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Monoclonal Antibodies in Solid Organ Transplantation

Nicole A. Pilch, Holly B. Meadows, and Rita R. Alloway

INTRODUCTION

Administration of targeted immunosuppression, in the
form of genetically engineered antibodies, is common-
place in solid organ transplantation. Polyclonal anti-
bodies, such as rabbit antithymocyte globulin, offer
global immunosuppression by targeting several cell
surface antigens on B and T lymphocytes. However,
secondary to their broad therapeutic targets, they are
associated with infection, infusion-related reactions,
inter-batch variability, and posttransplant malignan-
cies. Nevertheless, polyclonal antibodies are still com-
monly administered for induction and treatment of
allograft rejection and offer an important role in cur-
rent solid organ transplantation, which is beyond the
scope of this chapter.

In an attempt to target solid organ transplant
immunosuppression, monoclonal antibodies directed
against key steps in specific immunologic pathways
were introduced. The first agent, muromonab-CD3
(OKT3), was initially introduced in the early 1980s for
the treatment of allograft rejection (Morris 2004). The
use of monoclonal antibodies has evolved and
expanded over the past two decades and today mono-
clonal antibodies are routinely included as part of the
overall immunosuppression regimen. Both the innate
and adaptive immune systems have multiple compo-
nents and signal transduction pathways aimed at
protecting the host from a foreign body, such as trans-
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planted tissue. The ultimate goal of posttransplant
immunosuppression is tolerance, a state in which the
host immune system recognizes the foreign tissue but
does not react to it. This goal has yet to be achieved
under modern immunosuppression secondary to
immune system redundancy as well as the toxicity of
currently available agents. Therefore, monoclonal anti-
bodies are used to provide targeted, immediate immu-
nomodulation aimed at attenuating the overall immune
response. Specifically, monoclonal antibodies have
been used to (1) decrease the inherent immunoreactiv-
ity of the potential transplant recipient prior to engraft-
ment, (2) induce global immunosuppression at the
time of transplantation allowing for modified intro-
duction of other immunosuppressive agents (calcineu-
rin inhibitors or corticosteroids), (3) spare exposure to
maintenance immunosuppressive agents, and (4) treat
acute allograft rejection. Monoclonal antibody selec-
tion, as well as dose, is based on patient-specific fac-
tors, such as indication for transplantation, type of
organ being transplanted, and the long-term immuno-
suppression objective. To understand the approach
that the transplant clinician uses to determine which
agent to administer and when, it is necessary to briefly
describe how immunoreactivity can be predicted and
review the immunological basis for the use and devel-
opment of monoclonal antibodies in solid organ
transplantation.

IMMUNOLOGIC TARGETS: RATIONAL DEVELOPMENT/
USE OF MONOCLONAL ANTIBODIES IN ORGAN
TRANSPLANT

The rational use of monoclonal antibodies in trans-
plantation is focused on the prevention of host immune
recognition of donor tissue. There are two ways in
which allograft tissue can be immediately impaired
secondary to the host immune response: complement-
dependent antibody-mediated cell lysis (antibody-
mediated rejection) and T-cell-mediated parenchymal
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Monoclonal Molecular Animal Molecular
antibody weight epitope target Target cells Use
Alemtuzumab 150 kDa Murine/human CD52 Peripheral blood Induction
(Campath-1H®) lymphocytes, natural killer ~ Antibody-mediated rejection
cells, monocytes,
macrophages, thymocytes
Daclizumab 14.4 kDa Murine/human CD25 alpha  IL2-dependent T-lymphocyte  |ndquction
(Zenapax®) subunit activation
Basiliximab 14.4 kDa Murine/human CD25 alpha IL2-dependent T-lymphocyte  |nguction
(Simulect®) subunit activation
Muromonab-OKT3 75 kDa Murine CD3 T lymphocytes (CD2, CD4,  Treatment of polyclonal
(Orthoclone- CD8) antibody-resistant
OKT3®) cellular-mediated rejection
Rituximab (Rituxan®) 145kDa  Murine/human CD20 B lymphocytes Desensitization
Antibody-mediated rejection
Focal segmental
glomerulosclerosis
Belatacept (Nulojix®) 90 kDa Humanized CD80 and T lymphocytes Maintenance
CD86 immunosuppression
Eculizumab (Soliris®) 148 kDa Murine/human C5 Block formation of membrane pesensitization
Tocilizumab 148 kDa Murine/human IL-6 receptor attack complex Antibod diated reiecti
(Actenra®) Blocks proinflammatory niibo Y—me la.e rejection
effects of IL-6 Hemolyy.c uremic syndrome
Desensitization
Table 25.1 Use of monoclonal antibodies in solid organ transplantation

