

7 rATG in Heart Transplantation

7.1 Rejection Prophylaxis

There is a scarcity of randomized trials relating to rATG

induction, or other forms of induction therapy, in heart

transplantation [77]. Comparative trials of rATG versus no

induction, either prospective or retrospective, are lacking.

Only two randomized trials of rATG have been published

which used a contemporary dosing regimen [147, 148]

(Table 5).

In a randomized trial of 35 standard-risk patients, the

addition of rATG, at a mean total dose of 5.2 mg/kg, to a

CNI-based triple regimen has been shown to achieve a

lower rate of grade C3A acute rejection than induction

with basiliximab (17 % vs. 35 %; the non-inferiority cri-

terion for basiliximab versus rATG was not met) [148].

However, earlier high-dose, randomized [74] or retro-

spective trials [74, 76] and small, retrospective trials using

a total rATG dose of B7.5 mg/kg [75, 149], have not

reported a lower rejection rate compared with IL-2RA

induction. A trial of 721 de novo heart transplant recipients

randomized to everolimus at a dose of 1.5 mg/day or

3.0 mg/day with reduced-dose cyclosporine, or to MMF

with standard-dose cyclosporine, permitted centers to

chose between basiliximab or rATG induction (dosed

according to local practice) [150]. A numerically higher

rate of mortality was observed in the everolimus 1.5 mg

group compared with the MMF cohort at month 12. The

difference was largely attributed to a higher incidence of

infection-related death during the first 3 months post-

transplant in patients receiving everolimus with rATG,

particularly if a left ventricular assist device had been used.

By month 24, mortality rates were similar in the two

groups. The intensity of immunosuppression in the ever-

olimus arm (rATG, everolimus, CNI, and steroids) appears

to have over-immunosuppressed patients. A lower level of

CNI exposure than in this study is targeted by most centers

that use rATG induction in heart transplant patients, and

may be a safer approach.

7.2 Reducing Maintenance Immunosuppression

The International Society of Heart and Lung Transplanta-

tion (ISHLT) guidelines for the care of heart transplant

recipients comment that rATG can allow for CNI delay due

Table 5 Randomized trials of rATG (Thymoglobulin�) induction therapy in heart transplant patients

Study (year) N Immunological

risk status

rATG regimen Comparator

group

Maintenance

immunosuppression

Follow-up Treatment

group

Patient

survival

(%)

Acute

rejection

(%)

Yamani

et al.

(2008)

[147]

32 Low Total dose 6 mg/kg

(steroid-free)

Single dose of

rATG

(1.5 mg/kg)

Tacrolimus

MMF

Steroids only in

induction-free

group

12 months rATG 93.8 50a

Standard

steroids

93.8 69a

p-Value NS NS

Carrier et al.

(2007)

[148]

35 Standard Total dose 5.2 mg/kg Basiliximab CsA

MMF

Steroids

6 months rATG 78 17a

Basiliximab 77 35a

p-Value 0.9955 *

Mattei et al.

(2007) [74]

80 Standard Total dose

7.5–12.5 mg/kg

(mean *8.6 mg/

kg)

Basiliximab CsA

MMF

Steroids

6 months rATG 78.6 45.2b

Basiliximab 86.8 50.0b

p-Value 0.388 NS

Schnetzler

et al.

(2002) [18]

50 Standard Mean

total *12.5 mg/kg

ATG-Fresenius CsA

AZA

Steroids

12 months rATG 84.6 91.7c

ATG-

Fresenius

87.5 84.6c

p-Value NS NS

a Grade C3
b Grade C1B
c Any rejection

* Non-inferiority for basiliximab was not shown

AZA azathioprine, CsA cyclosporine, MMF mycophenolate mofetil, NS not significant, rATG rabbit antithymocyte globulin
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to renal insufficiency [151]. Delgado et al. [152] delayed

CNI introduction after a mean of 3.2 days in seven patients

receiving rATG induction, and found that renal function

was preserved to last follow-up at month 6 with a lower

rate of acute rejection than in patients given IL-2RA

induction and there were no episodes of rejection with

hemodynamic compromise. Delaying CNI initiation until

serum creatinine was\150 lM with rATG induction (total

dose 7.5 mg/kg) in a small series of 15 patients with

postoperative renal dysfunction was associated with a

similar rate of rejection as control patients, and renal

function improved in the delayed-CNI cohort compared

with matched controls [153]. One retrospective, single-

center analysis, currently published in abstract form only,

has suggested that rATG induction (total dose 4.5 mg/kg)

with reduced CNI exposure and everolimus therapy in

patients with moderate to severe chronic kidney disease

achieves effective rejection prophylaxis with a low rate of

infection, and preserves renal function [154], a regimen

that merits further evaluation.

Evidence relating to a steroid-sparing role for rATG in

adult heart transplant recipients is currently limited to a

single, randomized trial [138]. Yamani et al. [147] under-

took a single-center randomized trial in which 32 patients

at low immunological risk were randomized to rATG

induction (total dose 6 mg/kg) without steroids, or to a

standard triple-therapy regimen with no induction

(Table 5). At 1 year, the rate of acute rejection grade C3A

was similar between groups (mean number of episodes

0.81 with rATG vs. 1.07 in the control arm). The steroid-

avoidance patients showed significantly greater muscle

strength and less bone loss. Preliminary evidence from a

series of 70 children (median age 7.1 years) undergoing

heart transplantation at a single center who were treated

with rATG then a steroid-free tacrolimus-based dual ther-

apy regimen indicated that 87 % of patients were free of

rejection at 1 year, with 88 % survival, among the 50

patients who survived to the point of hospital discharge

[155]. Further data are awaited.

