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he survival advantages of transplantation over long-term dialysis are generally well described, provided a given patient with end-stage
kidney disease is deemed a candidate for a transplant.1,2 As of December
2018, in the United States, 554,038 patients with end-stage kidney disease were on
long-term dialysis therapy and 229,887 had a functioning kidney transplant.3 As of
February 2021, approximately 91,000 patients were awaiting kidney transplantation.4
Ultimately, usually after many years, some kidney transplants fail; improvement
of long-term survival is a major goal for researchers, clinicians, and patients. Figure 1
is a schematic representation of modifiable kidney donor, recipient, and graft
variables and post-transplantation events that could improve long-term survival.
Increased survival would reduce the number of patients returning to dialysis, reduce the need for repeat transplantation, increase the number of kidneys available
to those awaiting transplantation, shorten the overall wait time for transplantation, improve the quality and length of life, and reduce the financial burden on
patients and the health care system.
The various aspects of survival after kidney transplantation affect a broad range
of health care providers, including primary care physicians and specialists. This
review summarizes the evolution of survival rates, demographic characteristics,
and risk variables since the mid-1990s. We address post-transplantation events that
impede long-term survival, factors relevant to racial or ethnic minority recipients,
and improved health care coverage for immunosuppressive agents.
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Shor t- a nd L ong -Ter m Surv i va l R ate s
The numbers of recipients of kidney transplants from deceased donors (Table 1)
and living donors (Table 2) increased from 1996 to 2019 in the United States. The
proportions of Black kidney donors (deceased donors, 13.5%; living donors,
12.0%) are similar to the proportion of Blacks in the overall U.S. population
(13.4%). From 1996 to 2019, the number of kidneys from deceased donors grew
steadily, a phenomenon due in part to organs that became available as a result of
the opioid epidemic,5 but this increase has not kept up with the demand for transplants.
Graft and patient survival have improved over time (Figs. 2 and 3). For kidneys
from deceased donors, the 10-year overall graft survival rate was 42.3% from 1996
to 1999 and increased to 53.6% from 2008 to 2011. The 10-year patient survival
rate increased from 60.5% during the 1996–1999 period to 66.9% during the
2008–2011 period (Table S1 in the Supplementary Appendix, available with the full
text of this article at NEJM.org). This improvement has occurred despite increases
in the recipients’ age, body-mass index (BMI), frequency of diabetes, and length
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Nonimmunologic Interventions for
Candidates for Transplants

Donor Interventions
• Promotion of LDK transplants
• Promotion of LDPE
• Judicious use of kidneys with high KDPI
• Use of HCV+ and HIV+ DDKs
• Testing for APOL1 risk alleles, especially
in Black donors and recipients

• Early referral for transplantation before ESKD
• Transplantation before starting long-term dialysis
• Management of hypertension, diabetes, lipidemia, and obesity
• No transplantation in patients with short life expectancy
• Habilitation
• Immunization
• Cancer surveillance

Pretransplantation Immunologic Interventions
Kidney
Donor

• Serologic HLA testing
• Performance of 1 or 2 HLA-DR matches and eplet
matches
• Use of virtual cross-matching (to reduce CIT and
delayed graft function rates)

Post-transplantation Interventions

Kidney
Recipient

Socioeconomic Interventions

• Prevention of rejection by adjusting doses and levels
of immunosuppressive agents
• Use of surveillance biopsy and circulating DSA
• Therapies for reversing TCMR, AMR, and mixed rejection
• Conversion to belatacept in certain patients
• Biomarkers for the diagnosis of acute rejection
• BK virus and cytomegalovirus screening and treatment
• Diagnosis and management of PTLD
• Individualized therapy for recurrent glomerulonephritis
• Cancer screening

• Support for patients at risk for nonadherence
• Devices to improve adherence
• Ease of access to transplantation
• Improvements in health care literacy
• Oversight for long-term survival after
transplantation
• Careful transition of adolescents to adult care

Figure 1. Interventions for Kidney Donors, Candidates, and Recipients That Affect Long-Term Survival.
AMR denotes antibody-mediated rejection, APOL1 apolipoprotein 1, CIT cold ischemia time, DDK deceased donor kidney, DSA donorspecific antibody, ESKD end-stage kidney disease, HCV hepatitis C virus, HIV human immunodeficiency virus, KDPI Kidney Donor Profile Index, LDK living donor kidney, LDPE living donor paired exchange, PTLD post-transplantation lymphoproliferative disorder, and
TCMR T-cell–mediated rejection.
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of time undergoing dialysis, as well as a higher
proportion of recipients with a previous kidney
transplant. The improvement has also occurred
despite increases in the age of donors, in the percentage of donations after circulatory death, and in
the degree of HLA presensitization, expressed as
calculated panel-reactive antibody levels (Table 1).
The survival of grafts from living donors has
also improved, despite increases in donor age,
calculated panel-reactive antibody levels, and HLA
mismatches, and despite prior transplantation in
the recipient (Table 2). In addition, a survival
advantage of transplantation has been noted
even when kidney transplants have higher scores
on the Kidney Donor Profile Index, a measure of
organ quality6 (Fig. 1), and has been observed
among older and frailer recipients7,8 as well as
those with diabetes and obesity.9
Long-term survival rates reported in the United
States are lower than those reported by non-U.S.
registries. For example, 5-year graft survival rates
in the United States for primary kidney transplants from deceased donors and living donors
were 72% and 85%, respectively, as compared
with 81% and 90% in Australia and New Zealand, 79% and 87% in Europe, and 81 and 91%
in Canada.10 A comparison between European
and U.S. patients who received transplants from
deceased donors during the period from 2005
through 2008 showed higher 5-year and 10-year
graft survival rates among European recipients
(77% and 56%, respectively) than among U.S.
recipients (White, 71% and 46%; Hispanic, 73%
and 48%; and Black, 62% and 34%).11 A tricontinental analysis of 379,257 recipients of first kidney transplants revealed a higher graft failure
rate among recipients in the United States than
among those in the United Kingdom, Australia,
and New Zealand.12 Among U.S. recipients, a decline in survival starting 3 years after transplantation11 has been attributed to and coincides with
discontinuation of insurance coverage for longterm immunosuppressive medications.13 The longawaited Immunosuppressive Drug Coverage for
Kidney Transplant Patients Act (Immuno Bill,
H.R. 5534), which stipulates lifelong coverage
for immunosuppressive drugs for kidney transplant recipients, was approved by the U.S. Congress and became law in December 2020.
The observed improvement in long-term out-

n engl j med 385;8

comes has been ascribed to a decline in rates of
clinical acute rejection, better pretransplantation
cross-matching techniques, prudent use of pairedexchange transplants for candidates with incompatible living donors, surveillance for viral infections, and effective antiviral prophylaxis. Another
contributing factor is improved medical management of acute rejection, viral infections, hypertension, lipidemia, cardiovascular disease, and
post-transplantation cancer (Fig. 1; see the Supplementary Appendix for further information).
The leading causes of transplant failure, excluding death, are alloimmune injury and recurrent glomerulonephritis14 (Table S4). The Australian data registry reports rates of annual graft
loss and death with functioning grafts of 2.6 and
2.2 events per 100 graft-years, respectively, and a
combined rate of 4.7 events per 100 graft-years.15
During the first year after transplantation, most
graft losses were due to technical issues and
vascular complications (41% of graft losses), followed by acute rejection (17%) and glomerulonephritis (3%).15 Beyond 1 year, most graft losses
were due to chronic rejection (63%) and glomerulonephritis (6%).
The primary causes of death with a functioning graft during the first year after transplantation were cardiovascular disease (31% of deaths),
infection (31%), and cancer (7%).15 After the first
year, the primary causes of death were cancer
(29%), cardiovascular disease (23%), and infection (12%).
It is often difficult to ascertain a single cause
of graft loss. Post-transplantation events such as
acute rejection, viral infection, and cancer may
be precipitated by nonmodifiable pretransplantation and perioperative factors related to the
quality of the organ, cold ischemia time, and
delayed graft function. Efforts to improve graft
survival rates will need to focus on organ quality and the prevention and treatment of acute
rejection, cardiovascular disease, infection, and
cancer (Fig. 1).