destruction leading to localized allograft inflammation

and arteritis (cellular-mediated rejection) (Halloran

2004). Pre-transplant screening for antibodies against

donor tissues has significantly reduced the incidence

and severity of antibody-mediated rejection. However,
as will be discussed, preferential destruction of cells
that produce these antibodies using monoclonal tech-
nology, such as rituximab, prior to transplant has
become an option for recipients with preformed allo-
antibodies. As such recently the use of monoclonal
antibodies to target B-cells has become a focus of trans-
plant clinicians as a way to overcome traditional immu-
nologic barriers pre and post-transplant. Despite this,
prevention and treatment of cellular-mediated rejec-
tion, has traditionally been the main focus of mainte-
nance immunosuppression and the rationale for use of
monoclonal antibodies in the posttransplant period.

Cellular-mediated rejection is characterized by initial

recognition of donor tissue by T cells. This leads to a

complex signal transduction pathway traditionally

described as three signals (Halloran 2004):

e Signal 1: Donor antigens are presented to T cells
leading to activation, characterized by T-cell
proliferation.

e Signal 2: CD80 and CD86 complex with CD28 on the
T-cell surface activating signal transduction path-
ways (calcineurin, mitogen-activated protein kinase,
protein kinase C, nuclear factor kappa B) which
leads to further T-cell activation, cytokine release,

and expression of the interleukin-2 (IL2) receptor
(CD25).

e Signal 3: IL-2 and other growth factors cause the
activation of the cell cycle and T-cell proliferation
(Halloran 2004).

Monoclonal antibodies have been developed
against various targets within this pathway to prevent
propagation and lymphocyte proliferation providing
profound immunosuppression (Table 25.1). Monoclonal
antibodies that were originally developed for treatment
of various malignancies have also been employed as
immunosuppressant agents in solid organ recipients.
Use of these agents must be balanced with maintenance
immunosuppression to minimize the patient’s risk of
infection or malignancy from over-immunosuppression.
Table 25.2 describes common adverse effects associated
with maintenance immunosuppressant medications.
Tables 25.3 and 25.4 summarizes recent trends regard-
ing the use of monoclonal antibodies for induction
immunosuppression in solid organ transplantation. A
plethora of factors influence the trends towards more
frequent induction therapy use with T-cell depleting
agents all focused on increasing accessibility to trans-
plantation and improving long-term outcomes.

B Monoclonal Antibodies Administered Pre-transplant

Immunologic barriers to solid organ transplantation
are common. Improved management of end-stage
organ disease has increased the number of potential
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Hyperglycemia Hematologic Renal dysfunction Dermatologic

Corticosteroids + ++ ++ - = 1
Cyclosporine ek ++ ++ + +++ ++
Tacrolimus +++ +++ +++ +++ +++ +
Mycophenolate mofetil2  — - = +++ _
Sirolimus ++ +++ - +++ + it
Everolimus R +++ - +++ i o+
Belatacept - - = = — _

Incidence based on manufacturer package insert clinical trial approval reports, + < 1%, ++ 1-10%, +++ > 10%
aAdverse effects reported for mycophenolate mofetil (CellCept®) are based on clinical trials using this agent in combination with cyclosporine or
tacrolimus and corticosteroids, values modified to account for concurrent agents

Table 25.2

Immunosuppression trends from 1994 to 2004

Complications of current maintenance immunosuppressants

Who receive
Organ induction (%) Alemtuzumab (%) Basiliximab (%) Daclizumab (%) Muromonab (%)
Kidney 72 7 20 10 0
Pancreas 80 43 15 5 0
Lung 50 S 23 15 0
Liver 11 2 6 5 0
Intestine 50 19 0 9 0

Based on reported immunosuppression trends from 1994 to 2004, with data Adapted from Meier-Kriesche et al. (2006)

Table 25.3

Current trends of monoclonal antibody induction use in solid organ transplantation

Organ Who receive induction (%) T-cell depleting? (%) Basiliximab (%) None (%)
Liver 38 18 20 62

Kidney 95 75 20 5

Pancreas 92.4 84.8 76 76

Heart 52.2 22.2 30 478

Lung 76 15 61 24

Intestine 69.1 52.9 16.2 30.9

Based on estimates from OPTN/SRTR 2016 Annual Reports for Kidney, Pancreas, Heart, Lung, Liver and Intestine (Hart et al. 2017; Kandaswamy
et al. 2017; Colvin et al. 2017; Valapour et al. 2017; Kim et al. 2017; Smith et al. 2017)

