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Abstract

The expansion of nonrenal solid organ transplantation and the improved longevity of organ
recipients have been accompanied by an increase in the number of recipients identified with
chronic kidney disease. The most important risk factor for posttransplant chronic renal dysfunc-
tion is the baseline renal function at the time of transplantation, and the dominant etiologic
factor in the posttransplant period is acute and chronic nephrotoxicity due to calcineurin in-
hibitors (cyclosporine and tacrolimus). Nonrenal organ transplant candidates arrive with a high
burden of chronic kidney disease risk factors and significant preexisting kidney disease, which
are worsened by transplant-related factors: (i) long-term exposure to the acute and chronic
nephrotoxic effects of drugs, and (ii) episodic acute kidney injury due to the hemodynamic
perturbations attendant to the transplantation procedure and posttransplant intercurrent ill-
nesses. Normative values of serum creatinine opacifies significant pretransplant kidney disease,
leading to significant underestimation of the burden and severity of kidney disease, with con-
sequent failure to implement preventative strategies early. The reported prevalence of chronic
kidney disease varies by organ and definition of chronic kidney disease applied. Overall, sig-
nificant chronic impairment in kidney function is evident in 50-85% of heart, liver, and lung
recipients within four years after transplantation. The risk of end-stage renal disease requiring
maintenance dialysis or kidney transplantation averages 2-3% per year. Studies show that
advanced chronic kidney disease and end-stage renal disease confers a 3-4-fold increased risk
of mortality in affected recipients. Clinical management of posttransplant chronic kidney
disease principally entails minimization of calcineurin inhibitors and substitution with other
agents such as sirolimus and mycophenolate mofetil. The initial studies of calcineurin inhibitor
minimization or discontinuation, while typically associated with modest improvement in renal
function, have not shown extended preservation of renal function and may be associated with
acute organ rejection. There are no specific therapies for preserving renal function in nonrenal
organ recipients, but experimental studies suggest that alpha-melanocyte stimulating hormone
and anti-transforming growth factor monoclonal antibodies may abrogate the nephrotoxic
effects of calcineurin inhibitors. (Trends in Transplant. 2009;3:59-69)
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|ntroduction

End-stage organ failure and chronic kid-
ney disease (CKD) both share multiple tradi-
tional risk factors such as hypertension, diabe-
tes mellitus, and chronic glomerular ischemia
due to poor renal perfusion. Hence, patients
who present as candidates for heart, liver, or
lung transplantation have a high prevalence of
CKD. The high burden of preexisting kidney
disease in solid organ transplant candidates is
made worse by transplant-related factors such
as long-term exposure to nephrotoxic drugs,
principally calcineurin inhibitors (CNI), and
episodic acute kidney injury (AKI) due to the
hemodynamic perturbations attendant to the
transplantation procedure and posttransplant
intercurrent illnesses. Cumulatively, recurrent
AKI and progressive posttransplant CKD po-
tentiate cardiovascular disease, aggravate
metabolic risk factors, increase allograft dys-
function, and lead to premature mortality. In this
review, the epidemiology and pathogenesis of
kidney disease in nonrenal organ transplant re-
cipients (heart, liver, lung, and their combina-
tions) are discussed, global and organ-specific
risk factors for CKD are described, and the
therapeutic options for the prevention and man-
agement of kidney failure in nonrenal organ
transplantation are critically appraised in the
light of the paucity of level one evidence on the
durability of the therapeutic benefits that can be
expected from the widely utilized treatment op-
tions for posttransplant kidney dysfunction.

Epidemiology and risk factors

Growth in the rate of nonrenal organ
transplantation is more rapid than the growth