Im munosuppr e ssion a f ter
K idne y T r a nspl a n tat ion
A combination of immunosuppressive medications
targeting T cells is required to prevent kidney
rejection and graft loss. Rabbit antithymocyte
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58.8
41.2

Male

Female

Sex — %

18,167
36 (20–49)

No. of deceased donors

Donors

23.7

Prior receipt of kidney transplant — %

32.2 (16.7–56.6)

40.8

59.2

38 (21–50)

19,088

1.77

13.4

27.9

40.2 (21.3–67.4)

26.3 (23.0–30.2)

40.2

59.8

40 (23–51)

22,411

2.22

13.1

31.9

43.7 (23.2–73.9)

27.0 (23.5–31.0)

7.6

13.6

31.1

47.7

39.1

60.9

40.1

59.9

40 (24–52)

23,462

2.12

12.6

35.2

46.4 (24.9–78.3)

27.7 (24.1–31.9)

8.0

14.5

33.2

44.4

39.9

60.1

54 (44–63)

38,962

62,135

2008–2011

39.3

60.7

38 (24–51)

24,942

1.91

14.0

35.9

54.9 (29.3–92.6)

27.9 (24.2–32.0)

9.1

16.8

33.6

40.5

39.7

60.3

55 (44–63)

41,458

62,918

2012–2015

39.0

61.0

38 (26–51)

31,666

2.19

12.8

36.3

57.8 (29.6–92.6)

28.0 (24.2–32.1)

10.0

19.5

34.1

36.5

40.4

59.6

55 (44–64)

53,139

76,885

2016–2019

39.9

60.1

38 (23–51)

139,736

1.97

13.1

32.6

46.7 (23.7–79.9)

27.3 (23.7–31.4)

8.0

15.0

32.0

44.9

39.8

60.2

53 (42–62)

231,825

362,169

Total

of

Diabetes — %

25.5 (22.5– 29.3)

Median dialysis duration (IQR) — mo

6.3

12.0

30.0

51.8

39.7

60.3

53 (42–61)

36,971

61,226

2004–2007
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Median BMI (IQR)

5.9

27.5

Black

Other

56.4

White

Race or ethnic group — %†

60.4

Male

Sex — %

Median age (IQR) — yr

50 (40–59)

31,472

29,823

No. of transplants from deceased donors
48 (38–57)

53,997

45,008

Total no. of transplants from living and
deceased donors

Recipients

2000–2003

1996–1999

Characteristic

Table 1. Trends in Demographic Characteristics of Adult Kidney Recipients and Deceased Donors According to Transplantation Period.*
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Hispanic
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25.5

4 (2–5)
24.6

4 (3–5)

3.5

3 (0–20)

4 (0–19)
3.4

18.6

18 (13–24)

3.1

1.1 (0.9–1.4)

17.8

20 (15–26)

1.4

2.9

11.7

11.5

73.9

2000–2003

25.0

4 (3–5)

3.8

2 (0–27)

20.7

18 (12–24)

8.3

1.2 (0.9–1.5)

3.1

14.2

13.2

69.5

2004–2007

25.2

4 (3–5)

4.0

0 (0–28)

19.6

16 (11–23)

13.3

1.2 (0.9–1.5)

3.2

13.9

14.7

68.3

2008–2011

27.1

4 (3–5)

4.1

0 (0–49)

24.8

16 (11–22)

17.0

1.2 (0.9–1.5)

3.5

13.6

15.1

67.8

2012–2015

29.3

4 (3–5)

4.1

0 (0–54)

26.2

17 (12–23)

22.0

1.2 (1.0–1.5)

3.9

14.3

14.2

67.7

2016–2019

26.4

4 (3–5)

3.9

0 (0–33)

21.8

18 (12–24)

12.2

1.2 (0.9–1.5)

3.3

13.1

13.5

70.1

Total

*	The age and body-mass index (BMI, the weight in kilograms divided by the square of the height in meters) of transplant recipients, proportion of recipients with diabetes, duration on
dialysis before transplantation, calculated panel-reactive antibody, number of HLA mismatches, proportion of recipients who received kidneys from deceased donors after circulatory
death, and delayed graft function have all increased over time for recipients of transplants from deceased donors. IQR denotes interquartile range.
†	Race and ethnic group were assigned according to data recorded in the Scientific Registry of Transplant Recipients or the Organ Procurement and Transplantation Network database.
‡	The Kidney Donor Risk Index (KDRI) score usually ranges from 0.3 to 3.5, with higher values indicating lower graft survival.

Delayed graft function — %

Median (IQR)

Mean

No. of HLA-A, -B, and -DR mismatches

Median (IQR)

Mean

Calculated panel-reactive antibody — %

Median cold ischemia time (IQR) — hr

Transplants

Kidney donated after circulatory death
—%

1.1 (0.9–1.5)

11.0

Median KDRI score (IQR)‡

76.9

Black

1996–1999

White

Race or ethnic group — %†

Characteristic
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Table 2. Trends in Demographic Characteristics of Adult Kidney Recipients and Living Donors According to Transplantation Period.*
Characteristic
Total no. of transplants
from living and
deceased donors
No. of transplants from
living donors
Recipients
Median age (IQR) — yr
Sex — %
Male
Female
Race or ethnic group
— %†
White
Black
Hispanic
Other
Median BMI (IQR)
Median dialysis duration
(IQR) — mo
Diabetes — %
Prior receipt of kidney
transplant — %
Prior receipt of other organ
transplants — %
Donors
Median age (IQR) — yr
Sex — %
Male
Female
Race or ethnic group
— %†
White
Black
Hispanic
Other
Transplants
LDPE transplants — %
Calculated panel-reactive
antibody — %
Mean
Median (IQR)
No. of HLA-A, -B, and
-DR mismatches
Mean
Median (IQR)
Delayed graft function
—%

1996–1999

2000–2003

2004–2007

2008–2011

2012–2015

2016–2019

Total

45,008

53,997

61,226

62,135

62,918

76,885

362,169

15,185

22,525

24,255

23,173

21,460

23,746

130,344

42 (32–52)

46 (35–55)

48 (36–57)

49 (38–59)

50 (38–60)

52 (40–61)

48 (36–58)

57.8
42.2

58.1
41.9

60.2
39.8

61.6
38.4

62.4
37.6

62.6
37.4

60.6
39.4

69.7
68.4
67.4
66.3
66.2
64.9
67.0
14.7
14.9
15.0
14.1
12.8
12.6
14.0
11.3
11.8
12.5
14.0
14.5
15.3
13.3
4.3
5.0
5.1
5.6
6.5
7.3
5.7
25.0 (22.0–
25.8 (22.6–
26.4 (23.0–
27.1 (23.6–
27.3 (23.6–
27.5 (23.8–
26.7 (23.2–
28.7)
29.9)
30.5)
31.3)
31.5)
31.5)
30.9)
9.7 (2.2–22.6) 11.0 (2.0–27.4) 10.6 (0.0–28.6) 10.7 (0.0–30.4) 10.3 (0.0– 31.2) 11.2 (0.0–31.5) 10.6 (0.0–28.8)
24.6
8.1

26.8
10.1

28.1
10.7

28.0
10.6

28.7
10.6

28.8
9.7

27.7
10.1

1.6

2.6

2.8

2.5

2.5

2.5

2.5

39 (31–47)

40 (32–48)

41 (32–49)

42 (33–51)

43 (33–52)

44 (34–54)

41 (32–50)

41.8
58.2

41.4
58.6

41.1
58.9

38.6
61.4

37.4
62.6

36.2
63.8

39.3
60.7

70.6
13.8
11.4
4.2

70.2
13.7
11.6
4.5

69.6
13.3
12.6
4.5

69.4
12.1
13.8
4.7

69.9
10.7
13.9
5.5

70.3
9.1
14.5
6.0

70.0
12.0
13.1
4.9

0.0

0.1

1.0

6.4

9.8

14.1

5.6

8.1
0 (0–5)

8.6
0 (0–5)

11.8
0 (0–8)

9.5
0 (0–0)

11.3
0 (0–2)

11.2
0 (0–4)

10.2
0 (0–4)

2.7
3 (2–4)
5.2

3.0
3 (2–4)
4.9

3.2
3 (2–5)
4.1

3.4
3 (2–5)
3.6

3.5
4 (2–5)
3.0

3.7
4 (3–5)
2.9

3.3
3 (2–5)
3.9

*	The mean age and BMI of recipients, the number of HLA mismatches, and the proportion of transplants from living donor paired exchange
(LDPE) have increased over time for transplants from living donors.
†	Race and ethnic group were assigned according to data recorded in the Scientific Registry of Transplant Recipients or the Organ Procure
ment and Transplantation Network database.