7.3 Cardiac Allograft Vasculopathy

Experimental evidence [81–83] and preliminary evidence

from liver transplantation [111] that ATG preparations may

reduce ischemia-reperfusion injury, which, by limiting

immunologic damage [156], could potentially attenuate

cardiac allograft vasculopathy (CAV) [77]. At present, data

are limited to three single-center, retrospective analyses

[157–159]. In the largest of these (n = 662), 16.9 % of

patients showed signs of CAV during a follow-up period of

1–5 years [157]. On multivariate analysis, rATG induction

therapy was significantly predictive of freedom from CAV

(risk ratio 0.634; p \ 0.001) or severe CAV (risk ratio

0.277; p \ 0.001). The dose of rATG was not specified.

Two other single-center series have reported 10-year fol-

low-up data [158, 159]. In one analysis by Carrier et al.

[159], in which 163 patients were given rATG at a mean

total dose of approximately 5.2 mg/kg, the 10-year inci-

dence of CAV was 50 % compared with 70 % in 48

induction-free controls. In another single-center analysis,

40 patients were given rATG or an IL-2RA induction agent

with a triple-therapy maintenance regimen. The rATG

cohort had a lower rate of CAV at 10 years post-transplant

(20 % vs. 40 %; p = 0.031) but the total rATG dose was

exceptionally high (20 mg/kg) [158]. Data from patients

receiving ATG-Fresenius are consistent with these findings

[160, 161]. There are limited data from patients treated

with ATG-Fresenius to suggest that an effect on CAV may

be dose-dependent [160], but an effect using modern rATG

dose levels appears possible [159] and further investigation

is merited.

8 rATG in Lung Transplantation

Immunosuppressive protocols following lung transplanta-

tion must be modified to take into account certain organ-

specific features. Maintaining adequate immunosuppres-

sion appears to be particularly important, especially during

the immediate post-transplant period, due to various factors

such as T-cell activation caused by donor dendritic cell

activity and ongoing exposure of the lungs to endogenous

antigens [162]. Acute rejection contributes to the risk of

bronchiolitis obliterans syndrome (BOS) [163], the prin-

cipal factor limiting long-term graft survival after lung

transplantation [164]. CMV pneumonitis is also believed to

contribute to the development of BOS [163, 165], height-

ening the potential impact of over-immunosuppression.

Retrospective analyses of data from the ISHLT registry

have shown that induction therapy generally is associated

with a reduced risk of BOS, presumably due to reduced

rejection [162, 166, 167]. One analysis of ISHLT data

[158] and one based on OPTN data [124] have indicated

higher lung allograft and patient survival with induction

versus no induction.

Early published studies of rATG dosing indicate that

lower doses were used in lung transplant recipients than in

other types of solid organ transplantation [168, 169]. In

2002, Krasinskas et al. [79] demonstrated that by using

CD3? T-cell monitoring in lung transplant patients, the

total dose could be reduced by 48 % without affecting the

rate of acute rejection. The first robustly designed trial to

assess rATG in lung transplantation was a single-center,

randomized trial of 44 single or bilateral lung transplant

patients given rATG (total dose 4.5 mg/kg) or no induc-

tion, both with standard triple therapy comprising
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cyclosporine, azathioprine, and steroids [168]. The inci-

dence of acute rejection was significantly reduced in the

presence of rATG (23 % vs. 55 %; p = 0.03), with a non-

significant reduction in the incidence of BOS (20 % with

rATG vs. 38 % vs. no induction), findings that were

maintained long-term [170]. The rate of post-transplant

infections was similar in both arms. In a comparative trial

of cyclosporine versus tacrolimus with MMF and steroids,

both groups received rATG at a total dose of 7.5 mg/kg,

with no marked safety concerns [169].

Few studies have compared induction regimens fol-

lowing lung transplantation. A randomized trial of rATG

(total dose 10 mg/kg) versus daclizumab in 50 lung

transplant recipients showed similar rates of rejection and

BOS in both arms but a significantly higher rate of CMV

infection with daclizumab, possibly due to greater CMV

serology mismatching [171]. Studies assessing the feasi-

bility of CNI- or steroid-sparing regimens using rATG

induction in lung transplant patients are lacking.

9 rATG in Pancreas and Islet Transplantation

Randomized trials of rATG in pancreas or simultaneous

pancreas kidney (SPK) transplantation are sparse. A ret-

rospective, single-center analysis of 128 SPK procedures

performed during 2001–2008 indicated a lower rate of both

acute rejection overall and steroid-resistant rejection, with

similar graft and patient survival rates and safety profiles,

but rATG dosing and maintenance immunosuppression

evolved over the study period and the findings are not

necessarily applicable to current regimens [172].