2lncludes poly and monoclonal T cell depleting

Table 25.4

organ recipients and produced a significant shortage of
organs available for transplant in comparison to the
growing demand. Therefore, clinicians have sought to
transplant across previously contraindicated immuno-
logic barriers. In addition, more patients are surviving
through their first transplant and are now waiting for a
subsequent transplant. Monoclonal antibodies are now
being employed prior to transplant to desensitize the
recipient’s immune system. Desensitization is a strat-
egy where immunosuppression is administered prior
to transplant to prevent hyperacute or early rejection in
patients who are known to have circulating antibodies

Adult induction immunosuppression trends based on scientific registry of transplant recipients 2016 annual report

against other human antigens. This strategy is gener-
ally reserved for patients who are “highly sensitized”
during their evaluation for transplant. As the long-
term significance of these sensitizing events is better
understood, varying degrees of “desensitization” ther-
apy are initiated based upon varying levels of sensiti-
zation. The long-term impact of this empirical therapy
is yet to be defined. Specifically, as a patient develops
end-stage organ disease, their medical and immuno-
logic profiles are characterized. Blood samples from
these potential recipients are screened for the pres-
ence of antibodies against the major histocompatibility
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complexes (MHC) on the surface of other human cells,
specifically human leukocyte antigens (HLA). Potential
recipients who have received blood products, previous
organ transplants, or have a history of pregnancy are at
higher risk for the development of antibodies against
HLA. In addition, all humans have preformed IgG and
IgM antibodies against the major blood group antigens
(A, B, AB, and A1) (Reid and Olsson 2005). These anti-
bodies will recognize donor tissue and quickly destroy
(hyperacute rejection) the implanted organ if the tissue
contains previously recognized HLA within minutes to
hours following transplant. Therefore, it is necessary to
evaluate the presence of preformed circulating anti-
bodies against HLA in the potential organ recipients.
Some centers will implement desensitization, which
incorporates monoclonal antibodies prior to transplant
to diminish the production of antibodies against a new
organ, allowing for transplant across this immunologic
barrier.

B Monoclonal Antibodies Administered at the Time
of Transplant

Current maintenance immunosuppression is aimed
at various targets within the immune system to halt
its signal transduction pathway. Available agents,
although effective, are associated with significant
patient and allograft adverse effects, which are cor-
related with long-term exposure (Table 25.2). The
leading cause of death in noncardiac transplant
recipients is a cardiovascular event. These cardiovas-
cular events have been linked to long-term cortico-
steroid exposure. In addition, chronic administration
of calcineurin inhibitors (cyclosporine and tacroli-
mus) is also associated with acute and chronic kidney
dysfunction leading to hemodialysis or need for a
kidney transplant. Monoclonal antibodies given at
the time of transplant (induction) have been used to
decrease the need for corticosteroids and allow for
the delay or a reduction in the amount of calcineurin
inhibitor used. Determination of the solid organ
transplant recipient’s immunologic risk at the time of
transplant is necessary to determine which monoclo-
nal antibody to use in order to minimize the risk of
early acute rejection and graft loss. Recipients are
stratified based on several donor, allograft, and recip-
ient variables to determine their immunologic risk.
Patients at high risk for acute rejection or those in
which maintenance immunosuppression is going to
be minimized should receive a polyclonal or mono-
clonal antibody that provides cellular apoptosis, for
example, alemtuzumab or rabbit antithymocyte glob-
ulin. Recipients at low risk for acute rejection may
receive a monoclonal antibody which provides
immunomodulation without lymphocyte depletion,
such as basiliximab.

Several important pharmacokinetic parameters
must be considered when these agents are administered
to the various organ transplant recipients. The volume
of distribution, biological half-life, and total body clear-
ance can differ significantly from a kidney transplant
recipient to a heart transplant recipient. Clinicians
must consider when to administer monoclonal anti-
bodies in different transplant populations to maximize
efficacy and minimize toxicity. For example, heart and
liver transplant recipients tend to lose large volumes of
blood around the time of transplant; therefore, intraop-
erative administration may not be the optimal time to
administer a monoclonal antibody since a large portion
may be lost during surgery. Monoclonal antibodies are
also removed by plasma exchange procedures, such as
plasmapheresis, which may be performed during the
perioperative period in solid organ transplant recipi-
ents (Nojima et al. 2005).

B Monoclonal Antibodies Administered Following
Transplant

Monoclonal antibodies given following transplanta-
tion are used to treat allograft rejection and more
recently as maintenance immunosuppressants.
Administration of these agents is mainly reserved for
severe allograft rejection in which the immunologic
insult must be controlled quickly. Under normal
homeostatic conditions the humoral immune system
provides immediate control of infectious pathogens
through secretion of antibodies. Cell-mediated immu-
nity, in addition to fighting infections, provides sur-
veillance against the production of mutant cells capable
of oncogenesis. Interruption of either of these immune
systems through the use of monoclonal antibodies
places these patients at significant risk for infection and
malignancy. Careful post-administration assessment of
infection and posttransplant malignancy is common-
place. While those monoclonal antibodies employed as
maintenance immunosuppressants have been devel-
oped to decrease the toxicity of long-term exposure to
traditional agents such as calcineurin inhibitors, which
can lead to chronic kidney damage in all organ trans-
plant recipients, the use of these monoclonal antibod-
ies is not without their own risks.