734

n engl j med 385;8

nejm.org

August 19, 2021

The New England Journal of Medicine
Downloaded from nejm.org by null null on August 18, 2021. For personal use only. No other uses without permission.
Copyright © 2021 Massachusetts Medical Society. All rights reserved.

Long-Term Survival after Kidney Tr ansplantation

A Patient Survival, Living Donor
100
90

100
80

2004–2007
2000–2003

60
50

1996–1999

40

60

30
20

10

10
5

10

15

0

20

2000–2003

40

20

0

2004–2007

50

30

0

2008–2011

70

Survival (%)

70

2012–2015

90

2008–2011

80

Survival (%)

B Patient Survival, Deceased Donor

2012–2015

1996–1999

0

Years since Transplantation

C Graft Survival, Living Donor

15

20

100
2012–2015

90
80

90
70

Survival (%)

60

2004–2007

50

2012–2015

80

2008–2011

70

Survival (%)

10

D Graft Survival, Deceased Donor

100

2000–2003

40
30

60

2008–2011

50
2004–2007

40
30

1996–1999

20

2000–2003

20

10
0

5

Years since Transplantation

1996–1999

10
0

5

10

15

0

20

Years since Transplantation

0

5

10

15

20

Years since Transplantation

Figure 2. Graft and Patient Survival after Kidney Transplantation in the United States.
Shown are Kaplan–Meier estimates of patient survival (Panels A and B) and graft survival (Panels C and D) after
transplantation of grafts from living donors (Panels A and C) and deceased donors (Panels B and D), with the data
grouped in 4-year cohorts from 1996 to 2015. There were gradual improvements in patient and graft survival from
the 1996–1999 period to the 2012–2015 period.

globulin (Thymoglobulin, Genzyme) and the humanized anti-CD25 monoclonal antibody basiliximab (Simulect, Novartis) are the most commonly
used induction agents in the United States. Most
patients receive a calcineurin inhibitor (cyclosporine or tacrolimus), typically in combination with
an antimetabolite (azathioprine, mycophenolate
mofetil, or mycophenolic acid) and a glucocorticoid. Mycophenolate mofetil has largely replaced
azathioprine; however, azathioprine can be substituted during pregnancy, when mycophenolate
mofetil is contraindicated, or if gastrointestinal
intolerance of mycophenolate mofetil develops.
The use of the mechanistic target of rapamycin
(mTOR) inhibitors (sirolimus and everolimus)
n engl j med 385;8

and the costimulatory blocker belatacept has remained limited.
Calcineurin inhibitors are highly effective in
preventing acute rejection but are inherently nephrotoxic,16-18 yet immunosuppressive regimens that
are free of calcineurin inhibitors (i.e., mycopheno
late mofetil and mTOR inhibitors) have been
associated with high rates of acute rejection.18
Long-term use of mTOR inhibitors, with or without a calcineurin inhibitor, has been associated
with an increased incidence of acute rejection,
worsening renal function, and increased longterm mortality.19,20 Use of a combination of mycophenolate mofetil and belatacept has been
limited because of high rates of acute rejection,
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Figure 3. Rates of Death and Graft Loss after Kidney Transplantation in the United States, 1996–2018, According to
Years after Transplantation.
Panels A and B show rates of death among recipients of grafts from living donors and deceased donors, respectively, and Panels C and D show rates of graft loss among recipients of grafts from living donors and deceased donors,
respectively. The rates are shown for four periods: less than 1 year after transplantation, 1 to less than 5 years after
transplantation, 5 to less than 10 years after transplantation, and 10 to less than 20 years after transplantation. There
were reductions in short- and long-term death rates and graft loss rates from 1996 to 2018.

high cost, concerns about post-transplantation
lymphoma, and the logistics of the required
monthly belatacept infusions.21,22 However, in
patients who do not have early acute rejection
but do have side effects from calcineurin inhibitors, a switch to belatacept is an option.23 Rapid
glucocorticoid withdrawal has been associated
with a slightly increased incidence of acute rejection24 and has not been universally adopted. The
combination of mycophenolate mofetil, tacrolimus, and low-dose prednisone remains the most
common immunosuppressive regimen for kidney
transplant recipients worldwide.
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P os t-T r a nspl a n tat ion E v en t s
Th at A ffec t L ong -Ter m Surv i va l
Delayed Graft Function

Some degree of renal perfusion injury is inevitable after kidney transplantation, but severe
forms result in delayed graft function, defined
as a requirement for dialysis in the first week
after transplantation. Graft function is delayed
in more than 25% of recipients of transplants
from deceased donors (Table 1). Delayed graft
function augments graft inflammation and fibrosis and may accelerate graft dysfunction and

nejm.org

August 19, 2021

The New England Journal of Medicine
Downloaded from nejm.org by null null on August 18, 2021. For personal use only. No other uses without permission.
Copyright © 2021 Massachusetts Medical Society. All rights reserved.

Long-Term Survival after Kidney Tr ansplantation

lead to premature failure.25 To date, pharmacologic agents have not proved helpful in reducing
the incidence or severity of delayed graft function. Use of mild hypothermia in brain-dead
donors has been reported to reduce rates of delayed graft function26 but has not been adopted
in clinical practice. The use of hypothermic pulsatile machine perfusion of kidneys from deceased donors, as compared with cold storage,
has shown some benefit.27,28 Kidneys from deceased donors with high scores on the Kidney
Donor Profile Index have been associated with
an increased incidence of delayed graft function,
which may affect long-term survival.29 However,
such organs remain a valuable source for patients with anticipated shorter life spans. Longterm graft survival of kidneys from deceased
donors can be improved by reducing the severity
of perfusion injury with a shorter cold ischemia
time, especially for kidneys with high scores on
the Kidney Donor Profile Index (Fig. 1).
Acute Rejection

