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Abstract

Immunosuppression regimens used in solid organ transplant have evolved significantly over the 

past 70 years in the United States. Early immunosuppression and targets for allograft success were 

measured by incidence and severity of allograft rejection and 1-year patient survival. The limited 

number of agents, infancy of human leukocyte antigen (HLA) matching techniques and lack of 

understanding of immuno-reactivity limited the early development of effective regimens. The 

1980s and 1990s saw incredible advancements in these areas, with acute rejection rates halving in 

a short span of time. However, the constant struggle to achieve the optimal balance between under- 

and overimmunosuppression is weaved throughout the history of transplant immunosuppression. 

The aim of this paper is to discuss the different eras of immunosuppression and highlight the 

important milestones that were achieved while also discussing this in the context of rational agent 

selection and regimen design. This discussion sets the stage for how we can achieve optimal 

long-term outcomes during the next era of immunosuppression, which will move from universal 

protocols to patient-specific optimization.

Keywords

immunosuppression; solid

1 | HISTORIC PERSPECTIVE (1954–2010)

The first successful human-to-human transplant occurred on December 23, 1954, in the 

United States, when Dr. Murray performed a living donor kidney transplant from one 

identical twin brother to his sibling. It is now known that this innovation was successful 

because the brothers had identical human leukocyte antigen (HLA) types and thus allograft 
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recognition in the recipient as non-self was not possible.1,2 This marked what most consider 

the start of the modern era of organ transplantation.2 Our knowledge of the recipient’s 

immune response to mismatched HLA from the donor organ grew rapidly, largely driven by 

the work from Terasaki, Calne, and Startzl.2 This led to numerous achievements in the years 

to follow, both within kidney transplantation and beyond; successful solid organ transplants 

for heart (1963),3 lung (1964),3 pancreas (1966),4 and liver (1968)5 occurred in the years 

that followed Dr. Murray’s report.1,2 Over the next 50 years, remarkable surgical and 

medical advances ensued within this fledgling field, transforming organ transplantation from 

what most considered “experimental” in the 1950s and 1960s to becoming the gold-standard 

treatment option of end-organ diseases.2 This first section will present a general review 

of the innovations that have occurred regarding the development and implementation of 

immunosuppression regimens between in the early 1960s to 2010.

1.1 | Induction immunosuppression

Initially, antibody preparations targeted against human lymphocytes (either polyclonal or 

monoclonal lymphocyte depleting therapies) were not utilized as prophylaxis induction; 

rather, they were primarily given to treat rejection episodes, which were common in the 

1970s, before the advent of potent maintenance oral immunosuppression.2,6–8 In 1977, 

Thomas and colleagues published results of a randomized controlled trial in 71 kidney 

transplant recipients, demonstrating induction therapy with rabbit antilymphocyte globulin 

(rATG) improved graft survival from 42% in controls to 78% in the intervention arm 

at a mean of 18 months posttransplant (p < 0.05).9 However, in these early studies 

using ATG preparations for induction in combination with azathioprine with or without 

steroids, there were mixed results; several studies failed to demonstrate significant 

reductions in rejection rates or improved graft survival.10–13 In the 1980s, cytolytic 

antibody induction using either polyclonal preparations (rATG and horse ATG [hATG]) 

or monoclonal therapy (muromonab-CD3) demonstrated reductions in acute rejection, 

with some studies demonstrating improved 1-year graft survival as well.14,15 As potent 

maintenance immunosuppression regimens took hold in transplantation, the widespread use 

of induction therapy diminished in the 1980s through the mid-1990s. This is true not only 

for kidney transplant recipients, but also within liver, heart, and lung transplantations.16

In the mid to late 1990s, the use of antibody induction therapy in kidney transplantation 

began to reemerge as a common modality used to prevent rejection and improve 

outcomes.7,12,15–17 This was driven by several innovative therapies gaining US Food and 

Drug Administration (FDA) approval, particularly anti-CD25 antibodies (basiliximab and 

daclizumab), which were tested in large-scale studies demonstrating safety and efficacy. 