The use of rATG to delay the introduction of CNI

therapy was investigated in a randomized trial of 50

patients undergoing SPK transplantation [173]. Patients

received either rATG (1.5 mg/kg/day for 10 days, adjusted

as necessary) with delayed cyclosporine, or no induction

with standard cyclosporine, both in conjunction with aza-

thioprine and steroids. After a mean follow-up of

36 months, the incidence of acute kidney rejection epi-

sodes was lower with rATG (36 % vs. 76 %; p \ 0.01), but

at this dose level adverse events were more frequent with

rATG (80 % vs. 40 %). No other study has assessed

delayed CNI with a more contemporary rATG dose, but a

recent randomized trial (published only in abstract form to

date) assessed both CNI- and steroid-sparing immunosup-

pression in a population of 100 SPK transplant patients

[174]. Induction comprised a 10-day course of rATG, at an

unspecified dose. After an initial regimen of tacrolimus,

low-dose steroids, and MMF, tacrolimus was replaced by

sirolimus and steroids were withdrawn during days 60–90

post-transplant. At 1-year post-transplant, outcomes

(rejection rates, switch of regimen, renal histology, and de

novo DSA) favored the control group in whom tacrolimus

and steroids were continued.

While CNI withdrawal may be inadvisable after SPK

transplantation, steroid reduction in patients receiving

rATG induction appears feasible. In an early prospective

study of 40 SPK patients given rATG (total dose 8 mg/kg

over days 1–14), steroids were withdrawn after day 6 [175].

Maintenance therapy comprised tacrolimus and MMF, or

tacrolimus and sirolimus. Compared with historical con-

trols who did not receive rATG and who continued stan-

dard steroid therapy, the rejection rate was lower in the

rATG/steroid elimination group (2.5 % vs. 19.8 %;

p = 0.034). Since then, retrospective studies from the mid-

2000s using a variety of rATG protocols [176–178], and a

more recent retrospective study in which patients received

a total rATG dose of 6 mg/kg [179], have also indicated

that withdrawal of steroids from a regimen of tacrolimus

and MMF with or without sirolimus by the end of the first

week after SPK (or pancreas after kidney transplantation)

maintains immunosuppressive efficacy. There are also

limited data to support rATG induction in an entirely ste-

roid-free protocol [54] but these have not been confirmed.

In the relatively new field of islet transplantation, there

is some initial positive experience with an immunosup-

pression regimen of rATG induction, tacrolimus, and MMF

[180], and studies are ongoing [181].

10 rATG in Other Types of Transplantation

10.1 Intestinal Transplantation

No standard immunosuppressive regimen for intestinal or

multivisceral transplant recipients has been established, but

for the last 15 years rATG has been the most frequently

used antibody agent in this setting [182]. The high risk of

rejection following such procedures, and the high rate of

graft-versus-host disease (GvHD) [183] means that more

than one induction agent may be used. In one series of 27

patients undergoing intestinal transplantation at a single

center, induction comprised rATG, rituximab, and steroids,

with tacrolimus and tapered steroids as maintenance ther-

apy [184]. There were eight episodes of severe infection,

and two cases of steroid-responsive skin GvHD with a

1-year graft survival rate of 76 %, outcomes that would be

considered good in such an immunogenic setting. An

analysis of data from 211 intestinal and multivisceral

procedures performed at major centers during 2006–2010

compared acute rejection and infection rates between

patients receiving IL-2RA induction (daclizumab) with

tacrolimus and steroids, alemtuzumab induction with ta-

crolimus, or rATG induction with rituximab and tacrolimus

[185]. The incidence of moderate acute rejection was 0,
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26.3 and 11.7 % in the three groups, respectively, but the

infection rates were 62.5, 52.0 and 7.4 %, respectively,

with the highest graft and patient survival rates in the

rATG/rituximab/tacrolimus group due to the low rate of

infection. The authors concluded that the latter regimen

was optimal for balancing the risks of rejection and

infection [185].

Separately, there is also intriguing preliminary evidence

that pre-treatment with a single dose of rATG (5 mg/kg)

followed by minimal-dose tacrolimus monotherapy may

achieve partial immune tolerance after intestinal trans-

plantation [186, 187].

10.2 Composite Tissues

Transplantation of vascularized composite tissue—for

example, face and upper extremities—is still in its infancy

but offers a reconstructive approach impossible by other

means. More than 150 such procedures have now been

performed [188], the majority of which have included

rATG in the immunosuppressive protocol [189]. The first

ever face allograft recipient was treated with rATG

induction, and maintenance immunosuppression compris-

ing tacrolimus, MMF, and steroids [190]. Immunosup-

pression was well tolerated, and despite two episodes of

acute rejection during the first year, after 5 years the

patient was doing well and reported normal social inter-

actions [191]. More recent reports of near-total or full-face

transplants, including rATG induction therapy, have

reported similarly successful outcomes [192, 193]. rATG

has also contributed to uneventful postoperative courses

following human hand allografting [194], and management

of steroid-resistant atypical rejection following hand

transplantation [195]. Interestingly, despite high levels of

immunosuppression related to the combination of rATG,

tacrolimus, and MMF, the incidence of skin rejection in

face or hand transplantation is much higher than for

internal organ transplants. However, the incidence of

chronic rejection has so far been low. The reasons for this

discrepancy remain elusive [196].

11 Safety Profile of rATG in Solid Organ

Transplantation

Historically, the two key safety concerns related to rATG

therapy have been infectious complications and risk of

malignancy or post-transplant lymphoproliferative disease

(PTLD). Adverse events, notably fevers and chills, and

hematological abnormalities such as lymphopenia, neu-

tropenia, and thrombocytopenia, can occur but are usually

managed successfully by dose adjustments. As a result of

progressive decreases in the cumulative rATG dose and

duration of exposure, the incidence of serum sickness is

now estimated to have declined to 0.25 % in patients

receiving a cumulative dose of 6 mg/kg over no more than

7 days [171], and can be managed by a combination of

plasmapheresis and steroids.