Episodes of acute rejection, typically confirmed
by kidney biopsy, are common after kidney transplantation. Rejection episodes may be T-cell–
mediated, antibody-mediated, or both and are
graded on the basis of the widely accepted Banff
classification (a classification that involves an
integration of histologic features of the transplanted kidney with serologic and molecular diagnostic techniques; it also provides a consensusbased reporting system that offers precise
composite scores and accurate diagnosis of allo
graft dysfunction and rejection; see Table S2).30
Histologic diagnosis of acute rejection is descriptive and is graded according to the extent of
lymphocytic infiltrates, an approach that is limited by sample size and variations in interpretation.31 Acute rejection, when discovered because
of renal dysfunction, is referred to as clinical
acute rejection, and subclinical rejection is diagnosed on the basis of surveillance biopsy. The incidence of clinical acute rejection and subclinical
rejection during the first year after transplantation ranges from 10 to 15% and from 5 to 15%,
respectively. Up to 40% of transplant recipients
may have subclinical inflammation (borderline
changes suggestive of rejection) during the first
year after transplantation, which falls below the
threshold for the diagnosis of rejection (T-cell–

n engl j med 385;8

mediated rejection, grade IA) in the Banff classification.32 Acute rejection negatively affects longterm survival, in accordance with the severity,
persistence, and histologic type of rejection, and
acute rejection that occurs more than 3 months
after transplantation has a worse prognosis than
acute rejection occurring earlier.33,34 Subclinical
inflammation also has a deleterious effect on
the outcome of transplantation.35
Acute rejection in the first year after transplantation is primarily T-cell–mediated rejection,
with fewer cases of antibody-mediated rejection,
whereas after the first year, acute rejection is
often a combination of antibody-mediated and
T-cell–mediated rejection.36 Confirmation of antibody-mediated rejection is provided by histologic
evidence of capillaritis, defined as an accumulation of inflammatory cells in graft capillaries,
the presence of complement fraction C4d in
peritubular capillaries, and circulating donorspecific antibody against donor HLA antigens.
Antibody-mediated rejection in the absence of
donor-specific antibodies reflects either an inability to detect HLA antibodies with current
platforms or mediation by non-HLA antibodies.37
Acute rejection is the result of suboptimal immunosuppressive therapy, particularly in transplant recipients at high immunologic risk; nonadherence to immunosuppressive therapy38; or a
reduction in immunosuppressive medications because of infections or cancers.39,40
Noninvasive Screening for Acute Rejection

The search for reliable biomarkers to diagnose
acute rejection noninvasively is ongoing. Donorspecific antibodies against donor HLA antigens
may be detected concurrently with histologic
diagnosis of antibody-mediated rejection or may
follow T-cell–mediated rejection.33,41 Donor-specific
antibodies appearing early after transplantation
represent a preformed or “memory” response
causing antibody-mediated rejection. De novo
donor-specific antibodies that develop late usually occur with mixed rejection. Patients with
donor-specific antibodies that are persistent,
preformed,42 or complement-fixing (C1q+)34 and
class II, with T-cell–mediated rejection,33 have
poorer outcomes.
The diagnosis of acute rejection has been correlated with urinary FOXP3 messenger RNA
(mRNA)43; a urinary signature of CD3ε mRNA,
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interferon-inducible protein 10 mRNA, and 18S
ribosomal RNA44; transcriptomic signatures in
blood45; transitional B-cell cytokines in blood;46
and a urinary exosome mRNA signature.47 Transcriptional analysis of biopsy specimens at 1 year
after transplantation revealed that a set of 13
genes predicted graft scarring and poor survival.48
A gene microarray from graft biopsies has been
analyzed in an attempt to develop a “molecular
microscope” that can aid in the diagnosis of
acute rejection, risk stratification, and prediction of graft loss.49
The measurement of circulating cell-free DNA
(cfDNA) and multigene expressions is approved
by the Food and Drug Administration for the
diagnosis of acute rejection.50-52 However, the sensitivity of cfDNA for the diagnosis is only 59%.50
Circulating cfDNA can be used to identify antibody-mediated rejection but not to differentiate
Banff grade 1A rejection from borderline rejection.53 The place of cfDNA measurement in clinical practice has yet to be established by randomized clinical trials. A multicenter trial identified
a circulating 57-gene biomarker profile that correlates with acute rejection, including subclinical inflammation, as determined by surveillance
biopsies. The sensitivity for acute rejection was
48%, and the specificity was about 80%.52
The available biomarkers are inflammatory,
injury, and genetic markers; none are specific
for alloimmune injury. Moreover, these biomarkers do not differentiate among grades of T-cell–
mediated rejection; they also do not differentiate
between acute and chronic T-cell–mediated rejection. Instead of providing the basis for a specific
diagnosis of acute rejection, noninvasive biomarkers may serve to determine graft quiescence (the absence of graft rejection) and permit
more precise immunosuppression, with the goal
of preventing infections, tumors, and acute rejection (Fig. 1). At present, immunosuppressive
therapy should not be modified on the basis of
biomarker tests alone.54
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early acute rejection and the development of de
novo donor-specific antibodies.55,56 Strategies such
as performing transplantation in recipients with
two HLA-DR matches, matching at the amino
acid level (eplet matching) as opposed to the
whole-molecule level, and improving immunosuppression for those with a high eplet mismatch have been shown to decrease the risk of
de novo donor-specific antibody formation and
acute rejection and to improve long-term survival (Fig. 1).57-59
Patients with lower grades of T-cell–mediated
rejection are treated with glucocorticoids, whereas those with higher grades receive antithymocyte globulin. Costimulatory blockers such as
belatacept can control the alloimmune response
and prevent the formation of donor-specific antibodies36; however, costimulatory blockers do not
reduce the incidence of donor-specific antibodies,
as compared with tacrolimus.60 Early antibodymediated rejection is treated with glucocorticoids, plasmapheresis, and intravenous immune
globulin. Other therapies (anti-CD20 antibodies,61 proteasome inhibitors,62 and anticomplement therapy62-65) are being investigated. Late
antibody-mediated rejection may be treated by
augmenting maintenance immunosuppressive
therapy, but the benefit of plasmapheresis with
intravenous immune globulin, proteasome inhibitors, and anti-CD20 antibodies remains
questionable.66 Therapies to block interleukin-6
(tocilizumab and clazakizumab) are under investigation.67 The combination of a proteasome inhibitor and costimulatory blocker has the theoretical advantage of blocking donor-specific
antibody formation at multiple levels and may be
valuable for treating antibody-mediated rejection.68
Trials of immune-cell therapies involving donor
regulatory T cells and studies of donor-derived
regulatory dendritic cells for the prevention and
treatment of acute rejection are under way.69-71
Although immune-cell therapies appear to have
few side effects, prevention of acute rejection
remains the best approach.

Treatment of Acute Rejection

Prevention of acute rejection remains the key to
achieving long-term graft survival (Fig. 1). Adequate tacrolimus exposure (trough levels of 7 to
12 ng per milliliter during the first year after
transplantation and >5 ng per milliliter after the
first year), with low-dose glucocorticoids and an
antimetabolite, is central to the prevention of
738
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Infections

Vaccination status must be assessed and vaccinations administered before transplantation. Only
inactivated vaccines should be given after transplantation. Detailed information about common
post-transplantation viral infections is provided
in Table S3.
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Cytomegalovirus (CMV) infection is the most
common opportunistic infection after transplantation. CMV-seronegative patients are at increased
risk for CMV infection if they receive a kidney
from a seropositive donor.72-74 In addition, CMV
infection is a risk factor for acute rejection and
graft failure.72,74 Prevention, early recognition,
and treatment of CMV infection are essential.
Fortunately, effective antiviral treatment is available in the form of valganciclovir.74 Resistant
CMV infections are usually characterized by
UL97 (kinase) and UL54 (DNA polymerase) mutations. Patients with UL97 mutations can be
treated with foscarnet, and those with UL54
mutations can be given cidofovir. Potential alternatives to valganciclovir (letermovir, maribavir,
and neutralizing monoclonal antibodies) are
under investigation.75
Infection with BK virus is common in immunosuppressed kidney transplant recipients.39 BK
virus infection starts as viruria, progresses to
viremia, and if unchecked, leads to nephropathy
and transplant failure. BK virus nephropathy is
characterized histologically by a plasma-cell and
lymphocytic-rich interstitial nephritis that may
be difficult to distinguish from acute rejection
unless viral inclusions are recognized. Such differentiation is critical, because successful treatment of BK virus infection requires early recognition and reduction of immunosuppressive
therapy. Switching of immunosuppressive agents
and the addition of leflunomide, cidofovir, fluoroquinolones, and intravenous immune globulin
have not proved effective as treatment. In the
absence of an effective antiviral agent, the key to
prevention of BK virus nephropathy is aggressive
screening for viremia, with early reduction of
immunosuppressive therapy.39
Post-transplantation lymphoproliferative disease (PTLD) is predominantly a B-cell disorder,
is frequently extranodal, and is associated with
Epstein–Barr virus infection.40 The development
of PTLD is generally a consequence of effective
immunosuppression and may reflect unrecognized overimmunosuppression. CD20+ PTLD can
be effectively treated with anti-CD20 agents and
cytotoxic chemotherapy when necessary, combined with minimization of immunosuppression. Adoptive T-cell therapy is being explored
for the treatment of resistant CMV infection,
Epstein–Barr virus–associated PTLD, and BK virus
infection.76
n engl j med 385;8

