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PREFACE

The modern era of transplantation can be said to have begun with two
momentous events in the early 1950s. In 1953, Peter Medawar and his
colleagues at University College London described actively acquired
immunologic tolerance in rats, thus heralding the science of trans-
plant immunology and an ongoing search for a similar, reproducible
phenomenon in humans. The modern era of clinical transplantation
began on December 23, 1954, when Joseph Murray and his colleagues
at Harvard performed the first kidney transplantation between iden-
tical twin brothers. Both of these pioneers were rewarded with the
Nobel Prize for their contributions. In many ways, the promise of these
discoveries has been fulfilled in the over 60 years that have followed.
The mere fact that organ transplantation is the subject of a handbook
series such as this reflects the extent to which it has become normative
medical practice. Hundreds of thousands of lives have been saved, and
quality years have replaced years of suffering. Our understanding of
the complex immunobiology of the immune response has advanced
and has brought widespread benefits well beyond the field of organ
transplantation. A broad armamentarium of immunosuppressive
medications is now available, and innovative surgical techniques
serve to expand the donor pool and minimize morbidity. National and
international organ-sharing organizations are an accepted part of the
medical landscape of the developed world.

Modern organ transplantation can be visualized as a complex edifice
that rests on a triangular base: in one corner is the basic research that
is the lifeblood of improvement and innovation; in another corner is
clinical transplant medicine, a relatively new medical subspecialty that
requires compulsive, detail-oriented clinical care and both organ-specific
and broad medical expertise; in the third corner are the ethical and
cultural underpinnings of the whole transplantation endeavor, an
endeavor that is utterly dependent on a well-developed sense of shared
humanity and community and on absolute trust among medical staff,
patients, and families. Trust is the bedrock of societal acceptance of
organ donation, from both the living and the dead. The generosity and
altruism of organ donors and their families can provide an enlightening
antidote to our sometimes cruel and fragmented world.

Yet the success of clinical transplantation—with low mortality, high
graft survival, and a low incidence of rejection episodes—has, paradoxi-
cally, made it more difficult to prove the benefit of new approaches.
Because the demand for organs greatly outstretches supply, patients
with advanced kidney disease who do not have a living donor may be
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vi  Preface

faced with an interminable, and often morbid, wait for an organ from
a deceased donor. The need for living donors has, on the one hand,
provided a stimulus to develop ingenious new approaches to facilitate
donation, and on the other hand, spawned an illegal, exploitive, global
market in purchased organs. The Declaration of Istanbul on Organ Traf-
ficking and Transplant Tourism (see Chapter 23) serves to codify the
protection of the health and welfare of living donors while promoting
the effective and healthy practice of deceased donation all over the
globe. The chronic shortage of transplantable organs is unlikely to
be solved without dramatic progress in the prevention of end-stage
organ failure. Clinical xenotransplantation, a procedure that promised
to provide the ultimate answer to the organ donor shortage, remains
remote. Regenerative techniques and “organ printing” may yet provide
an inexhaustible supply of organs, but not for a while!

This sixth edition of the Handbook of Kidney Transplantation has been
thoroughly updated and revised to reflect the most current knowledge
and practice in the field. Like its predecessors, its mission is to make
the clinical practice of kidney transplantation fully accessible to all
those who are entrusted with the care of our long-suffering patients.

—Gabriel M. Danovitch, March 2017

Online resources are not available with this text.
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Options for Patients with
Advanced Kidney Disease

Gabriel M. Danovitch

Before 1970, therapeutic options for patients with end-stage kidney
disease (ESKD) were quite limited. Only a few patients received regular
dialysis because few dialysis facilities had been established. Patients
underwent extensive medical screening to determine their eligibility
for ongoing therapy, and treatment was offered only to patients who
had renal failure as the predominant clinical management issue. Kidney
transplantation was in the early stages of development as a viable
therapeutic option. Transplant immunology and immunosuppressive
therapy were in their infancy, and for most patients, a diagnosis of
chronic kidney disease (CKD) was a death sentence.

In the decades that followed, the availability of care for patients
with kidney failure grew rapidly throughout the developed world. In
the United States, the passage of Medicare entitlement legislation in
1972 to pay for renal replacement therapy (RRT—maintenance dialy-
sis and renal transplantation), provided the major stimulus for this
expansion. In the so-called developed world, RRT services are now
available, in principle if not always in practice, for all those in need.
In the developing world, such services are still sporadic. It has been
estimated that in South Asia, more than 90% of patients with ESKD
die within months of diagnosis, and in most parts of Africa, the reality
is even starker (see Chapter 22).

Despite numerous medical and technical advances, patients with
kidney failure who are treated with dialysis often remain unwell.
Constitutional symptoms of fatigue and malaise persist despite bet-
ter management of anemia with erythropoietin stimulating agents.
Progressive cardiovascular disease (CVD), peripheral and autonomic
neuropathy, bone disease, and sexual dysfunction are common, even in
patients who are judged to be treated adequately with dialysis. Patients
may become dependent on family members or others for physical, emo-
tional, and financial assistance. Rehabilitation, particularly vocational
rehabilitation, remains poor. Such findings are not unexpected, however,
because even efficient hemodialysis regimens provide less than 15% of
the small-solute removal of two normally functioning kidneys. Removal
of higher-molecular-weight solutes is even less efficient.

For most patients with kidney failure, kidney transplantation has
the greatest potential for restoring a healthy, productive life. Kidney
transplantation does not, however, occur in a clinical vacuum. Virtu-
ally all transplant recipients have been exposed to the adverse conse-
quences of CKD. Practitioners of kidney transplantation must consider
the clinical impact of CKD on the overall health of renal transplant
candidates when this therapeutic option is first considered. They
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2 Chapter 1/ Options for Patients with Advanced Kidney Disease

must also remain cognizant of the potential long-term consequences
of previous and current CKD (see Chapter 8) during what may be de-
cades of clinical follow-up after successful renal transplantation (see
Chapter 11). For updated reviews of the medical literature relating
to ESKD and dialysis and transplantation, readers are referred to the
American Society of Nephrology Self-Assessment Program (NephSAP)
(see “Selected Readings”).

STAGES OF CHRONIC KIDNEY DISEASE: THE BIG PICTURE

The nomenclature, staging, and prognosis of CKD as defined by the
2012 Kidney Disease: Improving Global Outcomes (KDIGO) Clinical
Practice Guidelines are shown in Figure 1.1. A similar classification
has been defined by the National Kidney Foundation Disease Outcome
Quality Initiative (K/DOQI). The purpose of these classifications is to
permit more accurate assessments of the frequency and severity of
CKD in the general population, enabling more effective targeting of
treatment recommendations. Note that the classifications are based on
estimated values for glomerular filtration rate (GFR) and albuminuria
and that the terms kidney failure and ESKD are used for patients with
values less than 15 mL/min.

The United States Renal Data Systems (USRDS) reports annually
on the prevalence of CKD in the US population, analyzing data from
the National Health and Nutrition Examination Survey (NHANES). It

Persistent albuminuria categories
Description and range
A1 A2 A3
Prognosis of CKD by GFR
. . . Normal to Moderately Severely
and albulggélazg:;egones' mildly increased| increased increased
<30 mg/g 30-300 mg/g >300 mg/g
<8 mg/mmol | 3-30 mg/mmol | >30 mg/mmol
G1 | Normal or high >90
G2 | Mildly decreased 60-89

G3a Mildly to moderately

decreased G

G3b Moderately to

severely decreased =k

G4 | Severely decreased 15-29

Description and range

G5 | Kidney failure <15

GFR categories (mL/min/ 1.73 m?)

Green, low risk (if no other markers of kidney disease, no CKD); Yellow, moderately increased risk;

Orange, high risk; Red, very high risk.

FIGURE 1.1 Current Chronic Disease (CKD) nomenclature as used by KDIGO. CKD is de-
fined as abnormalities of kidney structure or function, present for >3 months, with impli-
cations for health, and CKD is classified based on cause, GFR category, and albuminuria
category (CGA). (Reprinted from Kidney Disease: Improving Global Outcomes (KDIGO) CKD
Work Group. KDIGO 2012 Clinical Practice Guideline for the Evaluation and Management of
Chronic Kidney Disease. Kidney Inter Suppl 2013;3:1-150, with permission from Elsevier.)



Chapter 1/ Options for Patients with Advanced Kidney Disease 3

has been estimated that the overall prevalence of CKD in the general
population is approximately 15%, with almost half reporting a diagnosis
of diabetes and/or CVD. The prevalence of CKD with respect to its stages
is shown in Figure 1.2. As 0f 2016, over approximately 700,000 individu-
als had overt kidney failure, or ESKD, a number that represents only
the “tip of the iceberg” of progressive CKD. Fortunately, the incidence
of ESKD has declined somewhat in the last decade, and the incidence
of newly diagnosed diabetes has fallen by 20%. It is also evident from
Figure 1.1 that most, if not all, kidney transplant recipients can be
regarded as having some degree of CKD because their kidney func-
tion is rarely normal, whereas living kidney donors, whose GFR may
be mildly reduced, are at low risk of developing CKD (see Chapter 7).

A discussion of the management of CKD in the general population is
beyond the scope of this text. Strict blood pressure control and the use
of angiotensin-converting enzyme inhibitors and receptor blockers, both
in diabetic patients and in those with proteinuria from other glomerular
diseases, are standard practice. There is less certainty, however, about
the benefits of these agents in patients without significant proteinuria.
Low-protein diets, with or without amino acid supplementation, may
delay the onset of kidney failure or death in patients with established
CKD, but there is insufficient evidence to recommend restricting

10 CKD Stages 1-5
W 1988-1994 12.0(10.4-13.5)

[111999-2004 14.0(12.4-15.7)
@ 2007-2012 13.6(12.1-15.2)

Percent

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

FIGURE 1.2 Prevalence of CKD by stage among NHANES participants, 1988 to 2012. Data
Source: National Health and Nutrition Examination Survey (NHANES), 1988 to 1994, 1999
t0 2004 and 2007 to 2012 participants aged 20 and older. Whisker lines indicate 95% con-
fidence intervals. (Reprinted from Saran R, Li Y, Robinson B, et al. US Renal Data System
2015 Annual Data Report: epidemiology of kidney disease in the United States. Am J Kidney
Dis 2016;67(3, suppl 1):51-S434, with permission from Elsevier.)
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dietary protein intake to less than 0.8 g/kg/day on a routine basis, and
malnutrition is a real concern (see Chapter 20). Lipid-lowering agents
and lifestyle changes, particularly smoking cessation, and reduction
in red-meat intake may slow disease progression. New agents, such as
empagliflozin, a sodium-glucose cotransporter 2 inhibitor, may slow
the development of CKD in type 2 diabetes. Many of the concerns and
treatment recommendations pertaining to the long-term management
of kidney transplant recipients, which are discussed in Chapter 11, also
apply to patients with CKD.

Estimation of Glomerular Filtration Rate

Measurements of GFR provide an overall assessment of kidney func-
tion in both the transplant and nontransplant settings. The GFR is
measured best by the clearance of an ideal filtration marker such as
inulin or with radiolabeled filtration markers (see Chapter 14). In clinical
practice, GFR is usually estimated from measurements of creatinine
clearance or serum creatinine levels to circumvent the need for timed
urine specimen collections. Several equations have been developed to
estimate GFR after accounting for variations in age, sex, body weight,
and race. These include the Cockcroft—Gault, Modification of Diet in
Renal Disease (MDRD), and the 2009 CKD-EPI equations. Further ac-
curacy may be achieved by adding measurement of the serum cystatin C
level. Although these equations are valuable in large cohorts of patients,
their validity in individual patients is inconsistent.

DEMOGRAPHICS OF THE END-STAGE KIDNEY DISEASE
POPULATION: UNITED STATES

Each year, the USRDS provides updated demographic information about
patients with kidney disease who are treated with either dialysis or renal
transplantation in the United States. Excerpts of this massive report,
presented in an easily accessible fashion, are published annually in the
January issue of the American Journal of Kidney Diseases (see “Selected
Readings”). According to the 2015 report, as of December 2013, about
470,000 patients were receiving maintenance dialysis in the United
States, and about 200,000 had a functioning transplant (Table 1.1). The
increase in the number of dialysis patients has slowed somewhat, and
this number now increases at an annual rate of about 4%. By the year
2020, the number of dialysis patients is expected to approach 500,000.
Those who live with ESKD are 1% of the U.S. Medicare population but
account for 7% of the Medicare budget.

Approximately 40% of patients receiving regular dialysis are older
than 65 years, and the mean age of those beginning treatment is greater
than 60 years; these numbers are projected to increase in the next de-
cade. This phenomenon has been described as the “gerontologizing”
of nephrology, and accounts for the frequency of aged patients being
evaluated for, awaiting, and undergoing renal transplantation (see
Chapter 8). In the ESKD population, men slightly outnumber women,
and more than 30% are African American. The prevalence of African
Americans in the ESKD population thus exceeds by threefold their
percentage in the general population of the United States. Much of
thisincreased incidence is because of the frequency of the APOL1 gene,
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Number and Percentage of Prevalent Cases of
Hemodialysis, Peritoneal Dialysis, and Transplantation by
Age, Sex, Race, Ethnicity, and Primary ESRD Diagnosis, in
the US Population, 2013
HD PD Transplant
Total n % n % n %
Age
0-21 9,979 1,993  20.0 1,206 121 6,780  67.9
22-44 100,836 50,973  50.6 8,751 87 41,112 408
45-64 292,344 174610 59.7 20,051 6.9 97683 334
65-74 149,225 102,609 68.8 9368 63 37,248 250
75+ 107,485 91,164 848 5882 55 10,439 9.7
Sex
Male 378,185 238,277 63.0 24602 65 115306 305
Female 281,604 183,009 650 20651 7.3 77,944 277
Race
White 407,377 239,192 587 30323 74 137862 338

Black/African 202,843 153,406 756 11,169 55 38,268 18.9
American
Native American 7,188 5000 69.6 438 6.1 1,750 243

Asian 36,882 22,548  61.1 3195 87 11,139 302
Other/Unknown 5,579 1,203 216 133 24 4243 761
Ethnicity

Hispanic 111,622 76,790  68.8 6,901 62 27931 250
Non-Hispanic 548,247 344559 628 38357 7.0 165331 302
Primary Cause of ESRD

Diabetes 247,257 187520 758 16,060 6.5 43677 17.7
Hypertension 165,634 122624 740 11,962 7.2 31,048 187
Glomerulonephritis 107,853 45012 417 8557 7.9 54284 503
Cystic kidney 30,977 9810 317 1,990 64 19177 619
Other/Unknown 108,148 56,383  52.1 6689 62 45076 41.7
All 659,869 421,349 639 45258 69 193262 29.3

Data Source: Special analyses, USRDS ESRD Database. The numbers in this table exclude “Other
PD" and “Uncertain Dialysis.”

ESRD, end-stage renal disease; HD, hemodialysis; PD, peritoneal dialysis.

(Reprinted from Saran R, Li Y, Robinson B, et al. US Renal Data System 2015 Annual Data Report:
epidemiology of kidney disease in the United States. Am J Kidney Dis 2016;67(3, suppl 1):S1-S434,
with permission from Elsevier.)

which occurs exclusively in African Americans and is associated with a
more rapid decline in GFR. The gene is believed to have been perpetu-
ated by the resistance it provides to disease-causing trypanosomes.
Evidence also links poverty to CKD, either as a direct impact of
poverty on CKD or indirectly through the increased health care burden
linked to poverty-associated diabetes and hypertension. The poor
and socially deprived have a greater prevalence of ESKD. Access to
renal care, dialysis, and transplantation may also be affected by social
deprivation. Poverty and social deprivation are emerging as major
risk markers for CKD in both developing and developed countries
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(see Chapter 22). Much of the excess risk for CKD ascribed to ethnicity
is essentially economic in nature.

Despite improvements in the clinical management of both diabetes
mellitus and hypertension, these two diagnostic categories remain by
far the most common causes of ESKD. In Hispanic, Native American,
and Pacific Island patients, the burden of diabetes is particularly
heavy. Older patients and those with diabetes are more likely to be
accepted for dialysis in the United States than in other countries.
Moreover, patients now beginning dialysis in the United States have
more comorbid medical conditions than those accepted for treatment
in the 1980s. Congestive heart failure is present in 35% of the incident
dialysis population, whereas coronary artery disease can be found in
up to 40% of the incident dialysis population in some published reports.

There has been a slow but steady increase in the number of deceased
donor kidney transplants performed each year: approximately 8,500 in
2002 and over 12,000 in 2016. This increase reflects the efforts of the
Organ Donation and Transplantation Breakthrough Collaborative (see
Chapter 5), statewide registration for organ donation such that 60% of
adults in the United States are registered organ donors, and repeated
positive public relations messages such that 95% of the US adult popu-
lation expresses approval for the concept of deceased organ donation.
The annual number ofliving donor transplants has remained steady in
the years 2011 to 2016 at approximately 5,600 despite an increase in the
number of transplants from living donors who are not biologically related
to the recipient (Fig. 1.3 and Chapter 7). The number of patients who are
awaiting deceased donor renal transplantation is progressively rising,
reaching more than approximately 100,000 by mid-2016. About one-third
of these patients have been designated “inactive,” and the “active” trans-
plant waiting list has remained relatively stable (see Chapter 5). There
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FIGURE 1.3 Number of kidney transplants, 1996 to 2013. Data Source: National Health and
Nutrition Examination Survey (NHANES), 1988 to 1994, 1999 to 2004 and 2007 to 2012 par-
ticipants aged 20 and older. (Reprinted from Saran R, Li Y, Robinson B, et al. US Renal Data
System 2015 Annual Data Report: epidemiology of kidney disease in the United States. Am
J Kidney Dis 2016;67(3, suppl 1):S1-S434, with permission from Elsevier.)
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FIGURE 1.4 Annual mortality rates for dialysis patients on the kidney transplant waiting
list by time on the list, 1996 to 2013. Annual mortality rates of dialysis patients on the
kidney transplant waiting list per 1,000 dialysis patient years at risk, by patient vintage.
Data Source: National Health and Nutrition Examination Survey (NHANES), 1988 to 1994,
1999 to 2004 and 2007 to 2012 participants aged 20 and older. (Reprinted from Saran R,
Li Y, Robinson B, et al. US Renal Data System 2015 Annual Data Report: epidemiology of
kidney disease in the United States. Am J Kidney Dis 2016,67(3, suppl 1):S1-S434, with
permission from Elsevier.)

are likely many ESKD patients who are potential transplant candidates
but have not been referred to transplant programs, so there remains a
massive gap between the supply of and the demand for deceased donor
kidneys. Consequently, the average waiting time for a deceased donor
transplant has increased substantially, and it is now measured in years
for most patients (see Chapters 5 and 8). The increasing incidence of
CKD and ESKD, in a background of a national “epidemic” of obesity,
diabetes, and inadequately treated hypertension, makes it unlikely that
waiting time for a transplant will be eradicated in the absence of more
effective CKD prevention and radical advances in the development
of artificial organs. The mortality rate for patients on the waiting list
increases as the time on the list gets longer (Fig. 1.4), and the longer
the wait the worse is the outcome of the transplant (see Chapter 8).

DEMOGRAPHICS OF THE END-STAGE KIDNEY DISEASE
POPULATION: WORLDWIDE

The worldwide ESKD population is estimated to be greater than
2 million persons. The highest prevalence and incidence rates for
ESKD are reported from Taiwan, Japan, Mexico, and the United States.
The high rate in the United States (Fig. 1.5) reflects, in part, the high
incidence of ESKD in African Americans. Other factors, particularly
limitations on the availability of dialysis, also play a role. Age is an
important factor for patient selection in some countries, whereas in
the United States, there is no age restriction for providing dialysis, and
this largely explains the steady rise in the average age of the US dialy-
sis population. Modalities for the management of ESKD vary among
countries. For example, in the United Kingdom, Australia, and Canada,
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FIGURE 1.5 Incidence of treated ESRD, per million population, by country, 2013. Data
Source: Special analyses, USRDS ESRD Database. Data presented only for countries from
which relevant information was available. All rates are unadjusted. (Reprinted from Saran
R, Li Y, Robinson B, et al. US Renal Data System 2015 Annual Data Report: epidemiology
of kidney disease in the United States. Am J Kidney Dis 2016;67(3, suppl 1):S1-S434, with
permission from Elsevier.)

home dialysis is used extensively, whereas this therapeutic approach
is uncommon in Japan and the United States. Renal transplantation
rates from both deceased and living donors vary considerably among
developed countries (See Chapter 22 and Fig. 22.1). Legal constraints
and cultural barriers to the acceptance of brain-death criteria or living
donation are important determinants of national transplantation rates.
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TREATMENT OPTIONS FOR END-STAGE RENAL DISEASE:
HEMODIALYSIS

Hemodialysis is the predominant technique for treating ESRD through-
out the world. In the United States, most patients start their ESRD care
with hemodialysis. The procedure can be done either in a medical
facility specifically designed for this purpose or in the patient’s home.
When performed in a dialysis facility, hemodialysis treatments typically
range in length from 2.5 to 5 hours, and they are usually done 3 times a
week. For highly motivated patients with a suitable living environment
and a willing assistant, usually a spouse, hemodialysis can be done at
home, freeing the patient from the need to visit a dialysis center and
to adhere to arigid treatment schedule.

During dialysis, solutes are removed by diffusion across a semiper-
meable membrane within a dialyzer, or artificial kidney, from blood
circulated through an extracorporeal circuit. Fluid retained during the
interval between treatments is removed by regulating the hydrostatic
pressure across the membrane of the dialyzer. Most hemodialysis ma-
chines now control fluid removal, or ultrafiltration, using volumetric
systems controlled by electronic microcircuits to ensure accurate and
predictable results.

Hemodialysis is generally well tolerated, although ultrafiltration
can cause hypotension, nausea, and muscle cramps. Older patients
and those with established CVD may tolerate the procedure less well.
Vascular access failure from repeated cannulation procedures and
the need for intermittent heparinization to prevent clotting in the
extracorporeal blood circuit are additional concerns, particularly
in diabetic patients. The intermittent nature of hemodialysis, which
results in rapid changes in extracellular fluid volume, blood solute
concentrations, and plasma osmolality, may contribute to fatigue and
malaise after treatment. This reality has led to attempts to increase
the frequency and thus overall solute and fluid removal capabilities
of hemodialysis. Increasing the number of treatments to five or six
per week, increasing the time per treatment, and using daily noc-
turnal dialysis are approaches currently under intense study. These
approaches are generally performed at home because they are not
easily accommodated in the schedule of a dialysis center. Most dialy-
sis membranes are now synthetic and provide a reasonably efficient
removal of low-molecular-weight solutes.

Urea clearances of 180 to 200 mL/min are readily achieved during
hemodialysis. Despite the favorable water permeability of synthetic
membranes, the clearance of middle- and higher-molecular-weight
toxins remains a fraction of that achieved for small substances. Although
the minute-by-minute removal of low-molecular-weight solutes during
hemodialysis may actually exceed that provided by normal endogenous
renal function, the intermittent nature of hemodialysis as employed
in clinical practice substantially undermines the overall efficiency of
this form of renal replacement therapy. Even for patients receiving 12
to 15 hours of hemodialysis per week, adequate solute clearance is
provided for less than 10% of a 168-hour week. During the remaining
153 to 156 hours of each week, no additional solute removal is achieved
unless there is some residual endogenous renal function. This residual
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function needs to be considered when recommending native kidney
nephrectomy before transplantation (see Chapter 8).

Guidelines for implementing and monitoring dialysis prescriptions
in the United States have increasingly recognized the critical role of
cumulative weekly procedure length as a key element for maintain-
ing hemodialysis adequacy. The amount of dialysis achieved can be
measured objectively by the term Kt/V, where K represents the rate of
urea clearance by the dialyzer; ¢ represents the duration, in minutes,
of the treatment session; and I'represents the volume of distribution
for urea. Longer dialysis sessions and more frequent treatments have
been reported to provide better blood pressure, extracellular volume,
and metabolic control in patients with kidney failure. More dialysis
reduces the substantial disparity between the amount of solute removal
provided by the standard thrice-weekly hemodialysis schedule and
that achieved by normal endogenous renal function. The impact of
alternative dialysis regimens on long-term clinical outcomes is not yet
known. Readers are referred to the K/DOQI guidelines, published and
updated by the National Kidney Foundation, which are an invaluable
resource for the management of patients with ESKD.

The hemodialysis procedure requires access to the patient’s circula-
tion to provide continuous blood flow to the extracorporeal dialysis
circuit. For ongoing hemodialysis therapy, an autologous arteriovenous
(A-V) fistula is the most reliable type of vascular access and the one
associated with the best prognosis. Long-term patency is greatest with
A-V fistulas, and the incidence rates of thrombosis and infection are
low. A-V grafts that use synthetic materials are often placed in elderly
patients and in diabetic patients whose native blood vessels may be
inadequate for the creation of a functional A-V fistula that matures into
afunctioning access. Complication rates are considerably higher, how-
ever, with grafts than with fistulas. Thrombosis is a recurrent problem,
and it frequently occurs because of stenosis at the venous end of the
graft, where it forms an anastomosis with the native vein. Infections
and the formation of pseudoaneurysms are more common with grafts
than with fistulas. Temporary venous dialysis catheters are used to
establish vascular access when hemodialysis must be started urgently.
Other venous catheters, designed to be used over longer intervals, are
frequently used as a method for providing vascular access for patients
undergoing regular hemodialysis, particularly when treatment is first
begun or when permanent access sites require surgical revision. Reli-
ance on these approaches should be limited, however, and permanent
access should be established using A-V fistulas or A-V grafts as soon
as ESKD is deemed inevitable.

Stenotic lesions in large proximal veins in the thorax are an in-
creasingly recognized complication of indwelling venous dialysis
access catheters. These may involve the subclavian and innominate
veins and the superior vena cava. Their presence can interfere with
successful placement of permanent vascular access by producing ve-
nous hypertension that interferes with venous blood return from A-V
fistulas or grafts. The sustained use of venous dialysis access catheters
should be avoided. Early referral of patients with CKD to nephrologic
care and elective placement of dialysis access, preferably in the form
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of an arterial autologous fistula, reduces morbidity. This becomes
particularly important for patients who do not have a living kidney
donor and who are thus likely to experience a prolonged wait on the
deceased donor transplant waiting list (see Chapter 8). As a rule, a
fistula should be placed at least 6 months before the anticipated start
of hemodialysis treatments.

Peritoneal Dialysis

Peritoneal dialysis is an alternative to hemodialysis that exploits the
fluid and solute transport characteristics of the peritoneum as an
endogenous dialysis membrane. In the United States, approximately
10% of patients start dialysis with this technique. In many countries,
peritoneal dialysis is more popular. “Assisted” peritoneal dialysis refers
to the popularization of the procedure, particularly for the elderly, by
daily visits by a trained health care professional. Peritoneal dialysis can
be done either as continuous ambulatory peritoneal dialysis (CAPD) or as
continuous cycling peritoneal dialysis (CCPD). Access to the peritoneal
cavity is achieved by surgically placing a silastic catheter (often called
a Tenckhoff catheter) of varying design through the abdominal wall.
Surgery is done several weeks before treatment begins, and patients
are trained subsequently to perform their own dialysis procedures.

Peritoneal dialysis is accomplished by instilling a specified volume
of peritoneal dialysis fluid, typically between 1,500 and 3,000 mL, into
the abdominal cavity by gravity-induced flow, allowing the fluid to
remain in the abdomen for a defined period, and then draining and
discarding it. During each dwell period, both solute removal and
ultrafiltration are achieved. Solute removal occurs by diffusion down
a concentration gradient from the extracellular fluid into peritoneal
dialysate, with the peritoneal membrane acting as a functional semiper-
meable dialysis membrane. The efficiency of removal of small solutes
is relatively low compared with hemodialysis, whereas the clearance
of higher-molecular-weight solutes is somewhat better. Ultrafiltration
is accomplished by osmotic water movement from the extracellular
fluid compartment into hypertonic peritoneal dialysate that contains
a high concentration of dextrose, ranging from 1.50 to 4.25 g%. The
lower rates of solute removal that characterize peritoneal dialysis are
offset by prolonged treatment times. For CCPD, an automated cycling
device is used to regulate and monitor the dialysate flow into and out
of the abdominal cavity.

Four to ten dialysis exchanges, ranging from 1 to 3 L each, are
done nightly over 8 to 10 hours. A variable amount of dialysate is left
in the abdomen during the day to provide additional solute and fluid
removal. For CAPD, dialysis is done 24 hours a day, 7 days a week,
using manual exchanges of peritoneal dialysate 4 or 5 times per day.
Peritoneal dialysis has certain advantages over hemodialysis, including
the maintenance of relatively constant blood or serum levels of urea
nitrogen, creatinine, sodium, and potassium. Hematocrit levels are
often higher than for patients receiving hemodialysis, and gradual and
continuous ultrafiltration may provide better blood pressure control.
Because it is a form of self-care, peritoneal dialysis promotes patient
independence. The major complication of peritoneal dialysis is bacterial
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Comparison of Hemodialysis and Peritoneal Dialysis

Advantages Disadvantages
Hemodialysis
Short treatment time Need for heparin
Highly efficient for small-solute removal Need for vascular access
Socialization occurs in the dialysis center Hypotension with fluid removal
More frequent contact with health care Poor blood pressure control

professionals Need to follow diet and

treatment schedule

Peritoneal Dialysis

Steady-state chemistries Peritonitis

Higher hematocrit Obesity

Better blood pressure control Hypertriglyceridemia
Dialysate source of nutrition Malnutrition
Intraperitoneal insulin administration Hernia formation
Self-care and flexible form of therapy Back pain

Highly efficient for large solute removal Caretaker fatigue

Liberalization of diet

peritonitis. Its frequency varies considerably among patients and among
treatment facilities, but it occurs with an average frequency of one
episode per patient per year. When bacterial peritonitis is diagnosed
promptly and treatment is begun immediately, infections are generally
not severe and resolve within a few days with appropriate antibiotic
therapy. Episodes of peritonitis are an ongoing threat, however, to the
long-term success of peritoneal dialysis, and they can lead to scarring
of the peritoneal cavity and to the loss of the peritoneum as an effec-
tive dialysis membrane. In the past, gram-positive organisms, such as
Staphylococcus epidermidis or Staphylococcus aureus, accounted for
most cases of peritonitis, but almost half of episodes are now caused
by gram-negative bacteria. Fungal peritonitis typically causes extensive
intra-abdominal scarring and fibrosis, and it often leads to the failure
of peritoneal dialysis as an effective mode of treatment.

With few exceptions, hemodialysis has no medical advantage over
peritoneal dialysis. Both effectively manage the consequence of uremia.
Matters of individual lifestyle and other psychosocial issues should be
considered when selecting a particular mode of dialysis (Table 1.2).
Home hemodialysis provides an opportunity for independence and
rehabilitation, but it can be a cause of substantial emotional stress
for the dialysis assistant and other family members. In some home
settings, neither hemodialysis nor peritoneal dialysis is advisable.
In-center hemodialysis can provide ongoing social interaction and
structure for older, single, patients who have few friends or family
members available to provide support.

Long-Term Complications of Dialysis

As survival for patients on regular dialysis improves, anumber of debilitat-
ing complications of either long-term renal failure or protracted dialysis
may develop, even in well-rehabilitated and medically adherent patients.
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As the waiting time for deceased donor renal transplants inexorably in-
creases (see Chapter 5 and Fig. 1.4), these complications are more likely to
manifest clinically. Their presence may affect the medical indications for
transplantation, and they may influence the choice of renal transplanta-
tion as a therapeutic option (see Chapter 8). The longer patients receive
dialysis, the greater the risk for post-transplant morbidity, mortality, and
graft loss. The following discussion concentrates on those long-term
complications that are most relevant to the post-transplant course.

Vascular Disease

The incidence of CVD in the CKD population has been described as
reaching epidemic proportions. Even in the early stages of CKD, factors
that contribute to the excess risk for CVD can be identified. Nearly all
patients at some time during their clinical course develop hyperten-
sion, and many require multiple antihypertensive medications. The
incidence of hypertension and diabetes as primary causes of CKD is
increasing more rapidly than that of other diagnoses. Both traditional
and novel risk factors account for the high incidence of CVD that is
deemed responsible for close to 50% of all dialysis deaths.

Patients with kidney disease have a greater risk for developing left
ventricular hypertrophy (LVH) than those in the general population,
even in the early stages of CKD. The prevalence of LVH varies directly
with the degree of renal dysfunction. At the time that regular dialysis is
begun, 50% to 80% of patients have LVH, and the prevalence of coronary
artery disease may reach 40%. Patients receiving regular dialysis have
an adjusted death rate from all causes that is estimated to be 3.5 times
higher than that in the general population, and the overall first-year
mortality rate of hemodialysis patients in the United States is more
than 20%. CVD accounts for 50% of this mortality at a rate that is 10
to 20 times greater than that in the general population. Hypertensive
patients have worse outcomes after dialysis, and patients with LVH
have a twofold to threefold higher death rate from cardiac causes.

Progressive calcification of the coronary arteries occurs over the years
spent on dialysis and can be recognized even in young adult dialysis
patients. Soft tissue calcification may also affect heart valves and the
pelvic and peripheral vasculature. Vascular calcification is recognized
increasingly as a complication of long-term dialysis. Mortality rates
after myocardial infarction in dialysis patients are substantially higher
than in the general population, a finding that probably reflects the
severity of underlying CVD. The passage of time in patients receiving
regular dialysis reflects ongoing exposure to multiple cardiovascular
risk factors, and worsening myocardial function has been described,
particularly during the first year of treatment. Although much attention
is given to the cardiac manifestation of vascular disease, 10% of dialysis
patients have peripheral vascular disease, and 15% cerebrovascular
disease. All these observations may explain the consistent finding
that post-transplantation prognosis worsens the longer patients are
treated with dialysis before renal transplantation.

Anemia
The routine administration of recombinant erythropoietin (epoetin alfa)
to treat the anemia of CKD and ESRD has had an enormously beneficial
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impact on morbidity. Fatigue, depression, cognitive impairment, sexual
dysfunction, and LVH all improve with adequate treatment of anemia.
The degree to which anemia is corrected is, to alarge extent, determined
in the United States by Medicare reimbursement policies that govern
the target level of hemoglobin. Readers are referred to the K/DOQI
anemia guidelines for updated recommendations. Successful treat-
ment of anemia in dialysis patients is closely linked to replenishment
of iron stores. Darbepoetin alfa (Aranesp) is a protein that stimulates
erythropoiesis and is closely related to erythropoietin. Because its
terminal half-life is about threefold longer than that of epoetin alfa,
darbepoetin alfa can be administered less frequently.

Renal Osteodystrophy
Secondary hyperparathyroidism and high-turnover bone disease often
develop in patients with ESKD. Several factors contribute to excess
parathyroid hormone (PTH) secretion in patients with renal failure.
These factors include hypocalcemia, diminished renal calcitriol produc-
tion, skeletal resistance to the calcemic actions of PTH, alterations in
the regulation of pre-pro-PTH gene transcription, reduced expression
of receptors for vitamin D and calcium in the parathyroid glands, and
hyperphosphatemia caused by diminished renal phosphorus excretion.
Progressive parathyroid gland hyperplasia occurs often. Severely affected
patients experience bone pain, skeletal fracture, and substantial dis-
ability. Hypercalcemia and soft tissue and vascular calcifications may
develop. Treatment with one of several vitamin D sterols may lower
plasma PTH levels and restore bone formation and bone-remodeling
rates toward normal. Episodes of hypercalcemia and hyperphosphatemia
occur frequently, however, during vitamin D therapy. Newer therapeutic
agents, such as calcimimetic compounds, may offer an alternative for
controlling excess PTH secretion in patients undergoing dialysis with-
out aggravating disturbances in calcium and phosphorus metabolism.
Low-turnover lesions of renal osteodystrophy include osteomalacia
and adynamic bone. In the past, osteomalacia was found in patients
with tissue aluminum accumulation, but aluminum-related bone
disease is now uncommon. Most ESKD patients with osteomalacia
have evidence of vitamin D deficiency, mineral deficiency, or both.
The adynamic lesion of renal osteodystrophy occurs in patients with
normal or only modestly elevated serum PTH levels. It can also be a
manifestation of aluminum toxicity, and affected patients have severe
bone pain, muscle weakness, and fractures. Adults with adynamic
bone may be at increased risk for vertebral fracture. The impact of
transplantation on uremic bone disease is discussed in Chapter 11.

Uremic Neuropathy

Peripheral neuropathy is a feature of chronic renal failure, and en-
cephalopathy will develop if appropriate renal replacement therapy
is not begun. A mild stable sensory neuropathy is common even in
nondiabetic dialysis patients; it is usually largely sensory and detected
clinically by impaired vibration and position sense. It may be a source
of pain and “restless legs” Neuropathy can recover dramatically after
successful transplantation. It may also improve substantially after
intensification of dialysis treatment.
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Severe encephalopathy is rare in patients who receive adequate
amounts of dialysis. Impairments in the ability to concentrate
and minor memory loss represent more subtle manifestations of
cognitive impairment in dialysis patients, and improvement after
transplantation is gratifying. Autonomic neuropathy in nondiabetic
patients receiving dialysis can be recognized by impaired heart rate
variability, and it may account for variations in blood pressure during
dialysis procedures. Autonomic dysfunction is also reversible after
renal transplantation. Neuropathy contributes to sexual dysfunc-
tion in many dialysis patients. About half of men suffer from erectile
dysfunction; menstrual disturbances and infertility are common
in women. Improvement after transplantation is variable and is
discussed in Chapter 11.

Acquired Cystic Disease and Cancer of the Kidney and Urinary Tract
Patients on all forms of maintenance dialysis are at increased risk for
cancer, especially of the kidney and urinary tract. The risk increases
with time. Kidney cancer rates are elevated nearly fourfold. The
pattern of risk is consistent with causation through acquired cystic
disease. Urothelial cancer risk is increased by about 50%, presum-
ably as a result of the carcinogenic effects of certain primary renal
diseases. The incidence of acquired cystic disease rises progressively
with increasing duration of CKD and time on dialysis. The incidence
of multiple cysts has been reported to be 7% in those with CKD and
22% in those on maintenance dialysis. The condition is characterized
by multiple, usually bilateral, renal cysts in small, contracted kidneys
and is, therefore, easily distinguishable from adult polycystic kidney
disease. Cysts may become infected, bleed, or cause localized pain,
and they can undergo malignant transformation. Suspicious cysts
should be imaged at regular intervals, and concern about malignant
transformation may be an indication for pretransplant nephrectomy.
The capacity for malignant transformation should not be forgotten in
the post-transplantation period.

Dialysis Access Failure

Early referral before the initiation of regular hemodialysis is required
and is essential for establishing optimal long-term vascular access.
For patients managed with hemodialysis, reliable vascular access is a
life-sustaining aspect of medical care. Vascular access failure not only
threatens the near-term well-being of patients but also has long-term
implications with regard to the success of ongoing renal replacement
therapy. Access-related morbidity accounts for almost 25% of all hos-
pital stays for ESKD patients and for close to 20% of the cost of ESKD
care. As discussed previously, A-V fistulas are the gold standard for
long-term vascular access for hemodialysis. A-V grafts almost invari-
ably undergo thrombosis; their 3-year cumulative patency rate has
been estimated to be about 50%. Because the number of sites that
can be used for permanent vascular access placement is limited, the
choice of A-V grafts for long-term vascular access conveys the risk for
ultimately losing all remaining vascular access sites, rendering further
hemodialysis technically impossible.
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FIGURE 1.6 Trends in the annual number of ESRD incident cases (in thousands) by mo-
dality, in the US population, 1996 to 2013. Data Source: Special analyses, USRDS ESRD
Database. (Reprinted from Saran R, Li Y, Robinson B, et al. US Renal Data System 2015
Annual Data Report: epidemiology of kidney disease in the United States. Am J Kidney Dis
2016;67(3, suppl 1):S1-S434, with permission from Elsevier.)

TREATMENT OPTIONS FOR END-STAGE RENAL DISEASE:
TRANSPLANTATION

The relative prevalence of the major ESKD treatment options between
1996 and 2013 in the United States is shown in Figure 1.6. Deceased donor
transplantation accounts for about half of all kidney transplantations
in the United States, the remainder being from living donors (Fig. 1.3).
The rate of renal transplantation varies considerably among patient
groups. Transplant rates are lower in older patients, who represent a
relatively high-risk group (see Chapter 8). Transplant rates have tended
to belower in African American ESKD patients, partly for reasons that
constrain access to deceased donor organs (see Chapter 5). Mean 1-year
graft survival for all types of living donor transplants is over 95%. In
many centers, it is greater than 90% for all match grades of deceased
donor transplants. The question patients frequently ask—“how long
will my transplant last”—is a very difficult one to answer. In terms of
half-life, it is approximately 10 years for a transplant from a deceased
donor and 15 years for a transplant from a living donor (Fig. 1.7). Pro-
viding half-life estimates to patients, however, can cause confusion
and distress, since the range survival is so great and patients tend to
“latch on” to numerical estimates that may not be relevant to them.

Patient Survival

Difficulties with Data Analysis

To help select the most appropriate therapeutic option for patients with
advanced CKD, clinicians and patients are understandably interested
in comparative survival rates among various treatment modalities.
Such comparisons are difficult, however, because data in the literature
often do not reflect the fact that patients change treatment modalities
frequently and that the characteristics of patients selected for each
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FIGURE 1.7 Half-lives for adult kidney transplant recipients. Data Source: See Hart A,
Smith M, Skeans A, et al. OPTN/SRTR Annual Data Report 2014: kidney. Am J Transplant
2016;(suppl 1):18. (Reprinted from Matas AJ, Smith JM, Skeans MA, et al. OPTN/SRTR 2012
Annual Data Report: kidney. Am J Transplant 2014;14(suppl 1):11-44, with permission.)

modality may differ substantially when therapy is begun. For dialysis
patients, a number of comorbid factors can adversely affect survival;
these include increased age, diabetes, coronary artery disease, peripheral
vascular disease, chronic obstructive pulmonary disease, and cancer.
Overall, African Americans have a better survival rate on dialysis than
do non-African Americans, as do obese patients, whereas certain
renal diagnoses, such as amyloidosis, multiple myeloma, and renal
cell cancer, are associated with poorer prognoses. Poor nutritional
status, as measured by serum albumin and prealbumin levels, has been
increasingly recognized as an important predictor of survival during
long-term dialysis (see Chapter 20). Exclusion of consideration of these
factors limits the accuracy of comparisons among therapeutic modali-
ties. The concept of reversed epidemiology describes the phenomenon
whereby factors associated with a poor prognosis in individuals free of
renal disease (e.g., obesity, hyperlipidemia, and hypertension) may be
associated with an improved prognosis in dialysis patients.

Comparison of Treatment Modalities

Most of the data comparing survival rates for patients treated with
hemodialysis, CAPD, and deceased donor kidney transplantation
suggest that an individual’s state of health before treatment, rather
than the treatment modality itself, is the most important factor in
determining survival. Healthier dialysis patients are more likely to be
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placed on the waiting list for transplantation. The annual mortality
rate for dialysis patients awaiting a transplant is about 6%, a value that
is several-fold lower than the overall mortality rate among all dialysis
patients. Waitlisted dialysis patients enjoy a further reduction in the
relative risk for death if they subsequently receive a transplant rather
than continue to receive dialysis. This phenomenon is illustrated
graphically in Figure 1.6, which records the relative risk for death for
dialysis patients who were placed on a deceased donor transplant
waiting list. The long-term survival rates were better for transplant
recipients who received either an “ideal” or a “marginal” donor kidney
(see Chapter 5). This survival benefit can be recognized within the first
post-transplantation year despite the higher mortality rates associated
with the surgical procedure and with immunosuppressive therapy.
The magnitude of the survival benefit varies according to the quality
of the transplanted kidney and the patient characteristics at the time
of placement on the waiting list. It is most marked for young diabetic
patients. As a gross approximation, it can be said that with a high-
quality donor kidney has the capacity to about double the anticipated
life span of a waitlisted dialysis patient.

Cost of Therapy

The annual cost of medical care for patients undergoing chronic hemo-
dialysis in the United States is about $75,000. Medical costs during the
first year after renal transplantation are considerably higher and are
estimated to be nearly $100,000. The cost of care is less after the first
post-transplantation year compared with the cost of dialysis despite
the annual cost—about $10,000—of immunosuppressive therapy (see
Chapter 21). The mean cumulative costs of dialysis and transplantation
are about the same for the first 4 years of therapy. Thereafter, overall
costs are lower after successful renal transplantation.

Quality of Life. Most studies demonstrate that the quality oflife (QOL) of
patients receiving peritoneal dialysis exceeds that of patients receiving
hemodialysis in a dialysis center. Home hemodialysis patients reportedly
have a high QOL, although selection factors, such as the level of patient
motivation and the patient’s overall health status at the beginning of
treatment, make it difficult to attribute this benefit to the modality
alone. Most dialysis patients select renal transplantation with the hope
of improving their QOL, and recipients of successful transplantations
consistently report a better QOL than do patients undergoing either
peritoneal dialysis or home hemodialysis. Life satisfaction, physical
and emotional well-being, and the ability to return to work are all
significantly better in transplant recipients than in dialysis patients.
Transplantation often corrects or improves some complications of
uremia that are typically not reversed fully by dialysis; these include
anemia, peripheral neuropathy, autonomic neuropathy, and sexual
dysfunction (see Chapter 11). The QOL for recipients of living donor
transplants compares favorably with that seen in the general popula-
tion. QOL surveys of dialysis and transplant patients suggest that, as
a gross approximation, dialysis patients value a year of life on dialysis
at 80% of a year of life with a functioning transplant.
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INITIATION OF END-STAGE RENAL DISEASE THERAPY

An in-depth discussion of the indications for starting renal replacement
therapy is beyond the scope of this text. Most patients with progres-
sive renal failure develop symptoms of kidney failure and will require
treatment for ESKD when the GFR falls to below 15 mL/min or the
serum creatinine level increases to more than 10 mg/dL. Many patients,
particularly those with diabetes, develop symptoms at lower serum
creatinine levels and at higher GFR values. Hemodialysis or peritoneal
dialysis access should be arranged sufficiently far in advance so that
treatment can be started when needed, rather than on an urgent or
emergency basis. Patients can then be spared the suffering and risk
that are inevitably associated with advanced CKD. Because permanent
vascular access for hemodialysis requires 4 to 8 weeks to mature, place-
ment should be undertaken early so that the use of temporary venous
catheters for dialysis access can be avoided. For peritoneal dialysis,
peritoneal catheter placement can be delayed until dialysis is more
imminent because only 2 to 4 weeks is required before the access can be
used. Early referral of CKD patients to the care of a nephrologist about
doubles the chance of being placed on the waiting list and of receiving
atransplant before the commencement of dialysis. Patients who start
dialysis emergently, or who have not had predialysis nephrologic care,
have a worse prognosis.

The decision to start dialysis is a clinical one, however, and should
be based on the plasma levels of creatinine, urea nitrogen, and selected
electrolytes as well as on a careful assessment of uremic symptoms.
Predialysis or preemptive transplantation is discussed in Chapter 8.1t
is the preferred therapeutic modality for ESKD in terms of morbidity,
mortality, and long-term graft survival, but only 6% of ESKD patients
receive preemptive transplantation. The allocation algorithm for de-
ceased donor transplants (see Chapter 5) allows patients who have not
yet started dialysis to accrue waiting-time points when their eGFR is
20 mL/min or less. The very long waiting time for deceased donor organs
makes it unlikely, however, that a predialysis patient without a living
donor will be allocated a kidney. Predialysis patients who are placed
on the deceased donor transplant waiting list and those prepared for
living donor transplantation should be warned explicitly not to delay
establishing access for dialysis should it become necessary before a
donor organ is available. Such an approach avoids the need for an
unduly hurried pretransplant preparation that can be dangerous and
emotionally stressful both for patients and caregivers.
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Transplantation
Immunobiology

Hehua Dai and Fadi G. Lakkis

Transplantation Inmunobiology is the study of the mechanisms that
underlie graft rejection. It owes its scientific roots to the discovery
of blood groups in the early 1900s by Karl Landsteiner in Vienna and
the elucidation of the cellular mechanisms of graft rejection by Peter
Medawar in London, and Jacques Miller in Melbourne, less than 50
years later. Their seminal discoveries paved the way for the first suc-
cessful kidney transplant between identical twins in Boston in 1954
and, shortly thereafter, the development of anti-rejection drugs that
enabled kidney transplantation between genetically dissimilar indi-
viduals. The rest, of course, is history.