11.1 Malignancy and Post-Transplant

Lymphoproliferative Disease

The risk of cancer is estimated to be twice as high in solid

organ transplant recipients as in the general population,

with the difference most marked for infection-related

malignancy diagnosis such as non-Hodgkin lymphoma

[197]. Nevertheless, the incidence of PTLD following

kidney transplantation is no more than 1 % at 5 years [198,

199], with lower rates for non-Hodgkin lymphoma and

other common cancers [197, 200]. Assessment of the risk

associated with specific immunosuppressive agents there-

fore requires the statistical power provided by large-scale

transplant registries. Many such analyses have not specif-

ically evaluated rATG induction therapy (and even fewer

have specifically assessed Thymoglobulin�) as opposed to

lymphocyte-depleting agents as a class. An analysis from

1995 to 2004, which was based on the Collaborative

Transplant Study database, observed a marked increase in

non-Hodgkin lymphoma with rATG induction versus non-

induction [200]. During that period, rATG doses were

higher than at present, and this finding is consistent with

other registry analyses based solely on data from the 1990s

or early 2000s (Table 6). A somewhat more recent analysis

of 2,151 adult heart transplant recipients (1995–2008)

receiving ATG in the UK (the preparation of ATG was not

specified) found no evidence of increased death from

lymphoma [201]. An analysis of patients registered with

the Australian and New Zealand Dialysis and Transplan-

tation Registry (ANZDATA) registry during 1997 to 2009

indicated that acute rejection treated with lymphocyte-

depleting therapy (rATG was not specifically assessed)

appears to be associated with an increased risk of cancer

[206]. The increase was due to more genitourinary tract

cancers but not other site-specific malignancies or PTLD

[206]. The authors point out that acute rejection may share

a common causal pathway with malignancy, making it

difficult to distinguish the contribution of rATG to such an

effect, and results of other long-term analyses are awaited

[207].

A systematic review of trials of rATG (Thymoglobu-

lin�), published during 1999–2009, in kidney and heart

transplant recipients (n = 2,246) with at least 3 years’

follow-up recently concluded that the cumulative dose

showed no association with risk of PTLD [208]. The

overall incidence of PTLD was 0.98 % and 1.05 % in

kidney and heart transplant patients, respectively. Evidence
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from registry studies regarding the risk of PTLD in patients

receiving rATG is difficult to interpret since only one has

specifically assessed Thymoglobulin�, reporting an

increased risk versus no induction for patients transplanted

during 2000–2004 [198]. Other registry analyses have

described mixed findings, with some showing an increased

risk for PTLD with rATG or ATG preparations of any type

[199, 203, 209, 210] and others reporting no effect of rATG

or polyclonal lymphocyte-depleting agents [211–213]. In

one of the most recent large-scale datasets, derived from

the TAILOR registry, a non-comparative evaluation of

PTLD in 2,322 patients receiving rATG (Thymoglobulin�)

after living-donor kidney transplantation during 2003–2008

showed the 5-year incidence of PTLD to be 0.9 % [68].

This is comparable with published incidence rates for the

kidney transplant population as a whole [198, 199]. Unlike

most registries, TAILOR captures the rATG dose, and in

this series the mean cumulative dose was *5.3 mg/kg. It

appears that the risk of PTLD and malignancy associated

with modern rATG induction regimens may be less of a

concern than during the high-dose era, but confirmatory

data are required. However, close monitoring remains

mandatory and includes both short-term evaluation of

blood T-cell depletion and longer-term assessment of

immune reconstitution [9].

11.2 Infections

Concerns about infectious complications associated with

rATG therapy focus on viral infections, most notably CMV

infection. Randomized trials of rATG induction versus no

induction [16, 17], published in the early 2000s, reported a

higher rate of CMV infection in kidney transplant patients

receiving rATG [16, 17]. In these studies, the dose of rATG

was relatively high by today’s standards (12.5 mg/kg), and

CMV prophylaxis was not specified. Randomized com-

parative trials of rATG versus IL-2RA induction have

shown mixed results [24, 92, 93, 121]. The differences are

largely due to the fact that some trials included systematic

CMV prophylaxis while others did not, and because of

variations in the incidence of rejection and the consequent

requirement for increased immunosuppression. Higher

rATG doses appear to increase CMV infection rates com-

pared with IL-2RA induction [47, 91]. In a United Network

for Organ Sharing (UNOS) analysis of 2,322 patients

undergoing kidney transplantation with rATG induction

during 2003–2008, a period when rATG dose was declin-

ing, the CMV infection rate was reported to be only 4.2 %

[68]. It would appear that with contemporary rATG dosing

regimens, and wider use of CMV prophylaxis therapy, the

risk of increased CMV infections in rATG-treated kidney

transplant patients has diminished but cannot be

discounted.

Data in liver transplantation, while limited, do not

indicate a higher rate of CMV infections using contem-

porary rATG regimens [73]. Randomized trials [74, 147]

and retrospective analyses [75, 76] in heart transplant

recipients have shown no difference in rates of infection

overall, or CMV infection specifically, when rATG was

compared with IL-2RA induction. A large observational

study in pediatric heart transplant recipients found that

rATG induction appeared to be associated with a lower rate

of infection [202] (Table 6), presumably due to a reduced

requirement for rejection treatment or high-dose mainte-

nance therapy. rATG-treated patients should receive pro-

phylactic antiviral therapy, an approach that is typically

considered mandatory in donor-positive, recipient-negative

transplants.