The anti-CD25 antibody therapies represented a new class of agents that, for the first time, 

were not cytolytic, but rather blunted the activation and propagation of T-helper cells. These 

agents were considered less potent than cytolytic therapies (rATG, hATG, and muromonab-

CD3), but also safer and better tolerated with a lower risk of infections, particularly 

cytomegalovirus (CMV).13,16,18,19 There were several pivotal trials demonstrating promising 

outcomes. The study by Kahan and colleagues20 (Table 1), which compared basiliximab to 

placebo with all receiving cyclosporine and prednisone maintenance immunosuppression, 

reduced rejection rates from 49% in the control arm to 35% in the intervention arm. 
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Graft survival was excellent in both arms, whereas CMV infections were slightly higher 

in the control arm, attributed to steroid boluses to treat the rejections.19 Basiliximab 

therapy also demonstrated lower rejection rates with triple maintenance immunosuppression 

(cyclosporine, prednisone, and azathioprine or mycophenolate) with similar rates of 

infection and adverse drug events, as compared with placebo.16 Although daclizumab 

demonstrated similar results with both 2 and 5-dose regimens, in 2009, it was withdrawn 

from the market for use in transplantation by Roche, related to a business decision.16,21

The late 1990s also saw the dramatic rise in rATG use for induction therapy in the United 

States. This agent was long-approved in Europe, but only received FDA approval for use 

in the United States in 1998. Promising data were produced from several randomized 

controlled trials (RCTs). The most notable was the study by Brennan and colleagues (Table 

1), which demonstrated a 4% 1-year acute rejection rate with rATG induction, as compared 

with 25% in those receiving hATG. Graft survival was similar, but CMV infection rates were 

two-thirds lower in the rATG arm. All received cyclosporine, azathioprine, and prednisone 

maintenance therapy.18 The bottom panel of Figure 122,23 displays induction therapy use of 

hATG, rATG, and basiliximab from 1995 to 2004 in kidney transplantation. By the end of 

this 10-year period, the majority of kidney recipients were receiving some form of antibody 

induction; whereas the use of hATG fell out of favor, rATG became the predominant 

agent of choice, followed by basiliximab and daclizumab (before withdrawal from the 

market).19,21,22 This trend continues today, with the vast majority of kidney transplant 

recipients receiving antibody induction therapy.23 Antibody induction therapy in other solid 

organ transplant recipients differs substantially, both historically and in current practice. 

Very few liver recipients receive induction therapy, whereas heart and lung recipients receive 

less than kidneys, but more than livers. Anti-CD25 agents are not commonly used in thoracic 

transplantation, and the agent of choice was, and continues to be, rATG.15,24–26

1.2 | Maintenance immunosuppression

Before the arrival of cyclosporine in the late 1970s, maintenance immunosuppression 

consisted of azathioprine and corticosteroids. Splenectomy, radiation, and chemotherapeutic 

agents were also used to enhance the marginal efficacy of these agents.2 One-year rejection 

rates were high, reported anywhere from 40% to 60%; graft survival was poor, with 

1-year rates reported from 20% to 80%, depending on the study and transplant type. 

Transplantation was considered experimental due to these poor outcomes.2,5 In 1978, 

Calne and colleagues27 reported the first use of cyclosporine in human transplantation; 

reporting results of use in 7 kidney recipients with excellent outcomes. These encouraging 

results led to the completion of 2 large-scale multicenter trials; both demonstrated dramatic 

improvements in 1-year acute rejection rates and graft survival. Acute rejection was reduced 

in half, whereas graft survival increased from 50% to 60% to nearly 80%.28,29 The study 

by Hakala and colleagues30 produced some of the most impressive results (Table 1). This 

study compared cyclosporine and prednisone with azathioprine and prednisone in 41 kidney 

recipients and demonstrated a 35% absolute reduction in 1-year acute rejection and graft loss 

rates (10% vs. 45% for acute rejection and 91% vs. 56% for graft survival, respectively).30 