The goal of this chapter is to describe the principal immunologic
pathways that cause graft rejection. We begin by providing basic
concepts and definitions and then discuss the cellular and molecular
players responsible for initiating and mediating the rejection process.
Knowledge gained should assist the reader with understanding the
fundamental tenets of histocompatibility testing (tissue typing and
crossmatching, see Chapter 3), the diagnosis and classification of
rejection (see Chapters 10, 11, and 15), and the mechanisms of action
of immunosuppressive drugs (see Chapter 6).

BASIC CONCEPTS AND DEFINITIONS

Cells, tissues, or organs transplanted between genetically indistinguish-
able individuals (identical twins) are not rejected. The slightest genetic
difference between the donor and recipient, however, is sufficient to
cause graft rejection, necessitating the administration of continuous
immunosuppression to the recipient. The greater the genetic dispar-
ity, the greater are the likelihood and severity of rejection. Rejection
is, therefore, the end-result of the recipient’s immune response to
genetically determined elements present in the transplanted organ.
These elements are usually proteins that are dissimilar between the
donor and the recipient. They are known as transplantation antigens
or alloantigens. The transplanted organ itself is referred to as an allo-
geneic graft, or more simply as the allograft, and the immune response
mounted against it as the alloimmune response. Since “allo” in ancient
Greek means “other,” it is used in clinical transplantation to represent
all matters related to organs transplanted between members of the
same species. In contrast, the prefix “xeno,” which means “foreign,” is
used to denote transplantation between members of different species
(for example, from pigs to humans)—thus, the terms xenoantigens,
xenografts, and xenotransplantation.
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Distinct organs have different propensities for rejection, either
because they elicit unequal alloimmune responses or because they
have distinct susceptibilities to immune-mediated damage. This is
reflected in the amount of immunosuppression required to maintain
long-term graft survival and function. Liver allografts need the least
immunosuppression and last the longest; lungs and small bowel al-
lografts require the most immunosuppression and last the least; and
heart and kidney transplants are somewhere in between. It has also
been observed that kidney allografts transplanted simultaneously
with aliver (or heart) from the same donor are less prone to rejection
than kidneys transplanted alone or those transplanted after an organ
from a different donor. Likewise, kidney allografts obtained from living
unrelated donors enjoy superior function and survival than equally
matched kidneys from deceased donors. These curious but important
clinical observations result from fundamental features of the alloim-
mune response that will be addressed below.

OVERVIEW OF ALLOGRAFT REJECTION

Understanding the mechanisms of allograft rejection may seem at
first blush a daunting task owing to the myriad types of cells and
molecules that participate in the immune response and that crowd
the pages of immunology textbooks like hieroglyphics on an ancient
Egyptian tomb. The truth of the matter, however, is that transplant
rejection hinges on a single key cell, the T'lymphocyte. Experimental
animals that lack T lymphocytes do not reject allografts. Similarly,
profound depletion of T lymphocytes in humans prevents rejection
until T lymphocytes, even a few, have returned to the circulation. It
is, therefore, not surprising that immunosuppressive drugs that have
achieved great success in organ transplantation, the calcineurin in-
hibitors (CNIs—cyclosporin and tacrolimus) and the anti-metabolites
(azathioprine and mycophenolic acid), target T-lymphocyte activation
and proliferation. An exception to the T-cell requirement for graft
rejection is the immediate, hyperacute rejection of organs between
ABO-incompatible individuals. In this case, allograft damage is caused
by preexisting recipient antibodies against donor blood group antigens
that are produced independently of T lymphocytes. We will revisit this
type of rejection later.

T lymphocytes act as soldiers as well as orchestrators of the alloim-
mune response. Upon recognition of donor alloantigens introduced by
the graft, recipient T lymphocytes differentiate into cytotoxic or helper
lymphocytes. The former directly kill graft cells that display alloantigens
on their surfaces, whereas the latter provide help to other immune
cells via specialized membrane receptors or secreted proteins known
as cytokines. Helper T lymphocytes induce B lymphocytes to produce
antibodies against the allograft (alloantibodies) and cause inflam-
mation by recruiting and activating myeloid cells such as neutrophils
and monocytes. Alloantibodies inflict graft injury by triggering the
complement cascade or by stimulating macrophages and natural killer
(NK) cells, another type of lymphoid cell. Allograft rejection, therefore,
is a cascade of damaging events initiated first and foremost by the
recognition of foreign donor alloantigens by recipient T lymphocytes.
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In the following sections we will explain what alloantigens are
and how they are presented to T lymphocytes, the steps required
for T-lymphocyte activation and differentiation, and the subsequent
cellular and molecular processes that eventually result in graft rejec-
tion. Later we will address how immune responses are controlled by
regulatory lymphocyte subsets and discuss the concept of immunologic
tolerance, which will hopefully be exploited one day to minimize the use
of pharmacologic immunosuppression in organ transplant recipients.

TRANSPLANTATION ANTIGENS

Human Leukocyte Antigens

The principal alloantigens responsible for triggering T-lymphocyte
activation are the human leukocyte antigens (HLA), also known by
the generic name major histocompatibility complex (MHC) molecules.
HLA are glycoproteins encoded by a family of adjacent (linked) genes
on human chromosome 6 (Fig. 2.1). They consist of two families: HLA
classTand HLA class II. HLA class I molecules comprise several groups,
HLA-A to -G, but the most clinically relevant or classical are HLA-A,
-B, and -C. They are present on the surface of all nucleated cells and
platelets but are not present on RBCs. HLA class II expression, on the
other hand, is restricted to B lymphocytes, certain myeloid cells, and a
subset of activated T lymphocytes. The most clinically relevant groups
are HLA-DP, -DQ, and -DR. Myeloid cells that express HLA class Il mol-
ecules are antigen-presenting cells (APC) equipped to engulf and process
antigens for presentation to T lymphocytes. They include dendritic
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FIGURE 2.1 MHC/HLA structure. Map of the HLA genes found on chromosome 6 of hu-
mans is shown in the top panel. Schematic representations of MHC/HLA class | and MHC
class Il molecules are shown in the bottom panels. Hatched circles represent peptides
bound to the peptide-biding grooves of MHC/HLA molecules.
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cells and macrophages. They will be discussed in greater detail later.
Human endothelial cells also express HLA class II during inflamma-
tion, particularly in response to the cytokine interferon-gamma (IFNy).

HLA proteins are among the most polymorphic (diverse) in humans.
Any given HLA gene, say HLA-A, is present in many different forms or
alleles in the human population with each allele coding for a distinct
HLA-A protein; for example, HLA-A1, -A2, -A3, etc. At last count, more
than 14,000 HLA alleles have been identified (>3,000 at the HLA-A locus
alone), making the likelihood that two unrelated individuals share the
same HLA molecules quite low. Since a person inherits two alleles of
each HLA class I and class II gene, one from their father and one from
their mother, and both alleles are expressed as proteins (co-dominant
inheritance), children share 50% of their HLA molecules with either
parent (so-called 1-haplotype match). Siblings, on the other hand, have
a25% chance of being HLA identical (2-haplotype match), 50% chance
of being 1-haplotype matched, and 25% chance of being completely
mismatched. Recombination (gene crossover) events during meiosis
render these proportions less exact. The co-dominant inheritance of
HLA genes and the fact that most people are heterozygous at HLA loci,
imply that in the majority of individuals, cells will carry two distinct
molecules of each HLA type. For example, if the HLA-A, -B, and -DR
loci were typed in a prospective donor/recipient pair, as is commonly
the case in clinical practice (see Chapter 3), the donor and recipient
would be mismatched at anywhere between 0 and 6 of the typed HLA
alleles. Therefore, the highly polymorphic nature of HLA and their
ubiquitous expression in the body are important reasons why HLA
are quintessential histocompatibility antigens, in a way the fingerprint
of the graft. Later, it will become clear why they are also such potent
stimulators of the alloimmune response.

HLA Function

Although initially discovered for their role in histocompatibility, the
main function of the MHC or HLA is to present protein antigens to T
lymphocytes in the form of peptide fragments bound to them. This is
a key function in immunity because T lymphocytes do not recognize
whole, unprocessed protein antigens, but instead detect peptides
derived from them that are attached to HLA molecules. Antigenic
peptides bind to a specific region of the HLA molecule known as the
peptide-binding region or groove (Fig. 2.1 and front cover). Exogenous
antigens that enter cells are hydrolyzed into peptides in endosomes
and lysosomes, whereas endogenous antigens are processed by protea-
somes. Peptide loading onto HLA molecules occurs in the endoplasmic
reticulum with the help of specialized proteins known as transporters
associated with antigen processing (TAP). Usually, but not exclusively,
peptides derived from intracellular antigens are loaded onto HLA class
I molecules, whereas peptides from exogenous antigens are bound
to HLA class IT molecules. The resulting HLA-peptide complex then
translocates to the cell membrane where it is detected by T lympho-
cytes. HLA molecules not loaded with peptides are degraded within
the cell. Binding of the HLA-peptide complex to a specific receptor
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on T lymphocytes—the T-cell receptor for antigen (TCR)—triggers
T-lymphocyte activation (more about that later). It is generally accepted
that MHC molecules became polymorphic over evolutionary time to
maximize the chance of binding the widest array of microbial peptides
possible, thus conferring immunity against most infections—clearly
a selective advantage to the host. An unintended downside of MHC
polymorphism, however, is the creation of a strong barrier against
transplantation. By varying in amino acid sequence, MHC molecules
have become transplantation antigens themselves, serving as initiators
and targets of the alloimmune response.

HLA Structure

HLA class I molecules consist of one polymorphic polypeptide chain
designated alpha (also known as the heavy chain because it is richly
glycosylated) encoded by genes in the HLA complex, and a monomor-
phic B,-microglobulin chain encoded by a gene on chromosome 15 far
from the HLA complex (Fig. 2.1). The polymorphic sides of the a1 and
0.2 domains of the alpha chain form the small groove where antigenic
peptides are bound. Antigenic peptides, limited to 8 to 10 amino acids
inlength, along with the surrounding regions of the MHC class I groove
are recognized by TCRs on CD8" T lymphocytes. CD8" T lymphocytes are
the T-lymphocyte subset most often responsible for cytotoxic functions;
therefore, they are also known as cytotoxic T lymphocytes (CTL). The CD8
molecule is a trans-membrane protein on T lymphocytes that binds to
the monomorphic a3 domain of the alpha chain and strengthens the
interaction between the HLA class I-peptide complex and the TCR. The
B,-microglobulin chain, on the other hand, stabilizes the structure of
the HLA class I molecule itself. Genetically engineered mice deficient
in B,-microglobulin lack MHC class I molecules on their cells.

HLA class I molecules consist of two polymorphic chains, alpha and
beta, encoded by genes in the HLA complex (Fig. 2.1). The peptide-binding
groove is formed by domains of both chains but has an open configu-
ration that allows binding of peptides 14 to 20 amino acids in length.
HLA class II-peptide complexes are recognized by TCRs of CD4" T
lymphocytes, which are the lymphocytes most often responsible for
helper functions: they are also known as 7 helper (Th) lymphocytes. By
binding to the 0:2 domain, the CD4 molecule strengthens the interac-
tion between the HLA class II-peptide complex and the TCR. Because
CD4" T lymphocytes play a key role in orchestrating the alloimmune
response, including providing help for alloantibody production, match-
ing at HLA class IT loci between donors and recipients is particularly
advantageous for long-term allograft survival.

Nonclassical HLA

Nonclassical HLA molecules are HLA class I-like proteins that have
limited polymorphism. They have aroused interest among kidney
transplant specialists because they modulate NK-cell function and,
in addition, are targets of alloantibodies. One prominent example is
HLA-G.Itis highly expressed in the placenta where it contributes to fetal
tolerance by inhibiting maternal NK cells. HLA-G binds to an inhibitory
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receptor on NK cells that belongs to the Killer-cell Immunoglobulin-like
Receptor (KIR) family. Increased levels of circulating HLA-G in kidney
transplant recipients are associated with lower risk of graft rejection.
Conversely, the nonclassical HLA molecules MICA and MICB (which
stand for MHC class I polypeptide-related sequence A and B, respec-
tively) stimulate NK cells and some T-lymphocyte subsets. Presence
of anti-MICA or -MICB antibodies in the recipient correlates with
increased incidence of rejection and graft loss.

Minor Histocompatibility Antigens

Even organs transplanted between HLA-matched individuals ( for
example, between two-haplotype matched siblings) are not safe from
rejection. This is because any protein that is present in the graft but not
the recipient, or that is sufficiently dissimilar (polymorphic) between
the graft and the recipient, will behave as a foreign, transplantation
antigen. Such non-HLA transplantation antigens are called minor
histocompatibility antigens (mHA). A single mHA disparity is not as
potent at inducing alloimmunity as a single HLA disparity (thus, the
designation “minor”), but since many mHA mismatches exist between
donors and recipients, the cumulative anti-mHA response is significant.
A particular mHA that has garnered attention in transplantation is
the H-Y antigen present only in males of the species. Clinical data sug-
gest that it possibly compromises the survival of male renal allografts
transplanted to female recipients. The role of mHA in graft-versus-host
disease is well established as the vast majority of hematopoietic stem cell
transplants are performed between HLA-matched individuals, making
the contribution of mHA more noticeable. Polymorphic mitochondrial
proteins are another type of mHA that can trigger alloimmunity. This is
particularly relevant to transplanting-induced pluripotent stem (iPS)
cells generated by nuclear transfer, wherein the nucleus is “self” but
the mitochondria are foreign.

Blood Group Antigens

ABO incompatibility is a potent barrier to organ transplantation for two
reasons. First, ABO antigens are not restricted to RBCs but are present
on all cells. Second, humans generate antibodies against foreign blood
group antigens during early infancy. These antibodies arise in response
to ABO-like carbohydrate antigens present on gut commensals. More-
over, anti-ABO antibodies, which are of the IgM isotype, are produced
by the BI or innate B-lymphocyte subset that functions independent
of T lymphocyte’s help. Therefore, the preexistence of anti-A or anti-B
antibodies in the recipient ( for example, in a blood group O patient)
leads to the hyperacute rejection of grafts transplanted from A, B, or
AB blood group donors. This type of antibody-mediated rejection is
characterized by endothelial cell destruction and hemorrhagic ne-
crosis of the graft, within minutes or hours of transplantation. It is an
extremely rare clinical entity nowadays because of careful ABO match-
ing and desensitization of ABO-mismatched kidney recipients prior
to transplantation. Note that preexisting anti-donor HLA antibodies
can also cause hyperacute rejection but diligent screening of recipients
for such antibodies has all but eradicated this problem. Nevertheless,
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as we shall see later, preexisting anti-donor HLA antibodies (known
as donor-specific antibodies or DSA) or those that form de novo after
transplantation are an important cause of later graft injury and loss.

There are two exceptions to the ABO-incompatibility rule. First,
is the transplantation of A2 kidneys across ABO barriers because A2
blood group individuals express low levels of the A antigen on their
tissues. Second, is the transplantation of livers or hearts to infants
because infants have low titers of anti-A or -B antibodies and, in ad-
dition, become tolerant to these antigens after transplantation. Unlike
the ABO system, Rh incompatibility is not a histocompatibility barrier
since the major Rh antigen responsible for allosensitization after blood
exposure, RhD, is not present on nonerythroid cells.

ALLORECOGNITION

The central event in the initiation of the alloimmune response is the
recognition of donor alloantigens by recipient T lymphocytes—a
phenomenon referred to in transplantation as allorecognition. Al-
lorecognition depends on the presence in the recipient of alloreactive
T lymphocytes that express T-cell receptors (TCR) capable of binding
alloantigens and on the presentation of alloantigens by specialized
antigen-presenting cells (APCs).

Allorecognition by T Lymphocytes

T lymphocytes express on their membranes TCRs that recognize anti-
genic peptides bound to HLA molecules. TCRs are randomly generated
during ontogeny via a gene rearrangement process, leading to a vastly
diverse repertoire of TCRs that recognizes millions of foreign antigens.
A given T lymphocyte, however, expresses a handful of different TCRs
on its surface, allowing it to respond to a limited number of antigens.
Normally, anywhere between 0.01% and 0.1% or less of an individual’s
T lymphocytes recognize and respond to a given microbial antigen
but, in the setting of transplantation, approximately 2% to 10% of
T lymphocytes react to the mismatched organ. There are two main
reasons for the high prevalence (precursor frequency) of alloreactive T
lymphocytes. First, TCRs recognize alloantigens via two pathways: direct
and indirect (Fig. 2.2). Direct allorecognition refers to the recognition
by TCRs of intact donor HLA proteins that are foreign (allogeneic) to
the recipient, whereas indirect allorecognition refers to the recogni-
tion by TCRs of donor alloantigens (whether HLA or mHA) that are
processed by recipient APCs and presented as small peptides bound
to self- (recipient) HLA molecules—the same pathway responsible for
presenting microbial antigens. T lymphocytes that recognize alloantigens
via the direct pathway are quite prevalent (they outnumber indirectly
alloreactive T lymphocytes by approximately 100 fold) because of an
intrinsic bias of the immune system to generate TCRs that recognize
HLA molecules in general and because of the cross-reactivity of TCRs.
The bias occurs during T-cell development in the thymus where im-
mature T lymphocytes that bind HLA molecules are favored to survive
and undergo further selection and maturation. Cross-reactivity refers to
the fact that many T lymphocytes bearing TCRs specific to microbial
antigens (microbial peptides bound to self-MHC/HLA) also recognize
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FIGURE 2.2 Allorecognition pathways. The T-cell receptor (TCR) on T lymphocytes recog-
nizes either intact allogeneic MHC/HLA molecules (A: direct allorecognition) or allopeptides
bound to the groove of self-MHC/HLA molecules (B: indirect allorecognition). T lymphocytes
capable of direct allorecognition represent the majority of recipient T lymphocytes that
respond to the transplanted organ.

intact, nonself (allogeneic) MHC/HLA molecules complexed to either
self- or nonself peptides (Fig. 2.2). The second reason for the high fre-
quency and potency of alloreactive T lymphocytes is the conspicuous
presence of memory T lymphocytes in the alloreactive T-lymphocyte
repertoire of humans. Memory T lymphocytes share the same antigenic
specificity as their naive precursors but are present in much higher
frequency and have a much greater proliferative capacity once acti-
vated by antigen. They will be discussed in a separate section later in
the chapter because of the prominent role they play in alloimmunity.

Antigen-Presenting Cells

T-lymphocyte activation depends on close contact between the APC
and the T lymphocyte since the APC not only provides the means by
which HLA-peptide complexes are presented to TCRs but, as will be
discussed in the next section, provides the necessary signals required
for T-lymphocyte proliferation and differentiation. Dendritic cells (DC),
macrophages, B lymphocytes, and activated human endothelial cells
are all known to function as APCs, but DCs are by far the most potent.
DCs are myeloid cells that derive from a precursor in the bone marrow,
but also arise from monocytes during inflammation. DCs are present
in a quiescent (immature) state throughout the body in both primary
(bone marrow and thymus) and secondary (spleen, lymph nodes, and
mucosa-associated) lymphoid organs as well as in the organs that are
commonly transplanted in the clinic: the kidney, liver, heart, lung, and
pancreas. Upon encountering microbial or inflammatory stimuli, DCs
enter a maturation process during which they upregulate HLA; the
machinery required for engulfing protein antigens and processing
them into small peptides and packaging them in the peptide-binding
grooves of HLA; membrane proteins that co-stimulate T lymphocytes;
and the cytokines necessary for T-lymphocyte differentiation. There-
fore, DCs transform into an exquisite cellular device for activating T
lymphocytes. Naive T lymphocytes encounter and are activated by
antigen-presenting DCs in secondary lymphoid tissues (the lymph
nodes, spleen, and mucosa-associated lymphoid tissues). In contrast,
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memory T lymphocytes can be activated by DCs throughout the body.
The current consensus is that DCs play a key role in alloimmunity, but
other APCs such as B lymphocytes and macrophages also contribute;
for example, during later phases of the alloimmune response.

Transplantation poses an interesting immunologic scenario because
two types of DCs that can activate recipient T lymphocytes are pres-
ent: donor-type DCs that accompany the transplanted organ and, of
course, the recipient’s own DCs. It has been assumed for many years
that donor DCs are responsible for the bulk of alloimmune activation
because they carry intact, donor HLA molecules and therefore stimulate
the highly prevalent directly-alloreactive T-lymphocyte population.
Recipient DCs, on the other hand, were assigned the less central role of
indirectly presenting processed donor antigens to a much less prevalent
population of alloreactive recipient T lymphocytes. Recent evidence,
however, indicates that donor DCs, which exit the graft in bulk and
migrate to the recipient’s secondary lymphoid organs within hours after
transplantation, are in fact extremely short-lived but quickly transfer
their antigenic cargo consisting mostly of donor HLA to recipient DCs.
Recipient DCs then take on the task of activating recipient T lymphocytes
via both the direct and indirect allorecognition pathways. Recipient
DCs can also acquire donor HLA from micro-vesicles released from the
graft into the circulation at the time of transplantation. The process of
transferring intact donor HLA molecules to recipient DCs is referred
to as cross-dressing. The presentation by cross-dressed, recipient DCs
of donor HLA to directly alloreactive T lymphocytes is referred to as
the semi-direct allorecognition pathway. Therefore, donor DCs are akin
to fleeting cargo ships that deliver donor HLA and other alloantigens
to recipient DCs, which then stimulate the alloimmune response via
both the direct and indirect allorecognition pathways. Within few days
of transplantation, allografts are repopulated with DCs derived from
recipient monocytes. Recent experimental data suggest that these DCs
continue to play a role in the rejection process by engaging effector T
lymphocytes that enter the graft.

T-LYMPHOCYTE ACTIVATION

Full-fledged activation of alloreactive T lymphocytes depends on three
signals (Fig. 2.3). Signal 1 is delivered by binding of TCRs on T lympho-
cytes to HLA-peptide complexes on APCs. Signal 1 is necessary but not
sufficient for T-lymphocyte proliferation and differentiation. Signal 2
is delivered by binding of specialized accessory molecules on APCs to
their receptors on T lymphocytes. Along with signal 1, signal 2 causes
T-lymphocyte proliferation and differentiation. Finally, cytokines pro-
duced by APCs deliver signal 3, which determines the differentiation
pathway of T lymphocytes into specialized subsets. These signals and
the types and functions of T-lymphocyte subsets that are generated
are described below.

Signal 1: TCR Signaling

Binding of antigen (HLA-peptide complex) to the TCR triggers a signal-
ing cascade that leads to T-lymphocyte activation. These signals are
not transduced through the TCR proper, but through the adjacent CD3



30  Chapter 2/ Transplantation Inmunobiology

complex, a group of invariant (nonpolymorphic) protein chains that
associate with the TCR. CD4 and CD8 co-receptors on T lymphocytes
also participate in the activation signal mediated by the TCR-CD3
cluster by binding to the same MHC molecule that engages the TCR.
Antibodies that target one or more proteins in the CD3 complex block
T-lymphocyte activation. An example is OKT3, the first monoclonal
antibody used in clinical medicine, and since withdrawn (see Chapter 6),
that was used to treat severe acute allograft rejection. The activation
signal transduced by the TCR-CD3 cluster is dependent on tyrosine
kinases (Lck, ZAP-70, and Fyn) that cause the recruitment and activa-
tion of the enzyme phospholipase C-y (PLC-7). PLC-y catalyzes the
breakdown of the membrane lipid phosphatidylinositol biphosphate
(PIP,) to generate two second-messengers: Diacylglycerol (DAG) and
inositol 1,4,5-triphosphate (IP,). DAG activates the protein kinase C
(PKC) and mitogen-activated protein (MAP) kinase pathways, whereas
IP, triggers the calcineurin pathway by increasing intracellular calcium
concentration. Together, the PKC, MAP kinase, and calcineurin pathways
ultimately activate key transcription factors (NFkB, NFAT, and AP-1) that
induce the transcription of cytokine genes required for T-lymphocyte
proliferation and differentiation. The calcineurin pathway is the target
of the CNIs (see Chapter 6). CNIs bind to specialized proteins in the
cell known as immunophilins—cyclophilin in the case of cyclosporin
and FK-binding protein (FKBP) in the case of tacrolimus. The drug-
immunophilin complex then blocks the activation of calcineurin by
the calcium-dependent enzyme calmodulin.

Signal 2: Co-Stimulation

In addition to signal 1, T lymphocytes must receive a second signal to
undergo full proliferation and differentiation into effector lymphocytes,
which include either cytotoxic or helper cells. Signal 2 is delivered by
engagement of co-stimulatory receptors on T lymphocytes by their li-
gands on APCs (Fig. 2.3). Failure to provide the second signal results in
aborted T-lymphocyte activation, which causes T-lymphocyte deletion
(death) or anergy. The latter is a prolonged state of refractoriness to
stimulation by antigen. Co-stimulatory molecules are either absent or
are constitutively expressed on naive T lymphocytes, but are induced
or upregulated upon activation of T lymphocytes with antigen. This
ensures that stimulation of T lymphocytes that have already encoun-
tered antigen is further amplified, while unintended activation of
bystander T lymphocytes is not. What follows is a summary of the
main co-stimulatory pathways involved in T-lymphocyte activation.

Integrins

Extended interaction between the DC presenting the alloantigen and
the alloreactive T lymphocyte is necessary for sustained TCR signaling.
Prolonged, stable interaction between the two is made possible by cell-
adhesion molecules known as integrins. The integrins LFA-1 and CD2
(LEA-3) on T lymphocytes bind to their ligands ICAM-1/ICAM-2 and
CD58, respectively, on DCs (Fig. 2.3). LFA-1 and CD2 mediate initial,
transient adhesion between naive T lymphocytes and DCs, but once a
T lymphocyte encounters the DC presenting the antigen it recognizes,
signaling via the TCR alters the molecular conformation of the integrins
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FIGURE 2.3 Signals required for T-lymphocyte activation, proliferation, and differentia-
tion. Signal 1 is delivered by binding of the TCR on T lymphocytes to the MHC—peptide
complex on APCs. CD4 or CD8 in T lymphocytes strengthens this interaction by binding to a
nonpolymorphic region of MHC class Il or class |, respectively. Signal 1 is necessary but not
sufficient for T-lymphocyte proliferation and differentiation. Signal 2 is delivered by bind-
ing of specialized co-stimulatory molecules on APCs to their receptors on T lymphocytes.
Along with signal 1, signal 2 causes T-lymphocyte proliferation. Finally, cytokines produced
by APCs deliver signal 3, which determines the differentiation pathway of T lymphocytes
into specialized subsets (see Fig. 2.4). Co-stimulatory molecules and cytokines shown are
only a few examples of several others. (Reprinted from Murphy K, Weaver C. Janeway's
Immunobiology. 9th ed. New York: Garland Science; 2016, with permission.)

(inside-out-signaling) and enhances their affinity and avidity to their
ligands. LFA-1 and CD2 also deliver intracellular signals (outside-in-
signaling) that contribute to T-lymphocyte activation—thus, serving
as bona fide co-stimulatory molecules. Antibodies against LFA-1 or
CD2 delay kidney transplant rejection in nonhuman primates and in
the case of CD2 reduce the number of alloreactive memory T lympho-
cytes. The development and marketing of anti-LFA-1 (Efalizumab) and
anti-CD2 antibodies (Alefacept) for clinical use in autoimmunity and
transplantation have been halted owing to serious side effects such
as progressive multifocal leukoencephalopathy (PML) caused by JC
virus reactivation.

B7-CD28

CD28 is a co-stimulatory receptor present on all naive T lymphocytes.
It binds the co-stimulatory molecules B7.1 (CD80) and B7.2 (CD86) on
mature APCs, namely DCs. A naive T lymphocyte must engage both
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antigen and co-stimulatory ligands on the same APC. Intracellular
signaling by CD28 augments the activation of the same enzyme trig-
gered by the TCR cluster, PLC-y, and potentiates the effects of antigen
stimulation on the transcription of key genes required for T-lymphocyte
proliferation; for example, the interleukin (IL)-2 and IL-2 receptor
(IL-2R) genes. CTLA4-Ig (Belatacept), which binds with high affinity
to B7 molecules and prevents them from engaging CD28, is in clini-
cal use for the prevention of allograft rejection in kidney transplant
recipients (see Chapter 6).

CD40-CD154

CD154, also known as CD40 ligand (CD40L), is expressed on activated
CD4" T lymphocytes, whereas CD40 is present mainly on B lympho-
cytes, DCs, and macrophages. CD154 was first discovered because
of its role in inducing antibody isotype switching in B lymphocytes.
Isotype switching is the process by which B lymphocytes shift from
producing IgM to the more effective IgG antibody isotypes. Therefore,
engagement of CD40 by CD154 is an important mechanism by which
CD4" T lymphocytes provide help to B lymphocytes. CD154 is also a
key enhancer of T-lymphocyte stimulation, albeit in an indirect man-
ner. By binding to CDA40, it upregulates B7 expression and enhances
cytokine production by DCs. This in turn leads to further co-stimulation
of T lymphocytes, especially the CD8 " subset. Preclinical studies have
shown that antibodies that block the CD40-CD154 pathway are very
effective anti-rejection agents. When tested in humans however,
anti-CD154 antibodies caused serious thromboembolic side effects
owing to CD154 expression on platelets. An alternate and likely safer
approach to blocking the CD40-CD154 pathway is the use of anti-CD40
antibodies. These are currently undergoing clinical testing in renal
transplant recipients.

Other Co-Stimulatory Pathways

Additional co-stimulatory pathways that contribute to signal 2 in T
lymphocytes include 41BBL-41BB (CD137), 0X40L-0X40, CD70:CD27,
and ICOSL-ICOS pathways. Except for CD27, which is constitutively
present on naive T lymphocytes, 41BB, 0X40, and CD70 are induced
upon T-lymphocyte activation, underscoring their role in sustaining
T-lymphocyte activation. Blocking these pathways inhibits allograft
rejection to varying degrees in experimental animals.

Signal 3: Cytokines

Cytokines involved in T-lymphocyte activation are proteins secreted by
mature APCs or the T lymphocytes themselves. They serve two main
purposes in the context of T-lymphocyte activation: they stimulate
T-lymphocyte proliferation and induce the differentiation of T lympho-
cytes into multiple effector subsets that have distinct phenotypes and
functions. However, cytokines can also regulate T lymphocytes or act
on other immune and nonimmune cells to either enhance or suppress
inflammation. Most cytokines are known by the term interleukin (IL)
followed by a number that refers to the order in which they were dis-
covered. Here, we will summarize salient features of the key cytokines
involved in T-lymphocyte activation and differentiation.
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Interleukin-2 (IL-2)

IL-2 is the first T-lymphocyte mitogen to be discovered by virtue of
its strong capacity to induce T-lymphocyte proliferation in culture
(in vitro). IL-2 is produced by antigen-activated T lymphocytes and
acts on the same lymphocytes that produce it (autocrine) or on
neighboring lymphocytes (paracrine). Naive T lymphocytes express a
low-affinity form of the interleukin-2 receptor (IL-2R) consisting of two
protein chains: gamma (y) and beta (). Upon activation by antigen
and co-stimulatory molecules, T lymphocytes express a third chain,
alpha (o) or CD25, which increases the affinity of the IL-2R by ap-
proximately 1,000 fold. IL-2 binding to the high-affinity IL-2R causes
the proliferation (clonal expansion) of antigen-activated T lymphocytes
(Fig. 2.3). Anti-CD25 monoclonal antibodies that block the o chain of
the IL-2R are potent inhibitors of T-lymphocyte proliferation in vitro,
but when used in humans (for example, Basiliximab employed as
induction therapy in kidney transplant recipients, see Chapter 6), are
relatively modest immunosuppressive agents. One explanation for this
paradox is the presence of several other cytokines that also support
the proliferation and survival of T lymphocytes. These include /-4,
IL-7, IL-9, IL-15, and IL-21. The receptors for these cytokines contain
the same y-chain present in the IL-2R and are therefore referred to as
the common y-chain cytokine receptor family. Antibodies that target the
Y-chain should be highly immunosuppressive but would likely cause
severe lymphopenia because IL-7 and IL-15 are also required for the
homeostatic maintenance of naive and memory T lymphocytes. Humans
who carry mutations in the X-linked gene that codes for the common
Y-chain have severe combined immunodeficiency (SCID), the “boy in
a bubble” syndrome, characterized by very low numbers of T and NK
lymphocytes and defective B-lymphocyte function. Signaling via the
common Y-chain cytokine receptor family is mediated by a Janus kinase
(JAK) protein tyrosine kinase, Jak3. Mutations that inactivate Jak3 also
cause SCID in humans. JAK3 phosphorylates and activates specific
transcription factors known as signal transducers and activators of
transcription (STATS). A JAK3 inhibitor, Tofacitinib, is currently avail-
able for the treatment of rheumatoid arthritis and psoriasis. Although
it proved to be noninferior to cyclosporin in preventing rejection, it
has not been approved for use in transplantation, possibly owing to
increased incidence of infections when combined with other immu-
nosuppressive agents. Another reason why blocking the IL-2Ro: turned
out not to be as effective in transplant recipients as expected is that
IL-2 is also required for the proliferation and maintenance of a subset
of CD4" T lymphocytes that have regulatory functions. Regulatory T
lymphocytes, or Treg, express high levels of IL-2Ro. and are necessary
for preventing autoimmunity. In transplantation, they likely prevent
rejection. More about them later.

Cytokines and T-Lymphocyte Subsets

Cytokines produced by APCs or by activated T lymphocytes direct
the differentiation of proliferating T lymphocytes into multiple effec-
tor populations (Fig. 2.4). CD4" T lymphocytes differentiate into four
major helper subpopulations (7h1, Th2, Th17, Tyy) and one regulatory
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FIGURE 2.4 T helper (T,)) lymphocyte subsets. Upon activation by antigen-presenting cells
(APCs), CD4™ T, lymphocytes differentiate into multiple subsets based on which cytokines
are present in the milieu and on the expression of specific transcription factors in the cell
nucleus (Thet, Gata3, etc...). T9, not discussed in the text, represent a T-lymphocyte sub-
population that produces the cytokine IL-9. It is involved in either immunity or tolerance,
but its role in transplantation is unclear. (From Russ BE, Prier JE, Rao S, et al. T-cell im-
munity as a tool for studying epigenetic regulation of cellular differentiation. Front Genet
2013;4:218. Copyright © 2013 Russ, Prier, Rao and Turner. https://creativecommons.org
/licenses/by/3.0/legalcode)
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subpopulation (7reg), whereas CD8" T lymphocytes differentiate into
cytotoxic T cells (CTL). CD8" T lymphocytes can also acquire helper
or regulatory functions along the same lines as CD4" T lymphocytes
and, conversely, CD4" T lymphocytes can be cytotoxic. Cytokines also
assist effector T lymphocytes in transitioning to long-lived memory T
lymphocytes (T,,). Below is a brief account of T-lymphocyte subsets
and the cytokines required for their differentiation and function.
Importantly, all effector T-lymphocyte subsets participate in allograft
rejection, some playing a more dominant role than others.

Th1 lymphocytes are the prototypical lymphocyte subpopulation
responsible for rejection. Their differentiation is driven by IL-12 and
interferon-gamma (IFN).1L-12 is produced by activated DCs whereas
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IFNyis secreted by the Th1 lymphocytes themselves as well as other
cells such as B lymphocytes. The transcription factors STAT1 and
T-bet are necessary for Th1 differentiation. Th1 lymphocytes produce
copious amounts of IFN Y, tumor necrosis factor-alpha (TNF¢) and
lymphotoxin (LT), which promote allograft rejection by activating mac-
rophages, directly inflicting damage on graft endothelial cells, inducing
production of complement-fixing IgG antibodies by B lymphocytes,
and stimulating the differentiation of CD8" T lymphocytes to CTL.
Blocking IFNYy alone is not a useful therapeutic strategy because IFNy
also has regulatory functions. In mice, it enhances Tregs and limits
T-lymphocyte proliferation. Ustekinumab, a monoclonal antibody
against the IL-12p40 subunit of IL-12 that is also shared with IL-23 (see
below), has been approved by the FDA for the treatment of psoriasis.
Its utility in transplantation has not been tested yet.

Th2 lymphocytes are the lymphocyte subset responsible for allergic
reactions. They also contribute to allograft rejection. Their differentia-
tion is dependent on /L-4, produced by a variety of cells, and on the
transcription factors STAT6 and GATA3. Th2 lymphocytes produce IL-4,
IL-5,IL-9, IL-10, and IL-13, which activate eosinophils, basophils, and mast
cells and enhance production of particular antibody isotypes, usually
those that do not fix complement. IL-10 also has immunoregulatory
properties that dampen rejection. Th2 lymphocytes are sufficient for
mediating allograft rejection in experimental rodents but are much less
potent than Th1 lymphocytes. In some circumstances, Th2 lymphocytes
inhibit Th1 lymphocyte formation and delay rejection.

Th17 lymphocytes constitute a subpopulation that is particularly
adept at responding to fungal infections. They are named after the
signature cytokine they produce, IL-17, and contribute to allograft rejec-
tion by promoting inflammation. Differentiation of antigen-stimulated
naive T lymphocytes to the Th17 phenotype is dependent on TGFf
IL-6, and IL-21 and on the transcription factors STAT6 and ROR)T. The
cytokine IL-23 stabilizes the Th17 lymphocyte phenotype by ensuring
continued IL-17 production. IL-6 and IL-23 are produced by DCs and
other activated myeloid cells. IL-23 shares a protein chain, the IL-
12p40 subunit, with IL-12.1L-21 is produced by Th17 lymphocytes and
functions as an autocrine growth factor. Th17 lymphocytes promote
inflammation by secreting IL-17, which stimulates the production
of neutrophil chemoattractants by epithelial and other stromal cells
in the graft. Th17 lymphocytes also participate in the formation of
tertiary lymphoid tissues at sites of chronic inflammation. Tertiary
lymphoid tissues, which share similar architecture to lymph nodes,
have been observed in renal allografts undergoing chronic rejection,
suggesting that they could participate in the local immune response.
A monoclonal anti-IL-17 antibody, Secukinumab, is available for use
in patients with psoriasis and rheumatoid arthritis. The approval of
antibodies that block the IL-17R is likely forthcoming. An anti-IL-21
monoclonal antibody is currently under evaluation in patients with
autoimmune disease. It remains to be determined whether any of
these novel biologic agents is of benefit to renal transplant recipients.

Tpy (follicular helper) lymphocytes play a key role in antibody
production by providing help to B lymphocytes. Their generation is
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dependent on IL-21 and on the transcription factor Bcl6. They ex-
press the chemokine receptor CXCR5, which guides their migration
to B-cell follicles in secondary lymphocyte tissues. There they induce
the differentiation of activated B lymphocytes to antibody-producing
plasma cells via CD40L-CD40 interactions and the secretion of cyto-
kines, namely IL-4 and IL-21. In transplantation, Ty are important for
driving the production of alloantibodies that are detrimental to graft
survival. Therefore, interrupting CD40L-CDA40 interactions is expected
to be dually beneficial by blocking T-lymphocyte activation as well as
T-lymphocyte help to B lymphocytes.

Cytotoxic T lymphocytes (CTL) bind via their TCRs to target cells
expressing nonself MHC-peptide complexes and induce target cell kill-
ing by secreting perforin and granzymes. Perforin is a channel-forming
protein, whereas granzymes are serine proteases that trigger programmed
cell death by activating caspases. IFNY secreted by Th1 lymphocytes
and the transcription factor Tbet are necessary for CTL differentiation
from activated CD8™ T lymphocytes.

The Mammalian or Mechanistic Target of Rapamycin (mTOR)
Pathway

An important intracellular signaling pathway involved in T-lymphocyte
proliferation is the mTOR pathway that is inhibited by the immunosup-
pressive drug Rapamycin (also known as Sirolimus) and the closely related
drug, Everolimus (see Chapter 6). mTOR is a protein kinase present
in many cell types including T lymphocytes. It is involved in cell-cycle
progression from the G1 to S phase (proliferation), cell survival, cell
growth, and cell autophagy. mTOR functions by associating with other
proteins to form two complexes: mMTORC1 and mTORC2. mTORCI, the
principal target of Rapamycin, is a nutrient sensor that plays a central
role in regulating cell metabolism and, therefore, cell homeostasis and
proliferation. mTORC2, which is inhibited by higher concentrations
of Rapamycin, is involved in actin organization and cell survival. The
pleiotropic functions of mTOR and its ubiquitous expression in many
cell types are the likely explanations why the clinical use of Rapamycin
in transplantation has been limited by variable efficacy and high inci-
dence of side effects. For example, Rapamycin inhibits T-lymphocyte
proliferation but paradoxically increases memory T-lymphocyte genera-
tion. Nevertheless, Rapamycin is sometimes administered to transplant
recipients to replace or as an adjuvant to CNIs or those patients who
have concomitant neoplasia. Newer, selective inhibitors of mTORC1
and mTORC2 may prove more useful in the future.

MEMORY T LYMPHOCYTES

A large number of effector lymphocytes are generated during an im-
mune response, but most undergo activation-induced cell death (AICD)
by apoptosis as the response progresses. The few effector lymphocytes
that survive give rise to memory T lymphocytes (T)). The differentiation
from effector to memory is dependent on the cytokines IL-7 and IL-15.
Ty, retain the antigen specificity and often the functional phenotype
of their precursors. In humans, they consist of two major subsets: cen-
tral memory (T¢,,) and effector memory (Tgy,). Ty, which express the
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chemokine receptor CCR7, circulate through both secondary lymphoid
and nonlymphoid peripheral tissues and have a large proliferative ca-
pacity, whereas T, which express the chemokine receptor CXCR3 but
lack CCR7, circulate predominantly through nonlymphoid tissues and
the spleen and have a higher capacity forimmediate effector functions
marked by IFNY, perforin, and granzyme release. Resident memory
T-lymphocyte populations (Tgy,) that remain within nonlymphoid tissues
have been described recently in the skin, lungs, and gut in mice and
humans, but their relevance to transplantation has yet to be determined.

T\, have several advantages over their naive counterparts. They are
present at a much higher frequency and have a longer lifespan, wider
migration pattern (they migrate to and reside in either lymphoid or
nonlymphoid organs), and lower threshold for activation than their naive
predecessors. Upon re-encountering antigen, Ty, lymphocytes generate
amuch stronger immune response (recall response) than that of naive
Tlymphocytes (primary response). The recall response is only partially
dependent on traditional co-stimulatory pathways such as B7-CD28
(therefore, resistant to inhibition by CTLA4-Ig [Belatacept]) and is
elicited not only by DCs but also by endothelial cells. These properties
of memory T lymphocytes confer a significant protective advantage
against infection but are deleterious to transplanted organs if the T\, are
alloreactive. Indeed, T\, constitute approximately half of the alloreactive
T-lymphocyte repertoire in humans, even in naive individuals not previ-
ously exposed to alloantigens. Humans harbor or acquire alloreactive
Ty, for three reasons. First, Ty generated in response to vaccination or
infection are frequently cross-reactive with alloantigens—that is, they
recognize intact nonself HLA molecules on donor cells in addition to
their target microbial antigens (microbial peptides bound to self HLA).
Second, alloreactive Ty, arise after exposure to alloantigens in blood
transfusions, prior organ transplants, or pregnancy. Third, alloreactive
T, emerge during recovery from lymphophenia; for example, following
the administration of lymphocyte-depleting, induction therapy at the
time of transplantation.

The ubiquitous presence of alloreactive Ty, and the functional ad-
vantages they have over naive T lymphocytes make them a formidable
barrier to allograft acceptance. Patients who harbor higher frequencies
of Ty, against donor alloantigens have higher incidence of acute rejec-
tion. Similarly, patients receiving CTLA4-Ig (Belatacept) experience
more severe rejection episodes than patients on tacrolimus, likely
because CTLA4-Ig does not adequately inhibit Ty, activation. Moreover,
since T\ are generated during recovery from lymphopenia, transplant
recipients induced with Thymoglobulin or anti-CD52 (Campath) have
on average more circulating Ty, than nondepleted recipients. Increased
Ty, for many years after lymphodepletion could explain why these
induction agents, although effective at preventing rejection in the
early post-transplantation period, do not enable the safe withdrawal
of CNI at a later time point.

T-LYMPHOCYTE MIGRATION

Naive T lymphocytes circulate between the blood and secondary lym-
phoid organs but do not enter nonlymphoid tissues. They are activated
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within secondary lymphoid organs. Their migration from the blood to
the T-cell zones of lymph nodes occurs via specialized high endothelial
venules and is dependent on both adhesion molecules (L-selectin and
LFA-1) and chemokine receptors (CCR7). L-selectin (CD62L) mediates
naive T-lymphocyte rolling by binding to addressins on endothelial cells,
while CCR7 and LFA-1 mediate firm adhesion and trans-endothelial
migration by binding to the chemokine CCL21 and the adhesion mol-
ecules ICAM-1 and 2, respectively. CCL19, another ligand of CCR7,
helps direct naive T lymphocytes to the T-cell zones of lymph nodes.
Asinlymph nodes, naive T lymphocytes enter the spleen via the blood
and are directed to the T-cell zones (periarteriolar lymphoid sheaths
of the splenic white pulp) by the chemokines CCL21 and CCL19. Naive
T lymphocytes that encounter DCs presenting the alloantigens they
recognize are retained within secondary lymphoid organs where they
proliferate and differentiate into effector and memory T lymphocytes.
Those that do not continue their journey back to the blood via effer-
ent lymphatic channels and ultimately the thoracic duct in the case of
lymph nodes, and directly back to the blood in the case of the spleen.
DCs bearing alloantigens reach lymph nodes via afferent lymphatics
and the spleen via the blood. Their migration there is dependent on
CCR7. Alloantigens shed by the graft, usually in the form of exosomes,
also reach lymph nodes and the spleen via afferent lymphatics or the
blood, respectively, where they are picked up by resident DCs. Either the
spleen or lymph nodes are sufficient for initiating naive T-lymphocyte
activation after kidney transplantation.

Once generated, effector and memory T lymphocytes exit second-
ary lymphoid organs and migrate to the allograft via the bloodstream.
Their egress into the blood is dependent on sphingosine 1 receptors
(S1P). Blocking S1P with the immunosuppressant FTY720 causes the
retention of effector and memory T lymphocytes within secondary
lymphoid organs, preventing them from targeting the graft. Unlike
naive T lymphocytes, effector and memory T lymphocytes express high
levels of the adhesion molecule VLA-4 and the chemokine receptor
CXCR3. VLA-4, which binds VCAM-1 on inflamed endothelial cells,
is critical for effector and memory T lymphocyte’'s firm adhesion to
and transmigration across graft vessels. The role of CXCR3 and its
chemokine ligands is controversial. Recent experimental evidence
shows that recognition of donor antigens by the TCR, and not che-
mokines by chemokine receptors, is the initial trigger for effector and
memory T-lymphocyte migration into transplanted organs. Note that
unlike naive T lymphocytes, memory T lymphocytes can be activated
outside secondary lymphoid organs—for example, in the graft itself.

Chemokine or chemokine receptor antagonism has failed to pass
preclinical testing as a useful strategy to prevent rejection. Targeting
VLA-4 with Natilizumab, although highly promising, is fraught with
unacceptable risk of PML because VLA-4 is essential for immune
surveillance of latent viruses by memory T lymphocytes. Although
FTY720 has been approved for the treatment of multiple sclerosis,
it is not approved for use in transplantation because of serious side
effects that include macular edema, bradycardia, and increased risk
of infection. Therefore, none of the agents that target T-lymphocyte
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migration are currently available for preventing or treating allograft
rejection in the clinic.

B LYMPHOCYTES AND ANTIBODIES

B lymphocytes and their progeny, the plasma cells, are the immune
cells responsible for antibody production. Interest in B lymphocytes
and antibodies as causative agents in transplant rejection dates back
to the beginnings of renal transplantation when it was realized that
grafts are hyperacutely rejected by recipients who harbor preformed
antibodies against donor antigens. As outlined earlier, hyperacute
rejection is caused by either anti-ABO or anti-HLA antibodies. Care-
ful ABO matching of donors and recipients and careful testing of the
recipient’s serum for antibodies against the donor’s HLA prior to
transplantation have eliminated hyperacute rejection in the clinic. More
recently, however, the significance of donor-specific antibodies (DSA)
that arise after transplantation has come to the fore. These antibodies,
usually against donor HLA but sometimes directed against non-HLA,
are associated with poor renal allograft outcomes by causing acute or
chronic antibody-mediated rejection (ABMR), often in combination
with an ongoing T-lymphocyte-mediated (cellular) rejection. There-
fore, understanding B-lymphocyte biology is a necessary step toward
tackling DSA and ABMR.