A more recent potential safety issue to emerge is whe-

ther rATG therapy could impact on the risk of BK virus

infection after kidney transplantation. Two registry analy-

ses of patients in the US who received a kidney transplant

during 2003–2006 [203] or 2004–2006 [205] have sug-

gested that rATG induction is associated with a higher rate

of treatment for BK virus infection. These retrospective

data are consistent with results from a single-center, pro-

spective study during 2001–2003 in which rATG dose was

7.5 mg/kg, which reported a higher risk of BK virus

infection with rATG induction versus IL-2RA induction

[214]. A more recent retrospective, single-center analysis,

which did not specify rATG dose, found no relationship

between rATG administration and risk of BK virus infec-

tion on multivariate analysis [215]. Generally, BK virus

infection is considered to be associated with any intensive

immunosuppressive regimen rather than a specific agent

[216], and no direct link to rATG therapy has been estab-

lished [217].

Monitoring for CMV infection for at least 3 months,

with at least 6 months’ screening for BK virus infection

and 1 year for Epstein-Barr virus (EBV) infection, with

risk-adjusted prophylaxis for CMV and pneumocystis

infection has been recommended in patients receiving

rATG, especially when used to treat steroid-resistant

rejection [218].

12 rATG in Hematopoietic Stem Cell Transplantation

Since the early days of HSCT, rATG was thought to be an

effective agent for treating and preventing GvHD. Fol-

lowing evidence of improved GvHD prophylaxis with

rATG versus other antibody therapies [219], it has since

been widely adopted within conditioning regimens before

allogeneic HSCT from an unrelated donor. rATG has been

included in the conventional myeloablative conditioning

regimens, administered prior to HSCT to facilitate
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engraftment. In more recent years a role for rATG has also

been established in less aggressive non-myeloablative and

reduced-intensity conditioning regimens [3].

12.1 rATG in Myeloablative Conditioning Regimens

An early randomized trial in patients with hematological

malignancy undergoing unrelated HSCT reported signifi-

cant protection against extensive chronic GvHD in rATG-

treated patients versus controls (Fig. 2) [220, 221]. In

particular, the study demonstrated a highly significant

reduction in chronic lung dysfunction, a severe and often

fatal complication of HSCT, in patients receiving rATG

compared with controls (19 % vs. 51 %; p = 0.005).

However, reduction of acute GvHD appeared to require

high rATG dose (15 mg/kg) [220]. Subsequently, further

studies confirmed significantly better outcomes with rATG

versus controls following unrelated [222–225] or matched-

related [224, 226, 227] HSCT, bone marrow or cord blood

cell transplantation in terms of chronic GvHD, relapse, and

mortality. A retrospective analysis of 110 patients under-

going HSCT for the treatment of b-thalassemia major (all

but six of whom received a graft from a related donor)

transplanted over the period 1985–2007 at 21 centers in

France showed a significant association between rATG as

part of the conditioning regimen versus no rATG in terms

of thalassemia-free survival (55.1 % vs. 82.5 %;

p = 0.002) [228]. In a recent prospective study, 47 patients

undergoing unrelated HSCT received rATG at a dose of

4.5 mg/kg (1.5 mg/kg/day on days -3, -2 and -1) with

tacrolimus and sirolimus for the prevention of acute GvHD

[229]. At 2 years, the incidences of acute graft vascular

disease (GVD) and chronic GvHD were 23.4 and 33.0 %,

respectively, and the regimen was well tolerated. Typi-

cally, rATG is now given at a total dose ranging between

4.5 and 7.5 mg/kg within myeloablative conditioning reg-

imens [224, 226, 230].

Initial experience in umbilical cord transplantation, an

alternative to conventional allogeneic stem cell transplan-

tation, suggests that the use of rATG as part of the pre-

transplant conditioning regimen may improve outcomes

and ameliorate GvHD [231].

12.2 rATG in Reduced-Intensity Conditioning

The optimal dose and administration schedule for rATG

within reduced-intensity conditioning to prevent GvHD in

patients undergoing HSCT is less well defined. Trials in the

early 2000s used a total rATG dose of 7.5–10.0 mg/kg

[232, 233] but lower doses later proved to be more rele-

vant. A randomized trial compared two doses of rATG

(total dose 4.5 mg/kg and 7.5 mg/kg) within a reduced-

intensity regimen in 20 recipients of HSCT from an unre-

lated donor and found no difference in the incidence of

acute or chronic GvHD, or any other efficacy endpoint, at

100 days [234]. The authors concluded that an rATG dose

of 4.5 mg/kg was preferable, and a high rATG dose may be

unfavorable. A retrospective analysis of reduced-intensity

conditioning in 110 consecutive recipients of HSCT from

matched unrelated donors found that an rATG total dose of

6 mg/kg was associated with improved results compared

with 8 mg/kg; the lower dose predicted improved relapse-

free survival on multivariate analysis [235]. Depending on

the adjunctive conditioning regimen, relatively low doses

have proved effective. A randomized, multicenter study

has compared two reduced-intensity conditioning regi-

mens, one with and one without rATG [236]. One hundred

and thirty-nine patients with hematological malignancies

received HSCT from an HLA-identical sibling. All patients
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received conditioning with fludarabine, and were random-