Following this, studies in heart, lung, and liver transplantation produced more impressive 

results.31 Cyclosporine emerged as a remarkable advancement in the field of transplantation, 
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achieving outcomes that most considered infeasible just years before. It became the gold-

standard treatment in all of solid organ transplantation until the early 2000s when it was 

replaced by tacrolimus.31

In the 1990s, tacrolimus emerged as a potent alternative to cyclosporine. This research was 

spearheaded by Starzl and Fung in liver transplantation. Tacrolimus (FK506) demonstrated 

remarkable efficacy in reversing liver transplant rejection and prolonging graft survival 

in those refractory to cyclosporine.32 A large body of experience from Pittsburgh led 

to the common use of this agent in liver transplantation, followed by use in kidney, 

then in later years, heart and lung transplantation.33 In a large-scale RCT published by 

Pirsch and colleagues in 1997, tacrolimus was compared with cyclosporine in kidney 

recipients also receiving azathioprine, prednisone, and ATG induction. Rejection rates 

were 15% lower in the tacrolimus arm (31% vs. 46%), whereas graft survival (91% vs. 

88%) and CMV infection (20% vs. 19%) were similar.34 These studies were followed by 

additional multicenter RCTs demonstrating reduced rejection rates with tacrolimus-based 

therapy, as compared with cyclosporine.32,35 Based on these trials, tacrolimus utilization 

took hold in transplantation. By 1999, it was utilized in more than 30% of US kidney 

transplant recipients and by 2001 it overtook cyclosporine as the predominant calcineurin 

inhibitor (CNI, top panel of Figure 1).22,23 Routine use in liver recipients outpaced kidney 

transplantation; whereas tacrolimus use in thoracic transplantation lagged.22,23,25 However, 

by 2009, tacrolimus was used in greater than 90% of all organ transplant recipients.24,26

Another major advance in maintenance immunosuppression therapy coincided with 

tacrolimus development. Mycophenolate, an antiproliferative specific to lymphocyte 

production, was studied for use in organ transplantation in the mid-1990s; first in kidney 

transplantation and later in liver, heart, and lung transplantations.36 Sollinger and colleagues 

published results of a multicenter RCT comparing mycophenolate with azathioprine in 1995 

(Table 1). All received cyclosporine, prednisone, and ATG induction. Six-month rejection 

rates were 22% lower in the mycophenolate arm (23% vs. 45%), whereas graft survival 

and CMV infections were similar.37 In 2000, Miller and colleagues conducted a similar 

RCT, using tacrolimus in place of cyclosporine (Table 1). Rejection rates were 9% in the 

mycophenolate arm, as compared with 32% in the azathioprine arm. For the first time in 

a large-scale RCT, 1-year rejection rates were less than 10% and graft survival was 95% 

in both arms.38 These results are considered the benchmark to which contemporary kidney 

transplant outcomes are now measured. Similar improvements in efficacy, as compared with 

azathioprine, were later achieved in liver, heart, and lung transplantations.36 Based on these 

data, mycophenolate use across the United States rapidly expanded in the late 1990s. By 

1997, it overtook azathioprine as the predominant adjunct agent and was utilized in 80% of 

kidney transplant recipients by 2000 (see top panel of Figure 1).22,24–26

In the late 1990s, the mammalian target of rapamycin (mTOR) inhibitors, sirolimus and 

everolimus, were studied in kidney transplantation. When initially used with cyclosporine, 

results were mixed; rejection rates tended to be lower, but toxicities were common.39,40 

Later, in 2005, Mendez and colleagues demonstrated low rejection rates when used in 

combination with tacrolimus, as compared with mycophenolate and tacrolimus.41 However, 

due to several significant issues, including impaired wound healing, proteinuria, and edema, 
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mTOR therapy has never been commonly utilized as maintenance therapy in transplantation 

(top panel of Figure 1).22,24–26,39 Toward the end of the 2000s, belatacept therapy was 

assessed for use in kidney transplantation. This is the first antibody used as chronic 

maintenance immunosuppression in transplantation. It is a costimulatory blocker, inhibiting 

the second signal required for T-cell activation. Vincenti and colleagues published the results 

of the BENEFIT study in 2010 (Table 1), which compared belatacept with cyclosporine; all 

received mycophenolate, prednisone, and basiliximab induction. One-year rejection rates 

were higher in the belatacept group (19% vs. 7%), whereas graft survival and CMV 

infections were similar. Importantly, graft function was improved in the belatacept group, 

attributed to the lack of nephrotoxicity with this agent, as compared with cyclosporine.42,43 