B-Lymphocyte Activation and Differentiation

Naive B-lymphocyte activation is dependent on antigen recognition
by the B-cell receptor (BCR) and on critical help from the Ty subset of
CD4" T lymphocytes inside secondary lymphoid organs. Upon binding
antigen, the BCR signals to the cell’s interior to trigger essential gene
expression programs and, in addition, internalizes the antigen. Inter-
nalized antigen is delivered to endosomal compartments where it is
degraded into peptides that are then bound to MHC class Il molecules
and recycled to the surface of the B lymphocyte. These MHCII-peptide
complexes are recognized by CD4" T lymphocytes, leading to stable
contact between the B lymphocyte and the T lymphocyte providing help
to it. Since the helper T lymphocyte is activated by the same antigen
as the B lymphocyte, the interaction between T and B lymphocytes is
referred to as “cognate” or “linked.” The chemokine receptors CCR7
on B lymphocytes and CXCR5 on Ty lymphocytes are essential for
bringing the two cells together at the interface between B-cell zones
(or follicles) and T-cell zones in secondary lymphoid organs. The
help from T lymphocytes is delivered in the form of co-stimulatory
ligands (for example, CD40L on activated T lymphocytes engages
CD40 on activated B lymphocytes) and cytokines ( for example, IL-4,
-5,and -6). B lymphocytes receive additional stimulatory signals from
myeloid cell-derived cytokines such as BAFF (also known as BLys) to
which monoclonal antibodies have been developed for use in SLE in
humans. B lymphocytes that receive all the necessary stimulatory
signals coalesce in the follicles to form germinal centers. There, they
proliferate extensively, undergo affinity maturation, and differentiate
into plasma cells and memory B lymphocytes. Affinity maturation
is the process by which immunoglobulin genes undergo extensive



40  Chapter 2/ Transplantation Inmunobiology

somatic hypermutation that improves the affinity of the resultant
antibody to its antigen. Plasma cells are antibody factories and, along
with memory B lymphocytes, maintain long-term humoral immunity.
The transcriptional repressor BLIMP-1 is critical for B-cell differen-
tiation to plasma cells. Plasma cells exit secondary lymphoid organs
and reside for a long time in the bone marrow. They rely on IL-6 for
survival. Memory B lymphocytes, on the other hand, populate second-
ary lymphoid tissues and circulate in the blood. In humans, they are
marked by expression of the surface protein CD27. Similar to memory
T lymphocytes, memory B lymphocytes respond much more vigorously
than their naive counterparts to the antigen to which they are specific
and produce antibodies of higher affinity.

Antibodies

Antibodies or immunoglobulins (Ig) are glycosylated protein molecules
present on the surface of B lymphocytes, and therefore serve as BCRs
for antigen, or are secreted as B lymphocytes and plasma cells into the
extracellular space where they can bind to target antigens. A single
antibody molecule consists of four protein chains, two “heavy” and
two “light;” linked to each other by disulfide bonds. The N-terminus
regions of the heavy and light chains are where the variability between
one antibody molecule and another resides and, therefore, collectively
make up the antigen-binding site. Five isotypes or classes of antibod-
ies (IgM, IgD, IgG, IgA, and IgE) exist. They are distinguished based
on the C-terminus regions of the heavy chains, which are nonvariable
(constant) and therefore do not participate in binding antigen. Instead,
these regions are important for the effector functions of antibodies: the
means by which antibodies eliminate pathogens or cause tissue injury.
Antibodies that bind to donor antigens can lead to antibody-mediated
rejection (ABMR). They cause allograft damage in two principal ways:
they activate the classical pathway of the complement system and
stimulate macrophages and other immune cells by binding to Fc
receptors (FcR) that recognize the constant regions of specific antibody
classes. Complement activation via the classical pathway leads to the
accumulation of C4d, an inactive complement component, in the tis-
sues thus, aiding in the histologic diagnosis of ABMR. Which effector
mechanism dominates is determined by the heavy-chain isotype. For
example, IgM, 1gG3, IgG1, and IgG2 (in decreasing order of potency)
activate complement, while IgG1 and IgG3 also bind FcR to stimulate
macrophages and NK cells. Note that IgM antibodies, produced early
in the immune response, are of lower affinity to their antigens than IgG
antibodies that arise later—thus, IgG alloantibodies are of the most
concern in transplantation. The switch from IgM to IgG antibodies is
referred to as isotype switching and is mediated by T-lymphocyte help
via the CD40L-CD40 pathway and the action of cytokines. Recent
observations suggest that binding of human alloantibodies to donor
HLA on endothelial cells contributes to graft injury via yet another
mechanism: the activation of the endothelial cells themselves.

Antibody-Independent Functions of B Lymphocytes
In addition to producing antibodies, B lymphocytes contribute directly
to T-lymphocyte immunity by three known mechanisms: (1) they serve



Chapter 2 / Transplantation Immunobiology 41

as APCs that enhance T-lymphocyte differentiation to memory T lym-
phocytes; (2) they function as bona fide cellular effectors that produce
inflammatory cytokines ( for example, TNFo); and (3) a subgroup of
them, known as regulatory B lymphocytes (Breg) characterized by
IL-10 secretion, modulate immune responses. Recent observations in
experimental animals and in humans suggest that the “cellular” func-
tions of B lymphocytes contribute significantly to the pathogenesis of
allograft rejection, especially chronic rejection, or, conversely, dampen
the alloimmune response and promote better allograft outcomes in
some patients.

Targeting B Lymphocytes and Plasma Cells in Transplantation

Since all human B lymphocytes express the surface marker CD20,
monoclonal antibodies against CD20 (Rituximab) are quite effective
at depleting B lymphocytes in the circulation and to a lesser extent
in lymphoid organs. Plasma cells, however, do not express CD20,
providing one explanation why Rituximab has not been particularly
successful at reversing DSA or ABMR in renal transplant recipients.
More recently, proteasome inhibitors, originally developed for the
treatment of multiple myeloma, have been employed to inhibit plasma
cell function in sensitized patients or those with DSA/ABMR. Finally,
B-lymphocyte depletion at the time of transplantation can increase
the incidence of acute rejection because of nonselective depletion of
both pathogenic and regulatory B lymphocytes. Further understand-
ing of B-lymphocyte activation, alloantibody production, and B-
T-lymphocyte interactions is needed before more precise interruption
of B-lymphocyte function can be attained. A more comprehensive
view of targeting B lymphocytes, plasma cells, or complement that is
based on our current understanding of the immunobiology of ABMR
is shown in Figure 2.5.

Natural Killer Cells

Another participant in the alloimmune response is the NK cell. NK
cells are lymphoid cells that do not carry TCRs or BCRs but instead
express complementary activating and inhibitory receptors. Activat-
ing receptors recognize ligands induced on many cell types during
inflammation or infection, while inhibitory receptors bind self-MHC
class I molecules. NK cells are stimulated when the balance between
activating and inhibitory signals is tilted in favor of the former. Since
allograft tissues express nonself MHC proteins, they do not engage
inhibitory receptors on donor NK, leading to NK-cell activation. There-
fore, in contrast to alloreactive T and B lymphocytes which respond
to nonself, NK cells respond to missing self. NK cells that infiltrate
allografts can also be activated by binding of alloantibodies in the
graft to FcRs on NK cells. Once activated, NK cells kill their targets by
secreting the same molecules utilized by CTL (perforin, granzyme,
and IFNYy) and differentiate to memory cells. Despite their cytotoxic
and memory functions, NK cells appear to have a secondary role in
allograft rejection. Their most conspicuous role in immunity is in the
setting of viral infection. Infected cells are rapidly detected by NK cells
because of diminished MHC class I expression and increased expres-
sion of activating ligands.
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FIGURE 2.5 Potential means to prevent or treat antibody-mediated rejection based on
underlying immunologic mechanisms. Multiple components of the innate and adaptive im-
mune systems participate in the pathway that leads to alloantibody production. One or more
of these components can be targeted to prevent or treat ABMR. Targeting B lymphocytes
can also potentially attenuate T-lymphocyte responses because B lymphocytes function as
antigen-presenting cells as well. (Reprinted from Zarkhin V, Chalasani G, Sarwal MM. The
yin and yang of B cells in graft rejection and tolerance. Transplant Rev 2010;24(2):67—78,
with permission from Elsevier.)

THE INNATE IMMUNE SYSTEM

The immune system consists of two integrated arms, the innate and
adaptive—the latter has been the subject matter of this chapter so far.
The adaptive immune system consists principally of T and B lymphocytes,
which as explained earlier, express diversified receptors that recognize
foreign antigens with high molecular specificity, expand clonally upon
sensing antigen, and undergo affinity maturation and further differentia-
tion to effector and memory cells. These adaptive features of lymphocytes
(clonal expansion, maturation, differentiation, and memory) earned
lymphocytes the well-justified moniker adaptive immunity. Although
highly effective at providing the host with long-lasting protection against
foreign intruders, the adaptive immune system is relatively sluggish in its
response, requiring hours to several days to generate sufficient numbers of
effector cells and even several weeks to generate high antibody (IgG) titers.

The innate immune system, on the other hand, comprises inflamma-
tory cells (neutrophils, monocytes, macrophages, and dendritic cells
among others) and soluble mediators (the complement system being
a prime example) that respond instantly to foreign intrusion. Innate
immune cells express nonrearranging, germ-line encoded receptors
that recognize broad nonself patterns present usually on microbes ( for
example, LPS and viral DNA or RNA) but also respond to molecules
released by stressed or dying cells (for example, uric acid, nuclear
proteins, and DNA derived from chromosomes or mitochondria). This
rapid-fire innate response serves three purposes. It mobilizes first-line
defense mechanisms such as phagocytosis and the release of acute
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inflammatory mediators, ranging from small molecules to cytokines;
causes the activation and maturation of APCs that then launch the
adaptive T-lymphocyte response; and participates in the effector
phase of most adaptive immune responses, providing the foot soldiers
that eliminate foreign antigens and cause tissue damage or fibrosis in
response to cytokines and antibodies released by lymphocytes. To il-
lustrate the contributions of the innate immune system to transplant
rejection, we will discuss the example of ischemia-reperfusion injury
and the role it has in renal allograft outcomes.

ISCHEMIA-REPERFUSION INJURY

The process of depriving harvested organs from blood supply, plac-
ing them on ice, and reattaching them to the vasculature of the
recipient results in an immediate inflammatory response known as
ischemia-reperfusion injury that is mediated by the innate immune
system, although lymphocytes have been shown to participate as well
(see Chapter 10). The time duration during which the organ is outside
the human body is referred to as the cold ischemia time, whereas the
time required to complete the surgical revascularization of the organ
in the recipient is the warm ischemia time (see Chapter 4, Part II). The
inflammatory response that ensues is characterized by graft cell injury
and death, activation of the complement system, and infiltration of the
graft parenchyma with neutrophils and monocytes. Reactive oxygen
species released by hypoxic graft cells and infiltrating immune cells
are thought to play an important role in the injury process.
Ischemia-reperfusion injury is the principal cause of delayed graft
function after kidney transplantation. Later, it is associated with in-
creased incidence of acute rejection and reduced long-term allograft
survival. This perhaps provides the strongest argument why living
unrelated renal allografts fare significantly better than similarly mis-
matched cadaveric kidneys. It also highlights the need to minimize
ischemia time. Significant attention has been placed lately not only
on shortening the cold ischemia time but also on utilizing machine
perfusion to maximize the delivery of oxygen and nutrients to the graft
parenchyma. Ongoing studies are exploring whether machine perfusion
at room temperature or inhibition of complement activation would
reduce ischemia-reperfusion injury at the time of transplantation.

TOLERANCE AND IMMUNE REGULATION

Tolerance broadly refers to the absence of immune responses to specific
antigens. During development, one of the critical functions of immune
system is to prevent responses directed toward self-antigens, thus pre-
venting autoimmune disease. This is achieved by central tolerance in
the thymus and by peripheral tolerance in extrathymic lymphoid tissue.
During T-lymphocyte development, most T lymphocytes found in the
thymus have undesirable reactivities, and so are deleted or made unre-
sponsive by negative selection. T lymphocytes that recognize foreign
antigen in the context of self-MHC are positively selected and allowed
to circulate in the blood. The process of negative selection is imperfect,
so autoreactive T lymphocytes can be found in the periphery. Autoim-
munity is usually prevented by the process of peripheral tolerance.
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Peripheral tolerance is maintained by a number of mechanisms
that include regulation by specialized lymphocyte subsets known as
Treg and Bggg, anergy, and exhaustion. Tggg and Bggg populations have
been identified in rodents and humans. Regulatory lymphocytes sup-
press alloimmune reactions in vitro and prolong allograft survival in
rodent transplantation models. The mechanisms by which regulatory
lymphocytes suppress immune responses are varied. They include cy-
tokines (e.g., IL-10 and TGF) and inhibitory membrane molecules (e.g.,
CTLA-4). Ty in humans are CD4" T lymphocytes that express high
levels of CD25 and the transcription factor Foxp3. Anergy and exhaustion
refer to the state in which T or B lymphocytes become unresponsive to
re-stimulation with antigen. Anergy occurs when naive lymphocytes
encounter antigen in the absence of critical co-stimulatory or help
signals necessary for their full activation. Exhaustion occurs when
effector or memory T lymphocytes repeatedly encounter a persistent
antigen, as would occur during chronic viral infection or in the case
of an allograft. Repeated antigenic stimulation induces the expression
of inhibitory molecules that keep T cells hypo- or unresponsive. One
example of such inhibitory molecules is PD-1, shown in rodents to
suppress alloreactive effector T lymphocytes.

In the context of transplantation, tolerance can be defined as the
absence of a destructive immune response to a graft, in a host with
otherwise intact immunity. This generally implies that the patient
is not on chronic immunosuppression yet maintains excellent graft
function. This is an important goal because transplant recipients are
otherwise subjected to global immunosuppression that leaves them
at increased risk for infections and malignancies. In addition, current
chronic immunosuppression regimens do not guarantee indefinite or
even excellent long-term allograft survival. A variety of experimental ap-
proaches have tried to take advantage of basic mechanisms of tolerance
in an attempt to induce transplantation tolerance. The most promising
strategy so far has been to induce donor-specific tolerance by ablation
or near ablation of the recipient’s immune system and reconstitution
with donor hematopoietic stem cells (bone marrow), thus generating
either a transiently or permanently chimeric immune system that does
not reject donor organs. The mechanisms of tolerance in these patients
appear to be a combination of central (thymic) deletion of alloreactive
T lymphocytes and peripheral regulation.
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Tissues and organs transplanted from one individual to another
genetically disparate individual are rejected unless immunosuppres-
sive medications are given. The recipient’s lymphocytes recognize
cell-surface proteins of the grafted tissue that differ from the recipient’s,
and trigger immune responses leading to rejection. Human leukocyte
antigens (HLA) expressed on the surface of the graft provoke the most
severe immune rejection, and the gene family encoding HLA molecules
has been named the major histocompatibility complex (MHC). The
similarity between the constellation of HLA antigens of the donor and
recipient (the degree of histocompatibility) affects long-term graft
survival, and for that reason, HLA matching has been incorporated
into kidney allocation. Antibodies directed against mismatched donor
HLA antigens that might arise as a result of pregnancies, blood transfu-
sions, or transplantation cause hyperacute or accelerated acute graft
rejection when they are present before transplantation. Additionally,
recent evidence implicates their appearance after transplantation
with accelerated acute rejection and with chronic graft dysfunction
and loss. This chapter describes the HLA antigens and their genetics,
methods to identify them, HLA antibodies and the means to detect
and characterize them, and the important roles each plays in kidney
transplantation.

THE MAJOR HISTOCOMPATIBILITY COMPLEX

Human MHC Gene Cluster
The human MHC comprises about 3.6 Mb DNA (0.1% of the genome)
located on chromosome 6p21.31. The MHC is the most gene-dense
region of the human genome comprising more than 220 genes. The
average gene density over the entire MHC region is one gene per 16
kilobases (kb). Only 50% of the genes in the MHC region appear to
be expressed, and the remainder are unexpressed pseudogenes. One
possible explanation for maintaining such high levels of pseudogenes
could be that they are involved in generating new alleles by gene conver-
sion, a phenomenon that has been observed at other human immune
loci. About 40% of the expressed genes have immune system function.
The human MHC has been divided physically into three regions:
class I (telomeric), class IT (centromeric), and class III (Fig. 3.1). The HLA
class I cluster comprises three classical class I genes (HLA-A, -B, and -C),
three nonclassical class I genes (HLA-E, -E and -G), two class I-like
genes (MHC class I-related chain A [MICA] and MHC class I-related
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FIGURE 3.1 Schematic of the genetic organization of the classical HLA genes and class |
and class Il molecular structures.

chain B [MICB]), and several pseudogenes. The classical class I genes
are constitutively expressed by all nucleated cells and control the
activation and function of cytotoxic T lymphocytes. The expression
of nonclassical class I antigens is restricted to specific tissues, while
the class I-like genes are expressed under some physiologic stress
conditions. The products of both nonclassical and class I-like genes
serve as ligands to receptors that control the function of natural killer
cells. The HLA class II cluster comprises classical class II genes (HLA-
DR, -DP, and -DQ), nonclassical class II genes (HLA-DM and -DO), and
several pseudogenes. The HLA-DR region contains one functional
gene for the o chain (DRA), but has one or two functional genes for
the B chain, depending on the HLA-DR type. All HLA-DR types have
the DRBI gene, and some contain an additional functional DRB gene,
DRB3, DRB4, or DRB5, which forms a second cell-surface heterodimer
with the DRA-encoded o chain (Fig. 3.1). HLA class II molecules are
constitutively expressed by antigen-presenting cells (dendritic, mac-
rophage, and monocyte cells) and B lymphocytes, but these antigens
can be induced on activated T cells and endothelial cells, including
the glomerular endothelium, renal tubular cells, and capillaries. The
nonclassical class II genes are not expressed on the cell surface, but
form heterotetrameric complexes involved in peptide exchange and
loading onto classical class I molecules. The class IIT region comprises
genes that encode molecules involved in critical immune functions
such as those encoding tumor necrosis factors, complement proteins,
and heat shock proteins.
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Structure and Function of HLA Molecules

Although MHC molecules are important barriers to transplantation,
their primary function is to provide protection against pathogens.
The HLA molecules evolved with an appropriate structure to perform
this specialized antigen presentation function in an effective manner.
Although class I and class I HLA molecules are encoded by different
genes and comprise distinct subunit structures, they are remarkably
similar in their three-dimensional crystallographic structures.

The class I antigens (HLA-A, -B, and -C) consist of an o heavy
chain of 45 kDa with three globular external domains (o, 0, and o),
a transmembrane region, and an intracellular domain (Fig. 3.1). The
structure is stabilized by anon-MHC encoded ,-microglobulin (located
in chromosome 15) associated with the o; domain. The class I antigens
(HLA-DR, -DQ, and -DP) consist of two noncovalently linked chains: an
o chain of 35 kDa (encoded by DRA, DQA1, or DPA1) and a B3 chain of
31 kDa (encoded by DRB1, DRB3, DRB4, DRB5, DQBI, or DPB1). Both
chains are transmembrane with two globular extracellular domains.
The o, and o, domains of class I molecules fold together into a single
structure consisting of two segmented o, helices lying on a sheet of eight
antiparallel  strands. The folding of the o, and 0, domains creates a
long cleft or groove facing away from the cell, in which peptides bind.
Similarly, the membrane distal o, and 3, domains of class Il molecules
form the peptide-binding cleft. The class I and class Il molecules differ
with regard to the ends of the groove that are closed in class I and open
in class IT molecules, permitting longer peptides to be accommodated
on class Il molecules. The HLA antigens (self) with their loaded peptides
(nonself) are exposed to T cells, which recognize these compound
structures (self+nonself) through their T-cell receptors and trigger
immune activation against the foreign antigens. Their central role in
triggering the immune system also makes the HLA antigens powerful
alloantigens, as described in Chapter 2.

The Nature of HLA Polymorphism

The classical class I and class II genes encode HLA molecules, the most
polymorphic proteins known to date in humans. Earlier studies using
serologic typing methods identified an unprecedented number of HLA
alleles at each locus. DNA sequencing revealed an even more extensive
polymorphism as the serologically defined antigens included multiple
allelic variants that could differ by a single nucleotide substitution. The
differences among HLA proteins are localized in the antigen-binding
domain, particularly enriched in positions that interact with antigenic
peptides or the T-cell receptor. Class I polymorphisms are predominantly
found in the first 180 amino acids of the heavy chain, and the class II
polymorphisms are found in the first 90 to 95 amino acids of the o0
and/or B3 chains. This extreme polymorphism is thought to be driven
and maintained by the long-standing battle for supremacy between
our immune system and infectious pathogens.

Even when we limit the discussion to the products of the HLA-A, -B,
and -DR loci, which are most commonly encountered in clinical kidney
transplantation, there are 88 recognized antigens (defined by antibodies),
encoded by nearly 7,000 distinct alleles, and the number of new alleles
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is still increasing. Although the number of HLA antigens, alleles, and
combinations is very large, the frequencies in a given population vary
considerably. The most common HLA antigen is A2, which is found
in roughly 50% of individuals from populations around the world.
Approximately 96% of Whites with European ancestry who express
HLA-A2 have the HLA-A*02:01 allele. Northern Chinese and many
Hispanics who express HLA-A2 have the HLA-A*02:06 allele. HLA-B8
is found in 30% of Scots, and the frequency declines as populations in
Europe and more distant areas are analyzed, except in those areas that
were colonized by the British—South Africa, India, Australia—where
the frequency is higher. Thus, certain antigens and alleles are common,
whereas others are very rare. Some HLA antigens are racially limited.
Thus, HLA-B54 is found almost exclusively in persons from Japan and
nearby Asian countries. HLA-A36 is relatively common among Blacks,
but is very rare in other populations.

The additional HLA polymorphism revealed through the applica-
tion of DNA technologies has provided interesting insights into the
role of HLA in many autoimmune diseases, but its significance in
clinical kidney transplantation remains to be seen. Allele differences
between the donor and recipient of bone marrow transplants lead to
graft-versus-host disease. Limited analyses of HLA allele-level mis-
matches among kidney transplant recipients suggest an added effect
of allele-level HLA mismatches on graft survival rates, but matching at
this level has not yet been attempted prospectively. Among sensitized
renal candidates, there are instances where allele-specific antibody
reactions occur and these pose problems in allocation or in interpreta-
tion of post-transplant donor-specific antibodies when the allele-level
HLA type of the donor is unknown.

HLA Nomenclature
Obviously, keeping track of this diversity requires a specialized no-
menclature. The HLA antigens were identified and characterized
over a 50-year period beginning with the discovery of the MAC (now
HLA-A2) antigen by Dausset in Paris in 1958. A series of international
workshops beginning in 1964 and held approximately every 4 years
until 1987 established a nomenclature for the HLA antigens, naming
unique antigens in the sequence they were officially recognized: Al,
A2, A3, Bw4, B5, Bw6, B7, B8, and so on. The antigens were identified
using antisera obtained primarily from multiparous women. As the
field evolved, new antisera were discovered that could “split” some HLA
antigens into narrower specificities. HLA-A9 was split into HLA-A23
and -A24, and HLA-A10 was split into HLA-A25, -A26, -A34, and -A66,
for example. Table 3.1 lists the broad parent antigens for splits in paren-
theses together with the antigen frequencies among US organ donors.
The already complicated HLA nomenclature became more com-
plex when DNA-based typing technologies for HLA were developed
in the mid-1980s. To accommodate the growing numbers of alleles
that could be identified by their unique nucleotide sequences within
the antigen designations, the established serologic nomenclature was
modified to associate alleles with antigens whenever possible (Fig. 3.2).
The first allele for HLA-A1 is HLA-A*01:01, which includes the locus
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Recognized HLA Specificities
Donor Antigen Donor Antigen
Antigen Frequency Antigen Frequency
HLA-A B56(22) 1%
Al 24% B57(17) 7%
A2 48% B58(17) 4%
A3 22% B59 <1%
Al1 10% B60(40) 8%
A23(9) 7% B61(40) 4%
A24(9) 17% B62(15) 1%
A25(10) 3% B63(15) 1%
A26(10) 3% B64(14) 1%
A29(19) 7% B65(14) 4%
A30(19) 8% B67 <1%
A31(19) 5% B71(70) 1%
A32(19) 5% B72(70) 2%
A33(19) 5% B73 <1%
A34(10) 1% B75(15) <1%
A36 1% B76(15) <1%
A43 <1% B77(15) <1%
A66(10) 2% B78 <1%
A68(28) 1% B81 1%
A69(28) <1% B82 <1%
0,

ﬁ;g“g) foﬁ HLA-DR

DR1 17%
HLA-B DR4 30%
B7 21% DR7 32%
B8 17% DR8 9%
B13 4% DR9 3%
B18 9% DR10 3%
B27 7% DR11(5) 19%
B35 18% DR12(5) 4%
B37 2% DR13(6) 22%
B38(16) 3% DR14(6) 7%
B39(16) 5% DR15(2) 26%
B41 2% DR16(2) 4%
B42 2% DR17(3) 18%
B44(12) 24% DR18(3) 2%
B45(12) 3% DR 51 29%
B46 <1% DR 52 62%
B47 1% DR 53 50%
B48 1% HLA-DQ
B49(21) 3% DQ2 37%
B50(21) 2% DQ4 10%
B51(5) 10% DQ5 36%
B52(5) 2% DQ6 6%
B53 4% DQ7 39%
B54(22) <1% DQ8 24%
B55(22) 2% DQ9 13%

Based on CPRA calculator October 2015.
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Gene

Allele Antigen Allele Antigen
B*14:01 = B64 DRB1*03:01 = DR17
B*14:02 = B65 DRB1*03:02 = DR18
B*15:01 = B62 DQB1*03:01 = DQ7
B*15:02 = B75 DQB1'03:02 = DQ8
B*40:01 = B60 DQB1*03:03 = DQ9
B*40:02 = B61

FIGURE 3.2 Current molecular nomenclature for HLA antigens.

(A), an asterisk (*) to indicate that the typing was performed by DNA
methods, the serologic antigen (01), and the allele number (01), sepa-
rated by a colon. Two additional fields (also separated by colons) may
be included to accommodate synonymous substitutions that do not
affect the protein sequence and to indicate nucleic acid substitutions
in the introns or the untranslated 3’ or 5" flanking sequences within
the genes, respectively.

There are some exceptions to the naming convention that may be
confusing. The HLA-B14, -B15, -B40, and HLA-DRB1*03 allele series
include distinct antigens that are both immunogenic and antigenic.
The HLA-B62 antigen, for example, is encoded by HLA-B*15:01, 15:04,
15:05, 15:06, 15:07, and many other B15 alleles, whereas HLA-B75 is
encoded by HLA-B*15:02, 15:08, 15:11, and so on. HLA-DRB1*03:01
is HLA-DR17, whereas HLA-DRB1%03:02 is HLA-DR18. The correla-
tion between alleles and antigens is updated periodically in the HLA
Dictionary (http://www.ebi.ac.uk/ipd/imgt/hla/dictionary.html) and
in the series “Nomenclature for factors of the HLA system” (published
in the journal Tissue Antigens).The naming of HLA class II antigens is
similar even though two distinct polypeptides encoded by separate genes
combine to form the antigen. The HLA-DR antigens are distinguished
by their DR 3, subunit; therefore, the first allele of DR1 is DRB1*01:01.
The HLA-DQ and -DP antigens comprise two polymorphic chains, o
and 3, which may react individually or in combination. Thus, these
are named DQA1%01:01, DQB1*02:01, DPA1*01:01, and DPB1*01:01.

The naming conventions for the DQ and DP antigens are still in flux
with regard to solid-organ transplants. The DQ2-6 antigens correspond
to DQB1*02-DQB1*06, and the DQ7, 8, and 9 antigens are DQB1%03:01,
03:02, and 03:03, respectively. DQ o chain and combinatorial specificities
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have no serologic correlates. The DP1-6 antigens that were described
serologically may not correspond precisely to the DP specificities that
can be identified using current antibody tests, and many specificities
may be assigned according to amino acid sequence polymorphisms
in the DP f3 chain that appear to represent major epitopes. At the time
of writing, the histocompatibility community is working to establish
conventions that will permit accurate predictions of antibody specifici-
ties against HLA-DQ and DP heterodimers.

Unfortunately, existing technology does not yet permit precise
allele-level HLA typing within time constraints for deceased donors, and
as aresult, the HLA nomenclature for solid-organ transplantation remains
a mixture of serologic level antigen numbers and intermediate-level
molecular typing to identify the most probable alleles for HLA-DRB1,
-DQA1,-DQB1, and -DPB1 encoded chains and the corresponding HLA
antigens that have been identified.

Family Segregation of HLA Haplotypes

Each parental chromosome 6 provides a haplotype or linked set of
MHC genes to the offspring (Fig. 3.3). Haplotypes are usually inherited
intact from each parent, although crossover between the A and B locus
occurs in approximately 2% of offspring, resulting in a recombination
(and a new haplotype). The child carries one representative antigen
from each of the class I and class II loci of each parent. A child is, by
definition, a one-haplotype match to each parent unless recombina-
tion has occurred.

HLA haplotypes are inherited in a Mendelian fashion. Statistically,
there is a 25% chance that siblings will share the same haplotypes
(two-haplotype match), a 50% chance they will share one haplotype
(one-haplotype match), and a 25% chance that neither haplotype
will be the same (zero-haplotype match). Even in the case of siblings
who share both HLA haplotypes, 25% to 100% of other parental chro-
mosomes may be different, and these other chromosomes include
other “minor” histocompatibility antigens, which can also initiate
rejection reactions.

Mother Father
A B DR A B DR
1 8 17 3 13 1
2 41 4 29 44 7

| I | |
Sibling 1 Sibling2  Sibling 3 Sibling 4
A BDR A BDR A BDR A BDR
2 4 4 2 4 4 1 8 17 1 8 17

3 1311 2944 7 3 1311 29 44 7

FIGURE 3.3 Inheritance of haplotypes and HLA profile in four theoretical siblings. Sibling
1 is a one-haplotype match to siblings 2 and 3 and a zero-haplotype match to sibling 4.
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Definition of Haplotypes and Phenotypes

Consider an individual with the following HLA profile or phenotype:
Al, A24,B8,B44, DR4, DR15. From this phenotypic information alone,
it is not possible to identify haplotypes because it is not known which
antigens are linked on each chromosome. Consider another individual
with the following HLA phenotype: Al, A3, B7, B8, DR4, DR12. If this
second individual is the biologic parent, offspring, or sibling of the first
individual, it becomes possible to identify a shared haplotype of the
family as A1, B8, DR4. The first individual also has an unshared haplotype
A24,B44,DR15, and the second individual an unshared haplotype A3,
B7, DR12. These haplotypes should appear in the parents and other
siblings. A kidney transplanted between these two individuals would
be a one-haplotype-matched graft, and the A1, B8, and DR4 antigens
would be genotypically identical in the donor and recipient because
they are encoded by the same inherited genes.

If these two individuals are not related, it is not possible to identify
the haplotypes. Thus, in transplants from living-unrelated or deceased
donors, the haplotypes are unknown, and only the phenotypic identity of
individual HLA antigens can be determined. The two individuals whose
HLA phenotypes are listed would be called a three-antigen match or a
three-antigen mismatch (see “HLA Matches and Mismatches,” below).
Sharing of minor histocompatibility antigens is serendipitous.

Linkage Disequilibrium

Although it is not possible to identify an individual’s haplotypes from
the phenotypic HLA-typing information alone, within racial or ethnic
populations, certain HLA determinants are inherited together more
often than would be expected by chance. For example, if HLA-A1 and
HLA-BS8 occur at gene frequencies of 16% and 10%, respectively, in a
population, the probability of finding them together should be 1.6%.
However, the actual occurrence rate of the HLA-A1-B8 combination is
significantly above the predicted incidence (about 8%). This phenomenon
represents the inheritance of haplotypes within racial groups. Existing
data suggest that positive selection is operating on the haplotype and
that the linked loci confer a particular selective advantage for the host.

HLA Matches and Mismatches

It is not always possible to identify two HLA specificities at each HLA
locus. Consider the HLA phenotypes for the following two unrelated
individuals:

1. A2, —; B27,B13; DR17, DR4
2. A2,A3; B8, B14; DR17, —

The absence of the second A-locus antigen in individual 1 and the
second DR-locus antigen in individual 2 could result from a failure
to identify the second antigen. Most often, however, it reflects the
inheritance of the same antigen (A2 and DR17 in these cases) from
both parents (the individuals are homozygous at these loci). A kidney
transplanted between these two individuals would be described as a one
A and one DR match, but this terminology does not take into account
homozygosity in the A and DR loci of individuals 1 and 2, respectively. If
individual 1 were a donor for individual 2, it would be more informative
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to describe the combination as a zero A, two B, and one DR mismatch.
If individual 2 were a donor for individual 1, the combination would
be aone A, two B, and zero DR mismatch. Antigenic differences in the
donor kidney are potential targets of rejection; therefore, the convention
of counting the number of donor HLA antigens that are not shared by
the recipient provides an estimate of the antigen dose.

Identical and Fraternal Twins

The differentiation between identical twins and two-haplotype-matched
fraternal twins is important because the recipient of a transplant from
an identical twin requires no immunosuppression. The procedure is
immunologically equivalent to an autotransplantation. Two-haplotype-
matched siblings, whether they are fraternal twins or not, differ in
their minor histocompatibility antigens, and immunosuppression is
required. Monozygotic, or identical, twins share a single placenta and
amniotic sac at birth. However, such information may be unavailable or
unreliable when the patient and donor are evaluated as adults. A variety
of methods have been used to identify monozygotic twins, including
skin grafting from the potential twin donor to the recipient (the graft
would be rejected if the twins were fraternal). Today, several genetic
polymorphisms can be exploited to determine identity at many genetic
loci providing a high degree of confidence that twins are identical.
Extended blood groups include markers that are determined by many
genes on different chromosomes. Analysis of short tandem repeats
(STRs), which, as the name implies, are short nucleotide sequences that
are repeated a variable number of times, provides a high probability
of identifying differences between individuals. STRs are often used in
monitoring engraftment of HLA-identical bone marrow transplants,
so they are exquisite markers of individuality.

HLA-TYPING TECHNIQUES

The Microcytotoxicity Test

The microcytotoxicity test developed by Terasaki and McClelland in
1964 was the international standard test for HLA typing for more than
30 years. This serologic test is performed in small plastic trays with a
grid of small flat-bottomed wells, each of which contains a selected
antiserum to which lymphocytes from the individual to be typed are
added, and incubated. Complement is added, and after another incuba-
tion, a vital dye is added to indicate the proportion of dead cells in each
well when examined under the microscope. Using the products of an
immune response (antibodies) to measure the targets of an immune
response (HLA antigens) has a certain inherent logic. If an antigen
had provoked an antibody response, its immunologic importance
was demonstrated. However, the HLA-typing antisera are seldom
monospecific (i.e., they do not recognize a single private specificity),
so in most cases it is necessary to examine the patterns of reactivity
with several antibodies to determine the HLA type.

DNA Typing Methods

Although some laboratories still use serologic HLA typing as a supple-
mental technique, it is now more common to type individuals by
DNA-based methods. In the United States, laboratories are required
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to determine HLA types of transplant candidates and deceased
donors by DNA-based methods. Using the extensive DNA sequence
data available, oligonucleotide primers and probes that specifically
hybridize to sites that are unique to an HLA locus, allele, or group of
alleles have been developed and are commercially available for HLA
typing. Three basic methods used in conjunction with polymerase
chain reaction (PCR) employ sequence-specific oligonucleotide probes
(SSOPs), sequence-specific primers (SSPs), and sequencing-based
typing (SBT). SSOP is based on first amplifying genomic DNA using
locus- or group-specific primers and then detecting the hybridization
of specific oligonucleotide probes tagged with enzymatic or fluorescent
markers to the amplified product. In commercial kits, the process is
often reversed, with the probes attached to microparticles that can be
hybridized with the labeled PCR product to produce a series of distinct
fluorescent beads when hybridization occurs. The microparticles are read
on a flow cytometer or Luminex machine and sophisticated software
programs assist in interpretation of the patterns to determine the HLA
type. SSP depends on DNA amplification using group- or allele-specific
primers and detecting an amplified product of the correct size by gel
electrophoresis. The size is determined by running an agarose gel
that separates the PCR products according to their size. SBT uses
gene-specific primers to sequence polymorphic regions of the gene,
and alleles can be assigned based on the nucleotides identified at key
positions in the sequence. Even with these molecular approaches to
HLA typing, it is difficult to produce reagents that uniquely recognize
each individual HLA antigen. As with serology, it is often necessary to
identify patterns of primer and probe reactivity in order to determine
the HLA type. Computer programs assist in the analysis of primer and
probe patterns, which are more difficult to analyze unaided because of
the added complexity of the HLA genes. It is difficult to identify HLA
alleles without performing SBT, because the differences between alleles
may be determined by single nucleotide differences. However, SSP and
SSOP can easily provide low or intermediate levels of typing, identify-
ing the recognized HLA antigens and major allele groups, respectively.
This level of typing is sufficient for renal transplantation in most cases.

Technology is rapidly changing and the development of next-generation
sequencing will eventually bring higher resolution HLA typing at all
loci at decreased costs. The current platforms are limited, however, in
the speed with which the typing and analyses can be performed and
would not be applicable to deceased donor typing.

THE SENSITIZED PATIENT

More than one-third of patients awaiting a renal transplant in the
United States are sensitized to HLA antigens. They have circulating
HLA antibodies that developed from exposure to allogeneic HLA an-
tigens during the course of pregnancies, through exposure to blood
transfusions or, increasingly, because of a failed transplant. Patients
who have circulating HLA antibodies are at high risk of hyperacute
rejection (the immediate and usually irreversible destruction of the
transplanted kidney) or of accelerated acute rejection (an early and
rapid antibody-mediated rejection that is not easily controlled with
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immunosuppression). The presence of preformed HLA antibodies
restricts the number of compatible donors for the sensitized patient
to those who do not express the HLA antigens to which the patient is
sensitized. Sensitized patients often must wait substantially longer for
a crossmatch-compatible kidney. Assiduous attention to pretransplant
lymphocyte crossmatching has virtually eliminated hyperacute rejec-
tion as a clinical threat. Very sensitive solid-phase antibody tests and
the virtual crossmatch (see below) make it possible to avoid donor
reactive antibodies completely for many patients today—even those
who are broadly sensitized against many HLA antigens.

Origins of Alloantibodies

During pregnancy, the semi-allogeneic fetus develops and is tolerated
within the mother for 9 months. At birth and during the pregnancy,
the mother is exposed to paternal HLA antigens of the fetus and may
become immunized and produce HLA antibodies to the mismatched
HLA antigens derived from the father. Sera from multiparous women
were the reagents that initially defined the HLA system. Among patients
awaiting a kidney transplant, sensitization is observed in up to 40%
of women with a history of pregnancy and is usually highest among
those with multiple pregnancies. Transplant failure, especially when
accompanied by early withdrawal of immunosuppression, results in
sensitization among about 75% of those relisted for a repeat trans-
plantation. This figure may be an underestimate since many patients
are not relisted after graft loss. Exposure to allogeneic HLA antigens
also occurs following blood or platelet transfusion, and the level of
preformed HLA antibodies can increase as a result of viral or bacterial
infections and other pro-inflammatory events.

The specificity of HLA antibodies an individual produces upon
exposure to allogeneic HLA molecules is influenced by the individual’s
immunologic history and by the individual’s own HLA type. Antibodies
are generally not produced against self-HLA antigens. HLA antibodies
can be directed against so-called “private” specificities such as HLA-A1,
or against “public” specificities such as Bw6. Antibodies to private
specificities recognize an epitope that is unique to a particular HLA
molecule or alimited group or family of closely related alleles, whereas
antibodies to public specificities recognize an epitope that is shared
by more than one HLA molecule. Public epitopes are responsible for
cross-reactivity observed in HLA alloantiserum. HLA antigens that
share epitopes can be grouped into the major cross-reactive groups
(CREGs) listed in Table 3.2.

The extensive sequence data on HLA alleles has been used to
identify many other potential “epitopes” by comparing amino acids or
amino acid clusters shared by some but not all alleles that might be
expressed in an accessible area of the HLA molecule. Antisera that fit
the antigenic reactivity pattern for some of these epitopes have been
already been described and the tool found at http://allelefrequencies.
net/hlaepitopes/hlaepitopes.asp may be used as an aid to analyze
reactivity patterns in complex antisera from sensitized patients. The
Bw4 and Bwo specificities are well-defined examples of public antigens.
Nearly all HLA-B antigens express either Bw4 or Bw6. The antigenic
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] HLA Antigen CREGs
AIC A13112930 313236 74 80
A2C1 A2 B17 57 58
A10C A25 26 29 30 31 32 33 34 66 74
A9C A2 23 2468 69
A28C A2 68 69
B5C B18 3537 5152 53 58 78
B7C B7 8134142486061 81
BSC B8 16 18 38 39 64 65
B12C B13 37 44 45 47 49 50 60 61
B21C B49 505152535758 626370717273757677 78
B22C B7 27 42 46 54 55 56 73 81 82
B27C B7 13 27 41 42 47 60 61
Bw4 A23 24 25 32 B13 27 37 38 44 47 49 51 52 53 57 58 59 63 77
Bw6 B7 8 18 35 39 41 42 45 46 47 48 50 54 55 56 60 61 62 64 65 67 71 72 73
757678 81

determinant that defines these specificities is affected by amino acids
in positions 80 and 83 of the class I molecule sequences located in the
exposed part of the o, helix. Class I molecules with arginine at position
83 and threonine or isoleucine at position 80 are recognized by anti-Bw4
antisera and include the HLA-B13, -B17, -B27, -B37, -B38, -B44, -B47,
-B49, -B51, -B52, -B53, -B57, -B58, -B59, -B63, and -B77 antigens. The
HLA-A23, -A24, -A25, and -A32 antigens also have the characteristic
arginine at position 83 and react with anti-Bw4 antibodies. All other
B-locus antigens have glycine at position 83 and asparagine at position
80, and react with anti-Bw6 antibodies. A consequence of the “patch-
work” pattern of HLA polymorphism is that an antibody generated
against a particular antigen may react to a number of HLA antigens
that share the same sequence motifs, leading to “cross-reactivity” of the
antibody. For instance, a patient’s serum carrying HLA-A2 antibodies
may react with HLA-A2 as well as A68, A69, B57, and B58 since these
antigens share amino acid sequence motifs with HLA-A2, but not with
other HLA antigens.

THE CROSSMATCH

The first crossmatch results were reported by Patel and Terasaki
in 1968, who showed that among 30 patients transplanted with a
positive cytotoxicity crossmatch, 24 suffered hyperacute rejection
and three others lost their grafts within the first 3 months. The
crossmatch test was widely adopted by transplant programs and
by the early 1970s, hyperacute rejection was rare. The authors also
reported that patients who were sensitized to HLA antigens could be
identified beforehand by testing the patient’s serum against a panel
of lymphocytes from normal individuals representative of the local
donor pool. The result of these lymphocyte panel tests would also
provide an estimate of how often the patient would have a positive
crossmatch against donors who became available. The percent panel-
reactive antibody (PRA) was the first measure of sensitization. The
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crossmatch tests and the methods used to measure sensitization
have become more sensitive and more precise over time, resulting
in more complete avoidance of preformed antibodies and improved
early transplant outcomes.

The complement-dependent lymphocytotoxicity (CDC) assay was
the earliest method for HLA antibody screening. The patient’s serum
was incubated separately with B cells and T cells from panels of do-
nors selected to represent the known HLA class I and class IT antigens,
respectively. Inmunoglobulin (Ig) G antibodies reactive to HLA class I
and class II antigens are the most important so treatment to reduce
IgM antibodies was frequently included, especially for patients with
autoimmune diseases. Prolonging the complement incubation time or
adding antihuman globulin (AHG) increased the sensitivity of the test
and enhanced the detection of low-titer antibodies. The results were
usually expressed as the percentage of panel cells killed by antibodies
in the serum. Thus, on a 50-cell panel, a positive reaction against 30
donors represents a PRA of 60%.

Flow Cytometry

The flow cytometry crossmatch test (FCXM) is a very sensitive cross-
match test. The patient’s serum is mixed with target cells; the cells
are washed and then incubated with monoclonal mouse anti-CD3 (a
pan T-cell marker) and anti-CD19 or anti-CD20 (both B-cell markers)
antibodies conjugated with fluorescent dyes such as phycoerythrin
(PE) or peridinin chlorophyll protein (PerCP), respectively, and an
antihuman IgG antibody conjugated with fluorescein. The T cells
that stain red-orange and the B cells that stain red can be gated using
a flow cytometer, making the amount of yellow-green fluorescence
proportional to the concentration of anti-T-cell or anti-B-cell anti-
bodies present in the serum. Generally, a positive lymphocytotoxic
crossmatch is a contraindication to kidney transplantation, whereas
apositive flow cytometry crossmatch is not necessarily considered a
barrier to transplantation. The flow crossmatch test can detect very
low levels of circulating antibodies. Positive flow cytometry cross-
matches are associated with a higher rate of early acute rejection
episodes and a lower 1-year graft survival rate. Hyperacute rejec-
tion has not been reported, however, and some transplants across a
positive FCXM have no early problems (if the cytotoxic crossmatch
is negative). The T-cell FCXM is particularly useful for sensitized
and retransplant candidates whose antibody levels may have fallen
but who can mount a rapid memory response upon challenge. Low
levels of circulating antibody have a more damaging effect when
the deceased donor is older or the kidney quality is uncertain. The
potential for false-positive reactions is responsible for much of the
uncertainty about the role of the flow cytometry crossmatch. Posi-
tive, particularly weakly positive, flow crossmatch results should be
supported by the patient’s sensitization history or be consistent with
a determination that the patient has HLA antibodies based upon
the results of solid-phase assays. When the flow crossmatch detects
antidonor HLA antibodies, there is a substantial risk for adverse
outcomes after transplantation.
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Pronase Treatment of Donor Cells

False-positive FCXMs are often caused by nonspecificimmunoglobulin
binding to immunoglobulin Fc receptors on lymphocytes and the de-
gree of binding may vary among individual donors. Patients who have
been treated with antibodies such as rituximab (anti-CD20 antibody)
may also have false-positive FCXM results owing to the presence of
the administered antibody in their serum. Pronase is a nonspecific
peptidase that preferentially digests Fc receptors and other cell-surface
proteins (including CD20) without substantially destroying HLA mol-
ecules under certain conditions. Pretreating donor lymphocytes with
pronase reduces nonspecific binding of patient serum to lymphocytes
and reduces the incidence of false-positive reactions in the FCXM.
Caution is required, however, because prolonged treatment or too much
enzyme will result in loss of HLA antigens. Even under optimal condi-
tions, many cells and nuclei may be lysed during treatment releasing
DNA, which causes clumping and loss of cells. This can be avoided by
including DNase in the treatment.

The Virtual Crossmatch

The widespread introduction of solid-phase tests for HLA antibodies
in 2003 caused a rapid change in the way sensitized patients were
identified and evaluated. A virtual crossmatch can now predict actual
crossmatch results based on antibody specificity and strength detected
by solid-phase assays as described in the sections below (Fig. 3.4). Ac-
curate prediction relies heavily on up-to-date HLA antibody testing
of recipients and complete HLA typing of donors including HLA-A,
B, C, DRB1, DRB3/4/5, DQA1, DQBI, DPA1, and DPB1. Owing to the
extraordinary sensitivity and specificity of solid-phase assays, a virtual
crossmatch is highly accurate. The virtual crossmatch has significantly

Physical Crossmatch Virtual
Crossmatch
Patient D i Patient 'd:;‘:i'{)’;gb &

/ \ specificities
Donor o Donor HLA type

coc B Flow m
. Cytometry |
Donor-reactive Donor-specific
antibodies antibodies

FIGURE 3.4 A comparison of the actual crossmatch test and the virtual crossmatch based
on a determination of a patient’s sensitization profile using solid-phase tests with purified
HLA antigens and an examination of the donor’s HLA type to identify DSAs.
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improved organ allocation efficiency, reduced testing costs and, in
many cases, cold ischemia time by reducing uncertainty and the time
needed for testing after the organ arrives at the transplant center.
Importantly, virtual crossmatch accuracy has facilitated kidney paired
donation (KPD) programs that involve multiple transplant centers (see
Chapter 7, Part IV).