ized to either receive rATG at a low total dose (2.5 mg/kg)

with busulfan, or no rATG with total body irradiation

(TBI), with a median follow-up of 54 months. The cohort

randomized to rATG and busulfan had a higher rate of

acute GvHD (47 % vs. 27 %; p = 0.01) and non-relapse

mortality (38 % vs. 22 %; p = 0.027) but no difference in

chronic GvHD and a lower relapse rate (27 % vs. 54 %;

p \ 0.01). At 5 years’ follow-up, all outcomes were simi-

lar between groups (Fig. 3) [236]. The authors commented

that rATG with busulfan offers greater disease control than

low-dose TBI, although this did not translate to improved

survival. In a small series of 19 children undergoing

transplantation for non-malignant indications (12 mis-

matched unrelated donors, 7 unrelated donors), a regimen

of rATG, busulfan, and fludarabine was associated with

excellent survival but with a high graft failure rate (21 %)

accounted for by the unrelated donor cohort [237].

12.3 rATG as Pre-Emptive Treatment of Acute Graft-

versus-Host Disease

Patients at high risk of GvHD and death can be identified

on day 7 after HSCT based on laboratory data [238]. In a

prospective, randomized trial, all patients grafted from

unrelated donors received rATG 7.5 mg/kg pre-transplant

[238]. On day ?7, they were assigned to receive an addi-

tional rATG dose of 1.25 mg/kg/day on days 7 and 9 post-

transplant, or enter a control arm [239]. One hundred and

seventy patients were randomized and were evaluable for

non-relapse-related mortality (the primary endpoint) or

GvHD (a secondary endpoint). Non-relapse-related mor-

tality was 29 % in the rATG-treated patients versus 35 %

in the control arm (p = 0.3). GvHD was significantly less

frequent under rATG therapy; the incidence of acute

GvHD III–IV was 5 % versus 15 % in controls (p = 0.02),

and the incidence of extensive chronic GvHD was 11 %

versus 27 % (p = 0.03). Rates of relapse and survival were

comparable. These results indicate that rATG can be given

to high-risk patients before and after an alternative donor

stem cell transplant, and this approach further mitigates

acute and chronic GvHD without interfering with the graft

versus leukemia (GvL) effect. This strategy can be referred

to as pre-emptive therapy of GvHD.

Although the drug is approved in this setting, treatment

of established severe acute GvHD has been less satisfac-

tory. This is especially true in steroid-refractory cases,

where no agent has been shown to be superior to steroids

alone. In a prospective, randomized trial, the combination

of rATG and steroids did not prove superior to steroids

alone for the therapy of steroid refractory acute GvHD

[240]. Nevertheless rATG is commonly used in the man-

agement of acute GvHD [241], although an early use (pre-

emptive) has been shown to be more effective than later on

in the course of the disease.

12.4 Epstein-Barr Virus Reactivation

and Lymphoproliferative Diseases

The risk of EBV reactivation is increased in patients

receiving high doses of ATG in the conditioning regimen

[242], and may lead to potentially life-threatening lym-

phoproliferative disorders [242]. Currently, this complica-

tion can be prevented through close and regular monitoring

of EBV reactivation and use of pre-emptive therapy with

rituximab. A low dose of anti-CD20 antibody (rituximab)

administered on day ?5 after HSCT may also prevent this

complication [243]. The risk of EBV reactivation after

HSCT should be appreciated, and prevented or treated

appropriately.

13 rATG in Autoimmunity

13.1 Severe Aplastic Anemia

The role of ATG in conditioning regimens for HSCT in

severe aplastic anemia has been the topic of several studies.

In a prospective, randomized study performed in the US,

patients receiving ATG had comparable survival to con-

trols [244]. In contrast, a recent report from the European

Group of Blood and Marrow Transplantation (EBMT)

observed that patients with severe aplastic anemia receiv-

ing ATG had significantly superior survival compared with

controls [245]. In another EBMT study, 100 patients with

severe aplastic anemia all received rATG as part of the

conditioning regimen, together with fludarabine and

cyclophosphamide (FCA), with or without low-dose TBI

[246]. Actuarial survival was 73 % for rATG with FCA

and 79 % with FCA-TBI. For patients grafted within

2 years of diagnosis, the overall survival rate was 87 %.

While HSCT is the treatment of choice for acquired

aplastic anemia, ATG with cyclosporine may be an

effective option for patients with severe disease who do

not have a matched sibling donor or whose age

([50 years) makes transplantation an unsuitable option

[247–249]. The majority of data in this setting relates to

eATG, with rATG reserved for second-line therapy in the

event of non-response to eATG or relapse [249]. eATG is

now available only in some markets. Data for rATG as

first-line immunosuppressive therapy remain relatively

limited [250–254]. A prospective pilot study comparing

rATG with cyclosporine as first-line treatment for 35

patients with aplastic anemia versus 105 matching con-

trols treated with eATG and cyclosporine observed higher

2-year overall survival rates with eATG (86 % vs. 68 %;
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p = 0.009) and higher transplant-free survival (76 % vs.

52 %; p = 0.002). Another smaller, prospective, non-

randomized study observed a non-significant difference in

response rates that was numerically in favor of eATG

[250]. A recent published report from a single-center

study in Japan found similar response rates with either

rATG (75 %) or eATG (67 %), based on an rATG dose of

12.5 mg/kg. A prospective, randomized trial performed at

the National Institute of Health in the US indicated that

rATG is inferior in terms of response and survival com-

pared with eATG [255]. The trial enrolled 120 patients

(60 in each group) and the response rate at 6 months was

68 % with eATG versus 37 % with rATG (p \ 0.001),

associated with a borderline advantage in survival

(p = 0.04).