in kidney transplantation alone. The overall
population of nonrenal organ transplant recipi-
ents is fast approaching that of kidney trans-
plant recipients. In 2005, the number of indi-
viduals living with a nonrenal organ transplant
in the USA was 70,073 compared to 97,558
individuals with a kidney only transplant’. The
expansion of nonrenal solid organ transplanta-
tions and their improved longevity has been
accompanied by an increase in the number of
recipients identified with CKD?7. The preva-
lence of CKD in nonrenal transplant recipients
ranges in estimates from 5-90%24812. The wide
variability in prevalence estimates reflects the
use of non-standardized definitions of CKD,
differences in susceptibility across organ types,
the mix of demographic groups, and the vary-
ing length of posttransplant intervals studied.
Using a standardized CKD definition devel-
oped by the National Kidney Foundation’s Kid-
ney Disease Outcomes Quality Initiative (K/
DOQI)'® for stages 4 and 5 CKD (glomerular
filtration rate, GFR, < 29 ml/min/1.73 m?), data
from the U.S. Scientific Registry of Transplant
Recipients (SRTR) found a cumulative inci-
dence of CKD to be 8, 18.1, and 27% (liver
recipients), 1.9, 10.9, and 21% (heart recipi-
ents), 2.9, 156.8, and 24% (lung recipients), at
one, five, and 10 years posttransplantation, re-
spectively?. Among all nonrenal transplant re-
cipients, the estimated annual incidence of
end-stage renal disease (ESRD) was 1.0-1.5%2.

Predilection for CKD differs by organ
type, with liver transplant recipients having
the highest prevalence of CKD® 417 compared
to comparatively lower rates reported in the
recipients of heart-lung transplants, although
the latter are predominantly young recipients
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with a mean age of 33 + 15 years at the time
of transplantation™. Older age at transplanta-
tion alone does not explain the higher predi-
lection for CKD in liver recipients as their
mean age at transplantation (44 = 18 years)
is comparable to that of heart-only transplant
recipients (47 = 18 years) who have a lower
rate of CKD'®. O’Riordan, et al. found a preva-
lence of 65.1% for stages 3-5 CKD at 10 years
posttransplantation in liver transplant recipi-
ents. The rate of loss of kidney function and
progression to ESRD follows a complex non-
linear pattern. Regardless of the baseline re-
nal function, accelerated decay of GFR tends
to occur within the first six months posttrans-
plant, followed by a slower rate of decline
interspersed by episodic and transient AKI,
which can occur in up to 25% of recipients
annually 1920,

Predisposing factors for posttransplant
CKD can be categorized into global risk fac-
tors common to all nonrenal organ transplant
recipients, and organ-specific risk factors that
have been found to increase risk in individual
organ types. Table 1 depicts the two catego-
ries of risk factors™®223, The most commonly
identified global risk factors include advanc-
ing age, pretransplant renal dysfunction, hy-
pertension, diabetes mellitus, chronic hepa-
titis C virus (HCV) infection (as demonstrated
by anti-HCV* antibody seropositivity), and fe-
male gender?2326 |nterestingly, black race, a
powerful risk factor for CKD in the general and
kidney transplant populations, has not been
identified as an independent predictor of
posttransplant CKD in nonrenal organ trans-
plant recipients. Although there appears to be
a vintage effect in liver transplantation, in
which transplantation prior to 1990 was a po-
tent risk factor?, a trend has not been consis-
tently demonstrated. The most consistent risk
factor for kidney dysfunction in the nonrenal
organ transplant population is the level of re-
nal function prior to transplantation. The mean
GFR prior to transplantation is equivalent to
stage 3 CKD in over 20% of candidates, with

the majority of transplant candidates being at
stage 2 CKD at the time of transplantation?2527,
Although much of the CKD in nonrenal trans-
plant recipients becomes clinically overt in the
posttransplant period, disease is commonly
the result of kidney injuries that predate trans-
plantation?8-3%, and most clinical studies have
found a significantly high rate of pretransplant
renal dysfunction, which tends to progress
relentlessly after transplantation31-36,

Pathogenesis of posttransplant
chronic kidney disease

Pretransplant mechanisms

A number of pathogenetic mechanisms
operate in concert and affect recipients dif-
ferently, depending on the type of nonrenal
transplantation being considered®”. In end-
stage liver disease (ESLD), hypotension is
commonly present and the progressive dis-
ruption of abdominal blood flow that accom-
panies cirrhosis and hepatorenal syndrome
often leads to substantial and protracted com-
promise of renal blood flow. Renal deposition
of IgA molecular complexes in the kidneys of
ESLD patients, partly due to a lack of hepatic
clearance of the antibody, has been well docu-
mented?®28. Additionally, common causes of
hepatic cirrhosis such as HCV (with or without
cryoglobulinemia), and to a lesser extent
hepatitis B virus (HBV) infections, also cause
direct kidney injury?439. Although infrequently
performed, biopsy studies of liver disease pa-
tients revealed that substantial glomerular in-
jury accompanied ESLD, even in the setting
of normal serum creatinine concentrations.
Crawford, et al. and McGuire, et al. indepen-
dently found that > 80% of HCV-infected cir-
rhotic patients who had a kidney biopsy at the
time of liver transplantation had evidence of
an immune complex glomerulonephritis30:39,