Solid-Phase Assays

Solid-phase assays using affinity-purified or engineered HLA antigens
are the primary tests for HLA antibodies used in most laboratories
today. The tests currently fall into one of three main groups (Fig. 3.5):
a mixture of affinity-purified HLA class I or class II antigens used to
screen for the presence or absence of HLA antibodies: affinity-purified
class I or class IT antigens from individual donors used like donor cell
panels to assess reactivity with individual donor phenotypes, but with
the advantage of a clear separation of class I and class II antigens:
and recombinant single HLA antigens attached to solid supports,
permitting a very precise specificity determination. The most versatile
platform uses microparticles or beads coated with purified HLA class I
or class IT antigens as antibody targets. The microparticles are colored
to permit the discrimination of more than 100 beads simultaneously,
each with distinct, chemically attached HLA antigens. Patient serum
is incubated with a mixture of beads, washed and bound antibody is
detected by adding fluorescently labeled antihuman IgG and measuring
fluorescence in a Luminex flow cytometer or similar device (Fig. 3.6).
Interpretation of the test results is based on comparisons of median
fluorescence intensity (MFI) measurements of the test serum to those
of positive and negative serum controls. Neither viable lymphocytes
nor complement fixation is required, and the assays are robust.

Single Antigen Bead Phenotype Bead Mixed Bead
{One antigen—A2) (One individual (Three individuals
A1A2B8B27C7C7 Al A2 B57B82C6C10
purified class 1) Al A11B46B57C6C8
Al11A30B13B75C6C8

purified class 1)
N HAAntibody

£ HLA Antigen

FIGURE 3.5 Solid-phase antibody test formats. The three formats offer purified HLA anti-
gens attached to microspheres in different combinations ranging from a single HLA antigen
on each bead to a mixture of antigens from the same donor and to HLA antigens from a
mixture of different donors.
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FIGURE 3.6 Antibody thresholds determine sensitization status. This histogram is the re-
sult of an HLA class | single antigen bead test. The X-axis represents individual beads, each
containing a single HLA-A, -B, or -C antigen (listed below the histogram) and the Y-axis indi-
cates the fluorescence intensity associated with each bead after binding of antibodies from
a patient serum and developing with a fluorescent tagged anti-lgG antibody. Determining
the threshold between a positive and negative reaction can be challenging in cases where
there is no abrupt border between reactive and nonreactive beads.

The three test formats have different applications. The multibead
screening test is the least sensitive and the least informative. It is used
to screen blood donors for potential TRALI (transfusion-related acute
lung injury)-causing HLA antibodies that are very strong and broadly
reactive. This test is likely to miss weak antibodies and antibodies with
a narrow specificity (i.e., B7 alone) and is of questionable utility as a
screening tool to determine sensitization status in a renal transplant
candidate, but might be used for subsequent screening of patients
known to be unsensitized based upon a more sensitive test. The in-
dividual phenotype beads carry a mixture of HLA antigens (class I or
class II) and are more similar to testing an individual’s lymphocytes.
These beads are more sensitive than mixed screening beads but do not
allow assignment of antibody specificities because antigens may be
masked in broadly reactive sera. The single antigen bead test detects
reactivity with individual HLA antigens and some common alleles
with high sensitivity and is used to characterize a patient’s sensitiza-
tion profile precisely, even when the antibody reactivity is very broad.
Strategies for utilizing these tests for identifying and characterizing
the sensitization profile and for monitoring changes before and after
transplantation are described under “Immunologic Evaluation of
Transplant Candidates” below.
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Determining the Specificity of HLA Antibodies

The early PRA tests could sometimes determine the HLA target speci-
ficities (a list of HLA antigens that react with the patient’s serum) by
analyzing reaction patterns against the HLA types of the panel donors.
However, when multiple antibodies are present in a serum, antibodies
to more frequent HLA antigens mask the recognition of antibodies to
less-frequent antigens. Solid-phase technologies for measuring HLA
antibodies represent a major change in the sensitivity and precision
of antibody identification for laboratories. Single antigen beads can
precisely identify individual HLA antigen reactivities even in a complex
serum containing antibodies that could not be resolved using cells or
beads with multiple HLA antigens attached.

The solid-phase tests for defining HLA antibody specificity can be
exquisitely sensitive and may detect antibodies that are present at very
low levels that may not damage the graft. Some transplants that have
been performed in the face of preexisting donor-specific HLA antibody
(DSA), particularly when it is detected by a solid-phase test but not by
aflow cytometric crossmatch test, are successful and have uneventful
post-transplant courses while others experience delayed graft function
and early antibody-mediated rejection. Testing sera at multiple dilutions
shows that the degree of fluorescence shift is proportional to the titer
of antibody, and this is important in determining which donor HLA
antigens should be avoided to prevent hyperacute, accelerated acute
antibody-mediated rejections or chronic graft damage. Laboratories
have attempted to relate the strength of reactions to antibody levels
that might lead to patently adverse outcomes. Of course, the patient’s
immunologic history also plays a role in assessing the risk of low-level
antibodies. A patient with a prior graft loss or multiple pregnancies
may have developed memory to mismatched HLA antigens and weak
antibodies may represent the potential for a rapid increase in antibody
levels after transplantation with previously mismatched HLA epitopes.
The reasons for uncertainty in identifying antibodies that are clinically
important may relate to the amount and specificity of antibodies,
antigen expression levels in the donor, technical aspects of the produc-
tion of the solid-phase reagents themselves or to features associated
with the class and subclass of the antibodies, but are not well studied.

Complement Fixation and Immunoglobulin Subclass

The single antigen bead test has been modified to test for complement C1q
binding, cleavage of complement component C3 to C3d and, by chang-
ing the indicator from a generic anti-IgG to a subclass-specific second
antibody, to identify dominant IgG subclasses in an antigen-specific set-
ting. These tests may reveal a more complex pattern of HLA-specific
antibodies that could discriminate those antibodies which are more
important clinically because of their complement-fixing capacity or
some other function of the dominant subclass. Most responses include
antibodies of all IgG subclasses and complement fixation can be re-
duced or enhanced by dilution or concentration of sera, respectively.
Complement fixation is generally associated with higher titer antibodies.
However, there may be utility for these tests in identifying antibodies
that may be more or less a concern or antibodies that might be more
easily removed by desensitization.
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Unacceptable Antigens

When a patient has well-defined HLA antibodies that would result
in a positive crossmatch against donors who express the target HLA
specificities, the United Network for Organ Sharing (UNOS) permits the
inclusion of those HLA antigens to avoid (unacceptable) as part of the
patient’s waitlist profile. If a patient has a clearly defined antibody to
HLA-A1, potential donors expressing HLA-A1 would not be acceptable
and kidneys from these donors will not be offered to that patient, thus
avoiding a predictably positive crossmatch. Most transplant centers
will not transplant in the face of a positive CDC or AHG crossmatch
because of the high risk of hyperacute rejection. However, the results
of transplantation with lower levels of antibodies may be beneficial for
the broadly sensitized patient despite the anticipation that antibodies
cause a higher incidence of delayed graft function, accelerated humoral
rejection, and chronic allograft dysfunction. Thus, transplant centers
may differ in their preference for listing unacceptable antigens that
would not result in a positive CDC or AHG crossmatch, but which
might cause a positive crossmatch using flow cytometry or another
very sensitive crossmatch test. There is no uniformly established MFI
level at which an antibody level correlates with a positive crossmatch
test. Rather the probability of a positive crossmatch increases with
increasing MFI such that in single antigen tests, a positive flow cy-
tometry crossmatch is unlikely below a threshold of 2,500 MFI and
very likely above a threshold of 5,000 MFI, for example. MFI thresholds
may be set differently for antigens of the different HLA loci or antigens
associated with large CREGs or based on the patient’s history (prior
transplants, pregnancies).

Calculated Panel-Reactive Antibodies

UNOS implemented a calculated PRA in December 2007 designed to
address the variability in PRA reporting that had developed over the
years through the use of different cell panels and different tests for
HLA antibodies. The calculated panel-reactive antibody (CPRA) is
calculated by determining the frequency of incompatible donor HLA
phenotypes based on the unacceptable class I and class Il HLA antigens
that have been listed for each candidate. Since the HLA-A, -B, -C, -DR,
and -DQ types of actual deceased kidney donors were used to compute
the antigen frequencies, the CPRA reflects the true probability of an
incompatible donor based on the unacceptable antigens that have
been listed for a patient. A CPRA of 80% means that 80% of deceased
donor kidneys will express at least one unacceptable HLA antigen and
will not be offered to that patient. A CPRA calculated using a national
donor pool may not always reflect the HLA antigen distribution of a
local donor population that different regions because they differ in the
racial and ethnic composition, but these variations generally do not
result in substantially different CPRAs.

The same patient might have a different CPRA when listed at dif-
ferent transplant centers with using different thresholds for assigning
unacceptable antigens. The threshold affects the CPRA as shown in
Figure 3.6. A conservative center that wishes to avoid donors with HLA
antigens to which a patient has DSA might select a threshold of 1,000
MFT as unacceptable, in which case the patient would have 100% CPRA.
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Another center, willing to accept some risk of ABMR in exchange for
more donor offers and perhaps a shorter wait for their patient might
set a threshold of 8,000 MFI and base their decision to transplant on
the result of the final crossmatch test. With the higher threshold, the
CPRA is 79%, but there are low-level antibodies that could damage a
graft that expresses one or more of the corresponding HLA antigens.
The figure also illustrates a potential problem with using stringent
thresholds for assigning unacceptable HLA antigens. The difference in
MFI values for antigens just above and below the thresholds may not
be great and upon retesting, the MFI values for some of these antigens
might change enough to cross the threshold. Interpretation of these
tests is not always straightforward and often requires comparing tests
performed using two or more test platforms to determine whether
weak reactions are consistent among different tests.

Limitations of the Virtual Crossmatch

The “virtual” crossmatch, which compares the patient’s antibody
profile with the donor’s HLA type, has substantially reduced the need
for a final “physical” crossmatch test. The CPRA now provides a virtual
crossmatch for most US renal transplant candidates today. When a
candidate’s unacceptable antigens have been properly identified and
entered into the UNOS electronic database (UNET), the unacceptable
antigens predict which donors will have a positive crossmatch. Since
UNOS does not offer kidneys from donors with a predicted positive
crossmatch to a candidate, the crossmatch is performed by the com-
puter. Unfortunately, there are cases when the information provided in
UNET is incomplete and the virtual crossmatch is not definitive. Those
patients who produce antibodies against HLA antigens that cannot be
listed as unacceptable or who are offered donors whose typing is not
complete cannot rely on computer-assisted donor selection.

Final Crossmatch

When sera from waiting patients are collected and tested periodically
and are available in the laboratory, a final crossmatch test can usually
be performed without obtaining a fresh sample from the patient. This
allows the laboratory to perform final crossmatches for a deceased
donor kidney before organ procurement in most cases, avoiding de-
lays in transplantation. When the intervals between periodic sample
testing are longer than a few months, the risk of undetected changes
in sensitization increases. Some centers allow older sera to be used
for the final crossmatch if the patient is not sensitized and has not
received a recent blood transfusion.

In many cases, the virtual crossmatch can serve as the final cross-
match. Provided the patient’s sensitization status is up to date and
there are no ambiguous antibodies or donor antigens, the virtual
crossmatch should predict the outcome of the physical crossmatch.
Avoiding a last minute crossmatch test could save time in getting
the transplant completed, reducing cold ischemia and allowing bet-
ter scheduling. For unsensitized patients whose history is clear, the
virtual crossmatch should be absolutely predictive. However, there
is increasing risk in forgoing a physical crossmatch test for patients
who have not been tested within 3 months of the offer, owing to the
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possibility of intervening sensitizing events or to changes in antibody
levels that were historically determined. Likewise, patients with two or
more donor-specific antibodies present at low levels (especially below
the threshold of being individually unacceptable) will benefit from a
physical final crossmatch test. Many broadly sensitized patients have
antibodies that react with DQ o chains, DP antigens, and combinations
of o and B chains that may not be effectively avoided in the virtual
crossmatch test. For example, there are many more DP types than DP
specificities that can be discerned in single antigen bead tests. A patient
with antibodies against HLA-DPB1%*04:01 might be offered a donor
whose DP type is DPB1*40:01 and DPB1¥105:01, neither of which can
be tested directly on the single antigen bead panel. Sequences predict
that the crossmatch will be positive because the DPB1*0401 is similar
to DPB1%40:01, but not DPB1*105:01. Equivalences have been defined
based on the HLA-DP sequence homologies to permit an educated
guess at how the known DP antibodies would react with a different
DP antigen, but these may not always predict accurately.

TRANSPLANTING THE SENSITIZED PATIENT

Sensitized patients remain a challenge for most transplant programs
because their access to compatible donors is limited by their degree of
sensitization, preformed antibodies are difficult to reduce or remove, and
treatments for antibody-mediated rejection are of limited effectiveness
(see Chapter 6). The patient’s ABO blood type further restricts access
to ABO-identical or compatible donors. The best solution for these
patients is to find a compatible donor, which requires more potential
donors or a longer wait as possible donors appear over time. Alterna-
tives are discussed below and in Chapters 6 and 7.

ABO Blood Group Compatibility

The ABO blood group antigens behave as strong transplantation antigens,
and transplantation across ABO barriers usually leads to irreversible
hyperacute rejection. In principle, the same criteria determine kidney
distribution according to ABO as do blood transfusions with group O
(the universal donor) and group AB (the universal recipient). The dis-
proportionate percentage of waiting patients who are type O or type B
generally mandates that blood group identity rather than blood group
compatibility determines the distribution of deceased donor kidneys.
Exceptions are made for blood group AB patients who may be offered
A or AB kidneys and for zero-HLA antigen mismatched kidneys, which
can be offered to an ABO-compatible recipient if an ABO-identical re-
cipient is not available. Under the new kidney allocation system (KAS,
see below and Chapter 5), very broadly sensitized (98% to 100% CPRA)
patients can also be offered a compatible kidney. For living-related
donor transplantation, ABO compatibility is adequate.

The blood group barriers can often be overcome when there is a
willing ABO-incompatible living donor by removing blood group iso-
agglutinins with plasmapheresis or immunoabsorption, often in con-
junction with immunosuppression (see Chapter 6). ABO-incompatible
transplantations can be performed successfully in certain circumstances
but is always accompanied by some level of increased cost and risk.
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Percent Distribution of ABO Blood Groups Among Deceased

Kidney Donors in 2014 and According to Ethnicity on the
Transplant Waiting List

Blood Waiting

Group Donors List" White Black Hispanic Asian
0 47 52 49 53 62 42

A 37 30 37 22 26 22

B 12 16 n 22 10 31

AB 4 2 3 3 2 5

n 1,763 133,817 39,980 36,892 21,080 8,814

"Waiting list including all ethnicities and donor ABO types was compiled by the UNOS research
department as of October 16, 2015.

In White populations, approximately 20% of blood group A individuals
can be defined as A,; these patients have reduced levels of A antigen on
graft endothelium. They permit an exception to the ABO-incompatibility
barrier because A, kidneys can be safely transplanted into O or B re-
cipients with low preoperative titers of isoagglutinin. Transplantation
of A, kidneys into B or AB recipients is routine in some centers and is
being encouraged under the new KAS (see Chapter 5).

Table 3.3 lists the distribution of the major ABO groups among
deceased donors and different ethnic groups of potential kidney trans-
plant recipients. If all ethnic groups contributed equally to the donor
pool and all ethnic groups suffered end-stage renal disease in direct
proportion to their representation in the general population, waiting
times for the different ethnic groups and blood group categories would
be the same. In fact, Whites contribute disproportionately to the donor
pool and Blacks contribute disproportionately to the recipient pool
because kidney disease is more common in Blacks. As a result, patients
with blood group O or B wait longer for a blood group-identical donor.

The Kidney Allocation System

Sensitized patients have benefited from recent changes in allocation
policy in the United States (see Chapter 5). The introduction of CPRA
and the virtual crossmatch made allocation more efficient by avoid-
ing futile kidney offers to patients who had donor-specific antibodies.
Under this system, patients who come to the top of the list for each
donor kidney are those who do not have antibodies directed against
donor HLA antigens. Kidney offers that were declined because of a
positive final crossmatch decreased by more than 90% since the intro-
duction of the virtual crossmatch. Under the KAS that went into effect
in December 2014, sensitized patients with a CPRA higher than 20%
receive increasing priority for compatible donors on a sliding scale. For
the most broadly sensitized patients, those sensitized to 98%, 99%, or
100% of donors receive top priority for a compatible kidney from the
local, regional, or national pool of donors, respectively. Patients can
receive an ABO-compatible kidney if no ABO-identical candidates
are identified. This change resulted in a large number of broadly
sensitized patients being transplanted during the first few months
after the introduction of the new KAS. As many as 17% of transplants
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were allocated to recipients with 100% CPRA. Transplants to the very
broadly sensitized patients stabilized after the first 6 months to about
10% of transplants, a figure that mirrors the percentage waiting for a
transplant. The benefit may decline further as patients whose chances
are closer to 1in 100 are transplanted and the remaining patients are
much less likely to find a crossmatch-compatible donor.

Desensitization of the Sensitized Patient

More than 25% of renal transplant candidates are highly sensitized.
Two main approaches based on the use of intravenous immune
globulin (IVIG) are currently used to reduce HLA allosensitization
and facilitate transplantation in highly sensitized patients. The first
therapy is based on infusion of high-dose IVIG (2 g/kg), which has
been demonstrated to be a potent inhibitor of HLA antibodies and to
permit transplantation with minimal risk of rejection. IVIG can also
be used as therapy in the treatment of patients experiencing humoral
rejection (see Chapter 6). IVIG is often administered in conjunction
with plasmapheresis to reduce the circulating antibody load and with
biologics and immunosuppressive medication such as rituximab and
Bortezumab to limit return of antibody. There are several proposed
mechanisms of action of high-dose IVIG in highly sensitized patients,
including inhibition of HLA antibody in an idiotypic manner, elimina-
tion of HLA-reactive T and B cells, inhibition of cytokines involved in
immunoglobulin synthesis, and blockade of T-cell activation.

A second approach uses a combined regimen of IVIG therapy and
plasmapheresis. Plasmapheresis rapidly depletes donor-specific anti-
body and administration of IVIG blocks resynthesis of HLA antibodies.
Treatment is continued until donor-specific HLA antibodies (DSAs)
are no longer detected in the patient’s serum. IVIG and plasmapheresis
is also effective in reducing HLA allosensitization in highly sensitized
patients and is a successful therapy for the treatment of humoral rejec-
tion. Combined plasmapheresis and IVIG is also reportedly effective in
removing anti-A or anti-B isoagglutinins before successful transplanta-
tion across ABO blood group barriers. The precise immunomodulatory
mechanisms of the combined therapy are unknown, but appear to
function in a long-term, donor-specific manner.

Kidney Paired Donation

Kidney paired donation (KPD; see Chapter 7, Part IV) has achieved con-
siderable success in transplanting sensitized patients by emphasizing
matching these patients with compatible donors. Originally suggested
as an option where two ABO-incompatible donor-recipient pairs could
exchange their donors’ kidneys for the alternate pair’s compatible re-
cipient, the concept has evolved to include pairs who are crossmatch
incompatible and even pairs who are compatible, but might benefit from
having an alternate donor better matched for size or HLA antigens or
age. There are several programs in the United States facilitating these
exchanges ranging from single centers to consortia of varying sizes
and a few national programs. The most productive program to date,
The National Kidney Registry had managed nearly 2000 transplants
through 2016 more than 30% of which involved patients with >80%
CPRA and 15% of which involved patients with >95% CPRA.
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A key to success in kidney paired exchange has been active col-
laboration between the transplant team, coordinators and the HLA
laboratory. The virtual crossmatch takes on an increased importance
when pairs at several different transplant centers are involved in the
exchanges. Crossmatch failures, when the patient is found to be in-
compatible at the last moment, are extremely disruptive. Kidney paired
exchange offers participating programs an opportunity to personalize
the virtual crossmatch. Instead of a one-size-fits-all approach gener-
ally used for patients awaiting a deceased donor kidney, thresholds for
unacceptable antigens can be scaled depending on the likelihood of a
pair finding matched donors and recipients in the pool of participants.
Having advanced access to the available donors with their HLA types,
centers and their laboratories can identify potential matches, evaluate
their suitability, and preemptively accept or decline donors prior to
match offers being made. If additional exploratory testing is needed,
that can often be accommodated as well prior to an offer.

KPD is also used in conjunction with ABO-incompatible transplanta-
tion and desensitization at some centers. In these cases, the sensitized
patients may not find a compatible donor in a timely manner but a
less incompatible donor may be identified.

IMMUNOLOGIC EVALUATION OF TRANSPLANT CANDIDATES

Candidates for renal transplantation today fall into one of two catego-
ries: those with a potential living donor and those without. Figure 3.7
outlines the initial immunologic evaluation of these candidates.
Once a patient is identified as a suitable candidate for transplanta-
tion, HLA typing and antibody-screening tests are performed using
the tests outlined above. The HLA type permits assessment of donor
and potential recipient pairs for degree of histocompatibility, as well
as evaluation of sensitization and crossmatch results The HLA-A, -B,
-C,-DR, and -DQ types are required to list a patient as a candidate for
a deceased donor kidney with the US national Organ Procurement
and Transplantation Network (OPTN), which is currently maintained

Renal Transplant Candidate

Perform HLA Typing
Test for circulating anti-HLA antibodies

v v
Sensitized Unsensitized
Test for specificity Monitor periodically for change

(Test for desensitization)

* l
Enter unacceptable donor HLA antigens
4 Attest if >97% CPRA
Monitor periodically for change — Cross match — Transplant
FIGURE 3.7 Strategy for immune monitoring of waiting patients.
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by UNOS. The sensitization status of the patient is also determined
prior to transplantation to identify those patients who are at risk for
hyperacute or accelerated acute rejection. The patient's CPRA level is
another important element in listing a renal candidate with UNOS,
because patients with a CPRA greater than 20% receive special rank-
ing in organ allocation and those with greater than 97% CPRA receive
priority for compatible kidneys at the local (98% CPRA), regional (99%
CPRA), and national (100% CPRA) levels. It is important to investigate
and characterize sensitization early in the process to avoid missing a
rare compatible offer for a highly sensitized patient.

The initial test of the sensitization status should be the most sensitive,
the single antigen solid-phase test, to detect and characterize the HLA
antibodies or to confirm their absence. Additional tests may be useful to
confirm the presence of low-level antibodies or allele-specific reactivi-
ties. The phenotype bead test is often helpful to resolve these results.

Autoantibodies and other antibodies that do not pose a significant
risk of hyperacute or accelerated rejection should be identified before
transplantation. For patients who will wait for a deceased donor kidney
or when the living donor transplant will be delayed, it is necessary to
monitor changes in patterns of sensitization and reevaluate patients
periodically to keep abreast of their current sensitization status.

Patients with a suitable living donor can proceed to a crossmatch
against their donor(s) and, if negative, can be transplanted. When
there are multiple potential donors, the evaluation of each donor can
be tailored to determine whether antibodies are directed against the
specific mismatched donor HLA antigens, and whether desensitiza-
tion procedures could permit successful transplantation with one or
more potential donors.

Role of Human Leukocyte Antigen Matching in Transplantation

The HLA antigens are strong transplant antigens that may engage large
numbers of T cells (estimates of up to 100 times as many T cells as nominal
protein antigens have been reported). Secondary cellular or humoral
immune responses to HLA antigens may occur as a consequence of
prior exposures to allogeneic HLA through pregnancy, blood transfu-
sion, or previous transplantation. Studies have consistently shown a
stepwise increase in early rejections and a decrease in long-term graft
survival with increasing numbers of HLA antigen mismatches between
the deceased donor and recipient. Paired kidney studies also show that
when one kidney is transplanted to an HLA-matched recipient, even
if it has been shipped a great distance, and the other is transplanted
locally to an HLA-mismatched recipient, the HLA-matched kidney has
better long-term graft survival.

Recognition of the special immunologic status of HLA-matched
transplants led to the development of a national organ distribution
for the sharing of donor kidneys for HLA-matched recipients. Between
1987 and 2009, kidneys matched for the HLA-A, -B, -DR antigens with
an ABO-compatible candidate anywhere in the United States were
mandatorily shared to increase the number of well-matched transplants
and to reduce failures and patients returning to the waitlist. At the peak,
about 15% of kidney transplants were performed with zero HLA-A, -B,
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-DR mismatched kidneys. Allocation points were awarded to advantage
candidates when a minimally mismatched kidney became available as
well. The emphasis on HLA matching was modified several times in
response to outcome data from the Scientific Registry of Transplant
Recipients (SRTR). The current KAS provides priority for zero HLA-A,
-B, -DR mismatched candidates who are sensitized (>20% CPRA) when
there are no compatible highly sensitized candidates and awards one
and two allocation points for candidates with zero or one HLA-DR
antigen mismatch, respectively.

Among recipients of living donor transplants, however, the effect
of HLA matching on long-term graft survival differs from the effect on
deceased donor transplants. Although transplants between HLA-identical
siblings provide the best long-term success rates (77% of these grafts will
still survive at 10 years), the number of HLA antigen mismatches has
little effect on the survival of mismatched grafts. Surprisingly, kidneys
from genetically unrelated donors have had nearly the same long-term
graft survival rates as grafts between one haplotype-matched siblings
or parents and their offspring (approximately 64% at 10 years). This
observation has fueled a rapid increase in the number of unrelated
living donor transplants during the past decade. The results of living
donor transplants are superior to those of deceased donor transplants,
even for recipients of HLA-matched kidneys.

IMMUNE MONITORING

Current methods used to diagnose renal allograft rejection depend
on changes in blood chemistry markers, such as creatinine levels
or blood urea nitrogen (BUN). However, these markers are, at best,
surrogate markers for rejection, and clearly rejection must precede
the deterioration in graft function. Although diagnosis of rejection
by histopathologic examination of renal biopsies remains the gold
standard (see Chapter 15), there is a need for a less-invasive approach
for the early detection of immunologic events leading to rejection. A
promising area in the study of renal allograft rejection is the identifica-
tion of noninvasive biomarkers of immune alloreactivity to the graft
in the urine and blood of recipients. Monitoring the immune response
to the allograft will permit the early identification of patients at risk
of rejection and graft loss, optimization of drug regimens, monitoring
responses to therapy following intervention, and guide the development
of new immunosuppressive therapies. Inmune monitoring might aid
in differentiating rejection from other forms of graft dysfunction such
as primary nonfunction and drug toxicity. The following outlines some
of the common and newly developed cellular, humoral, genomic, and
proteomic assays to assess the immune status of the transplant recipient.

Monitoring HLA Antibodies after Transplantation

Acute antibody-mediated rejection occurs during the early post-
transplant period and can lead to rapid deterioration of graft function
(see Chapter 10). Acute antibody-mediated rejection also increases risk
of chronic rejection. The development of DSAs to class I and/or class II
antigens following renal transplantation appears to be a specific marker
of antibody-dependent vascular injury. The primary histopathologic
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feature is microvascular inflammation, which may be accompanied by
the deposition of complement in the graft (see Chapter 15). DSA pro-
duction also identifies transplant recipients at risk of chronic allograft
rejection. Routine immune monitoring of HLA antibodies can be used
to guide immunotherapy and permit early intervention. Recipients
transplanted with low-level DSAs or who were desensitized should be
tested early after transplant to monitor their DSA levels. A substantial
increase in DSA after the transplant is associated with poor outcome,
whereas a sustained decrease or disappearance of the DSA is good
news. DSA that persists after transplantation may be deleterious for
the graft, although some patients with persistent DSA do not develop
clinical evidence of damage to the graft. Recipients of kidneys with
more HLA mismatches (particularly for HLA-DR and -DQ antigens),
and those with a history of nonadherence are more likely to develop
DSA and more frequent monitoring could identify developing antibody
responses in these patients in advance of clinical symptoms. Table 3.4
suggests a protocol for DSA monitoring in different post-transplant
immunologic risk cohorts, which is supplemented by protocol biopsies
in some programs.

The single antigen test is informative for post-transplant moni-
toring because it identifies antibodies that are reactive against the
mismatched donor HLA antigens. Alternatively, DSA can be monitored
by directly crossmatching recipient sera with donor lymphocytes (if
they are available) using complement-dependent lymphocytotoxicity
or flow cytometry methods.

Monitoring Non-HLA Antibodies after Transplantation

There is increasing recognition of the clinical importance of non-HLA
antibodies following transplantation of all solid-organ types. Many of
these non-HLA antibodies are directed against endothelial or epithelial
cells and represent a heterogeneous group of antibodies comprising
both IgM and IgG subclasses. These non-HLA antibodies are classified
as either alloantibodies such as MICA or tissue-specific autoantibodies
depending on whether they are directed against polymorphic antigens
that differ between the host and donor, or if they represent an immune
response to a self-antigen, respectively. Antibodies specific for alloan-
tigens such as MICA and autoantigens such as agrin, angiotensin II
type I receptor (AT1R) have been implicated in acute and/or chronic
renal allograft injury.

Suggested Protocol for DSA Monitoring Post-transplant

Status Frequency of DSA Monitoring

DSA positive: Week 2, 4, and 8; 6 months; 1 year; and annually

Desensitized patients: Day 4, week 2, 4, and 8; 6 months; 1 year; and annually
DSA negative and low sensitized: 6 months, 1 year, and annually

Highly sensitized patients: 4 weeks, 6 months, 1 year, and annually

May be supplemented by protocol biopsy (see Chapter 15).
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Known non-HLA targets such as AT1R antibody can be measured
using ELISA assays, while cell-based crossmatch assays using endo-
thelial cells can be used to identify non-HLA antibodies in the sera
of transplant recipients. Advantages include the ability to detect
antibodies specific for novel antigens, in particular, polymorphic
antigens, which may differ between cell donors. However, incomplete
knowledge of the non-HLA targets hampers the understanding of the
clinical significance of the assay.

Biologic Basis for Inmune Monitoring Assays to Allografts

The mechanisms underlying allograft rejection are not completely
understood (see Chapter 2). Recipient T cells become activated upon
direct recognition of HLA/peptide complexes present on the membrane
of passenger dendritic cells of donor origin. This vigorous response,
which appears to violate the rule of self~-MHC restriction, is driven
primarily by antigen mimicry. T cells activated via the direct recogni-
tion pathway are thought to be important for initiation of early acute
rejection. However, these T cells play a less important role following the
departure of donor dendritic cells from the graft, because upon recogni-
tion of donor HLA molecules on “nonprofessional” antigen-presenting
cells (APCs) that lack costimulatory elements, they may become
anergized. Studies indicate that the indirect recognition pathway,
which is stimulated by allopeptides presented by professional APCs
of host origin, is a major contributor to rejection, especially chronic
rejection. T-helper cells engaged in the direct and indirect pathways
provide lymphokines required for the proliferation and maturation of
cytotoxic T cells and of HLA antibody-producing B cells. The T-helper
cells may also produce cytokines, invoking a delayed-type hypersensi-
tivity response. A semi-direct antigen presentation pathway has also
been identified in which recipient APCs acquire donor MHC-peptide
complexes through capture or membrane exchange and present it to
recipient T cells via direct and indirect recognition pathways. Inmune
monitoring assays have been developed to assess alloimmune responses
of the lymphocyte repertoire and functions. These include markers
of cellular activation, proliferation, cytokine production, chemokine
production, and cytotoxicity.

Cell-Mediated Lympholysis and Mixed Lymphocyte Culture Assays

The direct recognition pathway is thought to be the primary mediator of
acute allograft rejection and can be measured in vitro by the strength of
the antidonor mixed lymphocyte culture (MLC) assay and cell-mediated
lympholysis (CML) reactivity exhibited by recipient T cells. The CML
assay measures the cytotoxic T-cell reactivity to mismatched HLA
class I antigens of the donor. The MLC assay measures the capacity of
recipient leukocytes to respond to HLA class II differences expressed
by donor leukocytes. Sequencing the T-cell receptor repertoire of al-
loreactive T cells generated in the MLC can be used as biomarkers to
track harmful donor-specific T-cell clones in the peripheral blood of
transplant recipients, whereas a reduction in alloreactive T cells after
transplant may identify recipients who are either adequately immuno-
suppressed or tolerant. Global cellular immune response can also be
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measured for intracellular ATP levels in peripheral blood CD4™ T cells
following nonspecific stimulation with mitogens in vitro in solid-organ
transplant patients. Although no association has been found with
acute rejection, this assay has been useful in identifying patients with
infection and can be used to monitor immunosuppression adherence.

Alloreactive T-Cell Precursor Frequency Analysis

The indirect recognition allorecognition pathway is thought to play an
important role in mediating chronic allograft rejection. Patients who
are at risk of chronic rejection of heart, renal, lung, and liver allografts
can be identified by an increased capacity for indirect recognition of
donor HLA allopeptides. Persistent allopeptide reactivity and epitope
spreading are both characteristic of chronic allograft rejection. The
precursor frequency of alloreactive T cells recognizing mismatched
donor HLA antigens, measured by limiting dilution analysis (LDA),
provides a means of assessing the indirect pathway. Carboxyfluores-
cein succinimidyl ester (CFSE) is an intracellular fluorescent label
that divides equally between daughter cells following cellular divi-
sion. A combination of LDA and CFSE labeling has been described to
measure antigen-specific T-cell frequencies with high sensitivity and
reproducibility.

T-cell precursor frequency can also be measured by an enzyme-linked
immunosorbent spot assay (ELISPOT) that has the advantage of detect-
ing cytokine-secreting antigen-specific cells. MHC multimer (Tetramer,
Pentamer, or Dextramer) has recently developed to directly detect
antigen-specific T and B cells by flow cytometry. Multi-parameter
intracellular cytokine staining by flow cytometry has also been widely
used to quantify cytokine production by lymphocyte subsets that
include antigen-specific T cells and memory T cells. This method
has the advantage over ELISPOT since it allows simultaneously the
detection of transcription factors, cytokine production and surface
phenotype of the same cell.

Gene Expression Profiling Assays
Technological advances in the field of molecular genetics allow measure-
ment of the expression of immune activation and effector molecules
involved in transplant rejection. In heart transplantation, real-time
PCR-based AlloMap assay—a noninvasive 11-gene expression profil-
ing test on blood sample—has been used for identifying patients with
negative predictive value of rejection that is found to be equivalent to
routine endomyocardial biopsy. Similarly, Kidney Solid-Organ Response
Test (kSORT)—a 17-gene expression profiling assay focusing on kidney
transplant recipients—has recently been developed to allow accurate
prediction on patients with and without rejection. These gene expres-
sion markers include cytokines, chemokines, cellular cytotoxicity, and
proliferation. The main limitation of monitoring expression of immune
activation genes for diagnosis of rejection is that these same markers
can also be elevated during viral and bacterial infections.
Microarrays have also been used to provide global insights into the
mechanisms of allograft dysfunction and rejection as well as tolerance.
Although the cost of this technology precludes it from being used as a
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routine monitoring tool at this time, genome-wide analysis by micro-
arrays has the potential to identify novel surrogate markers of graft
rejection that can be validated in a larger number of clinical samples
using real-time PCR. Currently, new technology such as next-generation
sequencing has been commonly used to sequence RNA directly, which
offers an alternative approach for transcriptome analyses for using mi-
croarrays. The advantage over microarray technology includes higher
resolution, discovery of novel transcripts, and identification of allelic
expression, alternate splice variants, post-transcriptional mutations, and
isoforms. Moreover, the recent developed protein arrays offer options
to measure a large number of proteins or antibodies in a single assay.

Proteomic Assays
Proteomics is defined as the study of the proteome that includes all
proteins encoded by genes of an organism. Proteomic assessment of
biomarkers of transplant rejection and/or tolerance has typically been
based on immunologic methods such as Western blot, ELISA, and lu-
minex assays. Several studies have demonstrated the utility of measuring
soluble and secreted proteins, to identify patients at risk of transplant
rejection. For example, monitoring soluble CD30 levels in recipients
of renal allografts has been reported to be an independent and highly
predictive factor of immunologic risk. New discovery approaches have
been developed using mass spectrometry that permit an unbiased
approach to simultaneously analyze numerous proteins and peptides
associated with pathologic processes. Recent studies employing this
technology detected urinary proteins such as 3, microglobulin and o,
antichymotrypsin increased in patients with acute renal allograft rejection.
The immune response to the transplant is dynamic and it is unlikely
that one single assay will accurately assess the immune status of the
patient. We suggest that a panel of assays will be used to monitor
different components of the immune response (humoral versus cel-
lular) to provide an accurate profile of the patient. Monitoring of gene
expression and proteomic profiles should enhance our understanding
of transplant pathophysiology and help to identify novel biomarkers
of rejection, tolerance, and targeted therapies.
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Though the discussion of death and its opportunities for organ dona-
tion in this chapter are dispassionate and may appear cold-hearted,
the contrary is in fact the case. The circumstances of sudden death are
always profoundly emotional. Organ donation can provide to those who
authorize donation for themselves the knowledge that their sudden death
will not be wasted. For the bereaved, it can provide much solace in the
knowledge that in some way the ultimate generosity of their loved-ones
permits others to live longer and better lives. None of this is lost on the
professionals whose privilege it is to facilitate the donation process.
Biology requires that we will all die. But most of us will not die in
circumstances that permit organ donation. Only approximately 0.5% of
all deaths become eligible for organ donation and it is to this 0.5% that
this chapter is devoted. Part I focuses upon the science of deceased organ
donation to include the assessment of data categorically and consistently
by recording the potential, eligible, actual, and utilized donors. The as-
sessment of performance can be done in each hospital retrospectively by
these categories to then enable prospective improvements for a sustain-
able deceased donation program. Part I initially addresses the process
of deceased organ donation: the determination of death by neurologic
function or by circulatory cessation; the identification of the potential
donor; and the subsequent authorization process. This section will also
include donation performance metrics to assess if donation opportunities
are being maximized. Part Il will briefly review the management of the de-
ceased donor and the surgical technique of deceased donor organ recovery.
The World Health Organization (WHO) estimates that approximately
80,000 kidney transplants are performed each year in the 112 member
states of the World Health Assembly with kidney transplant services.
Approximately 60% of these kidney transplants are performed using
kidneys recovered from a deceased donor. The supply of deceased
organ donor kidneys has increased but not enough, by far, to meet
the increasing demand. It has been estimated that only 10% of the
annually needed kidney transplants are performed throughout the
world. In the United States 13,430 deceased donor transplants were
performed in 2016, an increase of 25% over the previous decade: an
improvement but still far less than needed. Much of this increase was
the result of death due to a tragic drug abuse and opioid addiction
epidemic. During the same time period, the number of transplant
candidates on the kidney waiting list increased 25%, going from 80,000
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in 2009 to over 100,000 in 2014. Further details on the waitlist and its
management are discussed in Chapter 8, Part B.

Part I: Death Diagnosis, Identification, Selection,

and Preparation of Deceased Donors
WHEN IS SOMEONE DEAD?

For millennia there was no need to precisely define death: absence of
respiration and a heartbeat was adequate. The necessity to determine
the moment that death occurs is a phenomenon of the second half
of the 20th century which brought with it intensive care units, the
capacity for resuscitation, and deceased donor organ transplantation.

A definition of death was established in the United States in 1981
by the National Conference of Commissioners on Uniform State Laws
that formulated the Uniform Determination of Death Act (([UDDA],
see also Chapter 19). The UDDA states that: “An individual who has
sustained either irreversible cessation of circulatory and respi-
ratory functions, or irreversible cessation of all functions of the
entire brain, including the brain stem is dead”. Today, all 50 states
and the District of Columbia follow the UDDA as a legal and medical
standard of death. The UDDA provides an important framework of
mechanisms of death that can be universally applied.

The UDDA criteria for brain death assess the function of the entire
brain, both cerebral and brainstem. The conceptual significance of
assessing brainstem function is to assure that an individual breathing
spontaneously is not declared dead. In the original definition of irre-
versible coma by the Ad Hoc Harvard Committee in 1968, the concept
included an absence of spontaneous respiration.

Dr. William Sweet, the renowned neurosurgeon of the Massachu-
setts General Hospital, later wrote in the New England Journal of
Medicine that “it is clear that a person is not dead unless his or her
brain is dead.” The time-honored criteria of stoppage of the heartbeat
and circulation are indicative of death only when they persist long
enough for the brain to die.

The paradigm for donation and death has been ultimately empha-
sized as requiring absence of circulation (as stipulated by the UDDA;
and thus not just the heartbeat) and by underscoring the vital function
of the brain as an essential criterion of life. As opposed to other organs,
the brain cannot be supported or replaced by medical technology.

The Determination of Death

The determination of death is an everyday occurrence that has social,
legal, religious, and cultural consequences necessitating legal standards
for declaring death. Death is a process that is usually determined on
the basis of cardio-respiratory criteria, but it has now become evident
that ultimately we all die when our cerebral function and all brainstem
functions (inclusive of the capacity to breathe spontaneously) are ir-
reversibly lost. The reason to make an ultimate functional assessment
unique to brain function is because when it is lost (irreversibly), it is
irreplaceable. If consciousness cannot be restored and one cannot
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breathe spontaneously (that is, without a ventilator), that person is
dead. In contrast, the circulatory function of the heart can be replaced
by an organ transplant, or sustained by extra corporeal devices that
provide circulation; so the loss of the function of the heart, and other
organs that are replaceable, does not solely constitute death.

Determining Death by an Absence of Neurologic Function

The ultimate criterion of death is the irreversible loss of brain func-
tion which can occur as the result of a devastating brain injury or the
absence of circulation. The clinical criteria for the diagnosis of death
by neurologic criteria are outlined in Table 4.1. In the clinical circum-
stance of a devastating brain injury, such as a cerebral hemorrhage or
from a tumor or trauma, an edematous brain herniates through the
tentorium preventing oxygenated blood circulation to the brainstem
and cerebrum. Death can be declared when the criteria for death of the
brain are fulfilled, but determination must include the known reason
for coma. The coma is deemed irreversible with a lack of current or any
future potential for awareness, wakefulness, interaction and capacity
for sensory perception, or responsiveness to the external environment.
There is a loss of the capacity to breathe spontaneously, evident in
the absence of brainstem reflexes and confirmed by an apnea test.
The commonly used term “brain-death” is an unfortunate one that
may cause confusion to the lay public, since it may suggest that the
dead individual may be “alive” in some other form. The term “death
determined by neurologic criteria” would be preferred, but is unlikely
to replace the term in common parlance.

Determining Death by an Absence of Circulation

The irreversible absence of circulation is consequential not only to the
function of the vital organs such as the heart and lungs and liver, but to
the brain. The permanent absence of circulation will lead to the irre-
versible loss of brain function. If organ donation is not to be considered
during end-of-life care, then death can be declared by the absence of

] Clinical Criteria for the Diagnosis of Brain Death

Clinical Evaluation Prerequisites
e Establish irreversible and proximate cause of coma
¢ Exclude the presence of sedating, paralyzing, or toxic drugs
e Achieve normal or near-normal core temperature
* Absence of severe electrolyte, acid—base, or endocrine disturbance
e Achieve normal systolic blood pressure >100 mm Hg
The Clinical Evaluation (Neurologic Assessment)
* Coma—patient lacks all evidence of responsiveness
* Absence of brainstem reflexes
e No pupillary response
* No oculocephalic reflex
* No corneal reflex
* Absence of facial movement to a noxious stimuli
* No tracheobronchial reflex
* Apnea in response to acidosis or hypercarbia
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circulation and breathing because without circulation the function of
the brain is inevitably lost. When donation proceeds in this manner,
it is now referred to as Donation after Circulatory Death (DCD). The
previous terms “donation after cardiac death” or “non-heart-beating
donation” have been abandoned.

Diagnosis of Circulatory Death. A gap of scientific data persists as to the
precise duration of the absence of circulation that can cause irreversible
loss of brain function. As a result, the postmortem interventions that
have been done for the purpose of organ donation—DCD—have been
controversial, and remain so in some countries. Brain function and
electrical activity are lost within seconds of the absence of circulation;
what is uncertain is the duration of the absence of circulation that would
prevent restoration of brain activity if the circulation is restored. Even
under normothermic conditions, the brain might be able to tolerate
aslongas 10 to 11 minutes of circulatory arrest without any long-term
sequelae should perfusion be restored. Some brain activity may be re-
stored after long periods of circulatory arrest—perhaps up to 60 minutes.

The rare reported cases of auto-resuscitation have all occurred
within the context of abandoned CPR rather than treatment withdrawal.
When it did occur while the ECG was being continuously monitored,
the longest reported interval between asystole and spontaneous re-
sumption of the circulation was 7 minutes.

The Dead Donor Rule and Organ Donation

The retrieval of organs for transplantation should not cause the death
of a donor. This rule is an ethical axiom of organ donation: no organ
recovery should precede the declaration of death. Public trust in organ
donation hinges upon an assurance that the medical professional
will prioritize the care of the dying patient over any other objective,
however noble or good.

Before the criteria for brain death were accepted in the 1970s, all
deceased donor organs were recovered from patients after cardiac
and circulatory death. When brain-death criteria became widely ac-
cepted, DCD organ donors decreased owing to the risks associated
with ischemic damage to the kidney and due to the development of
multi-organ recoveries. With the continued shortage of deceased or-
gan donors, transplant programs and OPOs needed to reevaluate this
practice. In 2006, there was a National Consensus conference on DCD
that was instrumental in the promotion of DCD in the United States.

There are four basic so-called Maastricht categories of DCD donors
(Table 4.2). Category I and I DCD donors, also referred to as uncontrolled
donors, are pulseless and asystolic after adequate but failed attempts
at resuscitation. Some trauma centers have developed protocols to
minimize ischemia in these circumstances by rapid placement of in-
travenous cannulas to cool the organs after death has been declared.
The option to donate is preserved until the family can be informed
of the death and then counseled by the organ procurement staff. If
consent to donate is obtained, the organs are recovered quickly to
prevent further ischemic injury.

Uncontrolled DCD is the most common form of DCD in Spain
(see Spanish Model, below). In the United States, DCD is usually
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] Maastricht Categories for Non—-Heart-Beating Donors

Category I: dead on arrival

Category II: unsuccessful resuscitation
Category IlI: awaiting cardiac death

Category IV: cardiac death in a brain-dead donor

category IIl or “controlled” These donors are comatose, irreversibly
brain damaged, and respirator dependent, but are not brain dead
by strict definition. At this decision point, the OPO and ICU staffs
collaborate to plan the introduction of the option of donation to
the family. In these circumstances, the decision to withdraw sup-
portive care is made by the family and primary medical team, and
appropriate consent for organ donation is obtained after the decision
to withdraw support. Ventilator support is discontinued either in
the operating room or in an intensive care unit, cardiac function is
monitored, and death is pronounced by standard cardiac criteria
after a predetermined (usually 5-minute) period of asystole. Organ
recovery then proceeds expeditiously. The organ recovery team plays
no part in the diagnosis of death or medical management of the patient
before asystole. Maastricht category IV DCD donors are also known
as “crashing donors,” who have often become hemodynamically
unstable en route to organ recovery after a diagnosis of brain death.
For new classifications of DCD developed to take into account the
varied circumstances of controlled and uncontrolled circulatory
death, see Thuong et al. in Selected Readings.

There has been a steady increase in the number of DCD donors in
the United States over the past 10 years (Fig. 4.1). If the family is sup-
portive of donation and the patient is near brain death, the discussion
may lead to the donation occurring as a donation after brain death
(DBD). A robust DCD program can expand the opportunity for more
kidney transplants and be additive to the number of DBD organ donors.

THE PROCESS OF DECEASED KIDNEY DONATION

The deceased donor organ donation process is a continuum from the
identification of the potential organ donor through to the transplanta-
tion of renal (and other) allografts at the transplantation center and
summarized in Table 4.3. To maximize the supply and quality of the
deceased donor kidney pool, every step in this continuum needs to
be optimized.