This study perhaps represented a paradigm shift in transplantation; accepting higher acute 

rejection rates with non-CNI-based regimens to avoid the plethora of debilitating drug 

toxicities. Belatacept use, both within kidney and other organ transplant types, has yet to 

become widespread. However, use has grown as clinicians continue to attempt to strike the 

balance between reducing rates of acute rejection while minimizing the long-term sequelae 

of immunosuppression toxicities.44,45

1.3 | The balance between under and overimmunosuppression

From the advent of cyclosporine in the early 1980s through the mid to late 1990s, 

the primary goal of immunosuppression therapy was to reduce acute rejection rates to 

prolong allograft survival. During this period, remarkable advances in therapies produced 

dramatic reductions in acute rejection and improvements in 1-year graft survival. Figure 

2 displays 1-year acute rejection rates in kidney transplant recipients from 1993 to 2010; 

demonstrating three distinct phases. Before 1996, rejection rates were mostly stagnant, 

hovering between 30% and 50%. The 4-year period from 1997 to 2000 demonstrated 

a dramatic reduction in rejection from 40% to 20%; this coincided with substantial 

increases in the use of potent immunosuppression, including tacrolimus, mycophenolate, 

and antibody induction across US-based transplant centers (Figure 1). From 2000 to 

2010, the third phase represented a prolonged slow decline in 1-year acute rates from 

20% to less than 10%, which is now considered the contemporary standard.20 Rejection 

rates in other organ transplant types followed similar trends.24–26 Long-term graft survival 

also improved, but not to the same extent.17,44,46–48 This is attributed to allograft injury 

and chronic toxicities from CNI, as well as graft loss from death due to infections and 

malignancies resulting from overimmunosuppression. The dogma during this period was to 

use immunosuppression to dial down rejection rates as low as humanly possible, making 

rejection a rare event; the inevitable consequence was that most transplant recipients 

were chronically overimmunosuppressed. Starting in the mid-2000s, transplant clinicians 

attempted to strike a better balance between keeping rejection rates low while minimizing 

the impact of overimmunosuppression and drug toxicities, with mixed results.42,49 By 2010, 

death with a functioning allograft was the most common cause of graft loss, driven primarily 

by infections, cardiovascular events, and malignancies. These are well-known long-term 

complications of immunosuppressive therapy, particularly with CNI-based regimens.47,49 

Thus, although we have achieved very low acute rejection rates at 1-year posttransplantation, 

this has likely led to a state of net overimmunosuppression in the majority of our transplant 

recipients leading to suboptimal long-term outcomes.
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2 | LANDSCAPE CHANGES WITH REGULATION (2011–PRESENT)

Throughout the latter part of the 2000s, the transplant community was transformed by a 

new set of regulations published by the Centers for Medicare and Medicaid Services (CMS) 

requiring transplant centers to adhere to minimum volume and 1-year patient and outcome 

requirements to receive payment. This in conjunction with the provision in most third-party 

payor coverage plans, which states that the transplant center must be CMS certified for 

beneficiaries to receive a transplant at the center created an environment of calculated risk.50 

Selection criteria for both recipients and donors became tighter especially if centers were 

experiencing outcome anomalies that could lead to flagging and loss of CMS coverage. 

The intended beneficial consequences of minimum outcomes requirements meant that sicker 

patients were being denied transplantation based on their center’s performance and more 

organs were being discarded secondary to quality.50 This past decade also saw dramatic 

changes in organ allocation with the intent to improve access and equity of organ access (see 

Figure 3).

After 12 years, the minimum volume and outcome requirements were removed in September 

of 2019 for CMS reapproval of transplant centers but the impact of the deregulation by 

presidential executive order is unknown.50 Oversite of outcomes and patients safety still 

resides with the United Network for Organ Sharing (UNOS), as per their contract with 

the Organ Procurement and Transplantation Network of The US Department of Health and 

Human Services.50

3 | CURRENT INDUCTION

The approaches to induction therapy after 2010 and beyond was specifically 

aimed at maintenance immunosuppression optimization to decrease the risks of 

underimmunosuppression (e.g., rejection) and overimmunosuppression (e.g., infection) 

balanced with mitigation of concurrent medication-related adverse effects (e.g., hyper-

glycemia) and organ dysfunction (e.g., renal failure) at the time of transplantation. 