Influenza infections are common among kidney transplant recipients. Currently, however, the
coronavirus disease 2019 (Covid-19) pandemic
represents a serious threat to patients who have
undergone kidney transplantation. Immunosuppression, advanced age, hypertension, diabetes,
obesity, and chronic kidney disease put many
transplant recipients at grave risk. A Covid-19
mortality rate of 13 to 32% has been reported
among transplant recipients.77-79 Strict adherence
to the Centers for Disease Control and Prevention guidelines for Covid-19 prevention is mandatory for this patient population, and reduction
of immunosuppressive therapy, typically by discontinuing mycophenolate mofetil, is recommended in patients who have tested positive for
severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2).77 The Pfizer–BioNTech, Moderna,
and Johnson & Johnson/Janssen vaccines have
been approved for emergency use and are awaiting full approval.80,81 A preliminary report shows
that administration of two doses of Covid-19
vaccine in immunosuppressed transplant recipients reduces the rate and severity of infection
with SARS-CoV-2.82 However, the antibody response after two doses may be insufficient,
especially among transplant recipients who are
receiving antimetabolite treatment,83 and can be
augmented by a third dose.84 Covid-19 infection
may still occur after vaccination in immunosuppressed kidney transplant recipients, which underscores the importance of following preventive
guidelines recommended by the Centers for Disease Control and Prevention.

O ther Fac t or s Th at A ffec t
Surv i va l
Sensitization

Patients with increased levels of antibodies to
multiple HLA antigens have difficulty finding
an immunologically matched, compatible kidney
donor and may remain on the transplant waiting
list for a prolonged period. Patients accrue time
on the deceased donor waiting list and are assigned priority points on the basis of their degree
of sensitization. Desensitization may be an option for transplantation candidates considered
to be close to receiving an offer of a kidney from
a deceased donor. Desensitization protocols involve the use of intravenous immune globulin,
anti-CD20 antibody, and plasmapheresis, with
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the goal of achieving a negative cross-match.
Desensitized patients, however, remain at risk
for the development of de novo donor-specific
antibodies, antibody-mediated rejection, and graft
loss. One study showed that patients who underwent desensitization and received a kidney from
an HLA-incompatible donor had improved graft
survival, as compared with patients who remained on the waiting list.85 Administration of
imlifidase, an enzyme that cleaves IgG, reduces
the degree of sensitization, permitting a negative cross-match, yet antibody-mediated rejection
develops in roughly 40% of patients who have
undergone desensitization with imlifidase.86 Since
the introduction of the national kidney allocation system in 2014, highly sensitized patients
have had improved access to the national pool of
kidneys from deceased donors.
Paired Exchange of Transplants from Living
Donors

Living donor paired transplant exchange, pioneered in South Korea and the Netherlands,87,88
is increasingly used for transplantation candidates with living donors who are incompatible
on the basis of blood type or HLA matching
(Fig. 1). The simplest living donor paired exchange transforms two incompatible donor–
recipient pairs into two compatible donor–recipient pairs. The number of exchanges has been
increasing (Table 2) since exchanges were legalized in the United States by the 2007 Charlie W.
Norwood Living Organ Donation Act. An altruistic living donor can trigger a chain of living
donor transplant exchanges.89 Some living donor
exchanges are governed by rules that provide
equity for all participating candidates, even those
with early graft loss.90 Paired exchanges are also
being performed with living donors who are biologically compatible but have relative degrees of
incompatibility by virtue of age or size differences. Living donor paired exchange remains
superior to desensitization for patients with incompatible living donors but is not ideal for
highly sensitized patients.
APOL1, Kidney Disease, and Transplantation

Polymorphisms in the genes that encode apolipoprotein L1 (APOL1) are found much more often
in persons of African ancestry than in other
groups.91 Homozygosity for APOL1 kidney risk
variants, which occur in up to a third of Blacks,
740
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confers increased risks of nondiabetic chronic
kidney disease, hypertensive nephrosclerosis, and
focal segmental glomerulosclerosis (a phenomenon that is probably responsible for the increased incidence of end-stage kidney disease
among Blacks)92 and an increased risk of endstage kidney disease among Black living donors.93
Furthermore, graft survival may be reduced for
kidney transplants from deceased donors who
were homozygous for APOL1.94 APOL1 homozygosity may also account for the reduced longterm graft survival among Black recipients of
kidney transplants. Some transplantation programs routinely test young, Black potential donors for APOL1 and advise those who are homozygous not to donate a kidney.95
HIV Infection and Hepatitis C

Recipients with treated human immunodeficiency virus (HIV) infection can undergo kidney
transplantation successfully, though the incidence of acute rejection may be increased.96,97
Organs from HIV-positive donors are typically
discarded. The passage of the HIV Organ Policy
Equity (HOPE) Act in 2013 has allowed organs
from HIV-positive donors to be successfully allocated to HIV-positive recipients98,99 and may
provide for expedited transplantation in HIVpositive patients. The availability of highly effective treatments for hepatitis C allows kidneys
from donors with hepatitis C infection to be
allocated to both hepatitis C–positive and hepatitis C–negative recipients100,101 (Fig. 1).
Transition of Adolescents from Pediatric
to Adult Care

Transplant recipients between the ages of 14 and
23 years have an increased risk of graft failure
and are particularly likely to have problems with
adherence to immunosuppressive regimens.102
Nonadherence has a profoundly negative effect
on the lives of young people, including quality of
life, ability to return to work and school, sensitization, opportunities for repeat transplantation, and life expectancy.103 Young patients may
get lost in the process of transition from pediatric to adult health care delivery systems and may
lose health insurance. Improved outcomes may
be achieved with structured and personalized
care, maintenance of insurance coverage, and a
focus on patient education during the transition
period.104
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C onclusions
Improvement in long-term survival after kidney
transplantation has been gratifying, despite unfavorable changes in donor and recipient risk
factors. Continuation of this trend will require a
multipronged approach that addresses coexisting conditions before transplantation, health literacy, access to caregivers, and, especially among
racial or ethnic minority and young transplant
recipients, adherence to therapy. Innovative noninvasive biomarkers to diagnose and prevent
acute rejection, adoptive T-cell therapy for posttransplantation viral infections, and newer therapies for T-cell–mediated rejection, antibodymediated rejection, and desensitization are under
investigation.
Nephrologists and primary care physicians must
be adequately trained to care for kidney transplant recipients. A silver lining of the Covid-19
pandemic may be the incorporation of telemedicine into routine care to facilitate access to
transplantation and post-transplantation care,
References
1. Wolfe RA, Ashby VB, Milford EL, et al.
Comparison of mortality in all patients
on dialysis, patients on dialysis awaiting
transplantation, and recipients of a first
cadaveric transplant. N Engl J Med 1999;
341:1725-30.
2. Hariharan S, Johnson CP, Bresnahan
BA, Taranto SE, McIntosh MJ, Stablein D.
Improved graft survival after renal transplantation in the United States, 1988 to
1996. N Engl J Med 2000;342:605-12.
3. United States Renal Data System. Incidence, prevalence, patient characteristics, and treatment modalities. Bethesda,
MD:National Institute of Diabetes and
Digestive and Kidney Diseases, 2020
(https://adr.usrds.org/2020/end-stage-renal
-d isease/1-i ncidence-prevalence-patient
-characteristics-and-treatment-modalities).
4. Health Resources and Services Administration. Organ procurement and transplantation network: national data (https://
optn.t ransplant.h rsa.gov/d ata/v iew-d ata
-reports/national-data/#).
5. Durand CM, Bowring MG, Thomas
AG, et al. The drug overdose epidemic and
deceased-donor transplantation in the United States: a national registry study. Ann
Intern Med 2018;168:702-11.
6. Ojo AO, Hanson JA, Meier-Kriesche
H, et al. Survival in recipients of marginal
cadaveric donor kidneys compared with
other recipients and wait-listed transplant
candidates. J Am Soc Nephrol 2001;12:
589-97.