Donor Identification and Referral of Potential Deceased Donors

In the United States, hospitals are required by the Center for Medicare
and Medicaid Services (CMS) to identify and refer all imminent deaths
to the local Organ Procurement Organization ([OPO], see Chapter 5).
Timely notification to the OPO is required by CMS regulation at the
time of impending death, or imminent death, within 1 hour of one or
more specified clinical triggers (Table 4.4). This regulation is known
as “required referral” or “routine notification” and represents a unique
practice internationally, and is required by law. An “imminent death”



Chapter 4 / The Science of Deceased Donor Kidney Transplantation 81

United States Deceased Organ Donors Recovered as DCD
1,495

1,291
1,206

1,107
1,055

920 941

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

FIGURE 4.1 Deceased organ donors recovered as DCD in the United States. (Data from
OPTN.transplant.hrsa.gov.)

r Deceased Donor Process: From Donor Identification to
: Transplantation

Donor identification

Clinical triggers

Referral to organ procurement organization
Assessment of medical suitability of the donor
Authorization for donation

Organ donor management

Organ allocation

Organ recovery surgery

Organ preservation and transportation

Organ transplantation

is defined as a mechanically ventilated, deeply comatose patient,
admitted to an ICU, with catastrophic brain damage of known origin.

OPOs partner with the hospitals to provide education and services
that ensure every donation opportunity is realized. Educational oppor-
tunities include identifying imminent deaths and when to refer them
to the OPO, setting up a successful collaborative donation process,
and clinical guidelines for maintaining the option of organ donation.
These management guidelines are for patients when brain death is
pending, and implemented to sustain organ function while the family
is accepting the diagnosis and considering the opportunity for dona-
tion. Maintaining organ function during this time provides the greatest
chance of a successful outcome in the recipient of the organs. OPOs
also provide performance data to the hospital on referral rates, timely
notification rates, conversion rates, and any potential organ donors
who were not identified. Hospitals utilize this information to improve
their donation program.
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. When to Notify the Organ Procurement Organization

Any Imminent Death

* Severe acute brain injury

* Ventilator dependent

* Inan intensive care unit or emergency room
¢ Glasgow Coma Scale (GCS) <5

Or

¢ Atthe initial indication that a patient has suffered a nonrecoverable neurologic
injury (e.g., documented loss of cranial nerve reflexes)

¢ As soon as a formal brain-death examination is contemplated

 Before initiating a discussion that may lead to withdrawal of life-sustaining therapy

Prompt identification of all potential organ donors is critical in efforts
to maximize organ donation and transplantation and to fulfill the wishes
of deceased patients and their loved ones. Potential organ donors may
be identified in the emergency ward or in the critical care unit. Timely
notification, as required by law, provides the OPO time to evaluate a
patient’s medical suitability for donation. This early notification also
allows the OPO to develop a collaborative plan with the critical care
team for approaching the family after they discuss end-of-life care (a
“huddle”). Part of the collaborative plan will include determining if the
patient is active on a Donor Registry. Over 50% of U.S. adults are regis-
tered donors, registration having taken place at the time of renewal of a
driving license or through the Internet. The potential registered donor
has already made the donation decision that cannot be overturned by
family, though the agreement of the family is greatly to be preferred.

The WHO Critical Pathway

The WHO Critical Pathway for deceased organ donation provides a
consistent and systematic approach to the process of donation after
DBD and DCD. It is a reproducible tool for assessing the potential of
deceased donation, evaluating performance in the deceased dona-
tion process, and identifying areas for improvement (Fig. 4.2). The
Critical Pathway also provides a common scenario or trigger in which
the prospective identification and referral of a possible and potential
deceased organ donor can be undertaken. The definitions of possible
and potential organ donors, as provided in the Critical Pathway, are
important references of the clinical condition for an understanding of
the timely identification and referral for organ donation.

Evaluation of a Potential Deceased Donor

The donor evaluation process begins with an assessment of medical
suitability. For example, a malignancy with current metastatic disease
renders the donor medically unsuitable. In light of the ongoing short-
age of deceased donor kidneys, these risks of transmission of a donor
malignancy or infectious disease must be weighed against the risk of
continuing on dialysis to the patient awaiting transplantation. Con-
sultation with the local OPO and hospitals is essential to ensure that
potential organ donors are not inappropriately excluded.
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Reduction of Transmission of HIV, HBV, and HCV, through
Organ Transplantation

Donors who meet one or more of the following 11 criteria should be identified as
being at increased risk for recent HIV, HBV, and HCV infection

People who have had sex with a person known or suspected to have HIV, HBV,
or HCV infection in the preceding 12 months

Men who have had sex with men (MSM) in the preceding 12 months

Women who have had sex with a man with a history of MSM behavior in the
preceding 12 months

People who have had sex in exchange for money or drugs in the preceding 12
months

People who had sex with a person who had sex in exchange for money or
drugs in the preceding 12 months

People who had sex with a person who injected drugs by intravenous,
intramuscular, or subcutaneous route for nonmedical reasons in the preceding
12 months

¢ A child who is 18 months of age and born to mother known to be infected with,
or atincreased risk for, HIV, HBV, or HCV infection

A child who has been breastfed within the preceding 12 months and the
mother is known to be infected with, or at increased risk for, HIV infection
People who have injected drugs by intravenous, intramuscular, or
subcutaneous route for nonmedical reasons in the preceding 12 months
People who have been in lockup, jail, prison, or a juvenile correctional facility
for more than 72 consecutive hours in the preceding 12 months

People who have been newly diagnosed with, or have been treated for,
syphilis, gonorrhea, Chlamydia, or genital ulcers in the preceding 12 months

Donors who meet the following criterion should be identified as being at
increased risk for recent HCV infection only:

* People who have been on hemodialysis in the preceding 12 months

(From Seem DL, Lee I, Umscheid CA, et al. PHS Guideline for reducing human immunodeficiency virus,
hepatitis b virus, and hepatitis ¢ virus transmission through organ transplantation. Public Health Rep
2013;128(4):247-343. Reprinted by Permission of SAGE Publications, Inc.)

Serologic evaluation of organ donors includes screening for hepa-
titis C (HCV), HIV, hepatitis B virus (HBV), cytomegalovirus (CMV),
Epstein-Barr virus (EBV), and syphilis. Nucleic acid testing (NAT)
shortens the “window period” (between exposure and detection) for
certain viral infections such as HIV and HCV and is especially helpful
when the donor has known Public Health Service (PHS) risk factors for
exposure. Use of organs from donors who test positive for HIV is contra-
indicated for HIV-negative recipients owing to the risk of transmission.

In 2013, the Public Health Service developed guidelines for reducing
HIV, Hepatitis B, and Hepatitis C transmission through organ transplan-
tation (Table 4.5). Use of nucleic-acid amplification testing (NAT) was
recommended for high-risk behavior groups to reduce the risk of HIV
transmission and to potentially increase organ utilization. OPOs should
routinely perform NAT testing for HIV, HBV, and HCV in this population
to share the results with the transplant programs. The transplant pro-
grams are mandated to inform the potential recipient of the risk factors
and potential risks and benefits of accepting the organ (see Chapter 8).
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FIGURE 4.3 Variation in authorization rates based on ethnicity in the United States. (Data
from Seem DL, Lee |, Umscheid CA, et al. PHS Guideline for reducing human immunodefi-
ciency virus, hepatitis b virus, and hepatitis ¢ virus transmission through organ transplanta-
tion. Public Health Rep 2013;128(4):247-343.)

In 2015, the U.S. Department of Health and Human Services an-
nounced that it will amend the OPTN Final Rule (42 CFR Part 121) to
allow the recovery of transplantable organs from HIV-positive donors.
This is a milestone in support of the federal HIV Organ Policy Equity
Act (also known as the HOPE Act), which calls for study of the feasibil-
ity, effectiveness, and safety of transplanting organs from HIV-positive
donors to be used for HIV-positive candidates (see Chapter 12). Re-
cipient selection may be influenced by the donor serologic profile; for
example, HCV-seropositive donor kidneys may be selected for use in
HCV-seropositive patients (see Chapter 13).

Authorization for Donation

Authorization rates (previously called “consent rates”) for organ do-
nation have increased in the United States during the past 15 years
by approximately 20%, with a rate of more than 75% nationwide in
2015. Some regions have authorization rates close to 90%. There is
considerable variation in authorization rates based on ethnicity (see
Fig. 4.3) and rates tend to be higher in English-speaking compared to
non-English-speaking groups, and are higher in second-generation
immigrants compared to first-generation immigrants. Success in obtain-
ing authorization for organ donation is associated with highly trained,
skilled, and sensitive staff who can spend as much time as needed to
support the donor family through the process. Authorization rates are
also higher when there is collaboration between the healthcare team
and the OPO staff to ensure that the donation discussion occurs when
the family has accepted that death is imminent and they are ready to
make end-of-life decisions. Family sociodemographics (ethnicity, age,
and cause of death) and prior knowledge of a potential donor’s wishes
to donate significantly impact the family’s willingness to donate. With
“first-person authorization” (prior authorization by the deceased
themselves rather than the next-of-kin), there is an increase in the
number of cases where the potential donor already registered their
desire for donation. This can be done through a state registry, notation
on adriver’s license, or an advanced directive. Currently, 50% of adults
in the United States are registered organ donors and in some states
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close to 50% of recovered donors from whom organs were recovered
were authorized through a state registry. While first-person authoriza-
tion gives the OPO permission to carry out the wishes of the potential
donor, the healthcare team and the OPO need to maintain sensitivity
when working with the donor families. With the growing number of
registered donors, the healthcare team and the OPO need to be prepared
for potential conflict if the family does not agree with their decision
to donate. Surgical staff members involved in the recovery of organs
are fully protected by law in the event of first-person authorization.

Opting-in and Opting-out

In the 40 years since the inception of organized deceased organ dona-
tion in the United States, consent to donate has been on an “opt-in” or
“voluntary consent” basis, meaning either that the donor has expressly
authorized donation, or that the next-of-kin do so. In the absence of
consent, donation does not go forward. “Opt-out” or “presumed con-
sent” is based, a priori, on the presumption that the potential donor
would agree to donation which will go forward unless an objection to
do so has been formally expressed. Some have suggested that an opt-in
system would increase rates of deceased donation and some European
countries (most recently France in 2017) have legislation that would
permit it. The United States has an authorization rate which is second
only, internationally, to that of Spain (see below), and although Spain
has the legalized “opt-out,” it does not apply it. Opt-out, if practiced, can
generate an adversarial interaction with bereaved families which is obvi-
ated by opt-in. Once an individual has opted out, he or she is essentially
lost to the organ donation concept. Individuals who have not opted-in
may still elect to do so, as may their next-of-kin in the event of sudden
demise. Opting-in is preferred to opting-out!

The Spanish Model

High organ donation rates reported in Spain are attributed to the
so-called “Spanish model” of organ donation which is often used as
an exemplar of an effective deceased donor organ recovery program.
The Spanish model entails a highly structured, systematic approach
to maximizing the identification, referral, consent rate, and manage-
ment of potential deceased organ donors. Key elements of this model
include compensated and well-trained staff physicians with clearly
defined accountability for effectiveness in donor surveillance, and re-
ferral and aggressive pursuit of older donors. Intensive care transplant
coordinators, often physicians themselves, are based at the site of the
donation. Uncontrolled DCD is common practice. The Spanish-based
Organizacion Nacional de Transplantes (http:/www.ont.es) does much
to disseminate effective deceased donor management practices par-
ticularly throughout the Spanish-speaking world.

Measures of Performance

When comparing measures of donation performance between geo-
graphic areas, the metric “donors per million population” (DMP) has
often been used. A much more meaningful method for assessing and
comparing organ donation rates uses the number of medically suitable
potential organ donors in a geographic area as the denominator, and
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the number of actual organ donors in that area as the numerator. The
‘donation rate”for this measure is eligible deaths, defined as donors aged
70 or younger who meet the criteria for death by neurologic criteria.
But this only represents a subset of total potential. A better measure
is the metric known as the “CMS collaborative conversion rate.” This
measure includes all DCD donors and donors over the age of 70 to both
the numerator and the denominator when calculating the rate. Using
this metric has been an effective tool for monitoring improvement in
organ donation across all 58 U.S. OPOs. The mean conversion rate in
the United States varies regionally between 60% and 90% and as of
2016, the national mean was close to 80%.

The metric organs transplanted per donor (OTPD) is a measurement of
the effectiveness of multi-organ recovery efforts. Each deceased donor is
theoretically a source of two kidneys, heart and lungs, a liver, a pancreas,
and intestines. This measurement, however, does not adjust for donor
characteristics such as hypertension, diabetes, or liver disease, which may
impact the ability for an organ to be transplanted. A better measurement
is an “observed-to-expected” (O:E) ratio yield measurement currently in
place through the OPTN that adjusts for donor characteristics.

Part |l: Management of the Deceased Organ Donor

and Surgical Technique of Deceased Donor Organ
Recovery

In the United States and most countries with an advanced organ do-
nation infrastructure, the management of the deceased organ donor
who has been declared dead by neurologic criteria (brain dead) passes
from the intensive care unit staff to the staff of the OPO. Legally, the
deceased donor is no longer a “person” (see Chapter 19) and the staff
need not be led by physicians, but are typically specially trained coor-
dinators working, directly or indirectly, under medical supervision. The
management of the donors is complex and is designed to maximize the
function, not only of the kidneys, but of organs both above and below
the diaphragm. Obviating or minimizing ischemia-reperfusion injury
is a major goal (see Chapter 10) made more difficult by the massive
release of cytokine at the time of death (“cytokine storm”). Readers are
referred to the article Kotloff et al. on Management of the Potential
Organ Donor in the ICU, in Selected Readings, for a detailed account
of the management of the deceased donor.

Pharmacologic Adjuncts

Deceased donors may suffer from impaired hormone physiology, tissue
hypoxia, and an increased systemic inflammatory response. Donor
Management Goals (DMGs) have been created to help ameliorate the
effect of these responses and pharmacologic adjuncts play a part in
helping to achieve these goals. Most deceased donors are given large
doses of corticosteroids to deplete circulating donor lymphocytes and
attenuate brain-death-induced inflammatory pathways. Additional
hormone treatments including vasopressin and T3 or T4 are routinely
administered, although data from randomized trials suggest marginal
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benefit. For adults, 25 g of mannitol is typically given to ensure diuresis
and possibly to minimize ischemic injury. There is some evidence that
dopamine given intravenously before kidney manipulation may lower
rates of delayed graft function. Systemic heparinization is carried out
at the time of cannula placement with doses of 10,000 to 30,000 units.

Research on the optimal management of the deceased organ donor
has been notoriously difficult because of logistic and legal barriers. Varia-
tions in management between OPOs have typically not been rigorously
compared. An exception is the study by Niemann et al. (see Selected
Readings) that showed, in a controlled trial, that mild hypothermia,
as compared with normothermia, in organ donors after declaration
of death determined neurologic criteria significantly reduced the rate
of delayed graft function among recipients. This study represents a
milestone in organ donor management research that will hopefully
pave the way for further therapeutic advancements.

Surgical Technique

The principles of the operation to recover organs from the deceased organ
donor are similar regardless of the organs to be removed. Wide surgical
exposure is obtained. If multiple organs are to be removed, the preferred
sequence is heart first, lungs second, liver (small bowel) third, pancreas
fourth, and kidneys last. Each organ to be removed is dissected with its
vasculature intact. A cannula is placed in the distal aorta for in situ cool-
ing. At the time of aortic cross-clamping, flush and surface cooling are
begun. The right and left colon are both mobilized medially, exposing
each kidney which is also mobilized medially within Gerota fascia. The
ureters are divided distally near their insertion into the bladder and are
mobilized cephalad. Approximately 1 cm of surrounding periureteral
tissue is preserved, which contains the delicate vasculature supplying
blood to the ureter. The distal aorta is divided below the cannula and
the inferior vena cava is divided at the confluence of the common iliac
veins. To avoid damage to the renal vasculature and to prevent delayed
graft function caused by vasospasm, dissection into the renal hilum is
avoided. It should also be assumed that multiple renal arteries exist as
a common retrieval injury is inadvertent division of an accessory renal
artery. The kidneys are often removed en bloc with the aorta and vena
cava and separated on the back table (Fig. 4.4). However, if the kidneys
are from a small pediatric donor, they should not be separated. The kid-
neys are protected against warm ischemia by the cold flush and surface
cooling with ice during the time it takes to remove the other organs.

Ischemia Times
Warm ischemia time refers to the period between circulatory arrest
and commencement of cold storage. With modern in situ perfusion
techniques, the warm ischemia time is essentially zero in brain-dead
donors, although there is warm ischemia if hemodynamic deterioration
or cardiac arrest occurs before harvest. A kidney may function after
60 minutes of warm ischemia, and 90 minutes in a young donor; how-
ever, rates of DGF and nonfunction increase markedly after 20 minutes.
Cold ischemia time refers to the period of cold storage or machine
perfusion. Short cold ischemia times are preferred. Less than 12 hours
isregarded as ideal, and less than 24 hours as acceptable. Most centers
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FIGURE 4.4 £n bloc dissection for deceased donor kidney donation with cannulas in place
for in situ perfusion. Perihilar and periureteral fat are left in place.

prefer not to use kidneys that have been in cold storage for longer than
40 hours, though kidneys from young trauma victims may function
well after cold storage for even longer periods. Rewarm time is the
period from removal of the kidney from cold storage to reperfusion.
This can essentially be eliminated by wrapping the kidney in ice until
completion of the vascular anastomosis.

Organ Preservation

The two dominant methods of preserving renal allografts for transplanta-
tion are cold storage and pulsatile preservation. Both methods employ
hypothermia for maintenance of cellular viability and minimization
of ex vivo ischemic injury. Cold-storage solutions include University
of Wisconsin (UW) solution and histidine-tryptophan-ketoglutarate
(HTK) solution, among others. Kidneys preserved in this manner are
flushed in situ through the arterial blood supply with the preservation
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solution of choice, cooled to about 4°C, explanted, separated, and
then packaged. The kidneys are bathed in the same solution in sterile
containers and stored in wet ice in coolers to maintain hypothermia
during storage and transportation until transplantation.

Hypothermic pulsatile (machine) perfusion delivers a dynamic
flow of cold perfusate to the allograft during preservation and allows
for monitoring of perfusion parameters such as flow, temperature,
pressure, and renal vascular resistance. Serial evaluation of perfusion
data can help guide the decision to transplant or discard these kid-
neys and may also predict outcomes. In general, flow rates of 100 to
150 mL/min or higher, and vascular resistance of 0.20 to 0.40, are con-
sidered optimal. Allografts with persistently low flow (<75 mL/min)
and high resistance (>0.40) are usually declined.

The use of pulse perfusion remains inconsistent and controversial.
A 2009 randomized controlled trial (see Moers et al. in Selected Read-
ings) demonstrated an absolute reduction in delayed graft function of
6% and an improvement in 1-year graft survival of 4% in the machine
perfusion group compared to cold storage. Three-year follow-up data
of this trial confirmed improved graft survival of machine-perfused
kidneys (91% versus 87%). Graft survival advantage was most pro-
nounced for expanded criteria donors and no advantage was seen in
the subgroup of kidneys donated after circulatory death. Utilization
rates of machine perfusion have steadily increased in the past decade
in the United States but remain highly variable between transplant
centers. Deterrents to pulsatile perfusion include significant added
recovery costs and increased potential for technical error, together with
persistent doubts regarding its efficacy in organ recovery environments
as complex as that in the United States.
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The origins of kidney allocation can be traced to the earliest days of
deceased donor transplantation in the 1960s when fledgling kidney
transplant programs were recovering organs for their patients and
occasionally had organs with no recipients. This gave rise to voluntary
sharing among cross-town and regionally adjacent programs, with
little more than professional friendships to guide the sharing of organs.
When the Uniform Anatomical Gift Act (UAGA) was introduced across
each of the 50 states in 1968 (see Chapter 19), criteria for organ dona-
tion and recovery were defined, as was the designation of transplant
doctors as a legal “beneficiary” of these organs to enable transplant
to their patients. This principle recognized the ethical concept of
“beneficence”—"A physician shall, while caring for a patient, regard
responsibility to the patient as paramount.” However, this principle
does not address how to equitably share organs when the need for
organs exceeded the supply, and saving the life of one patient harmed
another who was passed over.

THE UNITED NETWORK FOR ORGAN SHARING

The establishment of the Organ Procurement and Transplantation
Network (OPTN) through the National Organ Transplant Act of 1984
(NOTA, see Chapter 19) required the development of uniform national
policies to describe how organs from deceased donors would be
distributed to recipients. This was to ensure that patients awaiting
a transplant anywhere in the United States would be transplanted in
an established order. The United Network for Organ Sharing (UNOS)
operates the OPTN under a contract with the Health Resources and
Services Administration (HRSA) of the U.S. government. The so-called
“final rule” issued in the year 2000 specifies the precise responsibilities
of the OPTN (see McDiarmid et al. in Selected Readings).

The OPTN, through UNOS, works to balance the ethical principles
of “justice,” “utility,” “respect for persons,” and “autonomy; all of which
have remained the cornerstones of organ allocation policy. Whereas
Jjustice seeks equality and fairness in the distribution of organs, utility
recognizes that clinical and logistical issues inhibit and undermine the
intended benefits of justice and accentuates the need for the allocation
system to be efficient and to maximize the usage of every organ that
is viable for transplantation. Respect for Persons embraces the moral
requirements of honesty and fidelity to commitments made and em-
braces the concept of respect for autonomy, which holds that actions or
practices tend to be right insofar as they respect or reflect the exercise
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of self-determination. Other critical components of organ allocation,
which apply internationally, include transparency, which requires that
data on all organ transplants performed in a given country or region
be available to the general public through a governmental organiza-
tion or an organization designated by a governmental authority for
this purpose (UNOS, in the case of the United States), and traceability,
with ease of identification of the source of the donor organs, being a
necessary condition for the safety not only of the recipient but of the
general public in the event of transmission, or suspicion of transmis-
sion, of infectious disease or malignancy.

Organ allocation is the major responsibility of UNOS. To operate the
organ allocation system, the country is divided into organ procurement
regions and areas (Fig. 5.1), with independent Organ Procurement Or-
ganizations (OPOs) operating according to agreed-upon distribution
and sharing criteria. A donor service area (DSA) is the geographic area
serviced by the OPO with its donor hospitals and transplant programs.

The offices of UNOS are in Richmond, Virginia. In addition to its
permanent administrative staff, UNOS is served by a governing board,
and a variety of subcommittees with members representing transplant
medical professionals, transplant recipients and donor family members,
and the lay public all serving voluntarily. The Members and Professional
Standards Committee (MPSC) of UNOS monitors the activities of indi-
vidual transplant programs and is empowered to initiate the required
corrective action in the event of concerns regarding performance.

Readers are referred to the information-rich websites of the OPTN
and UNOS at https://optn.transplant.hrsa.gov/ and www.unos.org.

Scientific Registry of Transplant Recipients

The Scientific Registry of Transplant Recipients (SRTR) at www.srtr
.org is an ever-expanding national database of transplant statistics.
Founded in 1987, the registry exists to support ongoing evaluation
of the scientific and clinical status of solid-organ transplantation,

WEGION|

FIGURE 5.1 United Network for Organ Sharing (UNOS) regions of the United States.
(From UNQS Facts and Figures. Copyright © 2015 United Network for Organ Sharing. www
.unos.org.)
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including kidney, heart, liver, lung, intestine, and pancreas. Data in the
registry are collected by the OPTN from hospitals and OPOs across
the country. The SRTR contains current and past information about
the full continuum of transplant activity, related to organ donation and
wait-list candidates, transplant recipients, and survival statistics. This
information is used to help develop evidence-based policy, to support
analysis of transplant programs and OPOs, to provide program-specific
data to the MPSC (e.g., “observed vs. expected outcomes”), and to en-
gage in research on issues of importance to the transplant community.

The SRTR is independent of UNOS and is administered by the
Chronic Renal Disease group of the Minneapolis Medical Research
Foundation (MMRF).

POINT SYSTEM FOR DECEASED DONOR KIDNEY ALLOCATION

To be placed on the transplant waiting list, a patient must fulfill cer-
tain listing criteria (see Chapter 8). Renal transplant recipients must
either be receiving chronic dialysis or, if they are not on dialysis, have
a glomerular filtration rate estimated at 20 mL/min or less.

The order in which waiting patients are offered each kidney that
becomes available is determined by a set algorithm, and waiting patients
are ranked by a central computer that is located in the UNOS offices.
Relevant information about a potential donor is made available to
transplant programs on a Web-based program called DonorNet. The
ultimate decision about whether to accept an offer for a given patient
rests with the responsible physician or surgeon; however, whenever an
offer is declined, a reason or “refusal code” must be provided to UNOS.
Table 5.1 shows the point system used to rank waiting patients that
was in place from 2009 to December 2014.

e UNOS Point System for Allocation of Kidneys from
Deceased Donors in Place from 2009 to December 2014
Factor Points Condition
Time waiting” 1 for each year of
waiting time
Quality of HLA match 2 Zero DR mismatches
0-A, B, DR mismatch’ 1 One DR mismatch
Panel-reactive antibody 4 >80% PRA and negative
(PRA) crossmatch
Pediatric recipient
priority for donors
younger than 35
years
Organ donor* 4 Expanded criteria donor
longest waiting patient (see
text)

"Defined from the time a patient is activated on the UNOS computer. In some regions, defined by
time receiving dialysis.

'0-A-, B-, and DR-mismatched organs are involved in national mandatory sharing program if recipient
is highly sensitized or local sharing program if recipient is unsensitized.

*Previous living donor in need of a kidney transplant.

(Adapted from https://optn.transplant.hrsa.gov/.)
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From the outset, quantitatively measuring the comparative utility
of kidney transplants has been challenging. In the earliest years, these
roadblocks were due in part to limited outcomes data and because
dialysis essentially equalized the benefits across patients whose
lives were not immediately in jeopardy without a transplant, unlike a
life-saving liver or heart transplant. Thus, kidney allocation rules were,
at first, based on matching (utility) and waiting time (justice). However,
recognizing that long-term survival benefit was one of the core goals
of transplantation, antigen matching of donor and recipient quickly
added a “lottery effect” of a zero antigen mismatch (see Chapter 3)
priority that allocates a kidney to a “perfect match” recipient regardless
of waiting time. Thus, utility took precedence for some 17% of kidney
transplant patients who were fortunate to receive a zero-mismatched
kidney and antigen matching continued to prioritize patients who had
been waiting the longest when a kidney became available; patients with
better antigen matching to their donors were prioritized over others
with similar waiting time but poorer matches.

Over time, kidney allocation policies have been refined to address
thejustice issues of inequitable access to transplant of specific groups.
For instance, in 2003, OPTN kidney allocation policy was changed to
remove HLA-B priority points, which resulted in a 37% improvement
in the likelihood of African Americans receiving a transplant if they
joined the kidney transplant list on the same day as a White patient,
reflecting a gain in justice.

Another rebalancing of justice and utility took place with the 2004
establishment of a “pediatric priority” that was introduced as the
supply of young donor kidneys was declining due to reduced trauma
deaths relative to more “marginal” or “extended criteria donor” (ECD,
see below and Chapter 4) kidneys, which increased owing to policies
to stimulate their transplant. The pediatric priority was intended to
simultaneously tip the scales toward justice by enhancing pediatric
access to transplant, while increasing utility by providing pediatric
patients access to kidneys (from deceased donors under the age of
35) with longer expected graft survival. An unanticipated impact of
the pediatric priority rule was that, though the number of high-quality
deceased donor kidneys transplanted in children increased, the number
of living donor (mainly parental) transplants fell, and the net number
of transplantations in children remained approximately the same.

Expanded Criteria Donors

The term expanded criteria donor (ECD) kidney has been removed
from the official lexicon of the terms used to describe the quality and
determine the allocation of deceased donor kidneys, but it remains in
the unofficial lexicon. In its time, it was preferable to the commonly
used term “marginal kidney” An ECD kidney came from a deceased
donor older than 60 years or aged 50 to 59 years with two additional
risk factors, including a history of hypertension, death as a result of
cerebrovascular accident, or an elevated terminal serum creatinine. ECD
kidneys, which accounted for about 15% of deceased donor kidneys,
had statistically at least a 70% increased risk for failing within 2 years
compared with standard criteria donor (SCD) kidneys (expressed
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positively, this means that if an SCD kidney has a 2-year graft survival
of 88%, an ECD kidney has an estimated survival at 2 years of about
80%). In 2003, the allocation of ECD kidneys was changed in an effort
to speed their placement in an appropriate recipient so as to reduce
the cold ischemia time and discard rate. ECD kidneys were offered only
to those patients who had agreed to accept them, who were informed
of the risk, and who understood that these kidneys were more likely
to fail. ECD kidneys were allocated according to waiting time alone.
As aresult, it was possible to anticipate when patients were close to
being allocated an ECD kidney and to ensure that they were prepared
for the procedure.

The 2004 Pediatric and “ECD” policies focused the community on
the topic of relative graft survival and resulted in a 10-year research
and policy deliberation effort to develop a “LYFT” (Life-Years From
Transplant) allocation system. This analysis relied on data from
over 20 years of donation and transplantation to identify donor and
recipient variables that predict graft life-years from donor-recipient
matching: age being the predominant factor. LYFT was definitively
driven by utility, and predicted 10,000 extra life-years from 1 year’s
donors, if it were relied upon solely as the allocation system. However,
while LYFT was anticipated to significantly improve graft survival and
life-years, and was relatively neutral across disease types and ethnic
groups, most of its benefits resulted from a shift to the transplant of
younger organs to younger recipients, and reduced transplant in older
candidates. The U.S. government Department of Health and Human
Services (HHS) Office of Civil Rights deemed organ allocation based
on age to be unconstitutional. As a consequence, the UNOS Board and
the transplant community set about rebalancing the ethical principles
underlying kidney allocation so that it was not weighted too heavily
toward utility over justice and respect for persons.

Kidney Allocation System for Deceased Donor Kidneys
and Transplant Candidate Classification
The resulting Kidney Allocation System (KAS) was introduced into
practice in December 2014 and is primarily intended to increase
transplant graft survival. It does so by allocating kidneys with a lower
Kidney Donor Profile Index (KDPI) score (longer estimated function)
to recipients with low Expected Post-Transplant Survival (EPTS) scores
(better post-transplant survival). The variables used to determine
KDPI and EPTS are shown in Table 5.2. Note that though age is a
critical component of both the KDPI and the EPTS, it is accompanied
by other variables. The KDPI is a percentage score that provides a far
more granular estimation of kidney quality than the binary SCD/ECD
designation. The score estimates how long the kidney is likely to function
when compared to other kidneys. A KDPI score of 20% means that the
kidney is likely to function longer than 80% of other available kidneys.
A KDPI score of 60% means that the kidney is likely to function longer
than 40% of other available kidneys (see Fig. 5.2).

The EPTS score estimates how long the candidate will need a func-
tioning kidney transplant when compared with other candidates. A
person with an EPTS score of 20% is likely to need a kidney longer—live
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_ Factors Determining the Kidney Donor Profile Index (KDPI)

and Expected Post-Transplant Survival (EPTS)"

KDPI EPTS

Age Age

Height and weight Current diabetes status
Ethnicity/Race Number of previous transplants
History of hypertension Receiving chronic dialysis

History of diabetes
Cause of death

Serum creatinine

HCV status

Donor meets DCD criteria

“Calculators for KDPI, EPTS are available on the websites of UNOS and OPTN. Note that lower num-
bers reflect higher-quality kidneys and a longer anticipated life span, respectively.

14

12 11.44
- 8.90
6 I 5.60

Living donor KDPI 0%—20%  KDPI 21%-85% KDPI 86%—100%

FIGURE 5.2 Estimated graft half-life of kidneys from deceased donors with varying KDPI
scores and from living donors. (From Barrois B. Identification of a patient population previ-
ously not considered for organ donation. Cureus 2016;8(9):e805. Copyright © 2016, Barrois.)
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longer—than 80% of other candidates. Someone with an EPTS score of
60% will likely need a kidney longer than 40% of other people.

In the KAS system, the 20% of kidneys that are expected to last the
longest—those with a KDPI score of 20% or less—will first be offered
to patients likely to need a transplant the longest—those with an EPTS
of 20% or less. If a kidney with a KDPI of 20% or less is not accepted for
any of these patients, it will then be offered to any other person who
would match, regardless of their EPTS score. Kidneys with a KDPI score
of 20% to 85% are allocated according to waiting time in a manner
similar to the system in place prior to 2015 except that “waiting time”
is now defined not by when patients are placed on the transplant list
but by their dialysis start date or, for predialysis patients, when their
eGFR is <20 mL/min.

KDPI scores = 85% are similar to the previously designated “ECD”
kidneys and like “ECD” kidneys, are deemed to be viable for transplant
in the appropriate recipients (see Chapter 8), typically older patients,
those who cannot withstand dialysis for an extended period of time,
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and those recipients with high EPTS score. Additionally, KDPI = 85%
are made available to a wider geographic region than all other kidneys
in an attempt to locate a suitable candidate in the quickest manner
possible. Modeling of the KAS predicted that the tandem use of KDPI
and EPTS would produce a significant rise in the “average projected
median lifespan after transplantation,” as well as the “time with a
functional allograft.”

The KAS also prioritizes highly-sensitized patients (those with a
very high calculated panel reactive antibody [CPRA]; see Chapter 3),
seeking to ensure that they are transplanted. As a result, patients
who are highly sensitized are now given precedence in the allocation
system, thus prompting transplant centers to enhance their anti-HLA
antibody screening procedures to ensure that sensitized patients receive
kidneys more expeditiously, thus shifting toward justice over utility.
The KAS also provides greater access to deceased donor kidneys for
blood type B candidates who can safely accept a kidney from an A2
or A2B blood type donor.

Equipped with ambitious goals to gain some of the benefits of
LYFT, to offset some of the inequities from prior policies, and to avoid
unanticipated harm to recipients, KAS was implemented in December
2014. Comparison of data from the 12 months prior to and after the
introduction of the KAS shows the following trends:

The volume of deceased donor kidney transplants performed in-
creased by approximately 5% owing to a substantial increase in
deceased donation in 2015.

Transplants for patients with a very high calculated CPRA in-
creased roughly fivefold. Transplants for recipients with a CPRA
0f 99% to 100% were more frequent in the first 6 months and have
since diminished somewhat, most likely reflecting an early bolus
effect.

Due to the longevity-matching component of KAS, fewer transplants
are occurring in which the kidney is predicted to outlive the recipient.
Prior to KAS, 14% of kidneys expected to last the longest (with a KDPI
of 0% to 20%) went to recipients aged 65 or older, but this dropped
to 5% post-KAS. While transplants have declined for patients in the
50-to-64 and 65-and-older age groups, over half of all deceased donor
kidney recipients under KAS have been aged 50 or older.
Transplants have increased substantially for patients with 5 or more
years on chronic maintenance dialysis, owing to the back-dating of
dialysis time for determining waiting time points under KAS.
Transplants have increased for African Americans, who tend to
stay disproportionately longer on dialysis prior to being listed for
a transplant. African Americans are also more likely to have blood
type B compared to other candidates, so the fivefold increase in the
number of A2/A2B-to-B transplants may also be contributing to this
population’s increased access. However, only 3% of blood type B pa-
tients have been listed as eligible for these subtype-compatible kid-
neys, suggesting that further growth in this area may be attainable.
The kidney discard rate has remained at approximately 19%. The
majority of discarded kidneys had a Kidney Donor Profile Index
(KDPI) between 86% and 100%. The discard rate is a source of con-
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cern as potentially functioning kidneys may be being discarded
(see Steward et al in Selected Readings).

Transplants for pediatric patients (age 0 to 17) declined slightly; how-
ever, this difference is not statistically significant, and pediatric ac-
cess to transplants remains 5 times higher than that for most adults.
Pediatric recipients are also more often receiving kidneys expected
to last longer (lower KDPI) under KAS compared to that previously.
Transplant rates for the small number of prior living donors who
are registered on the waiting list have not changed statistically and
remain sharply higher than that for all other subpopulations.
More kidneys are now being shared across donor service area
(DSA) boundaries. Previously, about 20% of kidneys were trans-
planted outside of the recovering OPO’s DSA, and this has in-
creased to over 30% under KAS. There was a notable increase in
acceptance of kidney offers outside the recovering OPO’s DSA for
candidates with a CPRA of 99% to 100%.

The percentage of transplant recipients experiencing delayed graft
function (DGF) has risen from 25% to 29%, which may reflect the
increase in recipients who have been on dialysis over the longer
term. The 6-month graft survival rate has not significantly changed
and continues to exceed 95%.

These early findings are based on limited data and must be interpreted
cautiously and further tracked to assess whether observed trends will
be sustained. The effect of KAS on long-term graft survival cannot yet
be assessed, and will likely be the ultimate test of the policy change.

For 50 years, the donation and transplantation communities have
strived to find a balance in ethical principles and clinical practice
that will provide all transplant patients the maximum benefits of the
procedure. This challenge will continue owing to improvements in
clinical practice but also because of the shortage of organs available
for transplant. Efforts to reduce this shortage through increasing au-
thorization rates, directed, chain, and paired-living donation have and
will continue to help. However, the ethical balancing act will remain
until technology provides either cures for kidney disease or alterna-
tives to human donation.
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A BRIEF HISTORY OF TRANSPLANT IMMUNOSUPPRESSION

To understand the construction of the immunosuppressive protocol
and the use of immunosuppressive medications according to current
standard transplantation practice, it helps to follow the development
of organ transplantation and, in particular, kidney transplantation,
since the 1950s. Although sporadic attempts at kidney transplanta-
tion had been made throughout the first half of the 20th century, the
current era of transplantation was pioneered in 1954 at Harvard by
Joseph Murray with the successful, Nobel Prize winning, living donor
transplantation between the identical Herrick twins. While this case
provided evidence that the technical challenges of transplantation
could be overcome, the initiation of immunosuppression was neces-
sary to provide successful transplantation for the majority of patients
with kidney disease, the vast majority of whom are genetically dis-
similar to their donors.

The first attempts at immunosuppression used total-body irradiation;
azathioprine was introduced in the early 1960s and was soon routinely
accompanied by prednisolone. The polyclonal antibody preparations
antithymocyte globulin (ATG) and antilymphocyte globulin (ALG)
became available in the mid-1970s. Azathioprine and prednisolone
became the baseline regimen for maintenance immunosuppression
following kidney transplantation, with ATG or ALG used for induction
or for the treatment of steroid-resistant rejection. With this protocol,
the success rate of kidney transplantation was about 50% at 1 year,
acute rejection rates were approximately 60%, and the mortality rate
was typically 10% to 20%.

The situation was transformed in the early 1980s with the introduc-
tion of the cyclosporine. Because the results of kidney transplanta-
tion were poor prior to its introduction, it was not hard to recognize
the dramatic benefit of cyclosporine that produced statistically
significant improvement in graft survival rates to greater than 80%
at 1 year and a marked reduction in rejection rates to 30% to 40%.
Mortality rates decreased with more effective immunosuppression,
reduced use of corticosteroids, and overall improvements in surgi-
cal and medical care. The standard immunosuppressive regimen
consisted of cyclosporine and prednisone, often combined with
azathioprine, now used as an adjunctive agent in what was called
triple therapy. Although the benefits of cyclosporine were clear cut,
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its capacity to produce both acute and chronic nephrotoxicity was
soon recognized to be a major detriment. In 1985, OKT?3, the first
monoclonal antibody used in clinical medicine, was introduced based
on its capacity to treat first acute rejection episodes, although the
toxicity of the drug tended to restrict its use to episodes of rejection
that were resistant to high-dose steroids and, in some programs,
to use as an induction agent. With this limited armamentarium of
medications—cyclosporine, azathioprine, corticosteroids, and the
antibody preparations—the transplantation community entered
the 1990s, achieving, with justifiable pride, success rates of up to
90% in many centers and minimal mortality. Because the number
of available immunosuppressive medications was small, there was
relatively little variation among the protocol options used in dif-
ferent programs.

Two major developments then followed. Tacrolimus was in-
troduced into liver transplantation and eventually into kidney
transplantation as an alternative to cyclosporine because of its
capacity to produce equivalent patient and graft survival, and my-
cophenolate mofetil (MMF) was found to be a more effective agent
than azathioprine by virtue of its capacity to reduce the incidence
of acute rejection episodes when used with cyclosporine (and later
with tacrolimus) and corticosteroids. Basiliximab and daclizumab,
two humanized monoclonal antibodies, were approved for use after
kidney transplantation, also based on their capacity to reduce the
incidence of acute rejection episodes, and a polyclonal antibody,
Thymoglobulin, available in Europe for several years, was approved
for use in the United States for the treatment of acute rejection. In
the past decade, the manufacturers of OKT3 and daclizumab have
discontinued production of each medication, and they are no longer
available for clinical use.

In 1999, a class of new immunosuppressive medications, the mTOR
inhibitors, was introduced. Initially, sirolimus was approved by the
FDA; a similar drug, everolimus, was later introduced in Europe and
gained FDA approval in 2010. The last major immunosuppressive
medication to garner FDA approval for kidney transplantation was
belatacept in 2011. The therapeutic armamentarium for transplant
immunosuppression thus has continued to broaden and become
more complex, as has the variety of potential drug combinations
and protocols.

To address this complexity, this chapter is divided into five sec-
tions. Part I reviews the drugs in current clinical use, emphasizing
cyclosporine, tacrolimus, MMF, sirolimus, and corticosteroids. Part
II reviews the currently available biologic agents approved for use
in transplantation. Part III discusses the clinical trial process used
to develop new immunosuppressive agents and reviews available
data on promising new agents at different stages of development.
Part IV discusses combinations of these drugs in the form of clini-
cally applied immunosuppressive protocols, both conventional and
innovative. Part V discusses the treatment of the various forms of
kidney transplant rejection.
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Part |: Immunosuppressive Agents
in Current Clinical Use

MECHANISM OF ACTION OF IMMUNOSUPPRESSIVE DRUGS:
THE THREE-SIGNAL MODEL

The molecular mechanisms that are the target of immunosuppressive
drugs are discussed in detail in Chapter 2. The three-signal model of
T-cell activation and subsequent cellular proliferation, illustrated in
Figure 6.1, is a valuable tool for understanding the sites of action of the
agents discussed below. In brief, signal 1 is an antigen-specific signal
provided by the triggering of the T-cell receptors by antigen-presenting
cells (APCs) and is transduced through the CD3 complex. Signal 2is a
non-antigen-specific co-stimulatory signal provided by the engagement
of B7 on the APC with CD28 on the T cell. These two signals activate
the intracellular pathways that lead to the expression of interleukin-2
(IL-2) and other growth-promoting cytokines. Stimulation of the IL-2
receptor (CD25) leads to activation of mTOR (mammalian target of
rapamycin) and provides signal 3, which triggers cell proliferation. As
each of the immunosuppressive agents is discussed below, it is useful
to refer to Figure 6.1 to review their relative sites of action.

Calcineurin Inhibitors: Cyclosporine and Tacrolimus

The term calcineurin inhibitors (CNI) is useful because it emphasizes
the similarity in the mechanism of action of the two drugs, cyclospo-
rine and tacrolimus, which have served as the backbone of solid-organ
transplant immunosuppression for the past 30 years. Although they are
biochemically distinct, they are remarkably similar, not only in their
mechanism of action, but also in their clinical efficacy and side-effect
profile. They are, therefore, considered together; discrete differences

FIGURE 6.1 Anti-CD154 antibody, FTY720, and FK778 have been withdrawn from clinical
trials. MPA, mycophenolic acid. (From Halloran PF. Immunosuppressive drugs for kidney
transplantation. N Engl J Med 2004;351:2715-2729, with permission.)
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between them are discussed in the text and summarized in Table 6.1.
The choice of agent is discussed in Part IV.

Each agent will be discussed with regard to its pharmacodynamic
and pharmacokinetic properties. Pharmacodynamics describes the effect
a drug has on the body. This includes the agent’s therapeutic activity
(its mechanism of action) and any untoward effects it may cause (its
adverse effect profile). Pharmacokinetics are the affect the body has on
adrug (absorption, distribution, metabolism, elimination, therapeutic
drug level monitoring, and drug-drug interactions).

Cyclosporine is a small cyclic polypeptide of fungal origin. It consists
of 11 amino acids and has a molecular weight of 1,203g/mol. It is neu-
tral and insoluble in water but soluble in organic solvents and lipids.

Some Comparative Features of Cyclosporine and Tacrolimus

Feature Cyclosporine Tacrolimus
Mode of action Inhibition of calcineurin Inhibition of calcineurin
Daily maintenance dose  About 3-5 mg/kg About 0.15-0.3 mg/kg
Administration PO and IV PO, IV, and SL*
Absorption bile Sandimmune, yes; Neoral, No

dependent no
Oral dose available 100 mg; 25 mg 5mg; 1 mg; 0.5 mg

(capsules)
Drug interactions Similar Similar
Capacity to prevent + ++7

rejection
Use with MPA + +
Use with sirolimus, + +*

everolimus
Prolonged release — +

formulations
Nephrotoxicity + +
Steroid sparing + ++7
Hypertension and sodium ++ +

retention
Pancreatic islet toxicity T ++
Neurotoxicity + ++
Hirsutism + -
Hair loss - +
Gum hypertrophy + -
Gastrointestinal side - +

effects
Gastric motility - +
Hyperkalemia + +
Hypomagnesemia + +
Hypercholesterolemia + -
Hyperuricemia, gout ++ +

Data are based on available literature and clinical experience.

—, Noor little effect; +, known effect; + +, effect more pronounced; + +?, probable greater effect; IV,
intravenous; MPA, mycophenolic acid; PO; by mouth; SL, sublingual.

“IV rarely needed because sublingual absorption is good.

"Dose of MMF may be less when used with tacrolimus.

*Nephrotoxicity may be exaggerated when used in full dose.
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The amino acids at positions 11, 1, 2, and 3 form the active immuno-
suppressive site, and the cyclic structure of the drug is necessary for its
immunosuppressive effect. Tacrolimus, still often called by its nickname
FK (Eff-Kay) from its laboratory designation FK506, is a macrolide
antibiotic compound isolated from Streptomyces tsukubaensis. It is a
23-membered macrolide lactone with a molecular weight of 804 and is
practically insoluble in water, freely soluble in ethanol, and very soluble
in methanol and chloroform. Due to their molecular size and physical
properties, these agents are not significantly dialyzed and both can
be administered during dialysis treatment without dose adjustment.

Pharmacodynamics
Mechanism of Action. The CNIs differ from their predecessor immu-
nosuppressive drugs by virtue of their selective inhibition of the im-
mune response. They do not inhibit neutrophilic phagocytic activity as
corticosteroids do, nor are they myelosuppressive. Cell surface events
and antigen recognition also remain intact (see Chapter 2). Their im-
munosuppressive effect depends on the formation of a complex with
their cytoplasmic receptor proteins, cyclophilin for cyclosporine and
tacrolimus-binding protein (FKBP) for tacrolimus (see Fig. 6.1). These
complexes binds with calcineurin, whose normal function is to act
as a phosphatase that dephosphorylates certain nuclear regulatory
proteins (e.g., nuclear factor of activated T cells) and hence facilitates
their passage through the nuclear membrane (see Chapter 2). Inhibi-
tion of calcineurin thereby impairs the expression of several critical
cytokine genes that promote T-cell activation, including those for IL-
2, IL-4, interferon-gamma (IFN-7), and tumor necrosis factor-alpha
(TNF-@). The transcription of other genes, such as CD40 ligand and the
proto-oncogenes H-ras and c-myc, is also impaired. The importance of
these factors in T-cell activation is discussed in more detail in Chapter
2, but as aresult of calcineurin inhibition, there is a quantitative limita-
tion of cytokine production and downstream lymphocyte proliferation.

Cyclosporine enhances the expression of transforming growth
factor-beta (TGF-£3), which also inhibits IL-2 and the generation of
cytotoxic T lymphocytes, and may be responsible for the development
of interstitial fibrosis, an important feature of CNI nephrotoxicity.
TGF-fhas also been implicated as an important factor in the prolif-
eration of tumor cells, which may be relevant to the course of certain
post-transplantation neoplasms (see Chapter 11). The in vivo effects
of cyclosporine are blocked by anti-TGF- /3, indicating that TGF-fmay
be central to the mediation of both the beneficial and detrimental
effects of CNIs.