Several strategies were used through the last decade, specifically strategies to reduce 

steroid exposure, CNI minimization or avoidance, overcoming immunologic barriers, and 

expanding the donor pool. The collective goal of these strategies (Table 2) is to promote 

long-term patient and allograft survival beyond the traditional 1-year benchmark. The 

recognition and impact of polyomavirus in the renal allograft was also realized during 

this decade as a potential marker of overimmunosuppression.51 Additional advances during 

this time include the advent of direct acting antivirals for hepatitis C and more treatment 

options for CMV and fungal infections. There was also the development of more novel 

maintenance immunosuppression strategies and immune monitoring, all of which have 

allowed for broader use of donors and the acceptance of more challenging recipients.

The current induction trends are illustrated in Figure 4 based on 2018 Organ Procurement 

and Transplant Network/Scientific Registry of Transplant Recipients (OPTN/SRTR) annual 

report, which is based on transplants completed by December 2018.52 The data demonstrate 

an increase in T-cell depleting induction in all represented organ groups except the liver.52 

Induction analysis in the various organ groups mainly focuses on trends seen in the SRTR 
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data, the limitation in the large analysis is incomplete reporting from transplant centers at 

discharge and follow-up. In addition, definitions for some variables can be subjective, for 

example, symptomatic peripheral vascular disease in the kidney transplant model, which 

is defined as “demonstrated intermittent claudication, diminished peripheral pulses, or 

other signs and symptoms of peripheral vascular disease” per the Transplant Information 

Electronic Data Interchange (TIEDI) glossary. Analysis of the data in aggregate then 

becomes challenging and unfortunately provides limited direction. Whitson and colleagues 

recently published their analysis of the Standard Transplant Analysis and Research (STAR) 

files for heart transplant recipients transplanted since 1987 and were not able to demonstrate 

a difference in survival among the induction agents used.53 These limitations allow for only 

the identification of signals and trends.

Most multicenter RCTs for induction therapy exist in the kidney transplant population 

secondary to the numbers needed to power the study adequately. The last 10 years have 

brought forth several pooled analyses. This decade began the use of alemtuzumab in select 

centers. Alloway and colleagues recently published a systematic review of induction therapy 

in kidney transplant recipients specifically focusing on rATG versus interleukin 2 receptor 

subunit alpha (IL2RA), alemtuzumab, or none.54 This pooled analysis revealed that rATG 

had a slight advantage in the composite end point of biopsy proven acute rejection, graft 

loss, death, or loss to follow-up compared with other induction strategies.54 Follow-up in 

this study was limited to 1 year posttransplant and therefore did not assess the long-term risk 

of infection and malignancy and also did not consider the maintenance immunosuppression 

regimens, which may have varied between studies. The predominance of studies using 

alemtuzumab for induction, however, was focused on steroid minimization or withdrawal. 

Hill and colleagues published their meta-analysis on induction therapy for kidney transplant 

recipients taking into consideration the maintenance immunosuppression in their analysis 

of outcomes.55 Alemtuzumab was concluded to have similar outcomes to rATG in the 

setting of early corticosteroid withdrawal or minimization for 1 year acute rejection rates, 

however, did not provide any benefit with 1-year patients survival.55 The Cochrane group 

also evaluated IL2RA for kidney transplant recipients compared with placebo and other 

induction strategies and found some benefits in reducing acute rejection but no survival 

benefit in pooled analysis.56 Despite the lack of true guidance from pooled analyses, some 

general considerations can be extracted from single center trials, which will set the stage for 

more individualized regimens going into the next era.