particularly for older patients and those in underserved and geographically remote communities.
The discontinuation of insurance coverage for
long-term immunosuppressive medications for
kidney transplant recipients in the United States
was an unnecessary impediment to long-term
survival, for which patients and society paid a
heavy price; the 2020 approval of lifelong health
care coverage of these medications for transplant recipients in the United States is a victory
that will pave the way toward further improvements in long-term survival.
The data reported here for all kidney transplants from living
and deceased donors, as well as the survival analyses, have been
supplied by the Hennepin Healthcare Research Institute as
contractor for the Scientific Registry of Transplant Recipients
(SRTR). The interpretation and reporting of these data and the
opinions expressed in this article are those of the authors and
do not necessarily represent interpretation by, an official policy
of, or the opinions of the SRTR or the U.S. government.
Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.
We thank Melissa Skeans and Jon Miller for their help in preparing earlier versions of the tables and figures, Dr. Fernanda
Silveira for her help with information on post-transplantation
viral infections, and Mary Van Beusekom for reviewing an earlier draft of the manuscript.

Gill JS, Schaeffner E, Chadban S, et al.
Quantification of the early risk of death
in elderly kidney transplant recipients.
Am J Transplant 2013;13:427-32.
8. McAdams-DeMarco MA, Ying H, Olorundare I, et al. Individual frailty components and mortality in kidney transplant
recipients. Transplantation 2017;101:212632.
9. Gill JS, Lan J, Dong J, et al. The survival benefit of kidney transplantation in
obese patients. Am J Transplant 2013;13:
2083-90.
10. Wang JH, Skeans MA, Israni AK. Current status of kidney transplant outcomes:
dying to survive. Adv Chronic Kidney Dis
2016;23:281-6.
11. Gondos A, Döhler B, Brenner H,
Opelz G. Kidney graft survival in Europe
and the United States: strikingly different
long-term outcomes. Transplantation 2013;
95:267-74.
12. Merion RM, Goodrich NP, Johnson
RJ, et al. Kidney transplant graft outcomes in 379 257 recipients on 3 continents. Am J Transplant 2018;18:1914-23.
13. Hart A, Gustafson SK, Wey A, et al.
The association between loss of Medicare, immunosuppressive medication use,
and kidney transplant outcomes. Am J
Transplant 2019;19:1964-71.
14. El-Zoghby ZM, Stegall MD, Lager DJ,
et al. Identifying specific causes of kidney
allograft loss. Am J Transplant 2009;9:
527-35.
7.

n engl j med 385;8

nejm.org

15. Australia & New Zealand Dialysis &
Transplant Registry. ANZDATA 43rd annual report 2020 (data to 2019). Kidney
transplantation. 2020 (https://www.anzdata
.org.au/w p-content/uploads/2020/09/c 07
_transplant_2019_ar_2020_v1.0_20201222
.pdf).
16. Nankivell BJ, Borrows RJ, Fung CLS,
O’Connell PJ, Allen RD, Chapman JR. The
natural history of chronic allograft nephropathy. N Engl J Med 2003;349:232633.
17. Ekberg H, Grinyó J, Nashan B, et al.
Cyclosporine sparing with mycophenolate
mofetil, daclizumab and corticosteroids
in renal allograft recipients: the CAESAR
study. Am J Transplant 2007;7:560-70.
18. Ekberg H, Tedesco-Silva H, Demirbas
A, et al. Reduced exposure to calcineurin
inhibitors in renal transplantation. N Engl
J Med 2007;357:2562-75.
19. Xie X, Jiang Y, Lai X, Xiang S, Shou Z,
Chen J. mTOR inhibitor versus mycophenolic acid as the primary immunosuppression regime combined with calcineurin
inhibitor for kidney transplant recipients:
a meta-analysis. BMC Nephrol 2015;16:91.
20. Ciancio G, Gaynor JJ, Guerra G, et al.
Randomized trial of 3 maintenance regimens (TAC/SRL vs. TAC/MMF vs. CSA/SRL)
with low-dose corticosteroids in primary
kidney transplantation: 18-year results.
Clin Transplant 2020;34(12):e14123.
21. Vincenti F, Larsen C, Durrbach A, et al.
Costimulation blockade with belatacept

August 19, 2021

The New England Journal of Medicine
Downloaded from nejm.org by null null on August 18, 2021. For personal use only. No other uses without permission.
Copyright © 2021 Massachusetts Medical Society. All rights reserved.

741

The

n e w e ng l a n d j o u r na l

in renal transplantation. N Engl J Med
2005;353:770-81.
22. Vincenti F, Charpentier B, Vanrenterghem Y, et al. A phase III study of belatacept-based immunosuppression regimens
versus cyclosporine in renal transplant
recipients (BENEFIT study). Am J Transplant 2010;10:535-46.
23. Brakemeier S, Kannenkeril D, Dürr M,
et al. Experience with belatacept rescue
therapy in kidney transplant recipients.
Transpl Int 2016;29:1184-95.
24. Woodle ES, First MR, Pirsch J, Shihab
F, Gaber AO, Van Veldhuisen P. A prospective, randomized, double-blind, placebocontrolled multicenter trial comparing
early (7 day) corticosteroid cessation versus long-term, low-dose corticosteroid
therapy. Ann Surg 2008;248:564-77.
25. Cherukuri A, Mehta R, Sood P, Hariharan S. Early allograft inflammation
and scarring associate with graft dysfunction and poor outcomes in renal
transplant recipients with delayed graft
function: a prospective single center cohort study. Transpl Int 2018;31:1369-79.
26. Niemann CU, Feiner J, Swain S, et al.
Therapeutic hypothermia in deceased organ
donors and kidney-graft function. N Engl
J Med 2015;373:405-14.
27. Moers C, Smits JM, Maathuis MHJ,
et al. Machine perfusion or cold storage
in deceased-donor kidney transplantation.
N Engl J Med 2009;360:7-19.
28. Summers DM, Ahmad N, Randle LV,
et al. Cold pulsatile machine perfusion versus static cold storage for kidneys donated after circulatory death: a multicenter
randomized controlled trial. Transplantation 2020;104:1019-25.
29. Zens TJ, Danobeitia JS, Leverson G,
et al. The impact of kidney donor profile
index on delayed graft function and transplant outcomes: a single-center analysis.
Clin Transplant 2018;32(3):e13190.
30. Haas M, Loupy A, Lefaucheur C, et al.
The Banff 2017 kidney meeting report:
revised diagnostic criteria for chronic active T cell-mediated rejection, antibodymediated rejection, and prospects for integrative endpoints for next-generation
clinical trials. Am J Transplant 2018;18:
293-307.
31. Madill-Thomsen K, PerkowskaPtasińska A, Böhmig GA, et al. Discrepancy analysis comparing molecular and
histology diagnoses in kidney transplant
biopsies. Am J Transplant 2020;20:1341-50.
32. Mehta R, Bhusal S, Randhawa P, et al.
Short-term adverse effects of early subclinical allograft inflammation in kidney
transplant recipients with a rapid steroid
withdrawal protocol. Am J Transplant
2018;18:1710-7.
33. Cherukuri A, Mehta R, Sharma A, et al.
Post-transplant donor specific antibody is
associated with poor kidney transplant
outcomes only when combined with both
T-cell-mediated rejection and non-adherence. Kidney Int 2019;96:202-13.