SPECIFIC AGENTS USED IN SOLID ORGAN
TRANSPLANT

B Muromonab

Muromonab was the first monoclonal antibody used
in solid organ transplantation. Muromonab is a murine
monoclonal antibody directed against human CD3
receptor, which is situated on the T-cell antigen recep-
tor of mature T cells, inducing apoptosis of the target
cell (Wilde and Goa 1996). Cells which display the
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CD3 receptor include CD2-, CD4-, and CD8-positive
lymphocytes (Ortho Biotech 2004). Other investigators
suggest that muromonab may also induce CD3 com-
plex shedding, lymphocyte adhesion molecule expres-
sion causing peripheral endothelial adhesion, and
cell-mediated cytolysis (Wilde and Goa 1996; Ortho
Biotech 2004; Buysmann et al. 1996; Magnussen et al.
1994; Wong et al. 1990). Muromonab is approved for
the treatment of kidney allograft rejection and steroid-
resistant rejection in heart transplant recipients (Ortho
biotech 2004). Muromonab was initially employed as
an induction agent for kidney transplant recipients, in
conjunction with cyclosporine, azathioprine, and cor-
ticosteroids. When compared to patients who received
no muromonab induction, the rate of acute rejection
was lower and the time to first acute rejection was sub-
stantially greater (Wilde and Goa 1996). Liver recipi-
ents with renal dysfunction at the time of transplant
who received muromonab induction were also able to
run their posttransplant cyclosporine levels lower
without an increased incidence of acute rejection
(Wilde and Goa 1996). Therefore, administration of
OKT3 enabled preservation of renal function in the
setting of reduced calcineurin inhibitor exposure when
compared to those who did not receive muromonab
(Wilde and Goa 1996). The use of OKT3 as an induc-
tion agent is nearly extinct with the introduction of
newer agents that have more favorable side effect
profiles.

Today, muromonab is of historical value as it is no
longer being manufactured. Although prior to its with-
drawal from the market, it was reserved for treatment
of refractory rejection. Muromonab is extremely effec-
tive at halting most corticosteroid as well as polyclonal
antibody-resistant rejections. These rejections are
treated with 5 mg of muromonab given daily for
7-14 days (Ortho Biotech 2004). The dose and duration
of therapy is often dependent on clinical or biopsy res-
olution of rejection or may be correlated with circulat-
ing CD3 cell concentrations in the serum.

Most patients who are exposed to OKT3 will
develop human anti-mouse antibodies (HAMA) fol-
lowing initial exposure. These IgG antibodies may lead
to decreased efficacy of subsequent treatment courses,
but premedication with corticosteroids or antiprolifer-
ative agents during initial therapy may reduce their
development (Wilde and Goa 1996). Following admin-
istration, in vitro data indicates that a serum concentra-
tion of 1000 pg/L is required to inhibit cytotoxic T-cell
function (Wilde and Goa 1996). In vivo concentrations
near the in vivo threshold immediately (1 h) following
administration but diminish significantly by 24 h
(Wilde and Goa 1996). Steady-state concentrations of
900 ng/mL can be achieved after three doses, with a
plasma elimination half-life of 18 h when used for
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treatment of rejection and 36 h when used for induc-
tion (Wilde and Goa 1996; Ortho Biotech 2004).

Muromonab administration is associated with
significant acute and chronic adverse effects.
Immediately following administration, patients will
experience a characteristic OKT3 cytokine release syn-
drome. The etiology of this syndrome is characterized
by the pharmacodynamic interaction the OKT3 mole-
cule has at the CD3 receptor. Muromonab will stimu-
late the target cell following its interaction with the
CD3receptor prior toinducing cell death. Consequently,
CD3 cell stimulation leads to cytokine production and
release, which is compounded by acute cellular apop-
tosis leading to cell lysis and release of the intracellular
contents. The cytokine release syndrome associated
with muromonab manifests as high fever, chills, rigors,
diarrhea, capillary leak, and in some cases aseptic men-
ingitis (Wilde and Goa 1996). Capillary leak has been
correlated with increased tumor necrosis factor release
leading to an initial increase in cardiac output second-
ary to decreased peripheral vascular resistance, fol-
lowed by a reduction in right heart filling pressures
which leads to a decrease in stroke volume (Wilde and
Goa 1996). Sequelae of this cytokine release syndrome
can occur immediately, within 30-60 min, and last up
to 48 h following administration (Wilde and Goa 1996;
Ortho Biotech 2004). This syndrome appears to be the
most severe following the initial dose when the highest
inoculum of cells is present in the patient’s serum or
when preformed antibodies against the mouse epitope
exist. Subsequent doses appear to be better tolerated,
though cytokine release syndrome has been reported
after five doses, typically when the dose has been
increased or the CD3-positive cell population has
rebounded from previous dose baseline (Wilde and
Goa 1996). Pretreatment against the effects of this cyto-
kine release is necessary to minimize the host response.
Specifically, corticosteroids to prevent cellular response
to cytokines, nonsteroidal anti-inflammatory agents to
prevent sequelae of the arachidonic acid cascade, acet-
aminophen to halt the effects of centrally acting prosta-
glandins, and diphenhydramine to attenuate the
recipient’s response to histamine.