13.2 Other Autoimmune Disorders

The EBMT has developed several trials of autografts in

patients with autoimmune disorders, including multiple

sclerosis, Crohn’s disease, systemic sclerosis, and systemic

lupus erythematosus [256]. These trials are based on the

hypothesis that high-dose therapy combined with rATG

can ‘reset’ the immune system and induce long-term

remission. rATG is typically given at the time autologous

stem cells are re-infused, in combination with high-dose

cyclophosphamide (200 mg/kg) or high-dose combination

chemotherapy (BEAM). This hypothesis has been proven

in several phase II trials, and very recently in three pro-

spective, randomized trials which compared this procedure

with best available treatment—the ASTIM study in mul-

tiple sclerosis [257], ASTIC for Crohn’s Disease, and

ASTIS for systemic sclerosis. The EBMT registry of

autoimmune disorders now has data on 1,700 patients, and

the field is moving fast, with increasing numbers of patients

being treated following the positive results of these ran-

domized trials.

13.3 Pre-Transplant rATG

Pre-transplant rATG is now considered the standard of care

for patients undergoing an unrelated donor–donor trans-

plant. It has been proven to reduce the incidence of acute

and especially chronic GvHD, without interfering signifi-

cantly with the so-called GvL effect. Survival of patients

receiving rATG prior to transplant is comparable to

patients not given rATG, but with the highly important

difference of less chronic GvHD for rATG-treated patients,

which has a major impact on quality of life, the duration of

immunosuppressive therapy, number of hospital admis-

sions, and cost of treatment. The use of rATG post-trans-

plant in a subgroup of high-risk patients can further reduce

the risk of GvHD.

14 Induction of Tolerance

Patients undergoing solid organ transplantation require

life-long immunosuppressive therapy, with its associated

side effects and complications, including reduced quality of

life and chronic graft rejection. rATG induces regulatory

NK T-cells (CD161?, CD3?), particularly when combined

with total lymphoid irradiation (TLI) [258]. The Stanford

group has developed a conditioning regimen of TLI 800

rads in 10 fractions, combined with rATG 7.5 mg/kg

(1.5 mg/kg/day for five doses), and followed by allogeneic

hematopoietic stem cells with cyclosporine and MMF

[233]. This regimen results in a high rate of complete donor

chimerism, with little or no GvHD. The same group has

since developed a program of combined HSCT and renal

transplantation from HLA-identical family donors, the

endpoint being discontinuation of immunosuppression.

Initial results are encouraging [259]. More patients have

been transplanted since 2008 and results remain promising,

but work remains in its early stages.

15 Conclusions

Specific roles for rATG in modern immunosuppressive

regimens are now relatively well-identified. In solid organ

transplantation, the addition of rATG induction to a stan-

dard triple or dual regimen is an effective strategy to

reduce acute cellular rejection, and possibly humoral

rejection. It is an appropriate first choice in patients with

moderate or high immunological risk. In patients at low

risk, rATG induction may be used if a CNI-sparing regi-

men is administered from time of transplant, or if early

steroid withdrawal is planned. Kidney transplant patients at

risk of DGF may also benefit from the use of rATG to

facilitate delayed CNI introduction.

rATG also has an established position in HSCT, as an

agent which can reduce the risk of both acute and chronic

GvHD. In addition to its current applications in solid organ

transplantation, there is growing interest in the potential to

harness the biological effects of rATG beyond T-cell

depletion. The use of rATG combined with stem cell

transplantation with the ultimate goal of achieving opera-

tional tolerance after allografting shows promise, although

clinical data to date is highly preliminary [3, 260–263]. The

broad spectrum of rATG activity means a possible role for

rATG in new therapeutic areas is being assessed. These

include rATG induction with autologous HSCT in patients

with type 1 diabetes, which may improve b-cell function

and improve glycemic control [264–266], myelodysplastic

syndrome in patients with aplastic anemia [267, 268] and

B-cell-mediated autoimmune diseases such as lupus ery-

thematosus [269, 270].
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Despite the long history of its use, rATG remains a key

component of the immunosuppressive armamentarium, and

its intriguing properties indicate that its use is to expand to

a wider range of immunological conditions in the future.

Acknowledgments The authors would like to thank Caroline

Dunstall for editorial assistance supported by a grant from Sanofi. No

honoraria were provided to the authors for their participation. The

authors would like to apologize for those colleagues whose work

could not be cited for reasons of space.

Conflicts of interest Mohamad Mohty has received research sup-

port and speaker’s honoraria from Sanofi, whose product is discussed

in this manuscript. Andrea Bacigalupo is a member of the speakers’

bureau for Sanofi-Genzyme. Faouzi Saliba has received speaker’s

fees from Sanofi-Genzyme. Andreas Zuckermann has received

research funding and is a member of an advisory board for Sanofi-

Genzyme. Emmanuel Morelon has received speaker’s honoraria and

research funding from Sanofi-Genzyme. Yvon Lebranchu has

received speaker’s honoraria and research funding from Sanofi-

Genzyme.