Patients receiving successful CNI-based immunosuppression maintain
a degree of immune responsiveness that is still sufficient to maintain
host defenses. This relative immunosuppression may be a reflection
of the fact that at therapeutic levels of these drugs, calcineurin activ-
ity is reduced by only about 50%, permitting strong signals to trigger
cytokine expression and generate an effective immune response. In
stable patients receiving cyclosporine, CD4" T cells have reduced IL-2
production to a degree that is inversely correlated to drug levels. The
degree of inhibition of calcineurin activity and IL-2 production may
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be at the fulcrum of the delicate balance that exists between too much
and too little immunosuppression.

Adverse Effects

Nephrotoxicity. Nephrotoxicity is the major “thorn in the side” of these
remarkable drugs. Theories linking the mechanism of immunosuppres-
sion and nephrotoxicity are discussed later. The terms cyclosporine and
FK toxicity are often used loosely, and it is important to note that these
terms encompass several distinct, overlapping syndromes (Table 6.2).

Functional Decrease in Renal Blood Flow and Filtration Rate. The CNIs
produce a dose-related, reversible, renal vasoconstriction that par-
ticularly affects the afferent arteriole (Fig. 6.2). The glomerular capil-
lary ultrafiltration coefficient (Kf) also decreases, possibly as a result
of increased mesangial cell contractility. Most of the studies on the
mechanism of this effect have used cyclosporine rather than tacrolimus.

_ Syndromes of Calcineurin Inhibitor Nephrotoxicity

Exaggeration of early post-transplantation graft dysfunction
Acute reversible decrease in GFR
Acute microvascular disease
Chronic nonprogressive decrease in GFR
Chronic progressive decrease in GFR
Hypertension and electrolyte abnormalities
Sodium retention and edema
Hyperkalemia
Hypomagnesemia
Hyperchloremic acidosis
Hyperuricemia

GFR, glomerular filtration rate.

FIGURE 6.2 Cyclosporine-induced afferent arteriolar vasoconstriction. A: Control rat show-
ing afferent arteriole (AA) and glomerular tuft. B: Constricted afferent arteriole (arrow)
and glomerular tuft after 14 days of cyclosporine at 50 mg/kg/day. (From English J, Evan
A, Houghton DC, et al. Cyclosporine-induced acute renal dysfunction in the rat: evidence
of arteriolar vasoconstriction with preservation of tubular function. Transplantation
1987;44:135—141, with permission.)
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The picture is reminiscent of “prerenal” dysfunction, and in the acute
phase, tubular function is intact.

The normal regulation of the glomerular microcirculation depends
on a complex, hormonally mediated balance between vasoconstriction
and vasodilation. Cyclosporine-induced vasoconstriction is caused,
at least in part, by alteration of arachidonic acid metabolism in favor
of the vasoconstrictor thromboxane. Cyclosporine is also a potential
inducer of the powerful vasoconstrictor endothelin, and circulating
endothelin levels are elevated in its presence. Cyclosporine-induced
changes in glomerular hemodynamics can be reversed by specific en-
dothelin inhibitors and by anti-endothelin antibodies. The sympathetic
nervous system is also activated.

Several in vivo and in vitro studies have suggested that alterations in
the L-arginine nitric oxide (NO) pathway may be involved in CNI-induced
renal vasoconstriction. NO causes relaxation of preglomerular arteries and
improves renal blood flow. The constitutive enzyme endothelial nitric oxide
synthase (NOS) is produced by renal endothelial cells and modulates vas-
cular tone. Both acute and chronic cyclosporine toxicity can be enhanced
by NOS inhibition with N-nitro-L-arginine-methyl ester and ameliorated
by supplementation with L-arginine. Interestingly, sildenafil (Viagra)
increases GFR in transplant patients, presumably by reversing this effect.

CNI-induced renal vasoconstriction may manifest clinically as delayed
recovery of early malfunctioning grafts or as a transient, reversible,
dose-dependent, blood-level-dependent elevation in serum creatinine
concentration that may be difficult to distinguish from other causes of
graft dysfunction. Vasoconstriction may be a reversible component of
chronic CNI toxicity, which may amplify the functional severity of the
chronic histologic changes seen with prolonged use. The vasoconstric-
tion may be more pronounced with cyclosporine than with tacrolimus
and also helps to account for the hypertension and the tendency for
sodium retention that are commonly associated with cyclosporine use.

Chronic Interstitial Fibrosis. Interstitial fibrosis, which may be patchy
or “striped” and associated with arteriolar lesions (see Chapter 15), is a
common feature of long-term CNI use. This lesion may produce chronic
renal failure in recipients of renal and nonrenal organ transplants;
however, several long-term studies show that in the dose regimens
currently employed, kidney function may remain stable, although often
impaired, for many years. The mechanism of CNI-induced interstitial
fibrosis remains poorly defined.

Evidence from experimental models suggests that chronic ne-
phropathy involves an angiotensin-dependent upregulation of mol-
ecules that are important in the scarring process, such as TGF-fand
osteopontin. Enhanced production of TGF-£in normal T cells may
provide the link between the immunosuppressive effects of the CNIs
and their nephrotoxicity, and variation in fibrogenic gene expression
may help explain the varying consistency of this effect. CNI-induced
hypomagnesemia may induce interstitial inflammation and enhance
the production of TGF-/, thereby perpetuating chronic fibrotic lesions.
Interstitial fibrosis may also be a reflection of intense and prolonged
vasoconstriction of the renal microcirculation. Cyclosporine may also
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impair the regenerative capacity of microvascular endothelial cells and
induce apoptosis. The resulting chronic renal ischemia may enhance
the synthesis and accumulation of extracellular matrix proteins in
the interstitium.

Acute Microvascular Disease. Thrombotic microangiopathy (TMA) (see
Chapters 10 and 15) is a distinct form of CNI-induced vascular toxicity
that may manifest as renal involvement alone or as a systemic illness.
It produces a syndrome reminiscent of thrombotic thrombocytopenic
purpura (TTP). In TTP, potentially pathogenic inhibitory antibodies
against the von Willebrand factor (vWF)-cleaving protease ADAMTS13,
azinc metalloprotease, have been detected. A similar mechanism has
been described in CNI-induced TMA.

Electrolyte Abnormalities and Hypertension. Impaired sodium excretion
is a reflection of the renal vasoconstrictive effect of CNIs. Patients
receiving long-term cyclosporine therapy tend to be hypertensive (see
Chapter 11) and to retain fluid. Studies show activation of the renin-
angiotensin-aldosterone system and sympathetic nervous system and
suppression of atrial natriuretic factor, which results in attenuation
of the natriuretic and diuretic response to an acute volume load. NO
production is also impaired. Hypertension tends to be less marked (or
the need for antihypertensive drugs may be less) for patients receiving
tacrolimus, possibly because it produces less peripheral vasoconstric-
tion than does cyclosporine.

Hyperkalemia is common and occasionally requires treatment,
although it is rarely life-threatening as long as kidney function remains
good. It is not uncommon for patients taking CNIs to have potassium
levels in the mid-fives. Hyperkalemia is often associated with a mild
hyperchloremic acidosis and an intact capacity to excrete acid urine.
The clinical picture is thus reminiscent of type IV renal tubular acidosis.
Patients receiving cyclosporine may have an impaired capacity to excrete
an acute potassium load, and there is evidence to suggest impaired
production of aldosterone, an acquired impaired renal response to its
action, and inhibition of cortical collecting duct potassium secretory
channels. Hyperkalemia may be exaggerated by concomitant admin-
istration of /7 blockers, angiotensin-converting enzyme inhibitors, and
angiotensin receptor blockers. A defect of collecting tubule hydrogen
ion secretion has been described with tacrolimus. Both drugs are
magnesuric and hypercalciuric, and hypomagnesemia is commonly
associated with their use. In liver transplantation, hypomagnesemia
may predispose patients to seizures; this has been observed rarely
in kidney recipients. The urinary loss of calcium and magnesium is
due to downregulation of specific transport proteins. Magnesium
supplements are often prescribed but may be ineffective because of a
lowered renal magnesium threshold (see Chapter 20). Hyperuricemia,
because of reduced renal uric acid clearance, is a common complica-
tion of CNI use, particularly when diuretics are also employed. While
both cyclosporine and tacrolimus can produce hyperuricemia, only
cyclosporine has been associated with gout, which has been reported
in up to 7% of patients. This may resolve when cyclosporine is switched
to tacrolimus. Treatment is discussed in Chapter 11.
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Methods of Amelioration. The vexing issue of CNI nephrotoxicity has
spawned a variety of clinical and experimental approaches designed
to modify the renal effects of these drugs, particularly their capacity
to produce vasoconstriction. Low-dose dopamine is used in some
centers in the early postoperative period to “encourage” urine output.
Calcium channel blockers given to both the donor (see Chapter 4) and
the recipient (see Part IV) may reduce the incidence and severity of
delayed graft function. Omega-3 fatty acids in the form of 6 g of fish
oil each day were thought to increase renal blood flow and GFR by
reversing the cyclosporine-induced imbalance between the synthesis of
vasodilator and vasoconstrictor prostaglandins, but long-term studies
have shown no such benefit. The prostaglandin agonist misoprostol
and thromboxane synthetase inhibitors may have a similar effect. Vari-
ous protocol adjustments, discussed later in this chapter, can also be
employed to minimize CNI toxicity.

Nonrenal Calcineurin Inhibitor Toxicity

Gastrointestinal. Episodes of hepatic dysfunction typically manifesting
as subclinical, mild, self-limited, dose-dependent elevations of serum
aminotransferase levels with mild hyperbilirubinemia may occur in
nearly half of all kidney transplant recipients taking cyclosporine and
occur less frequently in those taking tacrolimus. No specific hepatic
histologic lesion has been described in humans, and the hyperbilirubi-
nemia is a reflection of disturbed bile secretion rather than hepatocel-
lular damage. Cyclosporine does not itself produce progressive liver
disease; other causes, most frequently one of the viral hepatitides, need
to be considered. Cyclosporine therapy is associated with an increased
incidence of cholelithiasis, presumably resulting from an increased
lithogenicity of cyclosporine-containing bile. Varying degrees of an-
orexia, nausea, vomiting, diarrhea, and abdominal discomfort occur
in up to 75% of patients receiving tacrolimus, and less frequently in
patients receiving cyclosporine.

Cosmetic. The cosmetic complications of cyclosporine must be treated
seriously, particularly in women and adolescents, because of the
misery they can produce and the temptation to resolve them through
noncompliant behavior. Cosmetic complications are often exagger-
ated by concomitant use of corticosteroids. They are less prominent
for patients receiving tacrolimus.

Hypertrichosis in varying degrees occurs in nearly all patients
receiving cyclosporine and is particularly obvious in dark-haired girls
and women. A coarsening of facial features is observed in children
and young adults, with thickening of the skin and prominence of the
brow. Tacrolimus may produce hair loss and frank alopecia. Gingival
hyperplasia, which can be severe, may develop in patients receiving
cyclosporine and is exaggerated by poor dental hygiene and possibly by
concomitant use of calcium channel blockers. Azithromycin, a macro-
lide antibiotic that typically does not affect cyclosporine metabolism,
may reduce gingival hyperplasia. Gingivectomy may occasionally be
indicated, and switching from cyclosporine to tacrolimus is usually
effective. Cosmetic complications tend to become less prominent with
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time. Sympathetic cosmetic counseling is required. Cyclosporine may
increase prolactin levels, occasionally producing gynecomastia in men
and breast enlargement in women.

Hyperlipidemia. Cyclosporine hasbeen implicated as one of the various
factors responsible for the generation of post-transplantation hyper-
cholesterolemia (see Chapter 11). The mechanism of this effect may be
related to abnormal low-density lipoprotein feedback control by the
liver, to altered bile acid synthesis, or to occupation of the low-density
lipoprotein receptor by cyclosporine. Up to two-thirds of patients develop
de novo hyperlipidemia in the first post-transplantation year. The effect
is less marked with tacrolimus, and lipid levels may decrease when
patients are switched from cyclosporine to tacrolimus.

Glucose Intolerance. Post-transplantation glucose intolerance and
new-onset diabetes mellitus after transplantation (NODAT) are
discussed in Chapter 11. CNIs are toxic to pancreatic islets, although
tacrolimus is more so, possibly as a result of increased concentra-
tions of FKBP relative to cyclophilin in islet cells. The effect is dose
related and may be exaggerated by concomitant corticosteroid use.
Morphologic changes in the islets include cytoplasmic swelling,
vacuolization, and apoptosis, with abnormal immunostaining for
insulin. Obesity, African-American or Hispanic ethnicity, family
history of diabetes, and hepatitis C infection may predispose to
NODAT. Figure 6.2 shows the incidence of diabetes before and af-
ter transplantation by type of CNI as reported to the United States
Renal Data System.

Neurotoxicity. A spectrum of neurologic complications has been
observed in patients receiving CNIs; they are generally more marked
with tacrolimus. Coarse tremor, dysesthesias, headache, and insom-
nia are common and may be dose- and blood-level related. Patients
may complain of discrete cognitive difficulties coinciding with peak
drug levels. The use of the prolonged-release formulations of tacro-
limus (see below) may reduce tacrolimus-induced neurotoxicity by
virtue of its pharmacokinetic characteristics of having lower Cmax
concentrations. Furthermore, with immediate-release tacrolimus,
administering a higher evening dose than that given in the morning
(i.e., 3 mg in the morning and 4 mg in the evening) may also lead to
an improvement in neurologic symptoms owing to reduced morning
peak levels (Fig. 6.3).

More severe complications are uncommon in kidney recipients,
although isolated seizures may occasionally occur, and full-blown
leukoencephalopathy has been described clinically and on brain imag-
ing. Bone pain in long bones has also been described.

Infection and Malignancy. Infection and malignancy inevitably ac-
company immunosuppression and are discussed in detail in Chapters
10 and 11. Despite their immunosuppressive potency, the incidence
of infections and common de novo neoplasms has not significantly
increased since the introduction of the CNIs, although the course of
malignancies may be accelerated.
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FIGURE 6.3 Incidence of diabetes before and after transplantation by type of calcineurin
inhibitor (solid line, tacrolimus; dashed line, cyclosporine). Note that the incremental inci-
dence of diabetes for cyclosporine was 9.4% at 1 year and 8.4% at 2 years. The incremental
incidence of diabetes for tacrolimus use was 15.4% at 1 year and 17.7% at 2 years. (From
Woodward RS, Schnitzler MA, Baty J, et al. Incidence and cost of new onset diabetes mel-
litus among U.S. wait-listed and transplanted renal allograft recipients. Am J Transplant
2003;3:590-598, with permission.)

Thromboembolism. In vitro, cyclosporine increases adenosine diphos-
phate-induced platelet aggregation, thromboplastin generation, and
factor VII activity. It also reduces production of endothelial prostacyclin.
These findings may be causally related to the somewhat increased
incidence of thromboembolic events that have been observed in
cyclosporine-treated kidney transplant recipients. The finding of
glomerular microthrombi as part of CNI-induced microangiopathy
was discussed previously.

Pharmacokinetics

Formulations

Cyclosporine. The original formulation of cyclosporine, the oil-based
Sandimmune, has largely been replaced by the microemulsion for-
mulation, Neoral. Both formulations are available in two forms: a
100-mg/mL solution that is drawn up by the patient into a graduated
syringe and dispensed into orange juice or milk, and 25-mg and 100-
mg soft-gelatin capsules. Patients usually prefer the convenience of the
capsule that is typically administered twice daily. Due to the nature of
the microemulsion formulation, these gelatin capsules should be kept
in the original packaging as long as possible prior to administration.
Gelatin capsules that have been exposed to heat or have been removed
from the blister packaging for more than 14 days may exhibit decreased
efficacy secondary to evaporative loss of emulsifiers.

The development of generic formulations of cyclosporine and
other immunosuppressive agents is controversial because of the
critical importance of these drugs to the success of transplantation
and the corporate and financial implications of their introduction.
If a generic formulation is used, an AB-rated product is mandatory.
AB-rated drugs are molecular entities that meet the bioequivalence
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standards established by the Food and Drug Administration (FDA).
Typically this is established in studies with healthy volunteers using
a single dose to determine if key pharmacokinetic parameters are
within 80% to 125% of the branded drug as determined by relatively
simple statistical methods. If a generic formulation demonstrates
pharmacokinetic properties within these parameters, it is assumed
that the same molecular entity, at similar concentrations and with
similar elimination characteristics, will exhibit a similar efficacy and
adverse-effect profile as the branded drug. This assumption spares
the generic drug maker from performing the same extensive clinical
evaluations required of new drugs, and information on discrete differ-
ences in their pharmacokinetics in different ethnic groups is not always
available. Because of the pharmacokinetic properties of cyclosporine
exhibiting inherent variability and the difference between therapeutic
and toxic or ineffective concentrations being very small, the drug is
considered to have a narrow therapeutic window. While the standards
for proving the bioequivalence of generic forms are more rigorous in
some countries, in the United States this is not the case. Nonetheless,
generic formulations of cyclosporine, such as the capsule cyclosporine
USP Modified (Teva Labs) and the capsule Gengraf, are in widespread use
in the United States; other generic formulations are available outside
of the United States. The generic formulations are generally claimed to
have an absorption profile that is very similar to that of Neoral. Because
they are AB rated, in the United States they may be substituted for Ne-
oral cyclosporine without the approval of the prescriber. Several small
studies show a reduction in cyclosporine drug level by approximately
15% to 20% when using a 1:1 conversion between brand name and
generic. If generic formulations are used, it is probably better to use
them consistently and to avoid switching formulations. If conversions
are made between the different formulations, it is wise to monitor drug
levels and renal function (see Part IV). Patients should be counseled
regarding the use of generic immunosuppressive medications to al-
leviate any potential anxiety regarding the use of nonbranded dosage
forms and to enhance medication adherence. Extensive experience
with generic formulations of cyclosporine has not demonstrated them
to be inferior to the brand drug.

Tacrolimus. Tacrolimus (Prograf) is available in an intravenous for-
mulation, and as 5-mg, 1-mg, and 0.5-mg immediate-release capsules.
A suspension formula can be compounded, but is not commercially
available. The immediate-release products are typically administered
twice daily. Several generic brands are also commercially available.
Like cyclosporine, conversion studies demonstrate an approximate
15% reduction in tacrolimus levels with a conversion from brand name
to generic. These studies indicate that conversion is safe, but patients
should be monitored closely during the process. Switching between
formulations that can occur during inpatient hospital readmissions
and discharges especially requires close monitoring.

Additionally, two long-acting once-daily formulations (Astagraf XL,
Astellas, and Envarsus XR, Alexion) are now also available. Astagraf XL
comes as 0.5, 1, and 5 mg prolonged-release capsules and is approved
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for de novo use in kidney transplant recipients. Envarsus XR is avail-
able in 0.75, 1, and 4 mg prolonged-release tablets and has received
FDA approval only for conversion from immediate-release tacrolimus
in kidney transplant recipients. Importantly, these once-daily dosage
forms are not bioequivalent to once-daily formulations or each other
and inadvertent switching has the potential to be problematic (Fig. 6.3).

Absorption and Distribution

Cyclosporine. The bioavailability (F) of the microemulsion formula-
tion is better than that of Sandimmune, and there is less variability in
cyclosporine pharmacokinetics. Peak cyclosporine levels (Cmax) of
Neoral cyclosporine are higher, and the trough concentration (Cmin)
correlates better with the systemic exposure, as reflected by the area
under the curve (AUC).

The improved gastrointestinal (GI) absorption of the microemul-
sion and lesser dependence on bile for absorption may reduce the
necessity for intravenous cyclosporine administration. Compared with
intravenous infusion, the bioavailability of the orally administered
drug is in the range of 30% to 45%. Conversion between the oral and
intravenous forms of the drug perioperatively requires a 3:1 dose ratio
and is administered twice daily as 4-hour infusions. Bioavailability of
oral cyclosporine increases with time, possibly as a result of P-gp in-
hibitory properties of the drug. As a result, the amount of cyclosporine
required to achieve a given blood level tends to fall with time and typi-
cally reaches a steady level within 4 to 8 weeks. In general, food tends
to decrease the absorption of cyclosporine, although some foods can
lead to increased absorption (see “Metabolism” below and Chapter 20).

The microemulsion formula of cyclosporine reaches maximal blood
concentrations in approximately 2 hours. The volume of distribution is
3 to 5 L/kg, with the majority of the drug found in erythrocytes. It also
exhibits very high protein binding in the plasma, especially to lipopro-
teins. As such, whole blood is the preferred matrix for concentration
determination. The half-life varies from 6 to 27 hours with a clearance
of 5 to 7 mL/min/kg. In prepubertal patients, the clearance is approxi-
mately 25% greater. The drug is primarily eliminated in the bile with
only 6% of the dose excreted in the urine, and with only 0.1% excreted
unchanged. CYP3A4 is the primary enzyme system that metabolizes
cyclosporine. While over 30 metabolites have been identified, three
primary metabolites are found in the blood, urine, and bile. These
metabolites can be pharmacologically active and the plasma levels
of the most important cyclosporine metabolite, M17, may be similar
to that of the parent compound. However, the clinical significance of
this activity is not clear.

In the blood, one-third of absorbed and infused cyclosporine is found
in plasma, bound primarily to lipoproteins. Most of the remaining drug
is bound to erythrocytes. Whole-blood drug levels (see “Therapeutic
Drug Level Monitoring” below) are thus typically three-fold higher
than plasma levels. The binding of cyclosporine to lipoproteins may
be important in the transfer of the drug through plasma membranes,
and the toxic effects of cyclosporine may be exaggerated by low cho-
lesterol levels and reduced by high cholesterol levels. The binding of
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cyclosporine to the low-density lipoprotein receptor may account for
the hyperlipidemia associated with its use.

Tacrolimus. GIabsorption isindependent of bile salts. Despite its rela-
tively poor bioavailability, it is rarely necessary to use the intravenous
formulation. If necessary, the drug can be administered through a
nasogastric tube or sublingually. Intravenous dosing is approximately
one-third of the total daily dose required by the oral route and is admin-
istered via a 24-hour continuous infusion. Sublingual dosing is more
variable, but is usually one-half that required by the oral route. This
dosing is achieved either by opening a capsule and allowing the contents
to dissolve under the tongue or by using a compounded suspension
similarly held under the tongue. The latter may be better tolerated
owing to flavoring additives in the specially compounded suspension.

With the immediate-release dosage forms, it is absorbed primar-
ily from the small intestine, and its oral bioavailability is about 25%,
with large interpatient and intrapatient variability, particularly for
patients with GI disease. Maximal blood concentrations are reached
in 1 to 3 hours. Gastric emptying of solids is faster in patients taking
tacrolimus than in those receiving cyclosporine, a property that may
be beneficial for patients with gastric motility disorders. Diarrhea may
lead to increased absorption of tacrolimus from the lower GI tract with
resultant toxic levels. Interestingly, immediate-release tacrolimus dis-
plays diurnal variation in its absorption profile. Cmax concentrations
after morning dosing are typically greater than those found with the
evening dose. This can have implications for utilizing dosing strategies
as an adverse-effect management tool (see below).

The prolonged-release formulation, Astagraf XL, has a Cmax which
occurs after approximately 2 hours, whereas that of Envarsus XR is
approximately 6 hours. The AUC,_,, of both formulations is similar
in stable renal transplant patient over 6 months postoperatively; fol-
lowing daily dosing of approximately 5 mg following 14 and 7 days of
dosing, respectively, both formulations yield an AUC,_,, of about 220
ng-hr/mL. However, the 24-hour concentration time curves of the two
formulations readily display the differences in the prolonged-release
technologies that each employs (Fig. 6.4). The primary differences
are the Cmax levels achieved; the Envarsus XR formulation provides
a much more blunted and prolonged profile while the Astagraf XL
achieves higher Cmax values. Food has a similar effect on absorption
with both the immediate- and prolonged-release formulations as with
cyclosporine; patients should be counseled to be consistent in how
they take these medications with respect to meals.

Tacrolimus also has a high affinity for formed blood elements,
but it differs from cyclosporine in that, although it is highly protein
bound, it is not significantly associated with lipoproteins, and it has a
less unfavorable effect on the cholesterol level than does cyclosporine.
Approximately 95% of the agent is bound to erythrocytes secondary
to the high concentration of FKBP found in these cells. Both agents
cross the placenta and enter breast milk; breast-feeding is not recom-
mended for female renal transplant recipients who have had successful
pregnancies post-transplant.
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FIGURE 6.4 Pharmacokinetic profile of the two new prolonged-release formulations of ta-
crolimus, Astagraf XL and Envarsus XR versus immediate-release tacrolimus. A: White cir-
cles immediate-release data; black circles extended-release data. Whole-blood tacrolimus
concentration—time curve in renal transplant patients taking Tac-BID (white circle, n = 47)
and Tac-QD (black circle, n = 25). Each point and bar represents the mean+/-SD. Tac-BID,
twice-daily tacrolimus; Tac-QD, once-daily tacrolimus. (From Niioka T, Satoh S, Kagaya H,
et al. Comparison of pharmacokinetics and pharmacogenetics of once- and twice-daily ta-
crolimus in the early stage after renal transplantation. Transplantation 2012;94(10):1013—
1019, with permission.) B: Mean whole-blood tacrolimus concentration in patients on days
7,14, and 21 versus time. (From Gaber AQ, Alloway RR, Bodziak K, et al. Conversion from
twice-daily tacrolimus capsules to once-daily extended-release tacrolimus (LCPT): a phase
2 trial of stable renal transplant recipients. Transplantation 2013;96(2):191-197.

Metabolism and Excretion. Both cyclosporine and tacrolimus are
metabolized extensively by the cytochrome P450 (CYP) 3A enzymes,
specifically 3A4 and 3A5. This primarily occurs in the small intestine,
liver, and to a certain extent in the kidney. Both agents and their me-
tabolites are also substrates for P-glycoprotein (P-gp) efflux pumps.
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P-gp is amember of the ABC (ATP binding cassette) transporter family
that is encoded on the ABCBI gene. These ATP-dependent pumps are
found in hepatocytes, distal and proximal renal tubular cells, intestinal
epithelium, and the luminal surface of capillary endothelial cells in the
brain. Patient-to-patient differences in the expression of CYP3A4/5
and ABCBI lead to large variations in absorption, metabolism, and
distribution of the CNIs. Importantly, this may lead to differences in
drug concentration at target sites which has the potential to influence
efficacy and toxicity, as well as drug-drug interactions.

In the gut, the CNIs are repeatedly taken up and transported out
of intestinal enterocytes by P-gp allowing for reuptake and repeated
exposure to CYP3A4/5,leading to significant presystemic metabolism.
Because of this, these agents can exhibit relatively poor bioavailability.
Certain food items have CYP3A4/5 and/or P-gp inhibitory properties
that can dramatically decrease this presystemic metabolism and lead
to elevated levels of CNIs. Interestingly, both agents are P-gp substrates
and inhibitors; however, only cyclosporine is a potent P-gp inhibitor in
gut enterocytes. Similarly, only cyclosporine has inhibitory properties
of organic anion transporter protein B1 (OATP1B1) in the liver. This
property of cyclosporine has ramifications in its drug-drug interaction
profile whereby cyclosporine has the ability to alter the metabolism of
other pharmaceutical agents that are P-gp and/or OATP substrates; a
property that is not found with tacrolimus.

CYP3A5 plays a larger role in tacrolimus metabolism than with
cyclosporine; it has a two-fold higher intrinsic clearance than with
CYP3A4. This produces four primary metabolites, some of which
may have immunosuppressive and nephrotoxic potential, but at the
concentrations achieved, this is not clinically significant. Genetic varia-
tions of CYP3A5 can result in changes to the activity of the CYP3A5
protein. Importantly, individuals homozygous for the G allele at the
single nucleotide polymorphism (SNP) rs776746 (CYP3A5 *3/*3) have a
nonfunctional CYP3A5 protein and have vastly reduced dosing require-
ments to achieve therapeutic concentrations compared to CYP3A5*1
allele carriers. Pharmacogenetic testing to determine the presence of
CYP3A4/5 polymorphisms may play a future role in individualizing
and optimizing CNI dosing.

Because both CNIs are excreted in the bile with minimal renal
excretion, drug doses do not need to be modified in the presence of
kidney dysfunction. The pharmacokinetic parameters of both drugs
may vary among patient groups, and these variations may have clinical
consequences. Pediatric and African-American transplant recipients
may require relatively larger doses and short dosage intervals. Longer
dosage intervals may be required in older patients and in the presence
of liver disease.

Therapeutic Drug-Level Monitoring

The measurement of cyclosporine and tacrolimus levels is an intrinsic
part of the management of transplant patients because of variation
in interpatient and intrapatient metabolism. There is also a relation-
ship, albeit an inconsistent one, between blood levels of the drug and
episodes of rejection and toxicity. Drug-level monitoring is the source
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of much confusion because of the various assays available and the
option of using different matrices (i.e., plasma or whole blood) for
their measurement.

When Sandimmune was introduced, the trough level of cyclosporine
(drawn immediately preceding the next dose, or Cmin), rather than
the peak level, was measured because its timing was more consistent
and appeared to correlate better with toxic complications. More so-
phisticated techniques of monitoring were suggested whereby a full,
or abbreviated, pharmacokinetic profile is constructed to calculate the
AUC, which reflects the bioavailability of the drug and may theoreti-
cally allow for more precise and individualized patient management.
Although attractive, these techniques never proved popular because
of their cost and inconvenience.

Evidence suggests that because of the more consistent absorption of
Neoral cyclosporine, its peak level (typically 2 hours after dosing) may
correlate better with drug exposure and clinical events than the trough
level. So-called C, monitoring is applied routinely in some centers and
clinical trials. For tacrolimus, the trough levels are usually used for monitor-
ing, and this level is an adequate approximation of drug exposure: some
programs use peak tacrolimus levels. Recommendations for target blood
levels at different stages after transplantation are discussed in Part IV.

Cyclosporine concentrations can be measured in plasma or whole
blood. Whole blood (ethylenediaminetetraacetic acid [EDTA] antico-
agulated) is the recommended specimen type because the distribu-
tion of cyclosporine between plasma and erythrocytes is temperature
dependent. The clinician cannot begin to assess the significance of a
cyclosporine level without knowing what kind of assay is being used.
Several methods are currently available to measure cyclosporine, and
each differs in specificity for parent compound. High-performance liquid
chromatography (HPLC) is the most specific method for measuring
unmetabolized parent cyclosporine and is considered the reference
method. HPLC, however, is expensive and labor intensive and is not
available at all centers. Immunoassays, which use monoclonal antibod-
ies against cyclosporine, are commonly used and have largely replaced
HPLC because they can be performed on automated chemistry analyzers.
The most commonly used immunoassay to measure cyclosporine in
whole-blood samples is the Abbott (Chicago, IL) fluorescence polariza-
tion immunoassay (FPIA), which has significant cross-reactivity with
cyclosporine metabolites and overestimates cyclosporine by as much
as 45%. Samples for quantitation of peak cyclosporine levels should be
clearly identified when sent to the laboratory and should be reported
as such. These samples may exceed the linearity of the assay and will
need to be diluted for accurate quantitation. For monitoring of tacro-
limus concentrations, most laboratories use the Abbott monoclonal
antibody-based microparticle enzyme immunoassay (MEIA) that can
be performed on an automated instrument (IMx). This assay permits
accurate estimation of tacrolimus levels as low as 2 ng/mL. Abbott
has also developed a chemiluminescent microparticle immunoassay
(CMIA) that is available on the ARCHITECT family of instruments with
areported detection limit of less than 1 ng/mL. New methodologies
employ electrochemiluminescence immunoassay (ECLIA) techniques
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similar to CMIA with a reported detection limit of 0.5 ng/mL utilizing a
300-pL sample size. Importantly, reports of falsely elevated tacrolimus
levels have illuminated a potential drawback to conjugated antibody
magnetic immunoassay techniques and any clinical suspicion of aber-
rant lab values should be confirmed utilizing a different methodology.

Liquid chromatography/tandem mass spectrometry (LC-MS/MS)
techniques have also been described that allow for the quantification of
several immunosuppressant agents in a single analytical run; however,
the highly technical nature of the methodology and the machinery
required limit its application only to centers with highly developed
clinical laboratories. Utilizing these powerful LC-MS/MS techniques,
tacrolimus concentrations can be determined from a single dried spot
of blood (i.e., a finger-prick sample), which may provide clinicians
with a more patient-friendly monitoring strategy that may also aid
in medication regimen compliance monitoring. Target cyclosporine
(peak and trough) and tacrolimus (trough) levels are discussed in the
section on immunosuppressive protocols.

Pharmacokinetic Drug—Drug Interactions

The interaction of CNIs with many commonly used drugs demands
constant attention to drug regimens and cognizance of potential interac-
tions. New drugs should be introduced with care, and patients should
be warned to consult drug package inserts and physicians familiar with
the use of cyclosporine and tacrolimus before considering new phar-
macologic therapy. Some of the drug interactions discussed below are
consistent and well established (and are emphasized in bold lettering);
others have been described in small series and case reports or are antici-
pated based on the pharmacologic properties of the agents. Any drug
that impacts on CYP3A4/5 or P-gp activity in the liver or intestinal tract,
or that interacts with a drug that does, should be regarded as having a
potential interaction with the CNIs. Some drugs affect CNI levels when
administered orally, but not intravenously, because the drug interac-
tion is taking place at the intestine. As discussed earlier, in addition to
their effect on CYP3A4, CNIs inhibit P-gp and OATP1B1, and many of
the interactions thought to be owing to CYP3A4 are, in fact, due to an
effect on P-gp and or OATP1B1. The possibility that the CNI is affecting
the blood level of the interacting drug should also be considered. Unless
acomment is made to the contrary, the drug interactions noted below
are common to both cyclosporine and tacrolimus, although more have
been described with cyclosporine, which has been available longer. Drug
interactions between CNIs and other immunosuppressive drugs are
discussed in Part IV. Interactions with antibiotics are discussed below
and in Chapter 21. Interactions with food are discussed in Chapter 20.
Interactions with psychotropic drugs are discussed in more detail in
Chapter 18. Drugs that cause impairment of graft function by virtue of
their nephrotoxicity alone are not specifically discussed here. Table 6.3
lists agents with inducing and inhibiting properties at CYP3A by the
expected magnitude of the interaction and Table 6.4 lists agents that
have inhibitory activity at both CYP3A and P-gp. It should be emphasized
that the sections below are not intended to represent a complete listing of
all reported and potential drug-drug interactions.
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Strong Inducers
(= 80% Decrease in AUC)

Potency

Moderate Inducers
(50%—80% Decrease in
AUC)
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In Vivo CYP3A Inducers and Inhibitors and Their Relative

Weak Inducers
(20%-50% Decrease in
AUC)

Carbamazepine,
phenytoin, rifampin,
St. John wort”

Bosentan, efavirenz,
etravirine, modafinil,
nafcillin

Amprenavir, aprepitant,
armodafinil,
Echinacea’,
pioglitazone,
prednisone,
rufinamide

Strong Inhibitors

(= 5-fold Increase in
AUC or > 80% Decrease
in CL)

Moderate Inhibitors

(= 2 But < 5-fold
Increase in AUC or 50%—
80% Decrease in CL)

Weak Inhibitors

(= 1.25 but < 2-fold
Increase in AUC or
20-50% Decrease in CL)

Boceprevir,
clarithromycin,
conivaptan, grapefruit
juice’, indinavir,
itraconazole,
ketoconazole,
lopinavir/ritonavir,
nefazodone, nelfinavir,
posaconazole,
ritonavir, saquinavir,
telaprevir,
telithromycin,
voriconazole

Amprenavir, aprepitant,
atazanavir,
ciprofloxacin,
darunavir/
ritonavir, diltiazem,
erythromycin,
fluconazole,
fosamprenavir,
grapefruit juice’,
imatinib, verapamil

Alprazolam, amiodarone,
amlodipine,
atorvastatin,
bicalutamide,
cilostazol, cimetidine,
cyclosporine,
fluoxetine,
fluvoxamine, ginkgo”,
goldenseal’,isoniazid,
nilotinib,oral
contraceptives,
ranitidine, ranolazine,
tipranavir/ritonavir,
zileuton

CL, Clearance.
"herbal product.

"The effect of grapefruit juice varies widely among brands and is concentration-, dose-, and prepa-
ration-dependent. Studies have shown that it can be classified as a “strong CYP3A inhibitor” when
a certain preparation was used (e.g., high dose, double strength) or as a “moderate CYP3A inhibitor”
when another preparation was used (e.g., low dose, single strength).

y Examples of /n Vivo CYP3A and P-gp Inhibitors and Their
] Relative Potency
CYP3A Inhibition P-gp Inhibitor Non-P-gp Inhibitor
Strong Itraconazole, lopinavir/ritonavir, Voriconazole,
clarithromycin, ritonavir, nefazodone
ketoconazole, indinavir/ritonavir,
conivaptan
Moderate Verapamil, erythromycin, diltiazem, None identified
dronedarone
Weak Quinidine, ranolazine, amiodarone, Cimetidine
felodipine, azithromycin
Data updated 7/28/2011

(From http://www.fda.gov/Drugs/DevelopmentApprovalProcess/DevelopmentResources/Druglnter-

actionsLabeling/ucm093664.htm#potency; accessed 09/02/2015.)
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Drugs that Decrease Calcineurin Inhibitor Concentration by Induction of
CYP3A Activity

Antituberculous Drugs. Rifampin (and rifabutin to a lesser extent)
markedly reduces cyclosporine and tacrolimus levels, and it may be
difficult to achieve therapeutic levels for patients taking rifampin, the
use of which should be avoided if at all possible. Pyrazinamide and
ethambutol may reduce drug levels, and their use requires monitor-
ing. Isoniazid (INH) can be used with careful drug-level monitoring
and is the preferred drug for tuberculosis prophylaxis if this proves
essential (see Chapter 12).

Anticonvulsants. Of the so-called first-generation antiepileptic drugs,
barbiturates markedly reduce cyclosporine and tacrolimus levels. Dose
requirements may double or triple, and thrice-daily administration may
be required under careful supervision. Phenytoin and primidone reduce
levels and should be used with great care. The average requirement
for cyclosporine or tacrolimus is about doubled for patients receiving
phenytoin. Carbamazepine may also decrease cyclosporine levels,
but the effect is less pronounced. Benzodiazepines and valproic acid
do not affect drug levels, but the latter drug has been associated with
hepatotoxicity. Modafinil can cause an up to 50% reduction in CNI
levels. Patients taking these anticonvulsants before transplantation
should have a neurologic assessment with a view toward discontinuing
them when possible or exchanging them for one of the new generation
of anticonvulsants that do not interact with CNIs.

Of the second-generation antiepileptic drugs, oxcarbazepine (Tri-
leptal) may decrease cyclosporine levels. Gabapentin (Neurontin) and
levetiracetam (Keppra) and other drugs in this category do not appear
to have significant interactions.

Other Drugs. There are isolated reports of several antibiotics, includ-
ing nafcillin, intravenous trimethoprim, intravenous sulfadimidine,
imipenem, cephalosporins, and terbinafine, reducing cyclosporine
levels. An increased incidence of acute rejection episodes has been
described after the introduction of ciprofloxacin. The antidepres-
sant herbal preparation Hypericum perforatum (St. John wort) may
reduce cyclosporine levels by enzyme induction. Ticlopidine may
reduce cyclosporine levels. Cholestyramine, GoLYTELY, sevelamer
(Renagel), and olestra may reduce levels by impairing GI absorp-
tion. Corticosteroids are inducers of CYP3A, an effect that needs
to be considered if their administration is discontinued. Following
cessation of concomitant corticosteroid therapy, tacrolimus levels
may increase by up to 25%. The serum creatinine level may increase
as a result and lead to a confusing clinical picture. Caspofungin can
reduce CNI levels, but this does not appear to be mediated through
either CYP3A or P-gp.

Prolonged Use. If prolonged use of a drug that induces CYP3A activity is
required, addition of a drug that inhibits or competes with the CYP3A
system (e.g., diltiazem, ketoconazole) may facilitate the achievement
of therapeutic CNI levels. Administration of the CNI on a thrice-daily
basis rather than the usual twice-daily basis may also be effective.
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Drugs that Increase Calcineurin Inhibitor Levels by Inhibition of CYP3A or
by Competition for Its Pathways

Calcium Channel Blockers. Verapamil, diltiazem, amlodipine, and
nicardipine may significantly increase CNIlevels. Diltiazem and vera-
pamil are sometimes added routinely as adjuncts to the immunosup-
pressive regimen. Their use may safely permit up to a 40% reduction
in the cyclosporine dose. Careful monitoring of drug levels is required
when these calcium channel blockers are used for the management
of hypertension or heart disease, and physicians and their patients
should be specifically warned that changing the dosage of these drugs
is equivalent to changing the dosage of the CNI. Brand-name and ge-
neric forms of these drugs (e.g., Cardizem, Dilacor, Tiazac, and Cartia
are all forms of diltiazem) may have different effects on CNI levels.
Furthermore, immediate-release and delayed-release formulations may
provide differing effects. Nifedipine, isradipine, and felodipine have
similar hemodynamic effects but have minimal effects on druglevels.

Antifungal Agents. Ketoconazole, fluconazole, itraconazole, voricon-
azole, and isovuconazole markedly elevate CNI levels. The interaction
with ketoconazole is a particularly potent one, which may permit a safe
reduction of up to 80% in the cyclosporine or tacrolimus dose. Great care
must be taken when stopping and starting these antifungal agents. An
important interaction between ketoconazole and histamine blockers
has also been described. The effective reabsorption of ketoconazole
from the GI tract requires acidic gastric contents, and the addition of a
histamine-2 receptor antagonist may reduce its absorption, indirectly
producing a clinically significant fall in CNI levels.

Antibiotics. Erythromycin, even inlow doses, may increase CNI levels.
Other macrolide antibiotics (e.g., clarithromycin, josamycin, ponsino-
mycin) may also increase levels. There are conflicting reports on the
impact of azithromycin on druglevels; however, this drug can generally
be given in short courses without monitoring. Because erythromycin
is prescribed so ubiquitously, physicians, dentists, and patients should
be warned about this interaction. Chloramphenicol, now rarely used,
may increase tacrolimus levels.

Antiretroviral Therapy. With the advent of highly active antiretroviral
therapy (HAART), selected HIV-positive patients may be deemed
candidates for kidney transplantation (see Chapters 8 and 12). Some
of the antiretroviral agents, particularly protease inhibitors, are potent
inhibitors of P-450. Ritonavir is the most potent inhibitor of P-450
that is clinically available, and when used alone or in combination
(kaletra-retonavir/lopinavir), very small doses of CNI (e.g., 1 mg/week of
tacrolimus) may maintain adequate drug levels. Tenofovir (a component
of Truvada and Atrypla) is potentially nephrotoxic; however, recent
data indicate that it may be less nephrotoxic than originally believed.
Introduction of this agent to CNI-containing regimens should be done
cautiously. Because of multiple drug-drug interactions, immunosup-
pressive management of HIV-positive patients requires a close and
ongoing collaboration and coordination between infectious disease
consultants and the transplant team.
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Histamine Blockers and Proton Pump Inhibitors. There are conflicting
reports regarding the use of cimetidine, ranitidine, and omeprazole
with CNIs. These drugs may increase creatinine levels without re-
ducing the glomerular filtration rate (GFR) by suppressing proximal
tubular creatinine secretion. There may be increased hepatotoxicity
when ranitidine and cyclosporine are used in combination. Other
agents that inhibit CYP2C19 (i.e., fluconazole or fluvoxamine) can
shunt omeprazole metabolism to the CYP3A pathway causing further
increase in CNI levels.

Hormones. Corticosteroids in high and low doses may decrease the
clearance of cyclosporine metabolites. This effect may be particularly
pronounced during “pulse” steroid therapy and may result in a confusing
clinical picture if the drug levels are measured by a nonspecific assay.
Oral contraceptives, anabolic steroids, testosterone, norethisterone,
danazol, and somatostatin may also increase drug levels.

Other Drugs. Amiodarone, carvedilol, allopurinol, bromocriptine, and
chloroquine are reported to increase cyclosporine levels. Metoclopramide
and grapefruit juice increase the absorption of CNIs (see Chapter 20).

Pharmacodynamic Drug—Drug Interactions

Drugs that May Exaggerate Calcineurin Inhibitor Nephrotoxicity. Any
potentially nephrotoxic drug should be used with caution in combi-
nation with the CNIs because the vasoconstrictive effect of the drug
tends to potentiate other nephrotoxic mechanisms. Well-substantiated
enhanced renal impairment has been described after the introduction
of amphotericin and aminoglycosides, and renal impairment may
occur earlier than anticipated. Nonsteroidal anti-inflammatory
drugs should be avoided if possible but can be given for short periods
under supervision. CNIs may potentiate the hemodynamic renal dys-
function seen with angiotensin-converting enzyme inhibitors and
angiotensin receptor antagonists. Metoclopramide may increase
CNI levels by increasing its intestinal reabsorption. A syndrome of
diarrhea, hepatopathy, and renal dysfunction has been ascribed to the
interaction between cyclosporine and colchicine, particularly when
given to patients with Familial Mediterranean Fever.

Lipid-Lowering Agents. The S-hydroxy-/-methylglutaryl-coenzyme A
(HMG-CoA) reductase inhibitors (HCRIs) are frequent accompaniments
of the immunosuppressive protocol (see Part IV). Lovastatin has been
implicated in several cases of acute renal failure. When used in full doses
in combination with cyclosporine, lovastatin can cause rhabdomyolysis
with elevated creatine phosphokinase levels and acute renal failure.
Myopathy alone has been observed in up to 30% of recipients of the
lovastatin—cyclosporine combination, with symptoms of muscle pain
and tenderness developing 6 weeks to 16 months after commence-
ment of therapy. The myopathic syndrome has not been observed
when lovastatin is used in a daily dose of 20 mg or less. Even this dose
should be used with caution, however, and patients should be made
aware of the potential interaction. The coadministration of lovastatin
with gemfibrozil further increases the likelihood of rhabdomyolysis.
The newer HCRIs—pravastatin, fluvastatin, simvastatin, atorvastatin,
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rosuvastatin—should be introduced at low doses and maximal doses
avoided secondary to the inhibitory CYP3A and P-gp effects of cyclo-
sporine. While this effect is not seen with tacrolimus, other CYP3A or
P-gp inhibiting agents commonly used with tacrolimus-containing
regimens can have similar effects (i.e., diltiazem). Cyclosporine may
increase the levels of ezetimibe, but ezetimibe has not been reported
to affect the levels of cyclosporine. Cholestyramine may interfere with
cyclosporine absorption from the GI tract. Interactions with the new
PCSKO9 inhibitors have not yet been described, but their use in trans-
plant patients should be carefully monitored.

Immunomodulators. The thalidomide derivatives lenolidamide (Rev-
limid) and pomalidomide (Pomalyst) have been recently approved
for the use in multiple myeloma and myelodysplastic syndromes.
These agents stimulate both cytotoxic T-cell and NK-cell activity via
the upregulation of INF 7, IL-2 and IL-10 and the downregulation of
IL-6. These actions can directly antagonize the mechanism of action
of CNIs and other immunosuppressive agents and can lead to severe
rejection episodes. Nivolumab, a fully human monoclonal IgG4 anti-
body, and Pembrolizumab, a humanized monoclonal antibody, target
the programmed cell death receptor PD-1. Some neoplasms such as
melanoma and non-small-cell lung cancer utilize PD-1 as a way to
avoid immune system detection and activation. The blockage of this
receptor can lead to T-cell activation and upregulation which canlead
to severe rejection episodes.

Mycophenolic Acid

Mycophenolate mofetil, also known as MMF and its trade-name,
CellCept, was introduced into clinical transplantation in 1995 after a
series of clinical trials (see Part III) showed that it was more effective
than azathioprine for the prevention of acute rejection in recipients
of deceased donor kidney transplants when used in combination with
cyclosporine and prednisone. MMF is a prodrug, the active compound
of which is mycophenolic acid (MPA), a fermentation product of several
Penicillium species; the mofetil moiety serves to markedly improve its
oral bioavailability. An enteric-coated form of MPA (ERL-080, Myfor-
tic) became available in 2004. The role of MMF and MPA in clinical
transplantation is discussed in Parts IV and V. Generic formulations
of MPA derivatives are available and became available in the United
States in 2009.