In addition to immediate adverse effects, the
potency of muromonab has been associated with a
high incidence of posttransplant lymphoproliferative
disease and viral infections. For all patients, the 10-year
cumulative incidence of posttransplant lymphoprolif-
erative disease is 1.6% (Opelz and Dohler 2004). Review
of large transplant databases revealed that deceased
donor kidney transplant recipients who received mur-
omonab for induction or treatment had a cumulative
incidence of posttransplant lymphoproliferative dis-
ease that was three times higher than those who did
not received muromonab or other T-cell depleting
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induction (Opelz and Dohler 2004). This observation
may be multifactorial. It is well known that posttrans-
plant lymphoproliferative disease may be induced sec-
ondary to Epstein-Barr viral B-cell malignant
transformation. Muromonab’s potent inhibition of T
lymphocytes over a sustained period of time dimin-
ishes the immune system’s normal surveillance and
destruction of malignant cell lines, consequently lead-
ing to unopposed transformed B-cell proliferation and
subsequent posttransplant lymphoma (Opelz and
Dohler 2004).

Early use and development of muromonab in
solid organ transplantation was beneficial for the novel
development and use of newer monoclonal agents. The
immunodepleting potency of muromonab, combined
with the significant risk for malignancy, has made its
use obsolete in the setting of modern transplantation.
However, this agent still serves as a template for treat-
ment of severe allograft rejection and the use of mono-
clonal antibodies posttransplant.

B Interleukin-2 Receptor Antagonists

Interleukin-2 antagonists were the next monoclonal
antibodies to be used and were specifically developed
for use in solid organ transplantation. As previously
mentioned, monoclonal antibody use and develop-
ment in solid organ transplantation is rational. The IL-2
receptor was targeted for several reasons. Interleukin-2,
the ligand for the IL-2 receptor, is a highly conserved
protein, with only a single gene locus on chromosome
4 (Church 2003). Animal IL-2 knockout models have
decreased lymphocyte function at 2-4 weeks of age
and early mortality at 6-9 weeks of age (Chen et al.
2002). These models also display significantly dimin-
ished myelopoiesis leading to severe anemia and
global bone marrow failure (Chen et al. 2002). This
observation confirms the significant role that IL-2 and
the IL-2 receptor complex play in immunity. The func-
tion and biological effect of IL-2 binding to the IL-2
receptor was first reported by Robb and colleagues in
1981 (Robb et al. 1981). This in vitro study evaluated
murine lymphocytes and found that the IL-2 receptor
is only present on activated cells (CD4+ and CD8+)
(Church 2003). Uchiyama et al. (1981) reported one of
the first monoclonal antibodies developed against acti-
vated human T cells. This compound displayed in vitro
preferential activity against activated T cells, including
terminally mature T cells, but did not exhibit activity
against B cells or monocytes (Uchiyama et al. 1981).
Later it was determined that this antibody actually
bound to the alpha subunit of the activated T-cell
receptor, CD25 (Church 2003). The actual T-cell recep-
tor is made up of three subunits, alpha, beta, and
gamma. When the beta and gamma subunits combine,

they can only be stimulated by high concentrations of
IL-2; however, in conjunction with the alpha subunit,
the receptor shows high affinity for IL-2 and can be
stimulated at very low concentrations. The expression
of IL-2 and the IL-2 receptor alpha region is highly reg-
ulated at the DNA transcription level and is induced
following T-cell activation (Shibuya et al. 1990). The
alpha subunit is continuously expressed during
allograft rejection, T-cell-mediated autoimmune dis-
eases, and malignancies (Church 2003). The beta and
gamma subunits, however, have constitutive expres-
sion, resulting in low levels of expression in resting T
lymphocytes (Vincenti et al. 1997, 1998). There is no
constitutive expression of IL-2 or the alpha receptor
subunit (Shibuya et al. 1990; Noguchi et al. 1993). Both,
the beta and gamma subunits, have similar molecular
structures and are members of the cytokine receptor
superfamily, but are structurally dissimilar to the alpha
subunit (Noguchi et al. 1993). Therefore, the alpha sub-
unit (CD25) became a rational target for monoclonal
development since it is only expressed on activated T
cells. Blockade of the CD25 receptor was to halt the
activity of IL-2, thereby decreasing proliferation and
clonal expansion of T cells when activated by foreign
donor antigens.