Open Access This article is distributed under the terms of the

Creative Commons Attribution Noncommercial License which per-

mits any noncommercial use, distribution, and reproduction in any

medium, provided the original author(s) and the source are credited.

References

1. Organ Procurement and Transplant Network (OPTN) Annual

Report 2011. http://srtr.transplant.hrsa.gov/annual_reports/2011/

default.aspx. Accessed 14 Jan 2014.

2. Cai J, Terasaki P. The current trend of induction and mainte-

nance treatment in patients of different PRA levels: a report on

OPTN/UNOS Kidney Transplant Registry data. Clin Transplant

2010;45–52.

3. Gaber AO, Monaco AP, Russell JA, Lebranchu Y, Mohty M.

Rabbit antithymocyte globulin (thymoglobulin): 25 years and

new frontiers in solid organ transplantation and haematology.

Drugs. 2010;70:691–732.
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Michallet M, et al. First human face allograft: early report.

Lancet. 2006;368:203–9.

191. Petruzzo P, Testelin S, Kanitakis J, Badet L, Lengelé B, Girbon
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200. Opelz G, Döhler B. Impact of HLA mismatching on incidence

of posttransplant non-hodgkin lymphoma after kidney trans-

plantation. Transplantation. 2010;89:567–72.

201. Emin A, Rogers C, Thekkudan J, Bonser RS, Banner NR.

Steering Group, UK Cardiothoracic Transplant Audit. Antithy-

mocyte globulin therapy for adult heart transplantation: a UK

national study. J Heart Lung Transplant. 2011;30:770–7.

202. Gajarski R, Blume E, Urschel S, Schechtman K, Zheng J, West

LJ, et al. Pediatric Heart Transplant Study Investigators. Infec-

tion and malignancy after pediatric transplantation: the role of

induction therapy. J Heart Lung Transplant. 2011;30:299–308.

203. Bustami RT, Ojo AO, Wolfe RA, Merion RM, Bennett WM,

McDiarmid SV, et al. Immunosuppression and the risk of post-

transplant malignancy among cadaveric first kidney transplant

recipients. Am J Transplant. 2004;4:87–93.

204. Dharnidharka VR, Cherikh WS, Abbott KC. An OPTN analysis of

national registry data on treatment of BK virus allograft nephrop-

athy in the United States. Transplantation. 2009;87:1019–26.

205. Schold JD, Rehman S, Kayle LK, Magliocca J, Srinivas TR,

Meier-Kriesche HU. Treatment for BK virus: incidence, risk

factors, and outcomes for kidney transplant recipients in the

United States. Transpl Int. 2009;22:626–34.

206. Lim WH, Turner RM, Chapman JR, Ma MK, Webster AC,

Craig JC, et al. Acute rejection, T-cell-depleting antibodies, and

cancer after transplantation. Transplantation. 2014;97:817–25.

207. Snanoudj R, Legendre C. T-cell-depleting antibodies and risk of

cancer after transplantation. Transplantation. 2014;97:808–9.

208. Marks WH, Ilsley JN, Dharnidharka VR. Posttransplantation

lymphoproliferative disorder in kidney and heart transplant

recipients receiving thymoglobulin: a systematic review.

Transplant Proc. 2011;43:1395–404.

209. Opelz G, Döhler B. Lymphomas after solid organ transplanta-

tion: a collaborative transplant study report. Am J Transplant.

2004;4:222–30.

210. Caillard S, Dharnidharka V, Agodoa L, Bohen E, Abbott K.

Posttransplant lymphoproliferative disorders after renal trans-
plantation in the United States in era of modern immunosup-

pression. Transplantation. 2005;80:1233–43.

211. Cherikh WS, Kauffman HM, McBride MA, Maghirang J,

Swinnen LJ, Hanto DW. Association of the type of and induc-

tion immunosuppression with posttransplant lymphoprolifera-

tive disorder, graft survival, and patient survival after primary

kidney transplantation. Transplantation. 2003;76:1289–93.

212. Dharnidharka VR, Stevens G. Risk for post-transplant lympho-

proliferative disorder after polyclonal antibody induction in

kidney transplantation. Pediatr Transplant. 2005;9:622–6.

213. Faull RJ, Hollett P, McDonald SP. Lymphoproliferative disease

after renal transplantation in Australia and New Zealand.

Transplantation. 2005;80:193–7.

214. Dadhania D, Snopkowski C, Ding R, Muthukumar T, Chang C,

Aull M, et al. Epidemiology of BK virus in renal allograft

recipients: independent risk factors for BK virus replication.

Transplantation. 2008;86:521–8.

215. Borni-Duval C, Caillard S, Olagne J, Perrin P, Braun-Parvez L,

Heibel F, et al. Risk factors for BK virus infection in the era of

therapeutic drug monitoring. Transplantation. 2013;95:

1498–505.

1632 M. Mohty et al.



216. Ramos E, Drachenberg CB, Wali R, Hirsch HH. The decade of

polyomavirus BK-associated nephropathy: state of affairs.

Transplantation. 2009;87:621–30.

217. Acott P, Babel N. BK virus replication following kidney trans-

plant: does the choice of immunosuppressive regimen influence

outcomes? Ann Transplant. 2012;17:86–99.

218. Issa NC, Fishman JA. Infectious complications of antilympho-

cyte therapies in solid organ transplantation. Clin Infect Dis.

2009;48:772–86.

219. Remberger M, Svahn BM, Hentschke P, Löfgren C, Ringdén O.
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