Cardiac transplant candidates frequently
have atherosclerotic vascular disease?®. As
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Table 1. Global and organ-specific risk factors for chronic kidney disease in nonrenal organ transplant recipients'®2'-2

Global risk factors

Organ-specific risk factors

Heart

Liver Lung

Age at transplantation
Female gender
Systemic hypertension
Diabetes mellitus failure
Drug-induced nephrotoxicity Cyanotic congenital
(non-immunomodulating drugs) cardiac disease
Preoperative renal function

Perioperative acute renal failure

Calcineurin inhibitors

Renal hypoperfusion

systolic function deteriorates, increasing di-
uretic requirements and cardiorenal physiol-
ogy may further decrease effective renal per-
fusion. As a result, the typical cardiac transplant
candidates often experience ongoing renal is-
chemia and upregulation of the renin-angio-
tensin-aldosterone system (RAAS), despite
total body volume overload, which further con-
tributes to renal vasoconstriction and periop-
erative acute ischemic injury®®. In lung trans-
plant candidates, kidney injury may result
from portal hypertension, atherosclerosis (in
long-term smokers), and frequently indicated
treatment with nephrotoxic anti-infective agents
(e.g. aminoglycosides), along with renal dys-
function associated with the underlying pri-
mary cause of end-stage lung disease (e.g.
cystic fibrosis-associated oxalosis, urolithia-
sis, and medullary calcinosis)''-1631.41 Because
a significant fraction of lung transplant candi-
dates are relatively young at the time of trans-
plantation (e.g. cystic fibrosis patients), there
is a significantly long lifetime risk for the de-
velopment of CKD in transplant survivors#?,

In each of the nonrenal transplants con-
sidered, the extent of kidney injury at the time
of organ transplantation is often under appre-
ciated. Chronic illness and the extent of mus-
cle wasting, often masked by the edema, typ-
ically accompanies progression to end organ
failure in liver and heart transplant candidates.
Poor nutritional status and protein catabolism
result in reduced creatinine generation. For these

Systemic atherosclerosis Secondary IgA
nephropathy
Hepatitis B- or
C-associated
glomerulonephritis
Hepatorenal syndrome hypoxia
Oxalosis

Repeat liver transplantation

due to congestive heart

Cystic fibrosis
Pulmonary hypertension
Focal segmental
glomerulosclerosis
secondary to chronic

reasons, normative values of serum creatinine
may obscure significant pretransplant kidney
disease. Studies by Gonwa, et al., Delanaye,
et al. and Broekroelofs, et al. revealed the limi-
tations of creatinine-based estimations of renal
function in liver, heart, and lung transplant re-
cipients?”4344 Creatinine-based estimations
tend to suggest better renal function than gold
standard 1'% jothalamate studies in these pa-
tients*®. Biopsy studies also show that most of
the pretransplant renal injuries have a high
chronicity index*, such that posttransplant
progression is inexorable with significant mor-
bidity and mortality47-4°,

Surgical and perioperative
acute renal failure

At the time of transplant surgery, AKl is
common. Acute kidney injury, defined as a
25% increase in serum creatinine from base-
line or an absolute rise in serum creatinine >
0.5 mg/dl, occurs in up to 61% of liver, 60%
of lung, and 30% of cardiac transplant recipi-
ents>%0-54 Acute kidney injury is the result of
operative and perioperative hypotension,
bleeding, diuretics, and the institution of cal-
cineurin inhibition (cyclosporine, tacrolimus)
during the transplant hospitalization®. Heart
transplant recipients may also suffer kidney
injury from vascular cross-clamping at the
time of surgery. Much of the ischemic kidney
injury in this setting is largely unavoidable, but
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nonetheless contributes to the renal injury as-
sociated with transplant surgery. The risk for
operative AKI is increased in patients with
abnormal renal function at the time of trans-
plantation251:%5-58 A number of transplant re-
cipients with AKI (up to 25, 15, and 10% of
liver, heart, and lung, respectively)®®%? re-
quire hemodialysis or continuous renal re-
placement therapy during the initial transplant
hospitalization®®83. The need for renal re-
placement therapy following nonrenal organ
transplantation is associated with future de-
velopment of CKD as well as a doubling of
one-year posttransplant mortality compared
to recipients without AK|[9559.6162 A sybset of
recipients who experience AKI at the time of
organ transplantation may fail to recover re-
nal function and require chronic dialysis. An
additional source of renal insult is slow or
poor function of the transplanted organ, which
can continue to prolong ischemic renal inju-
ry89.64 Acute kidney injury, with or without the
need for dialysis, is a strong risk factor for
posttransplant CKD?2%562,