Pharmacodynamics

Mechanism of Action. MPA is a reversible inhibitor of the enzyme ino-
sine monophosphate dehydrogenase (IMPDH). IMPDH is a critical,
rate-limiting enzyme in the so-called de novo synthesis of purines and
catalyzes the formation of guanosine nucleotides from inosine. Depletion
of guanosine nucleotides by MPA has relatively selective antiproliferative
effects on lymphocytes; lymphocytes appear to rely on de novo purine
synthesis more than other cell types that have a “salvage” pathway for
production of guanosine nucleotides from guanine (Fig. 6.5). In principle,
MPA is a more selective antimetabolite. It differs radically in its mode
of action from the calcineurin inhibitors and sirolimus in that it does
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De Novo Pathway
IMPDH DNA
PRPP— IMP —}—— GMP ——GTP
Glycoprotein
Synthesis
MMF— MPA HGPRTase
Salvage Pathway

Guanine
FIGURE 6.5 Mechanism of action of mycophenolate mofetil by inhibition of de novo pu-
rine synthesis. GMP. guanosine monophosphate; GTP, guanosine triphosphate; HGPRTase,
hypoxanthine guanine phosphoribosyl transferase; IMP, inosine monophosphate; IMPDH,
inosine monophosphate dehydrogenase; MPA, mycophenolic acid; PRPP, 5-phosphoribosyl-
1-phosphate.

not affect cytokine production or the more proximal events following
antigen recognition. It differs from azathioprine by virtue of'its selec-
tive effect on lymphocytes. I vitro, MPA blocks the proliferation of T
and B cells, inhibits antibody formation, and inhibits the generation of
cytotoxic T cells. MPA also downregulates the expression of adhesion
molecules on lymphocytes, thereby impairing their binding to vascular
endothelial cells. The capacity of MMF to treat ongoing rejection (see
Part IV) may be a reflection of its ability to inhibit the recruitment of
mononuclear cells into rejection sites and the subsequent interaction
of these cells with target cells. MMF may also exert a preventive effect
on the development and progression of proliferative arteriolopathy, a
critical pathologic lesion in chronic rejection (see Chapter 15). Retro-
spective analyses suggest that MMF reduces the rate of late allograft
loss by an effect that is both dependent and independent of its effect
on the incidence of acute rejection.

Adverse Side Effects

Extensive safety data are available from the clinical trials of MMF.
Both MMF (CellCept) and enteric-coated MPA (Myfortic) are gener-
ally well tolerated and “user-friendly” compounds. The most common
adverse events are related to the GI tract, with diarrhea occurring in
up to one-third of patients, and varying degrees of nausea, bloating,
dyspepsia, and vomiting occurring in up to 20% of patients. Frank
esophagitis and gastritis with occasional GI hemorrhage occur in
about 5% of patients and may be associated with cytomegalovirus
(CMV) infection. The incidence of GI side effects may be higher if
the dosage is greater than 1 g twice daily. Most of these symptoms
respond promptly to transient reduction of drug dosage. The total
daily dose can also be split into three or four doses. The GI side-affect
profile of the enteric-coated formulation of MPA is not statistically
significantly different from the original formulation, though practi-
tioners frequently switch formulations when GI side effects develop.
Persistent administration of MMF or MPA in the face of diarrhea is
strongly discouraged and can lead to an inflammatory colitis. As with
the CNIs, food decreases its absorption; however, coadministration
with food may decrease the GI side effects.
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Despite the relatively specific action of MPA on lymphocytes,
leukopenia, anemia, and thrombocytopenia occur with a frequency
similar to that seen with azathioprine and may require dose adjustment.
Prolonged leukocytosis may also occur. The incidence of lymphop-
roliferative disorders and opportunistic infections in all the various
clinical trials of MMF is marginally greater than that seen in control
groups and is a nonspecific reflection of its greater immunosuppressive
potency. Rare cases of progressive multifocal leukoencephalopathy
(PML) have been described in patients receiving MMF, although it is
difficult to definitively ascribe this catastrophic complication to the
drug. Nephrotoxicity, neurotoxicity, and hepatotoxicity have not been
observed with MMF.

Congenital malformations including ear malformations and
spontaneous abortions have been reported in offspring of patients
exposed to MPA during pregnancy, and MPA derivatives are regarded
as being unsafe for use in pregnancy. To mitigate the pregnancy
risks the FDA requires that a REMS (Risk Evaluation and Mitiga-
tion Strategy) program be instituted which requires additional
patient education and the provision of a medication guide. Effective
contraception should be employed and the drugs should be discon-
tinued before planned pregnancy in females; immunosuppressive
drug protocol adjustments may be required: azathioprine is often
used to replace the MMF. No dose adjustment is required in males
anticipating fatherhood.

Several studies have described a relationship between the AUC for
MPA and its clinical efficacy and side-effect profile. The relationship to
random trough levels is less consistent and limited sampling strategies
are not clinically feasible. Therapeutic drug monitoring is generally not
required for routine clinical management. In the event of side effects,
the longer the period of drug-dose reduction or discontinuation, the
greater is the subsequent incidence of episodes of acute rejection.
Hence, the drug should be reintroduced as soon as possible and the
clinical course carefully monitored.

Pharmacokinetics

Formulations. CellCept is the morpholinoethyl ester of MPA and
is available for clinical use in immediate release 250-mg capsules
and 500-mg tablets. A suspension formulation is also commercially
available. The standard dose is 1 g twice daily. An intravenous prepa-
ration is available but is usually not required in kidney transplant
recipients. Myfortic (ecMPA) is a delayed-release formulation of MPA
as a sodium salt and is available in 180-mg and 360-mg tablets: the
standard dose when used is 720 mg twice daily. The difference in
mg strengths is owing to the molecular weight differences between
the morpholinoethyl ester and sodium salt products. Both agents
are also available as generics. It is unlikely that the generic formula-
tions will undergo the same risk-benefit evaluation of the brand-
name drugs. Because therapeutic drug monitoring is not routinely
performed during administration of these drugs, it will be difficult
to determine their relative clinical effectiveness, and they should
be used with caution.
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Absorption and Distribution

The pharmacokinetics of MPA is complex. Orally administered MMF
is hydrolyzed to MPA presystemically and is rapidly absorbed, produc-
ing a peak level in approximately 1 hour. The bioavailability of MMF is
roughly 90%, with 97% of the MPA protein bound to albumin. Orally
administered ecMPA exhibits different absorption kinetics owing to
the formulation; the tablets only dissolve under neutral pH condi-
tions, and thus absorption only occurs in the intestine. It has a peak
concentration after approximately 2 to 3 hours. For African-American
patients, a higher dose may be required to produce the immunosup-
pressive benefit. Interestingly, the AUC of MPA increases with time; the
same doses when used early postoperatively can produce much higher
concentrations several months later. Patients should be continuously
monitored for adverse side effects and periodically be evaluated for an
MPA dose reduction, if clinically appropriate.

Metabolism and Excretion

MPA is glucuronidated via glucuronyl transferase enzymes in the liver
to a pharmacologically inactive form (MPAG). Enterohepatic cycling of
MPAG can occur via OATP transportation of MPAG from the liver into
the bile. Gut bacteria can then enzymatically metabolize the MPAG to
MPA. This produces a second absorption peak of MPA that occurs at 6
to 12 hours following administration and may account for some of its
GIside effects. This property also makes therapeutic drug monitoring of
MPA difficult owing to the affect this secondary peak has upon the AUC.
MPA has a half-life of 6 to 18 hours that may be formulation-dependent.
The primary route of excretion is via the kidneys as MPAG, with minimal
amounts of MPA excreted unchanged in the urine, although a higher
amount of MPA may be found in the urine with ecMPA use. The AUC
of MPA is increased by renal impairment, although dose adjustments
are not usually made. Neither MMF nor MPA is dialyzed.

Pharmacokinetic and Pharmacodynamic Drug—Drug Interactions

MPA is not metabolized through the CYP3A enzyme system, and the
multiple drug interactions seen with the CNIs do not occur. MMF and
azathioprine should not be administered concomitantly because of
the potential for combined hematologic toxicity. Standard hemato-
logic parameters must be carefully followed when MMF is used with
sirolimus (see Part IV). Cyclosporine lowers MPA concentrations
by decreasing its enterohepatic recycling via OATP1B1 inhibition.
Trough levels of MPA increase when cyclosporine administration is
discontinued. This interaction is not seen with everolimus, sirolimus,
or tacrolimus, and the maintenance dosage of MMF, when used with
standard doses and blood levels of these drugs, is typically 500 to 750
mg twice daily. MMF should not be administered simultaneously with
antacids, cholestyramine, sevelamer, or oral ferrous sulfate, all of which
decrease intestinal absorption. MMF, as opposed to azathioprine, can
be administered with allopurinol without dose adjustment. Potential
interactions may occur when MMF is administered concomitantly
with acyclovir and ganciclovir, and it is wise to discontinue MMF when
there is evidence of systemic herpes infection necessitating use of high
dosages of the antiviral drugs.
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mTOR Inhibitors: Everolimus and Sirolimus
The mTOR (mammalian target of rapamycin) is a key regulatory kinase
in the process of cell division. The term TOR or mTOR inhibitor refers
to two similar immunosuppressant drugs whose mode of action (see
“Mechanism of Action,” below) is closely linked to inhibition of this
kinase. Sirolimus (Rapamune), also known as rapamycin, is a mac-
rolide antibiotic compound that is structurally related to tacrolimus.
Everolimus (Certican or Zortress) is a similar compound with a shorter
half-life and is less hydrophobic. Everolimus is also marketed under the
brand name Afinitor for nontransplant indications. Most of the clinical
experience with this class of immunosuppressants is with sirolimus,
everolimus was approved for use in the United States in 2010.
Sirolimus was introduced into clinical transplantation in the United
States in 1999, after a series of clinical trials (see Part IIT) demonstrated
that, when used in combination with cyclosporine and prednisone, it
produced a significant reduction in the incidence of acute rejection
episodes in the early post-transplantation period, compared with either
azathioprine or placebo. These trials were similar in design to those
that led to the introduction of MMF in that full doses of cyclosporine
were administered and therapeutic drug monitoring was not routinely
performed. In Europe, its introduction was delayed because of concerns
regarding impairment of kidney function documented in similar trials.
It was eventually approved for use in Europe in a protocol based on
withdrawal of cyclosporine starting 3 months after transplantation
(see “Side Effects”). Sirolimus has also been used with tacrolimus, with
prednisone without a CNI, and with or without MMF. Sirolimus has not
been rigorously compared with MMF; it is probably a more potent but
also a more toxic immunosuppressant. Everolimus has been evaluated
mainly in conjunction with cyclosporine and in a CNI-free regimen.
The place of sirolimus and everolimus in clinical transplantation and
dosing recommendations are discussed in Part IV.

Pharmacodynamics

Mechanism of Action. The immunosuppressive activity of the mTOR
inhibitors appears to be mediated through a mechanism distinct
from that of the CNIs. Like the CNIs, they bind to a cytoplasm-binding
protein (the same one that binds tacrolimus, FKBP). The resultant
sirolimus-FKBP ligand, however, does not block calcineurin (see Chapter
2, Fig. 6.1, and “Mechanism of Action” under “Calcineurin Inhibitors,’
above); instead, it engages a protein designated target of rapamycin
(TOR) because its discovery was related to studies on the mechanism
of action of rapamycin. TOR is a key regulatory kinase, and its inhibi-
tion reduces cytokine-dependent cellular proliferation at the G, to S
phase of the cell-division cycle via the inhibition of Ca®* dependent
and independent events during the G, phase. Both hematopoietic and
nonhematopoietic cells (i.e., endothelial cells, fibroblasts, hepatocytes,
and smooth muscle cells) are affected. The result is a decrease in the
production of IL-2, IL-3, IL-5, and IL-6. Additionally, in neutrophils, both
agents prevent the release of vascular endothelial growth factor and
IL-8, known pro-inflammatory mediators. Lastly, everolimus is unique
in its ability to promote the release of IL-1 receptor antagonist, which
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has anti-inflammatory properties. Because rapamycin occupies the
same binding protein as tacrolimus, it was originally presumed that
it would impair the action of tacrolimus; the drug was thus developed
in clinical trials as an adjunctive agent with cyclosporine. It now ap-
pears that the abundance of FKBP in vivo makes it unlikely that there
would be inhibitive competition of tacrolimus and sirolimus for their
receptor, and the drugs are often used in combination.

Adverse Effects

Nephrotoxicity. The TOR inhibitors, when administered alone, do
not produce either the acute or chronic reductions in GFR that have
been so consistently observed with CNIs. When administered with
standard doses of CNIs, however, there appears to be a potentiation
of nephrotoxicity that is not fully explained by their pharmacokinetic
interaction and may be explained pharmacodynamically by potential
antiproliferative effects of the agents on tubular epithelial cells. This
phenomenon has been observed both in clinical trials and routine
clinical use and is the basis for the recommendation that when the
drugs are used in combination, the dose of the CNI should be an at-
tenuated one (see Part IV). When cyclosporine is withdrawn from the
cyclosporine-sirolimus combination 3 months after transplantation,
there is a consistent and persistent improvement in renal function. This
is manifested not only in lower serum creatinine levels and higher GFR
but also in lower uric acid levels and blood pressure and less marked
chronic histologic damage. The TOR inhibitor may be tubulotoxic
and may produce hypokalemia and hypomagnesemia as a result of
kaliuresis and magnesuria.

De novo proteinuria, nephrotic syndrome, and exaggeration of
preexisting proteinuria have been observed with TOR inhibitor admin-
istration, possibly as a result of reduced tubular protein reabsorption
and impaired podocyte integrity. Periodic quantitative monitoring of
urinary protein excretion is recommended, and administration of TOR
inhibitors in proteinuric patients should be avoided. TOR inhibitors
have been associated with the development of localized limb edema
and angioedema. Brawny limb edema may be owing to impaired lym-
phangiogenesis. Their concomitant use with other drugs known to
cause angioedema, such as angiotensin-converting enzyme inhibitors,
may increase this risk.

Impaired Healing. The TOR inhibitors block a critical step in cell division,
and it is not surprising that their use would be associated with various
manifestations of impaired healing and fibrogenesis. This property has
been exploited in the coating of coronary artery stents with sirolimus to
reduce the incidence of restenosis and may theoretically be of benefit in
slowing tumor progression (see “Hematologic and Oncologic Effects;’
below). Sirolimus may delay recovery from post-transplantation delayed
graft function by perpetuating acute tubular necrosis. The combination
of sirolimus and tacrolimus has been reported to produce acute renal
failure with a “cast nephropathy” as a consequence of tubular injury
similar to that seen in myeloma. An increased incidence of lympho-
celes and dehisced, poorly granulating wounds may occur when TOR
inhibitors are used in the early postoperative period, particularly in
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obese patients. Painful mouth ulcers may also occur that resolve when
the drug is discontinued.

For patients scheduled for certain elective surgical procedures (e.g.,
bowel anastomosis, hernia repair, skin flap) it may be wise to switch
patients off mTORs a week prior to the procedure and recommence
after wound healing; a CNI, MMF, or azathioprine can be used in the
interim. For emergent surgery, the switch can take place immediately
postoperatively.

Effects on Reproductive Health. In animal models, sirolimus is embryo-
toxic and fetotoxic. Its use is contraindicated in pregnancy, and effec-
tive contraception must be initiated before, during, and for 12 weeks
after therapy has been stopped. Reversible oligospermia and reduced
testosterone levels have been described during sirolimus administra-
tion, and male patients should be informed accordingly.

Hyperlipidemia and Hyperglycemia. Hyperlipidemia, hypercholesterol-
emia, and hypertriglyceridemia are common accompaniments of TOR
inhibitor use and may occur in varying degrees in more than 50% of
patients receiving these drugs. The effect has been ascribed to inhibition
of lipoprotein lipase or to reduced catabolism of apoB100-containing
lipoproteins. The hyperlipidemia is more pronounced for patients also
receiving cyclosporine and tends to reach a peak 2 to 3 months after
transplantation. In most patients, the elevation is manageable with
treatment with statins, and based on the Framingham risk model, the
associated coronary heart disease (CHD) risk is small. In an animal
model of aortic atherosclerosis, sirolimus was described as having a
protective effect despite the hyperlipidemia, presumably because of
an anti-inflammatory effect. The overall impact of TOR inhibitors on
clinical CHD has not been defined, but for most patients, the degree
of hyperlipidemia does not contraindicate their use. TOR inhibitors
may also be islet toxic and glucose metabolism does not improve when
they are used in place of CNIs.

Pneumonia. In the early clinical trials of sirolimus, several cases of
fatal Preumocystis pneumonia were described in patients who did
not receive prophylactic Bactrim. For this reason, it is recommended
that Bactrim prophylaxis be continued for at least 1 year for patients
receiving the drug (see Chapter 12). A noninfectious interstitial
pneumonia has also been described, typically presenting as bilateral
lower-lobe interstitial pneumonia. Pathologic features are similar to
bronchiolitis obliterans organizing pneumonia with alveolar hemor-
rhage and lymphocytic infiltration. The diagnosis is one of exclusion,
and the pneumonia typically resolves within 2 to 3 weeks of drug
discontinuation.

Hematologic and Oncologic Effects. The TOR inhibitors can produce
reversible “cytopenias;” as do MMF and azathioprine, although the
thrombocytopenia and anemia may be more pronounced. Hepatic
artery thrombosis has been described in liver transplant recipients,
but no increased thrombotic tendency has been described in kidney
recipients. Thrombotic microangiopathy, well described with the
CNIs (see “Acute Microvascular Disease” and Chapter 10), occurs with
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greater frequency when CNIs are used in combination with sirolimus,
and cases have been described when sirolimus is used alone.

In the clinical trials and clinical experience of the TOR inhibitors,
the incidence of malignancy and post-transplantation lymphoprolif-
erative disease has been small. In animal models, sirolimus inhibits
primary and metastatic tumors through antiangiogenesis and arrests
malignant cell growth in the G,/S phase. The potential of unlinking
immunosuppression from tumor progression is clearly of critical im-
portance in transplantation. Conversion from cyclosporine to sirolimus
has been shown to be effective treatment for cases of Kaposi sarcoma,
and in the CONVERT trial (see Part IV), the incidence of malignancy
was lower in patients who were converted from cyclosporine-based to
sirolimus-based immunosuppression. The ability to reduce malignancy
has best been demonstrated for those patients who develop second-
ary skin cancer following kidney transplantation. In the TUMORAPA
study, patients who developed cutaneous squamous cell cancer were
randomized to receive sirolimus as a substitute for CNIs; the patients
in the sirolimus arm had a 44% reduction in recurrence. The role of
mTOR inhibitors in the management of post-transplant malignancy
is discussed by Monaco in Selected Readings.

Pharmacokinetics

Formulations. Sirolimus is available as a 0.5-, 1-, or 5-mg tablet; an oral
solution is also commercially available. While an intravenous prepara-
tion is not available, an intravenous preparation of temsirolimus could
theoretically be used and has been described in kidney transplant
recipients who have developed metastatic renal cell carcinoma.
Everolimus (Zortres) is available as 0.25, 0.5, or 0.75 mg tablets and
is the only formulation of everolimus approved for the prevention of
rejection in transplant recipients. Everolimus as Afinitor is available
in larger tablet sizes and a dispersible tablet designed to produce an
oral solution; both of these are for once-daily dosing only. Importantly,
these dosage forms of Afinitor have not been evaluated for maintenance
therapy in solid-organ transplant.

Absorption and Distribution. Both agents are rapidly absorbed from the GI
tract, reaching peak concentrations in 1 to 3 hours. Dosing with the oral
solution of sirolimus has a lower F than that with the tablets and the
two dosage forms should not be considered to be equivalent. Sirolimus
is about 92% protein bound, mainly to albumin, while everolimus is
less protein bound at approximately 74%. Excretion into breast milk
is not known; nonetheless, breast-feeding while taking these agents
is discouraged.

Metabolism and Excretion. Both drugs are largely metabolized by both
CYP3A and p-glycoprotein in the gut and in the liver. They are also
metabolized to a certain extent via CYP2C8. The native compounds
are the major component in human blood and contributes most of the
immunosuppressive activity. Concurrent use of cyclosporine greatly
affects the metabolism of the TOR inhibitors via CYP3A and P-gp
interactions. Sirolimus has a long half-life, averaging 62 hours, and a
steady-state trough concentration can be achieved in most patients
within 24 hours by administering aloading dose three times the size of
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the maintenance dose. Alterations of maintenance dosing can take 14
days before steady-state is re-achieved and has implications for thera-
peutic drug-level monitoring (see below). Everolimus has a half-life of
approximately 30 hours and is usually not administered with aloading
dose. Renal excretion is minimal, and dose adjustment is not required
in renal dysfunction but is required in hepatic dysfunction. The ma-
jority of both agents are excreted in the feces via biliary elimination.

Therapeutic Drug-Level Monitoring. Therapeutic drug-level monitoring was
not required in the initial labeling of sirolimus, but it has since become
an essential component of its use. The target trough levels, using either
chromatographic orimmunoassay methodologies, vary between 5 and
15ng/mL, depending on the concomitant use of a CNI and the clinical
circumstances and are a good reflection of drug exposure. With the new
CMIA methods, concentrations approximately 15% higher than those
found with chromatographic methods are commonplace and should
be considered when making dosing decisions. Because sirolimus has
a long half-life, levels should be checked several days after a dosage
adjustment is made, and once a steady-state has been reached, frequent
monitoring may not be required. Everolimus has target trough whole-
blood concentrations of 3 to 8 ng/mL in renal transplant recipients, also
depending on the concomitant use of a CNI. The drug concentration
is measured by LC-MS/MS, a methodology that is not available at all
reference laboratories and can limit the turnaround time of results.

Drug Interactions. The TOR inhibitors and the CNIs are frequently ad-
ministered together and are metabolized by the same enzyme CYP3A
systems; therefore, the potential for interaction between them must
be considered. In healthy volunteers, concomitant administration of
sirolimus and the Neoral formulation of cyclosporine increased the
AUC for sirolimus by 230%, when compared with administration of
sirolimus alone; administration 4 hours after the cyclosporine dose
increased the AUC by 80%. For this reason, it has been recommended
that sirolimus be administered consistently 4 hours after the morning
cyclosporine dose. In clinical practice, however, this recommenda-
tion is often ignored, which might account for some of the toxicity
discussed earlier. The effect of sirolimus on cyclosporine metabolism
isless marked, but over time, lower doses of cyclosporine are required
to maintain target trough levels. Sirolimus and tacrolimus are typically
administered simultaneously. Available information suggests, not
surprisingly, that sirolimus interacts with calcium channel blockers,
antifungal agents, anticonvulsants, and antituberculous agents in a
manner similar to the CNIs (Tables 6.3 and 6.4).

Azathioprine

Azathioprine (Imuran) is an antimetabolite, an imidazole derivative
of 6-mercaptopurine. It has been used in clinical transplantation for
nearly 50 years. When cyclosporine was introduced, the role of azathio-
prine was largely relegated to that of an adjunctive agent, and with the
introduction of MME, its use has been discontinued in many programs.
It can still be useful in certain circumstances and can be a valuable
component of a low-cost immunosuppressive regimen (see Part IV).
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Pharmacodynamics

Mechanism of Action. Azathioprine is a purine analogue that is incorpo-
rated into cellular deoxyribonucleic acid (DNA), where it inhibits purine
nucleotide synthesis and interferes with the synthesis and metabolism
of ribonucleic acid (RNA) (Fig. 6.1). Unlike cyclosporine, it does not
prevent gene activation, but it inhibits gene replication and consequent
T-cell activation. Azathioprine is a broad myelocyte suppressant. It
inhibits the proliferation of promyelocytes in the bone marrow and,
as aresult, it decreases the number of circulatory monocytes capable
of differentiating into macrophages. Thus, it is a powerful inhibitor of
the primary immune response and is valuable in preventing the onset
of acute rejection. It is ineffective in the therapy of rejection episodes.

Adverse Effects. The most important side effects of azathioprine are
hematologic. Complete blood counts, including a platelet count,
should be performed weekly during the first month of therapy, and
less frequently thereafter. Delayed hematologic suppression may occur.
In the event of significant thrombocytopenia or leukopenia, the drug
can be discontinued for long periods if the patient is also taking a CNI,
without great danger of inducing acute rejection. It is unnecessary to
maintain a low white blood cell count for the drug to be an effective
immunosuppressant.

The white blood cell count should be monitored with particular care
when the corticosteroid dose is reduced or discontinued. Azathioprine
may occasionally cause hepatitis and cholestasis, which usually present
asreversible elevations in transaminase and bilirubin levels. The azathio-
prine dose is usually reduced or stopped during episodes of significant
hepatic dysfunction. Pancreatitis is a rare complication. Azathioprine is
converted to inactive 6-thiouric acid by xanthine oxidase. The inhibition
of this enzyme by allopurinol demands that this drug combination be
avoided or used with great care. When allopurinol is started, the aza-
thioprine dose should be reduced to 25% to 50% of its initial level, and
the white blood cell and platelet counts should be frequently monitored.
Routine testing for thiopurine methyltransferase (TPMT) mutations is
recommended in patients who are on azathioprine and in whom initiat-
ing allopurinol is considered. TPMT allows for degradation of 6-MP by
an alternative biochemical pathway into the nontoxic 6-MMP. Patients
with mutations in TPMT are at increased risk for bone marrow toxicity
from the combination of azathioprine and allopurinol as there is no
alternative metabolic pathway for 6-MP metabolism.

In the United States, the FDA has given azathioprine a pregnancy
category D: there is positive evidence of human fetal risk based on
adverse reaction data from investigational or marketing experience
or studies in humans. Despite this, potential benefits may warrant
use of the drug in pregnant transplant recipients and it has been used
widely in pregnancy over a prolonged period of time without generat-
ing concern despite potential risks.

Dose and Administration
About half of orally administered azathioprine is absorbed; thus, the
intravenous dose is equivalent to half the oral dose. Blood levels are not
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valuable clinically because its effectiveness is not blood-level dependent.
The drug is not significantly dialyzed or excreted by the kidney. Dose
reduction is often practiced during kidney dysfunction, although it may
not be necessary. When used as the primary immunosuppressant, the
daily oral dose is 2 to 3 mg/kg. When used as adjunctive therapy with
a CNI, the dose is 1 to 2 mg/kg.

Corticosteroids
Corticosteroids have commanded a central position in clinical transplan-
tation since they were first used to treat rejection in the 1960s. Despite
this long experience, there remains only a general consensus on their
best therapeutic use, and changing protocols often reflect both fear of
prescribing them and fear of not prescribing them. The new genera-
tion of immunosuppressive drugs and protocols permit avoidance or
withdrawal of corticosteroids for many patients, and in patients who
continue to receive them, the dosage is typically quite small (see Part IV).
The diffuse effects of corticosteroids on the body reflect the fact that
most mammalian tissues have glucocorticoid receptors within the cell
cytoplasm and can serve as targets for the effects of corticosteroids.
The immunosuppressive actions of corticosteroids can be somewhat
simplistically divided into their specific actions on macrophages
and T cells and their broad, nonspecific immunosuppressant and
anti-inflammatory actions.

Pharmacodynamics

Mechanism of Action

Blockade of Cytokine Gene Expression. Corticosteroids exert their
most critical immunosuppressive effect by blocking T-cell-derived
and APC-derived cytokine and cytokine receptor expression. They
inhibit the function of dendritic cells, which are the most important
of the APCs (see Chapter 2). They are hydrophobic and can diffuse
intracellularly, where they bind to cytoplasmic receptors found in
association with the 90-kDa heat shock protein. As a result, the heat
shock protein becomes dissociated, and the steroid-receptor complex
translocates to the nucleus, where it binds to DNA sequences referred
to as glucocorticoid response elements (GREs). GRE sequences have been
found in the critical promoter regions of several cytokine genes, and it
is presumed that the binding of the steroid-receptor complex to the
GRE inhibits the transcription of cytokine genes. Corticosteroids also
inhibit the translocation to the nucleus of nuclear factor-«B, a transcrip-
tion factor that plays a major role in the induction of genes encoding
a wide variety of cytokines. Corticosteroids inhibit the expression of
IL-1,1L-2,IL-3, and IL-6, TNF-¢;, and IFN- y. As a result, all stages of the
T-cell activation process are inhibited. Cytokine release is responsible
for the fever often associated with acute rejection. This fever typically
resolves rapidly when high-dose corticosteroids are administered.

Nonspecific Inmunosuppressive Effects. Glucocorticoids cause a lym-
phopenia that is a result of the redistribution of lymphocytes from
the vascular compartment back to lymphoid tissue. The migration of
monocytes to sites of inflammation is also inhibited. Steroids block the
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synthesis, release, and action of a series of chemokines, permeability-
increasing agents, and vasodilators, although these anti-inflammatory
effects are a relatively minor aspect of their efficacy in the prevention
and treatment of acute rejection. The total white blood cell count may
rise several-fold during high-dose steroid administration.

Adverse Effects. The ubiquitous complications of corticosteroids
are familiar to medical practitioners and are not reviewed here in
detail. They are a reflection of their profound immunosuppressive,
anti-inflammatory, and hormonal action on numerous target tissues.
The most important complications are cosmetic changes, growth
impairment, osteonecrosis, osteoporosis, impaired wound healing
and resistance to infection, cataracts, hyperlipidemia, glucose intol-
erance, and psychopathologic effects. There is marked variation in
individual response to these drugs, presumably because of the varied
concentration of tissue steroid receptors and individual variations in
prednisone metabolism. In the dose regimens currently prescribed,
untoward complications can be minimized, but not totally prevented.

Pharmacokinetics
Commonly Used Preparations. In clinical transplantation, steroids are
used in three ways: as a high-dose intravenous or oral pulse given over
3 to 5 days; as a steroid cycle or taper with a gradually decreasing oral
dose over days or weeks; or as a steady low-dose daily or every-other-day
maintenance regimen. Corticosteroid dosage is discussed in Part IV.
Prednisolone, its 11-keto metabolite prednisone, and methylprednisolone
(Solu-Medrol) are the corticosteroid preparations most commonly used
in clinical transplantation. Prednisolone is the most active circulating
immunosuppressive corticosteroid. Prednisone is the oral prepara-
tion usually used in the United States, whereas prednisolone is often
preferred in Europe. Methylprednisolone is the most commonly used
intravenous corticosteroid. These preparations have a half-life that is
measured in hours, but their capacity to inhibit lymphokine production
persists for 24 hours; therefore, once-daily administration is adequate.
Corticosteroids are metabolized by hepatic microsomal enzyme
systems. Drugs such as phenytoin, barbiturates, and rifampin, which
induce these enzymes, may lower plasma prednisolone levels, whereas
oral contraceptives and ketoconazole increase levels. Unfortunately,
there is no readily available plasma prednisolone assay for clinical
use, although empirical adjustments in dose may be advisable when
potentially interacting drugs are administered.

Part Il: Biologic Immunosuppressive Agents

MONOCLONAL AND POLYCLONAL ANTIBODIES

The antilymphocyte polyclonal antibodies are produced by immunizing
either horses or rabbits with human lymphoid tissue and then harvesting
the resultant immune sera to obtain gammaglobulin fractions. Various
polyclonal antibodies have been available for use in clinical transplanta-
tion since the 1970s. Currently, the primary polyclonal antibodies widely
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available for clinical use are preparations of rabbit anti-thymocyte
globulin (rATG, Thymoglobulin). An equine anti-thymocyte globulin
preparation is also available (eATG, Atgam), but not widely used. The
intravenous immune globulins (IVIGs), which have been used in the
treatment of antibody deficiency disorders for more than 30 years, are
finding increasing relevance to current transplant therapeutics. They
are made from pooled human plasma.

The monoclonal antibody muromonab-CD3 (Orthoclone OKT3)
was the first monoclonal antibody approved by the FDA for use in
humans. Largely because of frequent, potentially life-threatening, first-
dose reactions, it is no longer used and its place in transplant therapy
has been superseded by Thymoglobulin. The nomenclature used to
name therapeutic monoclonal antibodies is unique and is governed
by the World Health Organization. This is summarized in Tables 6.5
and 6.6. The humanized anti-CD25 monoclonal antibody preparations
daclizumab (Zenapax) and basiliximab (Simulect) became available in
1998. In January 2009, Hoffman-La Roche removed daclizumab from
the market, citing poor demand for the product. It is currently being
studied in patients with multiple sclerosis. Rituximab (Rituxan) is an
anti-B-cell monoclonal antibody developed for the treatment of hema-
tologic malignancies that has proved useful in clinical transplantation.

TABLE

Naming Conventions Used with Therapeutic Monoclonal
] Antibodies
Name = Prefix + Substem A + Substem B + Suffix
Substem A Abbreviations Substem B Abbreviations
(Target) (Source)
-b(a)- Bacterial a Rat
-cli)- Cardiovascular axo Rat/mouse
-f(u)- Fungal e Hamster
-k(i)- Interleukin i Primate
-I(i)- Immunomodulating 0 Mouse
-n(e)- Neural u Human
-s(o)- Bone Xi Chimeric
-tox(a) Toxin Xizu Chimeric/humanized
t(u) Tumor Zu Humanized
-v(i)- Viral

] Examples of Transplant-Related Monoclonal Antibodies

Naming Scheme

Medication Prefix Substem A Substem B Suffix
Alemtuzumab Alem Tu Zu Mab
Basiliximab Basi Li Xi Mab
Eculizumab Ecu Li Zu Mab

Rituximab Ri Tu Xi Mab
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Alemtuzumab (Campath 1H) is an anti-CD52 humanized monoclonal
antibody approved for use in B-cell chronic lymphocytic leukemia and
now used in transplantation. While it was removed from commercial
distribution in 2012, the manufacturer has a distribution program that
still allows for its continued clinical use. Belatacept (Nulojix) is a fusion
protein that contains a human IgG1 Fc fragment and the extracellular
domain of CTL4-Ig. This molecule targets the CD80/86 receptor on
antigen-presenting cells and subsequently blocks the CD28-mediated
co-stimulation of T cells.

Biologic immunosuppressive agents can be used for induction
immunosuppression and for the treatment of acute rejection; only
belatacept is currently used for maintenance immunosuppression.
The pharmacodynamic and pharmacokinetic properties of these large
molecules are complex and not always fully elucidated. Due to their
molecular size, they have very different pharmacokinetic profiles than
the small-molecule immunosuppressive agents discussed previously.
Their volume of distribution is usually relatively small and limited
to the vascular compartment with slow diffusion into peripheral
tissues and extracellular spaces. Metabolism to protein fragments
and amino acids occurs in various organs and can be expected to be
similar to that of endogenous IgG; uptake by the reticuloendothelial
system is likely to be a key contributor to their elimination. Inmune
responses against the agent can occur, which can contribute to their
elimination profile and may also affect their therapeutic efficacy. While
hemodialysis will not remove these agents, plasmapheresis, a key
therapy for antibody-mediated rejection, can be expected to rapidly
clear them and dosing regimens should be carefully considered if the
biologics will be used concurrently with that therapy. The biologic
immunosuppressive agents will be discussed primarily based upon
their pharmacodynamic properties. Table 6.7 reviews their major
indications, which are discussed in detail in Part IV. The polyclonal
antibodies (IVIG excluded) and alemtuzumab cause varying degrees
of T-cell death and are sometimes referred to as depleting antibodies;

. .
. Antibody Preparations for Renal Transplant

Immunosuppression

Indication
Treatment Induction Rejection Mechanism of Action
Monoclonal .
Basiliximab + — Anti-CD25
Rituximab (+) (+) Anti-CD20
Alemtuzumab (+) Anti-CD52
Eculizumab - - Anti-C5
Polyclonal
eATG (Atgam) + + Lymphocyte depletion
rATG (Thymoglobulin) (+) + Lymphocyte depletion
1Vig (+) (+) Immune modulation

-+, approved indication; (+) unapproved but commonly used indication.
Concomitant administration of calcineurin inhibitor recommended.
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the anti-CD25 monoclonal antibodies and belatacept cause T-cell
dysfunction but are “nondepleting”

Rabbit Anti-Thymocyte Globulin

Rabbit anti-Thymocyte globulin (rATG) is a polyclonal antibody
preparation made by immunization of rabbits with human lymphoid
tissue; it has largely replaced eATG, which is less potent. In the case
of Thymoglobulin (Genzyme), which is available in the United States,
thymocytes are used for immunization; in the case of anti-T-lymphocyte
immune globulin (ATG-Fresenius), which is available in Europe, an
activated human T-cell line is used. The resultant gammaglobulin
is then purified to remove irrelevant antibody material that may be
responsible for some of the side effects.

Mechanism of Action

The precise mechanism of action of the polyclonal antibodies is not
fully understood, but the immunosuppressive product contains cyto-
toxic antibodies directed against a variety of T-cell markers. After their
administration, there is depletion of peripheral blood lymphocytes.
The lymphocytes, T cells in particular, are either lysed or cleared by the
reticuloendothelial system, and their surface antigens may be masked
by the antibody. Of particular importance, Thymoglobulin causes
sustained and rapid expansion of CD4*, CD25", FOXP3" regulatory T
cells that play an important part in maintaining immune homeostasis
and limiting antigraft immunity (see Chapter 2). High levels of these
cells improve the probability of reversal of acute rejection and lower
the risk for graft loss after a rejection episode. Following the use of
Thymoglobulin, a prolonged lymphopenia can ensue, and the CD4
subset may be suppressed for several years. The prolonged immuno-
suppressive effect may account for the relative infrequency of episodes
of rejection recurrence.

Dose and Administration

The standard dose of rATG is 1.5 mg/kg given in a course lasting 4 to
10 days. Due to the commercially available single-use vial sizes, doses
should be done in 25-mg increments. When rATG is used for induction,
it may be more effective when started intraoperatively (rather than
postoperatively) in reducing the incidence of delayed graft function.
rATG may also be effectively dosed based on its impact on T-cell sub-
sets. It is mixed in 500 mL of dextrose or saline and infused over 4 to 8
hours into a central vein or arteriovenous fistula. Use of a peripheral
vein is sometimes followed by vein thrombosis or thrombophlebitis,
although this may be prevented by adding hydrocortisone sodium
succinate (Solu-Cortef), 20 mg, and heparin, 1,000U, to the infusion
solution. To avoid allergic reactions, the patient should receive intra-
venous premedication consisting of methylprednisolone, 30 mg, and
diphenhydramine hydrochloride (Benadryl), 50 mg given 30 minutes
before injection. Acetaminophen should be given before and 4 hours
after commencement of the infusion for fever control. Vital signs should
be monitored every 15 minutes during the first hour of infusion and
then hourly until the infusion is complete. The full course of thymo-
globulin is typically given during a hospital admission, but patient can
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be discharged after the first two or three doses if appropriate outpatient
facilities are available, particularly if the drug is administered via a
peripheral vein.

Azathioprine, MMF, and sirolimus should generally be discontinued
during the course of treatment to avoid exacerbating hematologic
side effects. Cyclosporine or tacrolimus can be omitted during the
course or given in a low dose, and oral prednisone is replaced by the
methylprednisolone given in the premedication.

Adverse Effects

Most of the side effects of polyclonal antibodies relate to the fact that
foreign protein is administered. Chills, fever, and arthralgias are com-
mon, although the severe first-dose reactions occur only rarely. There
have been occasional cases of anaphylaxis. Serum sickness occurs
rarely because the continued immunosuppression that follows the
treatment course reduces the production of anti-idiotypic antibodies
and the consequent immune complex deposition. Serum sickness
typically presents with diffuse arthralgias, fever, malaise, and rash 1
to 2 weeks following infusion. It responds to an increase in prednisone
dose to about 40 mg daily for several days.

Polyclonal antibody preparations can produce thrombocytopenia
and leukopenia, necessitating reduction or curtailment of drug dosage.
Leukopenia occurs in up to half of patients. The drug dose is usually
halved for patients with either a platelet count of 50,000 to 75,000
cells/mL or a white blood cell count of less than 3,000 cells/mL. Ad-
ministration should be stopped if the counts fall further. Occasionally,
filgrastim (Neupogen) can be used to enhance white blood cell produc-
tion of neutrophils so dosing can proceed. Therapeutic efficacy can be
monitored by the differential on a complete blood count; an absolute
lymphocyte count of 0.1% or less is targeted. Patients who do not re-
spond may require a higher dosage or a prolonged treatment course.

Infection, most commonly with CMV, may be a late adverse sequela
of depleting antibody use. The frequency of infection varies with the
number of courses and the overall amount of immunosuppression
given. Most programs routinely employ CMV prophylaxis before,
during, and after a course of depleting antibody, with recipients of
CMV-positive allografts representing a particularly high-risk popula-
tion (see Chapter 12).

The development of lymphoma in transplant recipients is a
well-recognized, although infrequent, consequence of effective im-
munosuppression. Use of repeat courses of depleting antibodies is
associated with a particularly fulminant and typically rapidly fatal
B-cell lymphoma that develops within the first few months after
transplantation. Epstein-Barr virus (EBV) antibody-negative patients
receiving a graft from an EBV-positive donor appear to be at greatest
risk. The recognition, prevention, and management of post-transplant
lymphoma are discussed in Chapters 11 and 12.

Alemtuzumab

Alemtuzumab (Campath 1H) is a recombinant DNA-derived humanized
monoclonal antibody directed against the cell surface glycoprotein
CD52 (Fig. 6.1). While initially approved for use in chronic lymphocytic
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leukemia, it is a depletional agent sometimes used in clinical trans-
plantation, although it has not been formally approved for such use.
Of note, the medication was withdrawn in 2012 and reintroduced as
a treatment for multiple sclerosis with a higher cost. It has also been
used as an induction agent and in the treatment of acute transplant
rejection. When used at the time of transplantation as induction
therapy (see Part IV), alemtuzumab induces a profound, rapid, and
effective depletion of peripheral and central lymphoid cells that may
take months to return to pretransplantation levels. Used as a single
agent, it does not induce tolerance and episodes of acute rejection can
occur even in the absence of T cells. Its use may facilitate minimization
of maintenance immunosuppressive protocols and steroid sparing with
monotherapy using sirolimus or low-dose calcineurin inhibitor. The
terms proper tolerance and near tolerance have been used to describe
the immunologic balance that results.

Alemtuzumab use in kidney transplantation is “off-label.” Its ease of
administration has made it an attractive alternative to Thymoglobulin.
It is usually given as a single dose of 30 mg intraoperatively; a second
dose is sometimes given. Because the drug is administered under
general anesthesia, infusion-related events typically associated with
the infusion of biologic agents are masked.

When used as an induction agent, alemtuzumab reduces the risk of
rejection compared to basiliximab in unsensitized patients. However,
when compared to rATG in randomized clinical trials, alemtuzumab
has not been shown to be superior. In trials of patients undergoing
steroid withdrawal, those receiving alemtuzumab have a greater risk
of rejection.

Alemtuzumab induces profound lymphopenia, which may be
prolonged requiring reduced doses of other myelosuppressive agents.
There may be delayed incidence of cell-mediated acute rejection and
possibly a higher incidence of antibody-mediated rejection that occurs
as lymphocyte counts return to baseline. The hematologic, infection,
and lymphoma risks are similar to those described for other depletional
agents, and infection prophylaxis is mandatory.

Intravenous Immune Globulins

Pooled human gammaglobulin preparations, which were initially
developed for the treatment of humoral immune deficiency disorders,
are now used for a variety of autoimmune and inflammatory disor-
ders. They are proving to be invaluable in certain defined situations
in clinical transplantation when used alone or in combination with
plasmapheresis (Table 6.8). Inmune globulin preparations are made
from pooled plasma from thousands of blood donors in a tightly
regulated manufacturing process that essentially removes the risk
for transmission of infectious disease. Immune globulins may be
unselected, in which case they contain IgG molecules with a subclass
distribution corresponding to that in normal human serum; they may
also be selected because of the high titer of desired antibody in the
donor plasma. CMV hyperimmune globulin (CMVIG, marketed in
the United States as CytoGam), approved for CMV prophylaxis and
treatment (see Chapter 12), is made from blood donors with a high
titer of anti-CMV antibody.
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] Clinical Uses of Immune Globulin Preparations in

Transplantation

1. To reduce high levels of preformed anti-HLA antibodies in sensitized patients
awaiting deceased donor transplants (see Chapters 3 and 7).

2. To facilitate living donor transplants in the face of a positive crossmatch or
ABO incompatibility (see Chapters 3, 6, and 7).

3. To treat acute humoral rejection (see Part IV and Chapter 9).

4. To treat certain post-transplantation viral infection (see Chapter 11).

Mechanism of Action

The mode of action of IVIG is complex (Table 6.9), and the broad range
of its activities is a reflection of the importance of immunoglobulins
in immune homeostasis in health. In highly sensitized patients, IVIG
inhibits anti-HLA antibody and produces long-term suppression or
elimination of anti-HLA reactive T cells and B cells. The cytokine
signaling, critical for IgG synthesis, is inhibited, and alloimmuniza-
tion is inhibited through blockade of the T-cell receptor (see Chapter
2). Although discussed here in the context of immunosuppressant
medications, IVIG is better regarded as immunomodulatory in its
activity, and its use is not associated with the familiar complications
of immunosuppression.

m Immunoregulatory Effects of Inmune Globulin
v

Fc Receptors

Blockade of Fc receptors on macrophages and effector cells
Induction of antibody-dependent cellular cytotoxicity
Induction of inhibitory Fc ¥ receptor 1B

Inflammation

Attenuation of complement-mediated damage
Decrease in immune complex—mediated inflammation
Induction of anti-inflammatory cytokines

Inhibition of activation of endothelial cells
Neutralization of microbial toxins

Reduction in corticosteroid requirements

B Cells and Antibodies

Control of emergent bone marrow B-cell repertoires

Negative signaling through the Fc y receptors

Selective downregulation and upregulation of antibody production
Neutralization of circulating autoantibodies by anti-idiotypes

T Cells
Regulation of the production of helper T-cell cytokines
Neutralization of T-cell superantigens

Cell Growth
Inhibition of lymphocyte proliferation
Regulation of apoptosis

(From Kazatchkine MD, Kaveri SV. Inmunomodulation of autoimmune and inflammatory diseases with
intravenous immune globulin. N Engl J Med 2001;345:747-755, with permission.)
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Dosage, Administration, and Adverse Effects. The dose of IVIG is pro-
tocol dependent, and readers should consult the package insert and
administration precautions of individual preparations before their
use. All preparations are administered slowly over several hours. The
standard dose is 2 g/kg up to a maximum of 140 g in a single admin-
istration given over 4 to 8 hours. The dose of CMVIG varies from 100
to 150 mg/kg and is often given following plasmapheresis, with one
plasma volume exchange replaced by either 5% albumin or fresh-frozen
plasma. Minor reactions, such as flushing, chills, headache, nausea,
myalgia, and arthralgia, occur in about 5% of patients soon after
commencement of IVIG infusions. These symptoms resolve when the
infusion is temporarily discontinued or its rate reduced. Aseptic men-
ingitis, which can be prevented by the administration of nonsteroidal
anti-inflammatory agents, may occur in the first 72 hours following
the infusion; it typically resolves spontaneously.

Thrombotic complications have been reported to follow IVIG infu-
sion, including cases of myocardial infarction. Of particular importance
to transplant recipients is the development of acute kidney injury. IVIG
products differ in osmolality, pH, and sugar and sodium content. Most
preparations of IVIG contain carbohydrate additives such as sucrose
or sorbitol, which can induce osmotic injury (osmotic nephrosis) to the
proximal tubular epithelium. Proximal tubular cells swell and are filled
with isometric vacuoles. Patients with impaired baseline renal function
may suffer further deterioration of function that may necessitate dialy-
sis and may produce a confusing clinical picture. The tubular injuryis
self-limited and typically resolves within several days. Patients should
be warned of the possibility of transient graft dysfunction, which may
be prevented by administration while on dialysis. Practitioners must
familiarize themselves with the IVIG preparation available at their
institution and to the specific risk profile associated with them.

Anti-CD25 Monoclonal Antibodies

Mechanism of Action

The anti-CD25 monoclonal antibodies basiliximab (Simulect) and
daclizumab (Zenapax) are targeted against the & chain (also referred
to as CD25) of the IL-2 receptor (Fig. 6.1). The receptor is upregulated
only on activated T cells (see Chapter 2), and as a result of the binding
of the antibody, IL-2-mediated responses are blocked. The anti-CD25
monoclonal antibodies thus complement the effect of the CNIs, which
reduce the production of IL-2. They are designed to prevent, but not
treat, episodes of acute rejection. Zenapax is no longer available for
clinical transplantation.