Daclizumab

In 1997, daclizumab became the first anti-CD25 mono-
clonal antibody approved for use in the prevention of
allograft rejection in kidney transplant recipients,
when combined with cyclosporine and corticosteroids.
Daclizumab was the first “humanized” monoclonal
antibody approved in the United States for human
administration (Tsurushita et al. 2005). The daclizumab
molecule is a humanized IgG1 adapted from a mouse
antibody against the alpha portion of the IL-2 receptor
(Uchiyama et al. 1981). Daclizumab was developed as
an alternative to the initial mouse antibody developed
against the IL-2 receptor. The mouse antibody led to
the development of human anti-mouse antibodies
(HAMA) and inability to administer subsequent doses.
Although daclizumab bound with one-third the affin-
ity for the T-cell receptor site when compared to the
original mouse molecule, it was still able to exhibit a
high-binding capacity (Ka = 3 x 10° M) (Tsurushita
et al. 2005; Queen et al. 1988). A daclizumab serum con-
centration of 1 ug/mL is required for 50% inhibition of
antigen-induced T-cell proliferation (Junghans et al.
1990). Early, phase I clinical trials in kidney transplant
recipients, who received corticosteroids in combina-
tion with cyclosporine and azathioprine, used five
doses of daclizumab (Vincenti et al. 1997).
Pharmacokinetic studies revealed a mean serum half-
life of 11.4 days, a steady-state volume of distribution
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of 51, and displayed weight-dependent elimination.
There was no change in the number of circulating CD3-
positive cells following administration. Five doses of
1 mg per kg body weight given every other week were
required to produce the serum concentrations needed
to achieve 90% inhibition of T-cell proliferation for
12 weeks. One patient did develop neutralizing anti-
bodies against the daclizumab molecule after receiving
weekly doses for 2 weeks. Saturation of the IL-2 recep-
tor did not change. Intravenous doses were well toler-
ated with no infusion-related reactions. No infection or
malignancies were reported up to 1 year following
daclizumab administration. The authors concluded
that daclizumab stayed within the intravascular space
and doses should be based on patient weight at the
time of transplant (Vincenti et al. 1997). Subsequent
premarketing clinical trials confirmed these results and
dosing schematic and were able to show that dacli-
zumab administration reduced the incidence of acute
rejection by 13% in low-risk kidney transplant recipi-
ents (Vincenti et al. 1998). Following daclizumab’s
approval, several trials have been conducted using
various dosing regimens and immunosuppression
combinations within various solid organ recipients.
Secondary to low utilization in solid organ transplant,
however, its manufacturing for transplant has recently
been halted. The drug, however, has been repurposed
under the name of Zinbryta® with indications for treat-
ment of relapsing forms of multiple sclerosis.

Basiliximab

Basiliximab was developed as a more potent anti-IL-2
receptor antagonist when compared to daclizumab and
may have several logistical advantages. Basiliximab, in
combination with cyclosporine and corticosteroids, was
approved for the prevention of acute allograft rejection in
renal transplant recipients in May of 1998. Basiliximab is
a murine/human (chimeric) monoclonal antibody
directed against the alpha subunit of the IL-2 receptor on
the surface of activated T lymphocytes. The antibody is
produced from genetically engineered mouse myeloma
cells. The variable region of the purified monoclonal anti-
body is comprised of murine hypervariable region, RFI5,
which selectively binds to the IL-2 receptor alpha region.
The constant region is made up of human IgG1 and kappa
light chains (Novartis Pharmaceuticals 2005). Since the
variable region is the only portion with a nonhuman epi-
tope, there appears to be low antigenicity and increased
circulating half-life associated with its administration
(Amlot et al. 1995). Following administration, basiliximab
rapidly binds to the alpha region of the IL-2 receptor and
serves as a competitive antagonist against IL-2. The esti-
mated receptor binding affinity (Ka) is 1 x 10" M, which
is three times more potent than daclizumab (Novartis
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Pharmaceuticals 2005). Complete inhibition of the CD25
receptor occurs after the serum concentration of basilix-
imab exceeds 0.2 pg/mL and inhibition correlated with
increasing dose (Novartis Pharmaceuticals 2005; Kovarik
et al. 1996). Initial dose finding studies of basiliximab
were similar to daclizumab. Basiliximab, combined with
cyclosporine and corticosteroids, was administered to
adult kidney transplant recipients for the prevention of
acute cellular rejection.