742

of

m e dic i n e

34. Loupy A, Lefaucheur C, Vernerey D,

et al. Complement-binding anti-HLA antibodies and kidney-allograft survival. N Engl
J Med 2013;369:1215-26.
35. Mehta RB, Tandukar S, Jorgensen D,
et al. Early subclinical tubulitis and interstitial inflammation in kidney transplantation have adverse clinical implications.
Kidney Int 2020;98:436-47.
36. Nickerson PW. What have we learned
about how to prevent and treat antibodymediated rejection in kidney transplantation? Am J Transplant 2020;20:Suppl 4:
12-22.
37. Racusen LC, Bagnasco SM. Peritubular capillaritis in the renal allograft takes
center stage. Kidney Int 2015;88:218-20.
38. Sharma A, Cherukuri A, Mehta RB,
Sood P, Hariharan S. High calcineurin
inhibitor intrapatient variability is associated with renal allograft inflammation,
chronicity, and graft loss. Transplant Direct 2019;5(2):e424.
39. Sood P, Senanayake S, Sujeet K, et al.
Management and outcome of BK viremia
in renal transplant recipients: a prospective single-center study. Transplantation
2012;94:814-21.
40. Dierickx D, Habermann TM. Posttransplantation lymphoproliferative disorders in adults. N Engl J Med 2018;378:
549-62.
41. Loupy A, Lefaucheur C. Antibody-mediated rejection of solid-organ allografts.
N Engl J Med 2018;379:1150-60.
42. Senev A, Lerut E, Van Sandt V, et al.
Specificity, strength, and evolution of pretransplant donor-specific HLA antibodies
determine outcome after kidney transplantation. Am J Transplant 2019;19:3100-13.
43. Muthukumar T, Dadhania D, Ding R,
et al. Messenger RNA for FOXP3 in the
urine of renal-allograft recipients. N Engl
J Med 2005;353:2342-51.
44. Suthanthiran M, Schwartz JE, Ding R,
et al. Urinary-cell mRNA profile and acute
cellular rejection in kidney allografts.
N Engl J Med 2013;369:20-31.
45. Zhang W, Yi Z, Keung KL, et al. A peripheral blood gene expression signature
to diagnose subclinical acute rejection.
J Am Soc Nephrol 2019;30:1481-94.
46. Cherukuri A, Salama AD, Mehta R,
et al. Transitional B cell cytokines predict
renal allograft outcomes. Sci Transl Med
2021;13:13.
47. El Fekih R, Hurley J, Tadigotla V, et al.
Discovery and validation of a urinary exosome mRNA signature for the diagnosis
of human kidney transplant rejection. J Am
Soc Nephrol 2021 March 3 (Epub ahead of
print).
48. O’Connell PJ, Zhang W, Menon MC,
et al. Biopsy transcriptome expression profiling to identify kidney transplants at
risk of chronic injury: a multicentre, prospective study. Lancet 2016;388:983-93.
49. Reeve J, Böhmig GA, Eskandary F,
et al. Generating automated kidney transplant biopsy reports combining molecu-

n engl j med 385;8

nejm.org

lar measurements with ensembles of machine learning classifiers. Am J Transplant
2019;19:2719-31.
50. Bloom RD, Bromberg JS, Poggio ED,
et al. Cell-free DNA and active rejection in
kidney allografts. J Am Soc Nephrol 2017;
28:2221-32.
51. Sigdel TK, Archila FA, Constantin T,
et al. Optimizing detection of kidney
transplant injury by assessment of donorderived cell-free DNA via massively multiplex PCR. J Clin Med 2018;8:8.
52. Friedewald JJ, Kurian SM, Heilman
RL, et al. Development and clinical validity of a novel blood-based molecular biomarker for subclinical acute rejection following kidney transplant. Am J Transplant
2019;19:98-109.
53. Stites E, Kumar D, Olaitan O, et al.
High levels of dd-cfDNA identify patients
with TCMR 1A and borderline allograft
rejection at elevated risk of graft injury.
Am J Transplant 2020;20:2491-8.
54. Puttarajappa CM, Mehta RB, Roberts
MS, Smith KJ, Hariharan S. Economic
analysis of screening for subclinical rejection in kidney transplantation using protocol biopsies and noninvasive biomarkers. Am J Transplant 2020;21:186-97.
55. Davis S, Wiebe C, Campbell K, et al.
Adequate tacrolimus exposure modulates
the impact of HLA class II molecular mismatch: a validation study in an American
cohort. Am J Transplant 2020;21:322-8.
56. Davis S, Gralla J, Klem P, et al. Lower
tacrolimus exposure and time in therapeutic range increase the risk of de novo
donor-specific antibodies in the first year
of kidney transplantation. Am J Transplant 2018;18:907-15.
57. Wiebe C, Rush DN, Nevins TE, et al.
Class II Eplet mismatch modulates tacrolimus trough levels required to prevent
donor-specific antibody development. J Am
Soc Nephrol 2017;28:3353-62.
58. Wiebe C, Kosmoliaptsis V, Pochinco
D, et al. HLA-DR/DQ molecular mismatch:
a prognostic biomarker for primary alloimmunity. Am J Transplant 2019;19:1708-19.
59. Senev A, Coemans M, Lerut E, et al.
Eplet mismatch load and de novo occurrence of donor-specific anti-HLA antibodies, rejection, and graft failure after
kidney transplantation: an observational
cohort study. J Am Soc Nephrol 2020;31:
2193-204.
60. Woodle ES, Kaufman DB, Shields AR,
et al. Belatacept-based immunosuppression with simultaneous calcineurin inhibitor avoidance and early corticosteroid
withdrawal: a prospective, randomized
multicenter trial. Am J Transplant 2020;
20:1039-55.
61. Sautenet B, Blancho G, Büchler M, et al.
One-year results of the effects of rituxi
mab on acute antibody-mediated rejection
in renal transplantation: RITUX ERAH, a
multicenter double-blind randomized placebo-controlled trial. Transplantation 2016;
100:391-9.

August 19, 2021

The New England Journal of Medicine
Downloaded from nejm.org by null null on August 18, 2021. For personal use only. No other uses without permission.
Copyright © 2021 Massachusetts Medical Society. All rights reserved.