Early corticosteroid minimization and avoidance has been desirable specifically in the 

kidney transplant population in the setting of tacrolimus-based regimens to decrease the 

incidence and severity of new onset diabetes after transplant, cardiovascular disease, wound 

healing, mood issues, and weight gain.57 Double-blind placebo controlled trials demonstrate 

that in order to mitigate the risk of rejection within the first year, T-cell depleting induction 

must be used but removal of steroids does not necessarily reduce the risk metabolic 

abnormalities, such as new onset diabetes after transplantation.58,59

Underlying kidney dysfunction and immunologic barriers at the time of transplant have 

led to an increase in the use of induction therapy in non-kidney transplant recipients. 

Interestingly, none of the induction therapies are approved for use in nonrenal organs but 

Pilch et al. Page 7

Pharmacotherapy. Author manuscript; available in PMC 2022 January 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



several studies have used them to achieve maintenance optimization in the last decade. The 

majority of data available in nonrenal organs evaluates the use of IL2RA versus rATG, 

whereas there is limited data for the use of alemtuzumab.60 Recently a meta-analysis 

performed by Best and colleagues61 articulated the flaws of current induction data in 

liver transplantation, mainly short follow-up, various end points, and definitions and small 

denominators to draw conclusions. Registry data have also been evaluated in lung and heart 

transplantation; however, these analyses alone often do not account for: (a) the individual 

nuances of induction decisions (i.e., renal failure), (b) changes in allocation based on 

disease severity, (c) maintenance immunosuppression, and (d) or other comorbidities that 

would limit the use of certain agents (i.e., malignancy).60,62 T-cell depleting induction 

definitely plays a role in nonrenal organ transplant recipients at high risk for acute rejection, 

specifically those with circulating donor-specific antibodies.63 In addition, using induction 

therapy with IL2RA or rATG may allow for delayed initiation of CNI in the setting of renal 

dysfunction for nonrenal organs and there is significant evidence to support this.63,64

Center specific assessment of outcomes through the Quality Assurance/Performance 

Improvement process is essential for optimizing regimens for each patient. There is a 

paucity of data truly looking at dosing and duration opportunities in extremes of body 

weight populations, and our older and pediatric patients.

3.1 | Maintenance immunosuppression in the modern era

For the last decade, the transplant community has shifted its attention toward improving 

long-term outcomes that have historically been sacrificed in part from the sequelae of 

maintenance immunosuppression and overimmunosuppression while striving to achieve 

low rejection rates. Although the gold standard has remained tacrolimus, mycophenolate, 

and corticosteroids across all solid organ transplant groups, the modern era has 

brought a more tailored approach to immunosuppression.23,65–69 Transplant teams have 

grown more multidisciplinary to develop individualized and precise drug regimens 

not only based on donor, recipient, and transplant characteristics, but also utilizing 

distinct biomarkers to evaluate immune function and allograph injury and using novel 

immunosuppressant combinations when necessary. The last decade has also pushed the 

limits of immunosuppression minimization with lower tacrolimus trough goals, steroid-free 

regimens, and dual CNI-free therapies.

3.2 | Rejection

In the latest OPTN/SRTR data report published in January 2020, overall 1-year acute 

rejection rates from 2016 to 2017 were lowest post-kidney transplant at 7.5% and continues 

to be highest in our intestinal transplant patients at nearly 40%.23,65–69 Despite historically 

low rejection rates across all solid organ transplant populations, acute rejection episodes 

continue to be an important issue affecting both patient and allograft survival.

3.3 | T-cell-mediated rejection in the modern era

Little has changed for the treatment of T-cell-mediated rejection since the late 1990s when 

rATG was introduced. Although few robust studies exist for all transplant types, decades 

of clinical practice have demonstrated that the conventional approach to the treatment of 
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acute cellular rejection (ACR) consists of pulse doses of corticosteroids and rATG for severe 

or nonsteroid responsive rejection. The optimal dose and duration of steroids and rATG 

for the treatment of ACR is not well-defined. The study that led to the approval of rATG 

for the treatment of acute rejection in renal transplantation used 1.5 mg/kg/day for 7–14 

days70 (≥ 10.5 mg/kg cumulative dose); however, recognition of the profound and sustained 

T-cell depletion of rATG has led to substantially lower cumulative doses for the treatment of 

cellular rejection in modern practice.