Kovarik et al. (1997) performed a multicenter,
open-label pharmacodynamic analysis evaluating
basiliximab dose escalation in adult patients undergo-
ing primary renal transplantation. Patients received a
total of 40 or 60 mg of basiliximab in combination with
cyclosporine, corticosteroids, and azathioprine. Thirty-
two patients were evaluated and were primarily young
(34 + 12 years), Caucasian (29/32) males (23/32).
Basiliximab infusions were well tolerated without
changes in blood pressure, temperature, or hypersensi-
tivity reactions. Thirty patients underwent pharmaco-
kinetic evaluation. Basiliximab blood concentrations
showed biphasic elimination with an average terminal
half-life of 6.5 days. Significant intra- and interpatient
variability in observed volume of distribution and
drug clearance was observed. This could not be cor-
rected through body weight adjustment. Gender did
not appear to influence the pharmacokinetic parame-
ters of basiliximab; however, this cohort contained only
a small number of female recipients that may have lim-
ited the detection of a difference.

Results also indicated that the use of basiliximab
with a combination of cyclosporine, corticosteroids,
and azathioprine may be an inadequate immunosup-
pression regimen to prevent acute rejection, especially
if cyclosporine initiation is delayed posttransplant. A
total of 22 patients had an acute rejection episode, 16
patients in the 40 mg groups and six in the 60 mg
group. These rejections appeared within the first
2 weeks following transplantation with a mean time to
rejection of 11 days. The study was designed for cyclo-
sporine to begin on day ten posttransplant. Also, three
patients experienced graft loss, two of which were
immunologically mediated. There was no difference in
the basiliximab serum concentration in the patients
who experienced rejection versus those who did not.
The authors concluded that increased cyclosporine
concentrations, which would inhibit IL-2 production,
within the first few days posttransplant may increase
the efficacy of basiliximab when used for induction
(Kovarik et al. 1996).

The clinical efficacy of basiliximab has been con-
firmed in several prospective post-marketing trials.
Currently, the recommended basiliximab dosing regi-
men is a total dose of 40 mg, with 20 mg administered
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2 h prior to transplanted organ reperfusion and a sub-
sequent 20 mg dose on postoperative day 4.

IL-2 receptor antagonists are currently used in all
solid organ transplant populations for induction
(Tables 25.3 and 25.4), but are only approved for use in
kidney transplant recipients. Administration does not
reduce the total number of circulating lymphocytes or
the number of T lymphocytes expressing other mark-
ers of activations, such as CD26, CD38, CD54, CD69, or
HLA-DR (Chapman and Keating 2003). Consequently,
it is necessary that additional immunosuppressive
agents, such a calcineurin inhibitors and antiprolifera-
tive agents, be administered as soon as possible to
decrease the risk of early acute rejection.

The advantage of IL-2 receptor antagonists is that
they confer a decreased risk of infusion-related reac-
tions, posttransplant infection, and malignancy when
compared to immunodepleting agents. The use of
these agents has increased since the introduction of
more potent maintenance immunosuppressant agents,
although their preference for induction has fluctuated
over the years depending on organ transplant type
(Tables 25.3 and 25.4). Although these agents have been
evaluated in organ recipients who are at high risk for
acute rejection, they are mainly reserved for patients
who are at low to moderate risk. Also, these agents are
still being evaluated for use in immunosuppression
protocols which withdraw or avoid corticosteroids or
calcineurin inhibitors.

There may be an increased risk of anti-idiotypic
IgE anaphylactic reaction in patients who receive
repeat courses of IL-2 receptor antagonists. Two pub-
lished case reports describe patients who had been pre-
viously exposed to an IL-2 receptor antagonist and
upon subsequent exposure developed dyspnea, chest
tightness, rash, and angioedema. However, in one case
where basiliximab was the offending agent, dacli-
zumab was successfully administered following a neg-
ative skin test. Therefore, caution may be warranted in
patients who receive a dose of an IL-2 antagonist with-
out concomitant corticosteroids following previous
exposure in the past 6 months when circulating anti-
bodies are expected to be present.