Posttransplant mechanisms

Many posttransplant events contribute
to the overall burden of kidney disease in non-
renal transplant recipients®-%7. A significant
part of CKD development or progression re-
sults from ongoing renal insults that accu-
mulate from the traditional CKD risk factors®®
(hypertension, new-onset diabetes after trans-
plantation, and dyslipidemia are present in
65-90, 1-2, and 45-80%, respectively, of non-
renal transplant recipients)®®72. Chronic HCV
infection has also been linked to new-onset
diabetes after transplantation and an in-
creased risk of CKD"3,

Renal injury is a well-established ad-
verse effect of CNI and mammalian target of
rapamycin (mTOR) analogs (sirolimus), which
are two immunosuppressive drug classes com-
monly used in nonrenal organ tranplantation”+75.

The nephrotoxic effects of these agents either
alone or in combination are broad'®7677, Cal-
cineurin inhibitors are potent vasoconstrictors
that profoundly affect both afferent glomerular
blood flow and promotion of systemic hyper-
tension’®7°, Chronic CNI injury, clinically man-
ifested by increased serum creatinine, sub-
nephrotic range proteinuria, and a bland urine
sediment, is present in the majority of long-
surviving, nonrenal transplant recipients. Kid-
ney biopsy studies demonstrate histologic
changes consistent with long-term CNI nephro-
toxicity in 60-70% of heart and liver transplant
recipients with posttransplant ESRD'0.80,

The hemodynamic and nephrotoxic ef-
fects of CNI are mediated through inhibition
of nitric oxide and alterations in the RAAS#0.81-
83, Angiotensin Il (Atll) is a potent vasocon-
strictor that promotes interstitial scarring in the
kidney. Upregulation of Atll receptors has
been demonstrated in patients exposed to
cyclosporine, and serves as one mechanism
of renal dysfunction8+8%. Aldosterone increas-
es sodium and water retention and, in the
presence of Atll, also upregulates the expres-
sion of plasminogen activator inhibitor-1,
which may directly lead to glomerular inju-
ry81.86-92 - Calcineurin inhibitors also promote
the activity of other profibrotic and thrombotic
cytokines, such as platelet-derived growth
factor, thromboxane, and transforming
growth factor-beta 1 (TGFB-1)%394, The latter
has been shown to cause interstitial renal
scarring in murine models of kidney injury and
likely plays a part in chronic allograft neph-
ropathy seen in renal transplant recipients®,
Among heart transplant recipients, individuals
homozygous or heterozygous for TGFB-1
codon 10 gene are 3-4-times more likely to
develop CKD after CNI exposure than recipi-
ents not expressing the gene® . Increased
intrarenal expression of additional profibrotic
substances, such as collagen, fibronectin, os-
teopontin, and matrix metalloproteinases 2 and
9, have also been shown in patients exposed
to CN[94100,
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Calcineurin inhibitors also cause meta-
bolic changes that can disturb kidney func-
tion. The CNI are diabetogenic and 5-20% of
nonrenal transplant recipients may develop
new-onset diabetes following transplan-
tation”310". Furthermore, the two currently
available CNI formulations (cyclosporine and
tacrolimus) lead to dyslipidemia, which in
combination with hypertension has been
shown to accelerate renal injury in the gen-
eral population. Superimposed on CNI immu-
nosuppression are often anti-infective and
anti-inflammatory agents that may increase
nephrotoxicity.