3.4 | Antibody-mediated rejection in the modern era

The favorable responses typically seen with ACR treatment are often not mirrored in the 

setting of antibody-mediated rejection (AMR). Understanding the role of antibodies and 

allograft injury has led to significant advances in the detection of HLA antibodies and 

the diagnosis of AMR. The precipitous and deleterious effects of AMR on long-term 

outcomes have made anti-HLA donor specific antibodies (DSAs) and AMR a significant 

focus over the last decade. The optimal treatment for AMR posttransplantation has yet 

to be defined and is largely due to the low quality of published data stemming from 

small, heterogeneous populations with mixed therapeutic interventions delivered at various 

stages of allograft injury. The mainstays of conventional therapy for the treatment of 

AMR has been plasma exchange, intravenous immunoglobulin (IVIG), and glucocorticoids. 

The anti-CD20 monoclonal antibody, rituximab, as well as proteasome inhibitors, such as 

bortezomib and carfilzomib, have also been used in clinical practice despite published data 

providing mixed results.71–74 With the crucial role of the complement system on AMR 

pathophysiology, the monoclonal antibody directed at C5, eculizumab, has also been tried 

for both the treatment and prevention of AMR. Although promising results were shown for 

the prevention of early AMR in HLA-incompatible renal transplant recipients75–78 and in a 

small study for the treatment of early AMR, long-term outcomes have shown no difference 

in chronic AMR or graft loss compared with historical controls.79,80 Novel therapeutic 

approaches to AMR have recently been reviewed81 and a summary of various agents are 

included in Table 3.

Given the detrimental effects of the production of de novo DSAs (dnDSA), acute and 

chronic AMR, and the grim treatment options for such, consideration has been made to 

the dissection of maintenance regimens and their interplay with DSA development82 and 

AMR. It is known that dnDSA are often the product of underimmunosuppression due to 

provider-directed weaning, patient nonadherence, or genetic variability in drug metabolism. 

Ascending from a period of overimmunosuppression, we are once again met with the need 

to be hypervigilant in the modern era of minimal immunosuppression as we strive to achieve 

the optimal balance. Belatacept has been under recent evaluation for the prevention of DSA 

originating from the BENEFIT and BENEFIT-EXT studies that demonstrated that DSA 

development at 7 years posttransplant was significantly lower with belatacept compared with 

cyclosporine-based immunosuppression.43,83 A recent post hoc analysis further detailed this 

data showing that in BENEFIT, 1.4%, 3.5%, and 12.1% of belatacept more intense-treated, 

belatacept less intense-treated, and cyclosporine-treated patients, respectively, developed 

dnDSAs and corresponding values in BENEFIT-EXT were 3.8%, 1.1%, and 11.2%.84 In 

addition, belatacept-based immunosuppression was associated with numerically lower mean 
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fluorescence intensity compared with cyclosporine-treated patients in those with dnDSAs. 

In 2020, a brief communication described a significant reduction in HLA class I antibodies 

with the use of belatacept compared with a control group maintained on the gold standard 

immunosuppression in 72 highly sensitized (calculated panel reactive antibody [cPRA] 

≥ 98%) kidney transplant recipients.85 Although belatacept-treated patients also had a 

significant reduction in cPRA compared with controls, there was no difference in HLA 

class II antibodies.

Antibody-mediated rejection is challenging and is limited by unique cases and few RCTs. 

Recently, the kidney community published some guidance with an expert opinion paper.86

4 | FUTURE DIRECTIONS

Clinicians are eager to move beyond the traditional early 1-year outcomes and optimize 

long-term outcomes in organ transplantation. This necessitates individualization of 

posttransplant immunosuppression regimens. The continual need to balance between over- 

and underimmunosuppression and prevent or mitigate adverse effects will remain an 

Achilles heel until we have better mechanisms to assess functional immune status or true 

tolerance can be achieved.87 The One study,88 perhaps provides a glimpse into the next 

decade of research and immunosuppression avoidance. Investigators evaluated the use of 

cell-based medicinal products to facilitate the use of tacrolimus monotherapy in kidney 

transplant recipients. This multicenter, international pooled data trial was a combined look 

at six nonrandomized trials compared with a large group on standard immunosuppression. 