Basiliximab and daclizumab are two similar compounds that were
introduced into clinical transplantation by virtue of their capacity to
reduce the incidence of acute rejection episodes when used in combi-
nation with cyclosporine and corticosteroids (see Part III). They both
originate as murine monoclonal antibodies, which are then genetically
engineered so that large parts of the molecule are replaced by human IgG.

The resulting compounds have low immunogenicity because they
do not induce production of significant amounts of human antimurine
antibody. As a result, they have a prolonged half-life in the peripheral
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blood, and they do not induce a first-dose reaction. In the case of
basiliximab, the entire variable region of the murine antibody remains
intact, whereas the constant region originates from human IgG; the
resulting compound is strictly deemed chimeric and is of 75% human
and 25% murine origin.

Dose and Administration

The immunosuppressive potency of basiliximab is presumed to be
related to its capacity to produce complete and consistent binding to
the IL-2 receptor «sites on T cells. The drug has a half-life of longer
than 7 days, which permits a long dosage interval. Two intravenous
doses of 20 mg are given, the first dose preoperatively and the second
dose on postoperative day 4; this regimen produces saturation of the
IL-2 rreceptor sites for 30 to 45 days.

Adverse Effects

Other than occasional anaphylaxis or first-dose reactions described with
basiliximab, there is a remarkable absence of significant adverse effects
associated with its use. In the clinical trials leading to its introduction,
the incidence of typical transplant-related side effects was not greater
in the treatment groups than in the control group.

Rituximab

Rituximab (Rituxan) is a chimeric monoclonal antibody directed
against the CD20 antigen on B lymphocytes. A rapid and sustained
depletion of circulating and tissue-based B cells follows its intravenous
administration. B-cell recovery begins about 6 months after comple-
tion of treatment. Rituximab is approved for use in the treatment of
certain forms of non-Hodgkin lymphoma. It has also been used in
a variety of presumed autoimmune diseases to suppress antibody
formation. In clinical transplantation, it has been used off-label in a
variety of ways: in an attempt to reduce high levels of preformed anti-
HLA antigens; to facilitate living donor transplantation in the face of
a positive crossmatch or ABO incompatibility; to treat acute humoral
rejection; to treat recurrent post-transplantation focal and segmental
glomerulosclerosis; and to treat post-transplantation lymphoprolifera-
tive disease, which is usually CD20" (see Chapter 11). The standard
dosage is 375 mg/m?> Infusion-related reactions such as hypotension,
chills, fever, and rigors are fairly common and infusion rates should be
started slowly and incrementally increased as tolerated. Premedication
with methylprednisolone, acetaminophen, and diphenhydramine is
advisable. Rare cases of PML have been associated with its use. Pa-
tients must be screened for hepatitis B as several fatalities have been
reported in patients receiving rituximab who had active hepatitis B.
The reader should refer to the package insert for precise dosing and
administration guidelines.

Belatacept

Belatacept (Nulojix) is a second-generation co-stimulatory blocker
that selectively blocks T-cell activation. The compound is not strictly
amonoclonal antibody but is a human fusion protein containing cy-
totoxic T-lymphocyte-associated antigen 4 (CTLA-4) fused with the
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Fc domain of human IgG1. Belatacept was approved as a prophylactic
anti-rejection agent by the FDA in June 2011 following several clini-
cal trials demonstrating comparable patient and allograft survival to
cyclosporine. It is the most important new immunosuppressive agent
for organ transplantation introduced in the last decade. It has the
potential of replacing the standard CNI-based immunosuppressive
protocols that have been in place for three decades.

Mechanism of Action

Belatacept has a similar structure to abatacept, with the exception of
two amino acid substitutions. These substitutions permit for enhanced
binding of CD80 (fourfold) and CD86 (twofold) on the antigen-presenting
cell, with a 10-fold increase in T-cell inhibition iz vitro. Blocking these
ligands results in failure of “signal 2” activation in the three signal
transplant model of T-cell activation. Normally, CD28 on the T cell will
engage CD80 and CD86 on the antigen-presenting cell, resulting in the
production of calcineurin and anti-apoptotic proteins. Blocking this
pathway results in T-cell anergy and triggers apoptosis.

Adverse Effects

In three pivotal clinical trials, belatacept was demonstrated to be
noninferior to cyclosporine in terms of graft and patient survival. In
theinitial phase Il trial, there was no difference in acute rejection rates
between the two regimens at 6 months. However, in two larger phase
III trials, there was a higher risk of rejection (22% for low-dose belata-
cept vs. 17% for high-dose vs. 7% for cyclosporine). After 84 months
of use, the less intensive belatacept cohort from the BENEFIT study
experienced significantly better estimated GFR compared to cyclospo-
rine (63.3 mL/min/1.73 m®vs. 36.6 mL/min/1.73 m? respectively: see
Fig. 6.6). Furthermore, belatacept patients had a 43% reduced risk of
graft loss or death after 7 years of use. While belatacept appears to be
less effective than cyclosporine-based regimens at preventing early
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FIGURE 6.6 Glomerular filtration rate over the period from month 1 to month 84. The es-
timated glomerular filtration rate (eGFR) was determined by repeated-measures modeling,
with time as a categorical variable. | bars indicate 95% confidence intervals. (From Vincenti
F. Rostaing L, Grinyo J, et al. Belatacept and long term outcomes in kidney transplantation.
N Engl J Med 2016;374(4):333-343, with permission.)
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acute cellular rejection episodes, it is not less effective at preventing late
cellular rejection. Additionally, donor-specific antibody development
(DSA', see Chapter 3) is less common in belatacept treated patients, a
good prognostic marker for long-term function. Lastly, cardiovascular
and metabolic risk factors can be expected to be reduced, providing
further potential benefits to patients. Because of the design of the be-
latacept trials, no long-term direct comparisons to tacrolimus-based
regimens are currently available.

Results from the belatacept trials demonstrated a significant increased
incidence of post-transplant lympho-prolipherative disease (PTLD, 1.4%
in the belatacept group vs. 0.4% in the cyclosporine group). Progressive
Multifocal Leukoencephalopathy (PML) was also observed. Many of the
PTLD cases had central nervous system (CNS) involvement. This risk was
especially true for EBV-seronegative individuals who received belatacept
(7.3%). In the long-term follow-up results, PTLD cases mainly occurred
in the initial 24 months of therapy. As such, belatacept should only be
used in patients who have demonstrated EBV-seropositivity, typically
to EBV viral-capsid antigen. Due to the risk of PTLD and PML, the FDA
has designated belatacept as a REMS medication, requiring providers
to discuss these potential adverse effects with patients and to review
symptoms consistent with CNS PTLD or PML prior to druginfusions. The
overall rate infection was similar between belatacept and cyclosporine.
Infusion reactions were noted in 2% of patients but were generally mild.

Pharmacokinetics

Formulations. Belatacept is administered only as an intravenous infu-
sion and comes in 250-mg vials that require reconstitution prior to
use. Dosing is done in 12.5-mg increments owing to the reconstituted
drug concentration. Further dilution up to 250 mL can be done with
either normal saline or 5% dextrose. The standard dose is weight-based
at 5 or 10 mg/kg delivered over 30 minutes through a peripheral line
using an inline filter that is low protein binding. Belatacept can be
administered in an outpatient environment.

Patients with de novo introduction of belatacept at the time of
transplantation are given 10 mg/kg on postoperative days 1 and 5,
followed by repeat dosing at weeks 2 and 4. After the fourth dose, two
regimens are available, a high- and low-dose protocol. The high-dose
protocol involves infusion of a dose of 10 mg/kg every 2 weeks until
3 months post-transplant, followed by a monthly dose of 10 mg/kg
between months 4 to 6, and a maintenance dose of 5 mg/kg monthly.
The low-dose protocol calls for 10 mg/kg monthly for months 2 and 3
post-transplant, followed by 5 mg/kg monthly thereafter.

For patients already on a CNI, conversion to belatacept may be
warranted. Conversion requires an overlapping of immunosuppression
such that the belatacept is slowly introduced at 5 mg/kg every 2 weeks
for five doses before transitioning to a maintenance dose of 5 mg/kg
monthly. CNI tapering is performed concurrently, with typical target
drug levels at time of belatacept initiation. By the second infusion, the
goal of CNI level is 40% to 60%, by the third week post initial infusion,
the desired goal is 30% of the target CNIlevels, and by the third infusion,
1 month following initiation of belatacept, the CNI can be discontinued.
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Part llI: Clinical Trials and New
Immunosuppressive Agents

During the 1990s, a series of promising new immunosuppressive
agents underwent laboratory and clinical evaluation in a successful
attempt to broaden and improve the immunosuppressive therapeutic
armamentarium; these included tacrolimus, MMF, sirolimus, and the
anti-CD25 monoclonal antibodies. Other than the off-label use of the
drugs noted above, belatacept has been the only major new molecular
entity introduced into routine clinical transplantation practice. The
race for the introduction of new drugs into clinical transplantation
practice can be likened to an obstacle course. Many promising drugs
(e.g., FTY720, FK778, efalizumab) have faltered and fallen from con-
sideration usually because of unanticipated side effects manifesting
in advanced clinical trials.

The great success of organ transplantation that was achieved in
the 1990s with currently available agents is, paradoxically, making it
exceedingly difficult (and enormously expensive) to prove the added
benefit of new agents. In clinical trials of new agents, as discussed later,
the use of the traditional marker of drug or protocol superiority—pa-
tient or graft survival—proved to be impractical and has largely been
replaced by alternative end points.

Clinical Trials

Before any clinical trials can be performed with an investigational agent,
an investigational new drug (IND) application has to be submitted to the
FDA or to an equivalent regulatory body outside of the United States.
Approval of the IND application is based on the evaluation of preclinical
studies that suggest potential therapeutic benefits of a new agent and
on the evaluation of studies in a variety of animals that suggest its safety.
Phase 1 clinical studies are performed in healthy human volunteers
or patients to evaluate human metabolism, pharmacokinetics, dos-
age, safety, and, if possible, effectiveness. Phase 2 includes controlled,
open-label, clinical studies conducted to evaluate the effectiveness of
the drug for a particular indication and to determine dose regimens,
common side effects, and risks. Phase 3 studies are expanded trials
based on preliminary evidence from the previous phases that suggest
efficacy and safety. They are sometimes called pivotal trials because they
are critical for FDA-approved licensing and registration. They typically
involve large, usually multicenter, clinical trials that are randomized
and, if possible, double-blinded using placebo controls. These studies
serve to refine dosage, determine benefit, and further evaluate the
overall risk-to-benefit ratio of the new drug. In organ transplantation,
particular care has to be taken to ensure that any potential benefit
of a new agent is not outweighed by the consequences of too much
immunosuppression or by organ-specific toxicity. Successful comple-
tion of phase 3 should provide an adequate basis for product labeling
and permit approval of the drug for its defined indications. Following
introduction of a new drug into the clinical marketplace, phase 4
studies may be performed under the auspices of the manufacturer or
of independent investigators or at the request of the FDA to further
refine the role of the drug in clinical practice.
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Any human use of an experimental drug is strictly governed by the
predetermined rules of the experimental protocol under which the drug
is administered. Patients must read, understand, and sign an informed
consent form that clearly defines the nature of the experiment in which
they are involved and its potential risks and benefits. They must also
receive a copy of the patient’s bill of rights, which clearly defines the
nature of their commitment, and authorize the release of personal
health information according to the provision of federal privacy laws
(the Health Insurance Portability and Accountability Act [HIPAA]). The
experimental protocol and consent form must have been approved by an
institutional review board (IRB) or human subjects protection committee
(HSPC), and the medical staff administering the protocol must feel totally
comfortable with it. After a drug is licensed, it is often used off-label
for indications, or in doses, different from those precisely defined. Such
use does not require a formal consent procedure, although it is wise to
inform the patient that the drug is being given for an unapproved use.

Clinical Trial Design in Transplantation
Immunosuppressive practitioners must understand the way in which
new agents are introduced because clinical trials of new immunosup-
pressive agents not only have led to their clinical use but also have
largely determined the way in which these agents are used. It is also
particularly important to appreciate what primary end points were used
to determine the efficacy of the new agents. The choice of primary end
point, the frequency with which this end point occurs in the control
population, and the anticipated capacity of the new agent to change
the incidence of the end point (estimated from phase 2 studies) permit a
statistical evaluation of the number of patients required to be enrolled in
the study so that the study has sufficient statistical power to determine
the effectiveness of the new agent. Secondary end points usually include
side-effect comparisons, renal function estimations, and long-term effects
on patient and graft survival. Studies may not have the statistical power
to provide answers to the questions posed by the secondary end points.
When the clinical trials for cyclosporine use in kidney transplantation
were designed in the late 1970s and early 1980s, the primary end point
used was improvement of patient and graft survival, which cyclosporine
indeed achieved. Tacrolimus was introduced based on its capacity to
produce results equivalent to cyclosporine. OKT3 was introduced based
on its superior capacity, when compared with corticosteroids, to reverse
episodes of acute rejection, and Thymoglobulin was introduced for its
superiority in reversing acute rejection when compared with Atgam. MMF,
sirolimus, anti-CD25 monoclonal antibodies were introduced based on
their capacity, when combined with cyclosporine and prednisone, to re-
duce the incidence of acute rejection episodes. Belatacept was introduced
based on superior allograft function at 1 year post kidney transplantation.

End Point for Studies of New Immunosuppressive Drugs

The incidence of acute rejection episodes, typically biopsy proven (see
Chapter 15), became the most frequently used marker of the effective-
ness of new immunosuppressive drugs for the following reasons:

1. Because of the excellent results of kidney transplantation with cur-
rently available immunosuppressants, with 1-year graft survival
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rates of greater than 90% in most centers and minimal mortality, it
is statistically extremely difficult to prove the benefit of new agents
or protocols in terms of patient or graft survival.

2. Acute rejection is a potent risk factor for the development of
chronic allograft failure (see Chapter 10). In retrospective analy-
ses, patients who have suffered episodes of acute rejection have a
long-term graft survival rate that is 20% to 30% less than the graft
survival rate of patients who have not suffered acute rejection.

3. Acute rejection episodes are morbid events in themselves, requir-
ing intensification of immunosuppression and sometimes hospital
admission.

4. Most acute rejection episodes take place within the first few
months of transplantation, and their presence can be proved on
biopsy. This permits a rapid evaluation of the effectiveness of a new
agent or protocol (a luxury that is not available when immunosup-
pressive drug trials are performed in other clinical circumstances,
such as systemic lupus erythematosus or rheumatoid arthritis).

A statistically significant reduction in the incidence of acute rejec-
tion episodes was achieved in the pivotal clinical trials leading to the
introduction of MMF, the mTORs, and the anti-CD25 monoclonal
antibodies. A significant effect on patient and graft survival was not
achieved, probably because the studies did not have the statistical
power to show such an effect.

As new immunosuppressive drugs and protocols are introduced and
the incidence of acute rejection decreases, it is becoming increasingly
difficult to prove the statistically significant benefit of newer drugs. In
the pivotal trials leading to the introduction of MMF, sirolimus, and the
anti-CD25 monoclonal antibodies, the incidence of acute rejection in the
patients receiving the experimental drug protocol was compared with the
incidence of acute rejection in patients receiving standard therapy with
cyclosporine, prednisone, and azathioprine. The success of MMF in reduc-
ing the incidence of acute rejection led to it becoming part of an updated
standard therapy protocol in many centers (see Part IV). As a result, for
trials of newer agents, statistical proof of further reduction in the incidence
of acute rejection will likely be more difficult to achieve. In current and
future trials, end points may be based on functional parameters such as
estimates of renal function (such as that seen in the belatacept studies),
on histologic parameters such as scores for chronic allograft injury (see
Chapter 15), on immune parameters (see Chapter 2), on the incidence of
delayed graft function, or on a composite of multiple end points.

The phased evaluation of new drugs discussed above is designed
primarily to lead to the introduction by pharmaceutical manufac-
turers of individual new agents that are safe and efficacious. These
trials, however, may not address the clinical questions posed by
practitioners who are more concerned with the safety and effec-
tiveness of drug combinations. The comparison groups in formal
registration trials are previously approved protocols that often do
not represent “standard of practice” at the time the trials are com-
plete—hence, their information may be of limited practical value
to practitioners. Postregistration trials often describe single-center
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experience, and the clinical value of retrospective database analyses
is intrinsically limited. Large, multicenter, randomized trials such
as the CAESAR, ELITE-Symphony, and CONVERT trials attempted
to evaluate immunosuppressive drug protocols in a manner that
addresses these concerns.

New Immunosuppressive Drugs

Multiple new drugs and therapeutic concepts are at different
stages of development. Those drugs that are in advanced clinical
trials and show promise of introduction into the clinical arena are
discussed below.

Other Monoclonal Antibodies

Efalizumab (Raptiva) is a humanized CD11a-specific IgG1 targeted
against the lymphocyte-associated function-1 (LFA-1) molecule. LFA-1
binds to intercellular adhesion molecules, and the interaction is impor-
tant in the recruitment of leukocytes to the sites of inflammation (see
Chapter 2) and in stabilizing the interaction between T cells and APCs.
Efalizumab has been approved for the treatment of severe psoriasis and
was being developed for use in transplantation as a subcutaneously
administered immunosuppressant in CNI-free protocols. Phase 1 and
2 studies show the drug to be effective, although in high doses, there
was an increased incidence of PTLD. Cases of PML were reported in
patients with psoriasis, and the FDA has halted its development for
transplantation in the United States.

Alefacept (Amevive) is a humanized LFA-3-1gG1 fusion protein that
binds to CD2 on T lymphocytes and blocks the interaction between
LFA-3 and CD2 and interferes with T-cell activation. It has been ap-
proved for use in psoriasis. The phase 2 clinical trial in which it was
paired with tacrolimus was never published, as an interim analysis did
not provide sufficient evidence of benefit to convince the manufacturer
to continue its development.

ASKP1240 is an anti-CD40 monoclonal antibody that consists of fully
human IgG4. This biologic interrupts the co-stimulatory CD40-CD154
pathway by preventing the interaction between CD40 and CD154. The
agent has shown promise in animal models and phase I trials.

Janus Kinase and Protein Kinase Inhibitors

Janus Kinases (JAKs) are a family of cytoplasmic tyrosine kinases
involved in cell surface signaling. Tofacitinib (CP-690550) has been
evaluated in clinical trials and appears to be an effective immunosup-
pressant, although high doses have been associated with an increased
risk for infections. The phase 2 trials were conducted on unsensitized
patients and demonstrated an equal rate of rejection compared to a
cyclosporine-based regimen; however, BK nephritis and CMV infec-
tions were higher in some of the higher-dosing groups and hematologic
toxicity was higher when used with MMF.

Sotrastaurin (AEB071) is a protein kinase inhibitor whose de-
velopment for use in a CNI protocol was discontinued because of
treatment failure but is been developed in Europe in combination
with everolimus.
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Bortezomib

Bortezomib (Velcade) is a proteosomal inhibitor that is FDA approved
for the treatment of multiple myeloma. The immune-modulating effects
of the drug are pleiotropic and result, in part, from its proapoptotic
effects on plasma cells. Bortezomib also suppresses T-cell function,
and the drug has potential for the treatment and prevention of both
antibody-mediated and cell-mediated rejection. Preliminary studies
suggest that the drug is effective and safe and that it reduces levels of
donor-specific antibodies (DSAs; see Chapter 3). DSAs are increasingly
thought to be an important cause of chronic rejection and graft loss, and
if bortezomib is shown to be able to reduce or remove them over the
long term, it may provide a valuable means to prolong graft function.
Other proteosome-inhibiting agents are also available. These include
carfilzomib and the newly FDA-approved ixazomib, the first orally
active agent in this class, but published clinical transplant experience
with these agents is lacking.

Eculizumab

Eculizumab (Soliris) is a humanized monoclonal antibody that targets
complement protein C5. Binding inhibits the activity of C5 convertase,
thus blocking the formation of C5a and C5b which are needed to form
the membrane attack complex. It is currently approved by the FDA to
treat paroxysmal nocturnal hemogloinuria or atypical hemolytic uremic
syndrome. While the agent can be used to treat these disorders if they
recur post-transplant (see Chapter 11), eculizumab has also been used in
transplant recipients to prevent complement-mediated microvascular
damage that is associated with ongoing antibody-mediated rejection.
Several small studies have examined its usefulness in the transplant
setting and its use appears promising. Cost concerns generally limit
its off-label use to severe and refractory cases. Ongoing studies hope
to establish its usefulness in the treatment of antibody mediated rejec-
tion, desensitization of preexisting donor specific antibodies, or for the
prevention ischemia reperfusion injuries.

Immune Modulation and Tolerance Induction

Immune modulation is a somewhat vague term used to describe at-
tempts to modify the immune response in a nonspecific fashion in
order to facilitate allograft acceptance without impairing effector cells
or mechanisms. Several techniques fall within this category. Infusion of
donor-specific bone marrow or stem cells, or total lymphoid irradiation,
in combination with short-term nonspecificimmunosuppression, has
produced long-term graft survival in the absence of immunosuppres-
sive therapy in experimental and clinical organ allografts. The donor
bone marrow provides an as yet unidentified signal for tolerance.
Blood transfusions are known to exert beneficial effects on animal and
human allograft survival through a variety of potential mechanisms.
The tolerogenic effect of bone marrow and blood may also be a result
of the development of a state of microchimerism (see Chapter 2). A
randomized trial of perioperative donor-specific blood transfusions
in live donor transplants showed no practical benefit. Although some
success has been achieved with these innovative techniques, they all
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require heavy initial immunosuppression, and there is often evidence
of residual immune response. Long-term follow-up studies of HLA
incompatible transplants indicates a high rate of chronic allograft
rejection. The data on two-haplotype pairs is encouraging. However,
these protocols are not yet ready for broad clinical application, and
require a living donor.

Part IV: Immunosuppressive Protocols

GENERAL PRINCIPLES OF PROTOCOL DESIGN

The variety of immunosuppressive drugs available for use in clinical
transplantation permits permutations that make up immunosup-
pressive protocols. Transplant centers tend to be loyal to their own
protocols, which have often been developed in response to local
needs and experience. Financial considerations, both for patients
and institutions, may determine the choice between similar agents.
Protocols should be regarded as guides for therapy that need not
necessarily be adhered to slavishly. They may require modification
from patient to patient with new knowledge and experience. In an era
in which short-term success rates for deceased donor transplanta-
tion of 95% are commonplace, it may take experience with hundreds
of patients followed for prolonged periods to prove the benefit of a
new or modified approach.

There are limited prospective data on the effects of different pro-
tocols on 5- and 10-year graft survival. Most of the data on long-term
protocol design come from retrospective analysis and analysis of large
databases. Although valuable, these analyses bring with them intrinsic
design flaws. For instance, in a prospective blinded study, it is possible
to ensure that the groups that are compared are demographically and
clinically similar and that investigator bias in the choice of protocol
is negated. In database analyses, such assurances are absent, and
analyses are limited by the reliability of the data that are entered.
Database analyses, however, permit evaluation of a very large number
of patients over a prolonged period and may permit recognition of
trends and associations not noted in short-term prospective studies
on a limited number of patients. The relevance to individual patients
of outcome studies based on database analysis must be considered
with circumspection.

Table 6.10 lists the components of a conventional immunosuppres-
sive protocol. These components are relevant to all recipients with the
possible exception of two-haplotype-matched living related donors.
The broad range of immunosuppressive drugs now available has also
led to the development of a series of innovative protocols. In some
programs, innovative protocols have become the local standard of
therapy. For all protocols, because the risk for acute rejection is highest
in the first weeks and months after transplantation (induction phase)
and diminishes thereafter (maintenance phase), immunosuppression
should be at its highestlevel in this early period and should be reduced
for long-term therapy. The most feared side effects of immunosuppres-
sion—opportunistic infection and malignancy—tend to reflect the total
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TABLE

Components of the Conventional Immunosuppressive
I Protocol

Class of Agent Options
Calcineurin inhibitor Cyclosporine, tacrolimus
Corticosteroids Dose and regimen
Adjunctive agent Azathioprine, MMF, sirolimus
Antibody induction Lymphocyte depleting or nondepleting
Supplementary agents CCB, HCRI
Infection prophylaxis Bactrim, antifungals, antivirals

CCB, calcium channel blocker; HCRI, HMG-CoA reductase inhibitor; MMF, mycophenolate mofetil.

amount of immunosuppression given rather than the dose of a single
drug. The total quantity of immunosuppression should thus be moni-
tored and considered in all stages of the post-transplantation course.

Conventional Inmunosuppressive Protocols

Conventional immunosuppressive protocols consist of a CNI, an adjunc-
tive agent, corticosteroids, and the possible addition of antibody induc-
tion. With conventional protocols, most programs are able to achieve
90% to 95% graft survival with an acute rejection rate of 10% to 20%.

Cyclosporine or Tacrolimus?

The two CNIs remain the backbone of transplant immunosuppres-
sion and are likely to remain so until such time as similarly effective
but less toxic—in particular, nephrotoxic—agents are introduced
into clinical practice. Although much has been made of discrete
differences between cyclosporine and tacrolimus, the fact is that
these drugs are remarkably similar, and both are highly effective.
Table 6.1 summarizes their similarities and differences. These
differences may guide the choice of agent in individual patients.
For example, cyclosporine may be preferred in some centers for
African-American patients because of the increased incidence of
post-transplantation glucose intolerance in patients who receive
tacrolimus; tacrolimus may be preferred in adolescents and other
patients who are concerned about cosmetics because of the more
marked cosmetic changes associated with cyclosporine; cyclosporine
may be preferred in some patients because of the generally milder
neurologic side effects; tacrolimus may be preferred in recipients
of simultaneous kidney and pancreas transplants because of its
somewhat greater immunosuppressive potency despite its greater
islet toxicity (see Chapter 16); tacrolimus-induced hair loss in adult
females may prompt conversion to cyclosporine.

Prospective data comparing the two drugs have tended to favor
tacrolimus. These studies are often difficult to interpret, however,
because of protocol design and the introduction of improved formu-
lations and drug-level monitoring of cyclosporine. There has been a
steady trend during the past decade toward greater use of tacrolimus.
In the United States, about 95% of patients receive tacrolimus at the
time of discharge from hospital, and most of the remainder receive
cyclosporine. A similar trend has been observed in Europe.
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Which Adjunctive Agent?

In this discussion, the term adjunctive agent is used to describe the
immunosuppressive drugs that are used in combination with a CNI
in the early post-transplantation period to enhance the potency of
the immunosuppressive protocol as reflected by a decreased inci-
dence of acute rejection episodes. Most programs continue to use
combination therapy over the long term. Azathioprine has been
replaced by MMF or enteric-coated MPA (most commonly MMF) in
most centers because of its superior capacity to reduce the incidence
of acute rejection and evidence, that has been the subject of some
controversy, that long-term outcomes are also improved. The MMF/
MPA combination with tacrolimus is used in over 90% of patients
in the United States.

Sirolimus became available for clinical use in late 1999. In its initial
U.S. package insert, it was used in a manner similar to MMF with a
full-dose of the CNI and a fixed sirolimus dose. It is now rarely used this
way, and drug-level monitoring of sirolimus is regarded as mandatory
for optimal use, typically with attenuated doses of CNI. Because of the
side-effect profile of sirolimus and the failure to show superiority over
MMF in most clinical circumstances (see discussion of Symphony trial,
below), it is used as a primary agent in only 5% of cases in the United
States. Sirolimus may be of particular value in patients deemed to be
at high risk for post-transplantation malignancy or those who develop
de novo malignancy, especially skin cancer, after transplantation (see
Chapter 11). Everolimus has been shown to be a useful adjuvant agent
and can even be used as a primary immunosuppressant when initiated
a postoperatively, in a sequential manner.

Antibody Induction

Antibody induction is the term used to describe the use of the depleting
antibodies (Thymoglobulin, alemtuzumab) or the nondepleting anti-
CD25 monoclonal antibody (basiliximab) in the immediate postoperative
period. Induction protocols with Thymoglobulin are an alternative to
the use of a CNI in the early post-transplantation period (though the
CNl is given at standard or attenuated doses at many programs) and
are therefore different from induction using a nondepleting antibody,
in which concomitant use of a CNIis mandatory. In sequential therapy,
Thymoglobulin is administered and the CNI is introduced only when
renal function has reached a predetermined level (e.g., a plasma creatinine
level of 3 mg/dL). The antibody is discontinued as soon as adequate
CNI levels are achieved. A patient with a well-functioning graft may
thus receive only a few days of antibody treatment.

Table 6.11 lists the advantages and disadvantages of depletional
antibody induction. The benefits of Thymoglobulin and alemtuzumab
induction suggest a similar degree of effectiveness. There remains
much discussion regarding the relative benefits of Thymoglobulin
and the anti-CD25 monoclonal antibody. For low-risk patients, they
are as effective as the depletional agents. A prospective trial of the
two forms of induction in high-risk recipients (see “High-Risk and
Low-Risk Groups,” below) was discontinued because of an apparent
benefit of Thymoglobulin. This benefit, however, was not recognized
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Potential Advantages and Disadvantages of Depleting

Antibody Induction

Potential Advantages

Improved graft survival for high-risk patients

Period of delayed graft function may be foreshortened
Onset of first rejection is delayed

Obviates early use of calcineurin inhibitor

May permit less aggressive maintenance regimen

Potential Disadvantages

Risk for first-dose reactions

May prolong hospital admission stay

Greater cost

Higher incidence of cytomegalovirus infection
Increased risk of post-transplant lymphoma
Increased short- and long-term mortality reported

in a retrospective analysis. Long-term retrospective studies have not
shown significant benefit of routine induction therapy in terms of
patient and graft survival.

In many programs, depletional antibody induction is reserved for
immunologically high-risk recipients or for patients in whom delayed
graft function is anticipated. Depletional antibody induction may
also be indicated for patients requiring anticonvulsant drugs that
may make it difficult to achieve therapeutic levels of the CNI in the
early post-transplantation period. In the United States, about 90% of
patients receive some form of antibody induction, most frequently
with Thymoglobulin.

High-Risk and Low-Risk Groups

All patients are not equal with respect to the chances of rejection or graft
loss, and protocols should be individualized to take this into account.
Patients undergoing simultaneous kidney-pancreas transplantation
and patients with high levels of preformed antibodies or previously
failed transplants may require more intense therapy. Patients with
delayed graft function have an increased susceptibility to episodes of
acute rejection. In several clinical trials, African-American patients
have required higher doses of immunosuppressive drugs to achieve
the same immunosuppressive benefit, and some programs take this
into account routinely in protocol design. Young patients tend to be
immunologically aggressive; protocol design for children is discussed in
Chapter 17. Older patients may not tolerate heavy immunosuppression,
and kidneys from older donors may be less tolerant of immunologic and
other insults. Recipients of transplants from well-matched deceased
donors or from living related donors, particularly from two-haplotype-
matched donors, may require less immunosuppression.

How Long to Continue Immunosuppression?

The immune system has a long memory! Immunosuppression is
required for the functional life of the graft, even if it has lasted two
decades or more. Discontinuation of immunosuppressive drugs, even
many years after transplantation, may lead to late acute rejection or
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accelerated chronic rejection. In stable patients, carefully monitored
reduction or even discontinuation of individual components of the
immunosuppressive protocol may be safe.

When to Stop Immunosuppression?

The minimal mortality that is now associated with kidney transplantation
is to a large degree the result of an appreciation of when to minimize
or stop immunosuppression and abandon a kidney. Discontinuation
of immunosuppression may be necessary for patients with resistant
opportunistic infection or malignancy (see Chapters 11 and 12).
Patients with deteriorating graft function despite more than two or
three appropriately treated rejections are better allowed to return to
dialysis and seek another transplant. Withdrawal of immunosuppres-
sion can result in rejection and the development of HLA antibodies,
resulting in a higher PRA (see Chapter 3). The decision to withdraw
immunosuppression should take into account when one expects the
recipient with a failed allograft to be retransplanted. In patients with
an expected waiting time less than 2 years, or with a living donor,
continuation of low intensity immunosuppression is recommended to
avoid sensitization. Patients with failed transplants who continue to
make significant amounts of urine while on dialysis may also benefit
from continuation of a low-intensity immunosuppression. Patients who
have received corticosteroids for prolonged period may be adrenally
suppressed and the steroid dose should be discontinued very slowly.
With the constant introduction of new immunosuppressive agents
into clinical practice, great care and judgment are needed to avoid the
temptation of excessively adding or exchanging new agents.

Specific Protocol Recommendations

Cyclosporine

Cyclosporine, 6 to 10 mg/kg/day orally, is given as a single dose or
twice daily starting immediately before transplantation or on the first
postoperative day. Cyclosporine can be administered by intravenous
infusion over 4 hours or can be given as a constant infusion over 24
hours; the dose is one-third of the oral dose. For patients who receive
depleting antibody induction, oral cyclosporine may be started several
days before the completion of the course of therapy so that druglevels
will be therapeutic at the time of the final antibody dose. Doses are
then adjusted to maintain levels within the ranges given in Table 6.12.
It is wise to continue to monitor levels of cyclosporine, although the
degree of reliance on these levels and the frequency of their measure-
ment vary from program to program. The desired dose and target
levels are influenced by the concomitant use of adjunctive agents and
history of rejections. By 3 months after transplantation, most patients
are receiving cyclosporine in a dose of 3 to 5 mg/kg/day.

There is still no clear consensus regarding the best dose or druglevel
for long-term cyclosporine use, and it is unfortunate that prospective
randomized trials comparing cyclosporine dose ranges are not avail-
able. Drug-level monitoring with 2-hour (C2) peak levels may be more
effective than trough-level monitoring. Recommended peak levels have
not been extensively validated with varied transplant populations and
protocols, and the recommended levels noted in Table 6.10 should be
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Approximate Therapeutic Ranges for Calcineurin Inhibitors
Cyclosporine Tacrolimus
Post-transplantation HPLC and FPIA C2 levels* CMIA
Month CMIA (ng/mL)  (ng/mL) (ng/mL) (ng/mL)
0-2" 150-350 250-450 1.2-15 10-15
2-6 100-250 175-350 0.8-1.2 6-10
>6 100 150 05-0.8 4-8

CMIA, chemiluminescent microparticle immunoassay; FPIA, fluorescent polarization immunoassay;
HPLC, high-performance liquid chromatography.

“Drawn within 15 minutes of 2 hours postdose. For C2 levels, no change in target levels is required
for different assay types.

'In the first few days after transplantation, the trough cyclosporine level should not fall below 300
ng/mL by HPLC.

considered accordingly. Fear of progressive nephrotoxicity has tempted
many clinicians to permit low levels, yet such a policy may allow for
the insidious development of chronic rejection. Retrospective studies
show that continued use of cyclosporine is conducive to prolonged
adequate graft function.

Tacrolimus

The recommended starting dose of oral tacrolimus is 0.15 to 0.30 mg/kg/day
administered in a split dose every 12 hours, typically 2 to 4 mg twice
daily. Intravenous tacrolimus is rarely required in kidney transplantation
and sublingual administration should be considered first. Doses are
adjusted to maintain tacrolimus druglevels at between 10 and 15 ng/dL
during the first few post-transplantation weeks and somewhat lower
thereafter (Table 6.12). There is marked inter- and intrapatient variation
in the dose of tacrolimus required to achieve these levels, with some
patients receiving as little as 2 mg daily and some patients receiving
10 times that dose. The relationship between drug levels and manifesta-
tions of toxicity varies considerably among patients.

Switching Calcineurin Inhibitors

If side effects develop with one of the CNIs, it is quite reasonable to
switch to the other agent. Common reasons for switching are cosmetic
(tacrolimus to cyclosporine for hair loss and the converse for hirsutism;
cyclosporine to tacrolimus for gingival hypertrophy). In some patients,
new-onset diabetes mellitus (see Chapter 11) may respond to conver-
sion from tacrolimus to cyclosporine. The dose chosen at the time
of switching must be individualized. There is no need to overlap the
drugs, and steroid “coverage” is usually unnecessary. Patients should
be monitored carefully after switching.

Corticosteroids

The use of corticosteroids in the peritransplantation period has been
dramatically reduced with the availability of CNIs. A large dose of
methylprednisolone is still typically given intraoperatively in a dose of
up to 1 g. In standard protocols, the dose is then reduced rapidly from
150 mg on day 1 to 20 mg on day 14. Some programs avoid the steroid
cycle altogether, modifying it or starting at 30 mg daily or even less.
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The maximal oral dose of prednisone at one month should be 15 to
20 mg, and 5 to 10 mg at 3 months. The long-term maintenance dose
is 5 mgin most programs. Rejection episodes may occasionally occur
when even very small dose reductions are made in patients after 3
months. High maintenance dose protocols of steroids sometimes
used for collagen vascular disease and vasculitides are unnecessary
and contraindicated in kidney transplantation.

Adjunctive Agents

The standard dose of MMF in adults is 1,000 mg twice daily, although
African-American patients may benefit from a higher dose (1,500 mg
twice daily) in the early post-transplantation period. Patients on full-dose
tacrolimus may require alower dose. Some evidence suggests that mea-
surement of mycophenolic acid AUC may be useful in predicting the ef-
fectiveness of MMF; however, the more convenient trough levels have not
been convincingly shown to be useful and are generally not measured. If
the dose of MMF is reduced or held for short periods in the event of side
effects, the dose of CNI and prednisone should be maintained. The longer
the MMF doseis reduced, the greater is the risk for subsequent rejection,
and patients should be monitored accordingly. Most programs continue
to administer MMF for prolonged periods; administration for at least 1
year has been shown, in retrospective studies, to produce measurable
benefit in graft survival and to reduce the incidence of late acute rejections.

The maintenance dose of sirolimus is typically 2 to 5 mg once daily
with target blood levels similar to those described for tacrolimus (see
“Tacrolimus” above). If the accompanying CNI is totally discontin-
ued, the dose requirements of sirolimus to maintain adequate levels
may increase. The standard recommended dose of sirolimus is 2 mg
administered once daily 4 hours after the morning dose of cyclospo-
rine although many patients take the two drugs simultaneously. If
sirolimus is to be the primary agent, a loading dose of 6 mg is given
on the first day of treatment to accelerate the achievement of a stable
trough level. African-American patients may require a higher dosage.
Trough drug-level monitoring is now routine. If sirolimus is given with
tacrolimus, a combined trough level of 10 to 15 ng/dL is typically ad-
equate. Sirolimus administration should be accompanied by low-dose
prophylaxis with sulfamethoxazole/trimethoprim for at least 1 year;
some centers will use this indefinitely.

Everolimus is typically dosed at 0.75 to 1.5 mg twice daily and is
also therapeutically monitored. A drawback to its use is the length of
time required for concentration results to return from the laboratory
and this can lead to subtherapeutic or extratherapeutic levels being

The inclusion of calcium channel blockers, usually either diltiazem
or verapamil, in the standard immunosuppressive regimen has several
potential advantages. In addition to their antihypertensive properties,
both drugs may minimize CNI-induced vasoconstriction and protect
against ischemic graft injury and nephrotoxicity. Both drugs compete
with the CNIs for excretion by the CYP3A enzyme system, raising drug
levels and permitting safe administration of lower doses. Calcium
channel blockers may also possess some intrinsicimmunomodulatory
activity of their own related to the role of cytosolic calcium levels or
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gene activation. The routine inclusion of calcium channel blockers in
the post-transplantation protocol may improve 1-year graft survival
rates by 5% to 10%.

Protocols for Living Donor Transplants

Excellent results were achieved for two-haplotype-matched living-related
transplants immunosuppressed with azathioprine and prednisone
alone before the introduction of cyclosporine into routine clinical
practice. Despite this experience, most transplantation programs
now use CNI-based protocols for these patients because of the lesser
incidence of acute rejection. Two-haplotype-matched transplant re-
cipients receiving CNIs may be good candidates for steroid avoidance
or withdrawal. MMF can potentially be used to replace the CNI. For all
other living donor transplants, conventional protocols are CNI-based
and are similar to those described for deceased donor transplants.
Routine lymphocyte-depleting antibody induction is not required, and
some programs dispense with antibody induction altogether.

Low-Cost Protocols

The immunosuppressive drugs and protocols described above are
expensive to a degree that may preclude transplantation in the de-
veloping world, or for those without adequate health insurance and
drug cost coverage in the developed world. In the developing world,
most transplants are from living donors in unsensitized recipients. In
these circumstances, excellent results can be achieved without using
antibody induction and with the less expensive generic preparations
of CNIs combined with azathioprine and low-dose steroids, both of
which are inexpensive. The dose of azathioprine is 1 to 3 mg/kg. Drug
levels are not measured, and the dose is usually fixed with adjust-
ments made for hematologic toxicity. For patients who cannot afford
long-term maintenance therapy with MMF or sirolimus, azathioprine
is a far better alternative to no immunosuppression at all. The annual
cost of azathioprine is about $900, compared with $12,000 for MMF.

Innovative Transplantation Protocols

The availability of multiple immunosuppressive agents has stimu-
lated attempts to minimize or avoid the most toxic components of
the standard protocol. The most obvious targets for such efforts are
corticosteroids and the CNIs.

Steroid Withdrawal and Steroid Avoidance. Steroid withdrawal, the dis-
continuation of steroid administration days, weeks, or months after
transplantation, needs to be differentiated from steroid avoidance, in
which steroids are not administered at all. Steroid withdrawal may
be rapid (within a week of transplantation) or delayed. The differ-
ence between the two techniques is more than semantic, and there is
some evidence that rapid withdrawal may be safer than later steroid
withdrawal. Rapid withdrawal may also be safer than total steroid
avoidance. Because most of the side effects of steroids are a result of
the high doses that are given in the early postoperative period and
high-dose maintenance therapy, there is good reason to focus efforts
on rapid withdrawal or the use of low-dose maintenance therapy.
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Nearly one-third of all transplant recipients are discharged from the
hospital in the United States without steroids, indicating that steroid
avoidance is standard of practice in many programs. Most steroid-free
protocols administer antibody induction with ATG followed by com-
binations of a CNI and sirolimus or MMF. Patients who are withdrawn
from steroids may have an increased incidence of acute rejection epi-
sodes and some return to steroid use. African-American patients and
presensitized patients may not be suitable candidates for withdrawal.
A clear-cut benefit of withdrawal, in terms of certain steroid-related
side effects (e.g., bone disease, hyperlipidemia), has been difficult to
confirm, presumably because even those patients receiving steroids
receive very low doses. Steroid withdrawal in selected patients may
be associated with a lower incidence of cardiovascular events. Some
evidence suggests that there may be long-term deterioration in graft
function after steroid withdrawal. The risks and benefits of steroid
withdrawal should be thoroughly reviewed with patients before pro-
tocol changes are made.

Calcineurin Inhibitor Avoidance, Withdrawal, and Dose Minimization. Avoid-
ance, or at least minimization, of the nephrotoxic effects of the CNIs
is indeed a worthy goal which has been tested in a number of large
multicenter clinical trials. In low-risk patients, protocols avoiding
or withdrawing CNIs by using combinations of anti-CD25 mono-
clonal antibodies, corticosteroids, and MMEF, or by using sirolimus
or everolimus alone, reportedly permit excellent graft survival but
with an unacceptably high incidence of acute rejection episodes and
side effects related to the TORs. Some protocols effectively combine
sirolimus, MMF, and corticosteroids; dose adjustments resulting from
hematologic toxicity are common. CNI avoidance or early withdrawal
is not standard therapy.

The most promising protocol option for CNI withdrawal in the
event of side effects, is switching to a belatacept-based protocol com-
bined with MMEF. Kidney function is better preserved. Recall that only
EBV-immune patients can be offered this option.

ABO- and HLA-incompatible Kidney Transplantation

Transplantation across the traditional immunologic barriers of ABO
blood type and HLA donor specific antibodies has become achievable in
certain cases. In some cases patients with healthy living donors cannot
undergo transplantation owing to ABO blood group incompatibility.
This may be the only living donor available to the patient who would
otherwise have deceased donor transplantation as the only other
option available to them. In order for an ABO-incompatible pair to
proceed, the recipient should have a baseline blood group isoaglutinin
titer measured. The isoaglutinin titer is useful in predicting if therapy
can permit ABO incompatible transplantation, and determining the
number of pretransplant treatments required. There are program-
matic differences but most employ a combination of plasmapheresis
and IVIG until the isoaglutinin titer is < 1:8. Once this achieved the
transplant can occur with careful monitoring of titers post-transplant.
Post-transplant plasmapheresis may be indicated in patients in whole
the titer rapidly rises post-transplant. In patients who are refractory
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to post-transplant plasmapheresis, splenectomy may be indicated.
Recipients may receive rituximab, tacrolimus and mycophenolate
prior to organ transplantation.

Patients with HLA donor-specific antibodies may also undergo
treatment to permit transplantation with an HLA incompatible donor.
This process can be done for incompatible living pairs, or for patients
on the deceased donor transplant list who are highly sensitized. For
living pairs the degree of HLA incompatibility should be assessed by
the number of donor specific antibodies and their mean florescence
intensity (MFI). There are two common protocols in use: (1) use of
rituximab with high-dose IVIG (2 g/kg with maximum dose of 140
g) and (2) a combination of plasmapheresis with low-dose IVIG (100
mg/kg). HLA antibodies must be monitored post treatment to ensure
that they are lowered. Other adjunctive therapies include rituximab
and bortezomib.

Because of the inevitable complexity, cost, and risk, associated with
desensitization protocols, kidney paired exchange may be a better ap-
proach for incompatible pairs. Kidney paired exchange is discussed in
detail in Chapter 7, Part IV.

Part V: Treatment of Kidney Transplant Rejection

ACUTE CELLULAR REJECTION

First Rejection

Pulse Steroids

High intravenous doses of steroids, typically referred to as “pulses;’ reverse
about 75% of first acute rejections. There are numerous ways to pulse a
patient, and there is no good evidence that the higher-dose pulses (500
to 1,000 mg methylprednisolone for 3 days) are more effective than the
lower-dose pulses (120 to 250 mg oral prednisone or methylprednisolone
for 3 to 5 days). Most programs still prefer to use intravenous methyl-
prednisolone, which is given over 30 to 60 minutes into a peripheral vein.
Pulse therapy is suitable for outpatient use when clinically indicated. The
dose of prednisone can be continued at its previous level when the pulse
is completed, although some programs elect to recycle the prednisone
dose after the pulse has been completed. High maintenance doses of
prednisone are not indicated. It is wise to repeat antibiotic prophylaxis
with sulfamethoxazole/trimethoprim after a steroid pulse.

Antibody Treatment

Thymoglobulin is highly effective therapy for the management of a first
acute rejection, and about 90% of such rejections are reversed. Despite
its effectiveness, most programs still prefer to use pulse steroids as
their first-line acute rejection therapy because of convenience, lesser
risks for side effects, and lower costs. Thymoglobulin may be a better
first-line option for particularly severe or vascular rejections (Banff
grade IIB or greater; see Chapter 15). The anti-CD25 monoclonal an-
tibodies are not designed to be used in the treatment of established
acute rejection. Antibiotic prophylaxis with antiviral, antifungal, and
anti-pneumocystis agents should reinitiated.
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Recurrent and Refractory Rejections

Repeated courses of pulse steroids may be effective in reversing acute
rejections, but it is probably not wise to administer more than two
courses of pulse therapy before resorting to antibody treatment. Many
programs use antibody treatment for all second rejections unless the
rejection is clinically mild or separated from the first by at least sev-
eral weeks. Antibody treatment is particularly valuable for rejection
episodes that are steroid resistant and may succeed in reversing a high
percentage of such rejections.

Some programs commence antibody treatment if there is not an
immediate response to pulse therapy, whereas others wait several days.
If renal function is deteriorating rapidly in the face of pulse steroids,
it is probably wise to start antibody treatment early. Switching from
cyclosporine to tacrolimus, or adding MMF or sirolimus in patients who
have not previously received it, may be indicated for recurrent rejections.

The term refractory rejection is not well defined. It usually refers to
ongoing rejection despite treatment with pulse steroids and antibody.
The management of these patients is problematic. Second courses of
depletional antibodies can be given in selected patients, and long-term
graft function can be achieved in 40% to 50% of such patie