Sirolimus is increasingly used as part of
the immunosuppressive regimen in nonrenal
transplant recipients. Sirolimus promotes dys-
lipidemia, causes anemia, and has been as-
sociated with new-onset proteinuria®?193,
When used in combination with CNI, sirolimus
potentiates CNl-related renal toxicity?6.104.105,
Cyclosporine, tacrolimus, and sirolimus, through
the promotion of hypertension, new-onset dia-
betes after transplantation, and dyslipidemia,
may accelerate atherosclerosis which also
negatively impacts renal function.

Potent immunosuppressive medication
regimens that arrived in clinical transplanta-
tion in the 1990s have heightened the risk of
infectious renal complications such as polyo-
mavirus (BK) nephropathy96-199, Polyomavirus
is trophic to the bladder epithelium and has
been shown to cause nephropathy in heart
transplant recipients%°,

Although long-term renal injury from
CNI exposure appears to be the major histo-
logic feature in nonrenal transplant recipients,
such injury may be indistinguishable from un-
related, focal segmental glomerulosclerosis and
chronic ischemia changes associated with
atherosclerotic vascular disease''®. De novo
glomerular diseases have also been docu-

mented in nonrenal organ transplant popula-
tion824,52,111,112_

Consequences of development
of chronic kidney disease

The development of CKD following non-
renal organ transplantation is associated with
increased morbidity and mortality32:53.57,113-116
Nonrenal transplant recipients with CKD expe-
rience increased hospitalizations, financial
costs, and infections compared to recipients
with normal renal function33'"7, In addition,
compromise of renal function can have a det-
rimental effect on the transplant organ, with
worsening transplant function further nega-
tively impacting kidney function in a vicious
cycle*”%369 Decreased renal function can af-
fect recipient management by complicating
medication interactions and forcing dose ad-
justment or exclusion of important and criti-
cally needed pharmacologic agents. Because
serum creatinine GFR estimating equations
tend to underestimate the severity of kidney
dysfunction, recipients are at risk for inadver-
tent medication overexposures and toxicities.

A significant and growing minority of
nonrenal transplant recipients with CKD prog-
ress to ESRD and, in this group, maintenance
dialysis therapy is associated with substantially
increased mortality'8120 Nonrenal transplant
recipients on dialysis experience an increased
mortality risk compared to non-transplant ESRD
patients.

Prevention and management
of posttransplant chronic kidney
disease

Prior to transplantation, a precise esti-
mate of kidney function should be obtained. An
astute awareness of the potentially misleading
GFR estimates based on serum creatinine is
paramount, and GFR measurements should be
obtained whenever possible’®! 22, When mea-
sured GFR is not feasible, as is more frequent-
ly the case, the modification of diet in renal
disease equation has been suggested to be a
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more accurate approximation of GFR compared
to the other estimating equations?’. Organ trans-
plant candidates and recipients with evidence
of renal dysfunction and those at increased risk
of preoperative AKI and/or CKD should be re-
ferred early for nephrology consultation. In many
instances, early involvement and coordination of
care with nephrology can facilitate prompt diag-
nosis and preventative management to mini-
mize acute kidney injury and/or mitigate the rate
of progression of CKD'23,

Aggressive CKD management using
established clinical guidelines may delay or
avert the need for renal replacement therapy.
Treatment of anemia, minimization of calcium
and phosphorus abnormalities, correction of
hyperkalemia and acidosis are important thera-
peutic steps that can reduce CKD morbidity
and premature mortality'3. Adjustment of the
doses of medication consistent with the level
of GFR and recognition of medication interac-
tions that may exacerbate nephrotoxicity can
also help to limit perioperative renal injury and
decrease intercurrent episodes of AKI, which
is very common and can itself contribute to
diminished renal survival.

In the maintenance phase of nonrenal
transplant recipient management, control of tra-
ditional and transplant-specific CKD risk factors
can help to minimize CKD progression. Trans-
plant-specific recommendations and the clini-
cal guidelines developed for the general popu-
lation are useful tools. Hypertension should be
treated according to goals set forth in the Sev-
enth Report of the Joint National Committee on
Prevention, Detection, Evaluation and Treat-
ment of Hypertension (JNC-7)'?4. Increased uti-
lization of RAAS blockade may decrease TGFf
levels and Atll-associated interstitial scaring®.
Pre-transplant and new-onset diabetes mel-
litus along with hyperlipidemia should be con-
trolled according to American Diabetes As-
sociation'®® and National Cholesterol Education
Program Adult Treatment Panel 11?6 guidelines.
Smoking cessation, diet, and weight loss are

non-pharmacologic steps that are uniformly
helpful and may have salutary impact on the
development and progression of CKD.