Long-Term Survival after Kidney Tr ansplantation

62. Eskandary F, Jilma B, Mühlbacher J,

et al. Anti-C1s monoclonal antibody
BIVV009 in late antibody-mediated kidney allograft rejection-results from a firstin-patient phase 1 trial. Am J Transplant
2018;18:916-26.
63. Kulkarni S, Kirkiles-Smith NC, Deng
YH, et al. Eculizumab therapy for chronic
antibody-mediated injury in kidney transplant recipients: a pilot randomized controlled trial. Am J Transplant 2017;17:68291.
64. Viglietti D, Gosset C, Loupy A, et al.
C1 inhibitor in acute antibody-mediated
rejection nonresponsive to conventional
therapy in kidney transplant recipients:
a pilot study. Am J Transplant 2016;16:
1596-603.
65. Montgomery RA, Orandi BJ, Racusen
L, et al. Plasma-derived C1 esterase inhibitor for acute antibody-mediated rejection following kidney transplantation:
results of a randomized double-blind
placebo-controlled pilot study. Am J Transplant 2016;16:3468-78.
66. Schinstock CA, Mannon RB, Budde K,
et al. Recommended treatment for antibody-mediated rejection after kidney transplantation: the 2019 expert consensus
from the transplantation society working
group. Transplantation 2020;104:91122.
67. Choi J, Aubert O, Vo A, et al. Assessment of tocilizumab (anti-interleukin-6
receptor monoclonal) as a potential treatment for chronic antibody-mediated rejection and transplant glomerulopathy in
HLA-sensitized renal allograft recipients.
Am J Transplant 2017;17:2381-9.
68. Burghuber CK, Manook M, Ezekian B,
et al. Dual targeting: combining costimulation blockade and bortezomib to permit
kidney transplantation in sensitized recipients. Am J Transplant 2019;19:724-36.
69. Tang Q, Vincenti F. Transplant trials
with Tregs: perils and promises. J Clin
Invest 2017;127:2505-12.
70. Thomson AW, Metes DM, Ezzelarab
MB, Raïch-Regué D. Regulatory dendritic
cells for human organ transplantation.
Transplant Rev (Orlando) 2019;33:130-6.
71. Sawitzki B, Harden PN, Reinke P, et al.
Regulatory cell therapy in kidney transplantation (the ONE study): a harmonised
design and analysis of seven non-randomised, single-arm, phase 1/2A trials.
Lancet 2020;395:1627-39.
72. Opelz G, Döhler B, Ruhenstroth A.
Cytomegalovirus prophylaxis and graft outcome in solid organ transplantation: a collaborative transplant study report. Am J
Transplant 2004;4:928-36.
73. Kotton CN, Kumar D, Caliendo AM,
et al. International consensus guidelines
on the management of cytomegalovirus
in solid organ transplantation. Transplantation 2010;89:779-95.
74. Kotton CN, Kumar D, Caliendo AM,
et al. The third international consensus
guidelines on the management of cyto-

megalovirus in solid-organ transplantation. Transplantation 2018;102:900-31.
75. Sandonís V, García-Ríos E, McConnell
MJ, Pérez-Romero P. Role of neutralizing
antibodies in CMV infection: implications
for new therapeutic approaches. Trends
Microbiol 2020;28:900-12.
76. Arasaratnam RJ, Leen AM. Adoptive
T cell therapy for the treatment of viral
infections. Ann Transl Med 2015;3:278.
77. Akalin E, Azzi Y, Bartash R, et al.
Covid-19 and kidney transplantation.
N Engl J Med 2020;382:2475-7.
78. Cravedi P, Mothi SS, Azzi Y, et al.
COVID-19 and kidney transplantation: results from the TANGO International Transplant Consortium. Am J Transplant 2020;
20:3140-8.
79. Lubetzky M, Aull MJ, Craig-Schapiro R,
et al. Kidney allograft recipients, immunosuppression, and coronavirus disease-2019:
a report of consecutive cases from a New
York City transplant center. Nephrol Dial
Transplant 2020;35:1250-61.
80. Polack FP, Thomas SJ, Kitchin N, et al.
Safety and efficacy of the BNT162b2
mRNA Covid-19 vaccine. N Engl J Med
2020;383:2603-15.
81. Baden LR, El Sahly HM, Essink B, et al.
Efficacy and safety of the mRNA-1273
SARS-CoV-2 vaccine. N Engl J Med 2021;
384:403-16.
82. Malinis M, Cohen E, Azar MM. Effectiveness of SARS-CoV-2 vaccination in
fully vaccinated solid organ transplant
recipients. Am J Transplant 2021 June 8
(Epub ahead of print).
83. Boyarsky BJ, Werbel WA, Avery RK,
et al. Antibody response to 2-dose SARSCoV-2 mRNA vaccine series in solid organ
transplant recipients. JAMA 2021;
325:
2204-6.
84. Kamar N, Abravanel F, Marion O,
Couat C, Izopet J, Del Bello A. Three doses
of an mRNA Covid-19 vaccine in solidorgan transplant recipients. N Engl J Med
2021;385:661-2.
85. Orandi BJ, Luo X, Massie AB, et al.
Survival benefit with kidney transplants
from HLA-incompatible live donors. N Engl
J Med 2016;374:940-50.
86. Jordan SC, Legendre C, Desai NM, et al.
Imlifidase desensitization in crossmatchpositive, highly-sensitized kidney transplant recipients: results of an international
phase 2 trial (Highdes). Transplantation
2020 October 21 (Epub ahead of print).
87. Keizer KM, de Klerk M, Haase-Kromwijk BJJM, Weimar W. The Dutch algorithm for allocation in living donor kidney exchange. Transplant Proc 2005;37:
589-91.
88. Park K, Moon JI, Kim SI, Kim YS. Exchange donor program in kidney transplantation. Transplantation 1999;67:336-8.
89. Rees MA, Kopke JE, Pelletier RP, et al.
A nonsimultaneous, extended, altruisticdonor chain. N Engl J Med 2009;
360:
1096-101.
90. Verbesey J, Thomas AG, Ronin M, et al.

n engl j med 385;8

nejm.org

Early graft losses in paired kidney exchange: experience from 10 years of the
National Kidney Registry. Am J Transplant 2020;20:1393-401.
91. Friedman DJ, Pollak MR. APOL1 and
kidney disease: from genetics to biology.
Annu Rev Physiol 2020;82:323-42.
92. Friedman DJ, Pollak MR. Apolipoprotein L1 and kidney disease in African Americans. Trends Endocrinol Metab 2016;27:
204-15.
93. Doshi MD, Ortigosa-Goggins M, Garg
AX, et al. APOL1 genotype and renal function of Black living donors. J Am Soc
Nephrol 2018;29:1309-16.
94. Freedman BI, Pastan SO, Israni AK,
et al. APOL1 genotype and kidney transplantation outcomes from deceased African American donors. Transplantation
2016;100:194-202.
95. McIntosh T, Mohan S, Sawinski D, Iltis
A, DuBois JM. Variation of ApoL1 testing
practices for living kidney donors. Prog
Transplant 2020;30:22-8.
96. Muller E, Barday Z, Mendelson M,
Kahn D. HIV-positive–to–HIV-positive kidney transplantation — results at 3 to 5 years.
N Engl J Med 2015;372:613-20.
97. Stock PG, Barin B, Murphy B, et al.
Outcomes of kidney transplantation in
HIV-infected recipients. N Engl J Med
2010;363:2004-14.
98. Durand CM, Halpern SE, Bowring MG,
et al. Organs from deceased donors with
false-positive HIV screening tests: an unexpected benefit of the HOPE act. Am J
Transplant 2018;18:2579-86.
99. Bonny TS, Kirby C, Martens C, et al.
Outcomes of donor-derived superinfection
screening in HIV-positive to HIV-positive
kidney and liver transplantation: a multicentre, prospective, observational study.
Lancet HIV 2020;7(9):e611-e619.
100. Durand CM, Bowring MG, Brown DM,
et al. Direct-acting antiviral prophylaxis
in kidney transplantation from hepatitis
C virus-infected donors to noninfected
recipients: an open-label nonrandomized
trial. Ann Intern Med 2018;168:533-40.
101. Goldberg DS, Abt PL, Blumberg EA,
et al. Trial of transplantation of HCVinfected kidneys into uninfected recipients. N Engl J Med 2017;376:2394-5.
102. Pankhurst T, Evison F, Mytton J, Williamson S, Kerecuk L, Lipkin G. Young
adults have worse kidney transplant outcomes than other age groups. Nephrol
Dial Transplant 2020;35:1043-51.
103. Foster BJ. Heightened graft failure
risk during emerging adulthood and transition to adult care. Pediatr Nephrol 2015;
30:567-76.
104. Watson AR, Harden PN, Ferris ME,
Kerr PG, Mahan JD, Ramzy MF. Transition from pediatric to adult renal services:
a consensus statement by the International Society of Nephrology (ISN) and the
International Pediatric Nephrology Association (IPNA). Kidney Int 2011;80:704-7.
Copyright © 2021 Massachusetts Medical Society.

August 19, 2021

The New England Journal of Medicine
Downloaded from nejm.org by null null on August 18, 2021. For personal use only. No other uses without permission.
Copyright © 2021 Massachusetts Medical Society. All rights reserved.

743