These products (on day −7 and day +10) were combined with basiliximab induction and 

prednisolone tapered off by week 15, mycophenolate mofetil 2 g daily tapered to 1.5 

g on day 14 and off on day 365; tacrolimus was started 4 days before surgery and 

gradually reduced to a goal of 3–6 ng/ml over 9 months. Analysis of the 104 patients 

enrolled demonstrated a 12% rate of biopsy proven rejection in the standard group at 

60 months versus 16% in the patients who received immunotherapy (n = 38). Infections 

were significantly lower in the immunotherapy group; however, immunosuppression in the 

reference group varied significantly.88 The One study, along with other similar research, is 

still in its infancy, but will likely be an addition or replacement to the traditional dogmatic 

approach of one size fits all. These findings are specifically exciting for organ groups that 

experience high rates of infection, such as lung transplant recipients. In the meantime, 

more widespread use of biomarkers that improve our ability to assess immune function or 

immunologic risk are beginning to be used in clinical practice. Commercially available 

assays, such as AlloMap or TruGraf may provide less invasive methods to determine 

immunologic risk and likelihood of immune-mediated allograft injury. Donor derived cell-

free DNA (Allosure and Prospera), a noninvasive marker of allograft injury, has also been 

used to determine the risk of rejection or other causes of allograft injury. The use of 

these less-invasive tests has demonstrated mixed results and their true utility in solid organ 

transplant is still being elucidated.89

To truly optimize long-term outcomes, individualized immunosuppression in the next 

decade needs to be coupled with continued work to improve posttransplant comorbidity 

management and reduce medication nonadherence. In order to mitigate the limited supply 
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of donor organs, there is a need to ensure that both the patient and allograft maintain 

long-term function. This will prevent death with a functioning graft or early graft loss 

requiring retrains-plantation. The transplant community needs to continue to find new ways 

to simplify immunosuppression regimens, improve follow-up monitoring, and reduce the 

financial hardships transplantation often induces. Follow-up care using telehealth and remote 

patient monitoring has recently demonstrated successes, particularly during this most recent 

coronavirus disease 2019 (COVID-19) pandemic. Allowing these innovative practices to 

flourish requires that the COVID-19 payment system implemented through the Coronavirus 

Aid, Relief, and Economic Security Act to continue indefinitely. Only time will tell if 

this will occur. Regardless, if historical trends continue, the next several decades will 

undoubtedly be a time of great innovation in solid organ transplantation.
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FIGURE 1. 
Maintenance (top panel) and induction (bottom panel) immunosuppression utilization in US 

Kidney Transplant Recipients 1995 to 2004.22,24–26 AZA, azathioprine; Bas, basiliximab; 

CyA, cyclosporine; hATG, horse antilymphocyte globulin; hATG, horse antithymocyte 

globulin; MMF, mycophenolate; rATG, rabbit antilymphocyte globulin; rATG, rabbit 

antithymocyte globulin; Sir, sirolimus; Tac, tacrolimus
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FIGURE 2. 
One-year acute rejection rates in kidney transplant recipients from 1993 to 2010 

demonstrated a 3-phase trend
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FIGURE 3. 
Solid organ transplant. A brief selected history lesson of significant events based on review 

of the literature, which outline major regulatory and immunosuppression milestones that 

have impacted outcomes. This figure does not include the major milestones of organ 

preservation or associated technology or the extensive advances related to infection over 

the past decades. Regulatory milestones can be accessed through www.cmc.gov/ (accessed 

June 9, 2020); https://www.organdonor.gov/about/facts-terms/history.html (accessed August 

4, 2020). CMS, Centers for Medicare and Medicaid Services; FDA, US Food and Drug 

Administration; HOPE, Heart Outcomes Prevention Evaluation; mTOR, mammalian target 

of rapamycin
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FIGURE 4. 
Scientific Registry of Transplant Recipients (SRTR) reported current induction trends 

adapted from 2018 Annual Data Report. Scientific Registry of Transplant Recipients http://

srtr.transplant.hrsa.gov/annual_reports/Default.aspx (accessed June 3, 2020)
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