Calcineurin inhibitor minimization has
been used as a strategy in the renal toxicity
associated with long-term CNI exposure1?7.128,
Substitution of CNI with mycophenolate mofetil
may be beneficial in nonrenal transplant re-
cipients'2%130 " Sjrolimus also allows for CNI
minimization, but reports of long-term allograft
and renal benefit are mixed'3'-134. Early mini-
mization of CNI appears to have a more sig-
nificant impact on improving renal function
than late withdrawal'®®130, There is some evi-
dence that tacrolimus may have a less delete-
rious effect on renal function than cyclosporine,
but the improvements in renal function may
not be clinically relevant'®®138  Reduction of
CNI may have additional benefits in the form
of improved blood pressure control and re-
duction of dyslipidemia. Although CNI minimi-
zation, when possible, appears beneficial, de
novo CNI avoidance appears to be associat-
ed with increased allograft rejection episodes
and is not supported by high-quality clinical
trial evidence of safety and efficacy*6.130.139,

Although there is no specific therapy for
CNI-induced nephrotoxicity, two promising
agents, alpha-melanocyte stimulating hormone
(0-MSH) and anti-TGFB antibody, have been
showed to confer a renal-protective effect
against CNI toxicity. Lees, et al.'° showed that
chronic CNI nephrotoxicity is partly mediated
by Bax and Bcl2-related apoptosis pathways,
and demonstrated that in male Sprague-Dawley
rats fed with a low-sodium diet, 42 days of MSH
infusion attenuated CNI-induced tubulointersti-
tial fibrosis and renal tubular cell apoptosis. In
an experimental rodent model of heterotopic
heart transplantation, Khanna, et al.’*! showed
that TGFB partly mediates the immunosuppres-
sive and nephrotoxic effects of cyclosporine,
and 1 mg/kg body weight of anti-TGFB antibody
inhibited the CNI-induced expression of fibro-
genic molecules and reduced renal toxicity.
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In patients with progressive renal dys-
function, early referral to nephrology is essen-
tial. Kidney transplantation remains the best
option for many nonrenal transplant recipients
requiring chronic renal replacement thera-
py'#2. As with transplant-naive candidates,
preemptive transplantation and living donor
kidney transplantation afford the best survival
advantages over dialysis'#145. Previous non-
renal transplant recipients with ESRD appear
to be waitlisted for a kidney transplant at a
relatively high frequency (> 45% of ESRD non-
renal transplant candidates)?. Kidney trans-
plantation has been shown to result in impro-
ved outcomes in selected heart, lung, and
liver transplant recipients®111.146 A registry
study compared the survival benefit in nonre-
nal transplant recipients with ESRD receiving
dialysis versus a kidney transplant and found
that kidney transplantation in previous nonre-
nal transplant recipients was associated with
a 44% reduction in long-term risk of death
compared to remaining on the waiting list?.

Summary and conclusions

Acute kidney injury and CKD are com-
mon and increasingly important consequenc-
es of successful nonrenal organ transplanta-
tion. Kidney disease confers significant excess
morbidity and premature mortality in affected
individuals. A high burden of unavoidable pre-
transplant renal disease and posttransplant
intercurrent AKI contribute to diminished renal
survival in nonrenal organ recipients. Liver
transplant recipients appear to be at the high-
est risk of renal dysfunction. Early recognition
of kidney impairment and referral for nephrol-
ogy services may positively impact kidney
outcomes. Durable improvement in renal func-
tion and delayed progression of CKD from
CNI minimization and CNI withdrawal are in-
tuitively attractive and widely utilized treat-
ment options, but are not supported by robust
clinical trial evidence. The timing of either CNI
minimization or its complete avoidance that

would preserve renal function without jeopar-
dizing allograft viability is not known. In non-
renal transplant recipients with ESRD, kidney
transplantation is associated with improved
outcomes.
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