B Alemtuzumab

Alemtuzumab is a recombinant DN A-derived, human-
ized, rat IgGlk monoclonal antibody targeting the
21-28 kDa cell surface protein glycoprotein CD52,
which is produced in a Chinese hamster ovary cell sus-
pension (Genzyme Corporation 2009; Kneuchtle et al.
2004). Initially, the first anti-CD52 antibodies were
developed from rat hybrid antibodies that were pro-
duced to lyse lymphocytes in the presence of comple-
ment (Morris and Russell 2006). Campath-1 M was the
first agent developed. This molecule was a rat IgM

antibody which produced little biological effect. In
contrast, the rat IgG (Campath-1G) produced profound
lymphopenia (Morris and Russell 2006). In order to
prevent the formation of antibodies against the rat IgG,
the molecule was humanized and called alemtuzumab
or Campath-1H (Morris and Russell 2006). The biologic
effects of alemtuzumab are the same as Campath-1G
and include complement-mediated cell lysis, antibody-
mediated cytotoxicity, and target cell apoptosis
(Magliocca and Knechtle 2006). The CD52 receptors
account for 5% of lymphocyte surface antigens (Morris
and Russell 2006). Cells which express the CD52 anti-
gen include T and B lymphocytes, natural killer cells,
monocytes, macrophages, and dendritic cells (Genzyme
Corporation 2009; Bloom et al. 2006). However, plasma
cells and memory type cells appear to be unaffected by
alemtuzumab (Magliocca and Knechtle 2006).
Following administration, a marked decrease in circu-
lating lymphocytes is observed. Use in the hematology
population indicates that this effect is dose dependent
(see Chap. 23). However, single doses of 30 mg or two
doses of 20 mg are currently used in the solid organ
transplant population.

The plasma elimination half-life after single
doses is reported to be around 12 days, and the mol-
ecule may be removed by posttransplant plasma-
pheresis (Magliocca and Knechtle 2006). The
biological activity of alemtuzumab, however, may
last up to several months. One in vivo study of kid-
ney transplant recipients aimed to observe the
recovery and function of lymphocytes following
administration of 40 mg of alemtuzumab (Bloom
et al. 2006). Authors reported a 2-log reduction in
peripheral lymphocytes following administration.
Absolute lymphocyte counts at 12 months remained
markedly depleted, falling below 50% of their origi-
nal baseline. Monocytes and B lymphocytes were the
first cell lines to recover at 3-12 months post-admin-
istration. T lymphocytes returned to 50% of their
baseline value by 36 months.

Until recently, alemtuzumab was primarily FDA
approved for the treatment of B-cell chronic lympho-
cytic leukemia. The first report of alemtuzumab use in
solid organ transplantation appeared in 1991. Friend
et al. (1991) published a case series on the use of alem-
tuzumab to reverse acute rejection in renal transplant
recipients. Shortly thereafter, Calne et al. (1999) issued
the first report of alemtuzumab use as an induction
agent. The authors reported the results of 31 consecu-
tive renal transplant recipients. Patients received two
20 mg doses of alemtuzumab; the first dose was given
in the operating room and the second dose was given
on postoperative day 1. Patients were initiated on low-
dose cyclosporine monotherapy 72 h after transplant,
with a target trough range of 75-125 ng/mL. Six
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patients experienced corticosteroid responsive rejec-
tion (20%). Three of these were maintained on cortico-
steroids and azathioprine following rejection, while
the other three remained on cyclosporine monother-
apy. Allografts remained functional in 94% (29/31) of
patients at 15-28 months posttransplant (Calne et al.
1999).

The largest multicenter randomized controlled
trial assessing alemtuzumab induction in low- and
high-risk renal transplant recipients showed that
biopsy-confirmed acute rejection was reduced in low-
risk patients receiving alemtuzumab when compared
to basiliximab after 3 years of follow-up. In high-risk
renal transplant patients, alemtuzumab and
Thymoglobulin® appeared to have similar efficacy.
However, patients who received alemtuzumab had
increased rates of late rejections (between 12 and
36 months) when compared to conventional therapies
(8% versus 3%, p = 0.03). All patients were withdrawn
from steroids by postoperative day 5. Adverse effects
were similar with more leukopenia observed in the
alemtuzumab group (54%) compared to basiliximab
(29%), and more serious adverse effects related to
malignancy were seen with alemtuzumab (5%) when
compared to a composite of all basiliximab- and
Thymoglobulin®-treated patients (1%). However, over-
all adverse events related to malignancy were similar
between treatment groups (Hanaway et al. 2011).

Currently, the most data on the use of alemtu-
zumab in solid organ transplantation are with kidney
transplant recipients and literature suggests that it is
used in 13% of all kidney transplants (Serrano et al.
2015). However, alemtuzumab is currently being used
for induction and for treatment of rejection in other
organs as well (Morris and Russell 2006). In the most
recent review of immunosuppression trends in the
United States, alemtuzumab use markedly increased
from 2001 to 2004 and has been lumped in with other
T-cell depleting induction in most recent reports, with
use primarily limited to induction of immunosuppres-
sion (see Tables 25.3 and 25.4).

In 2004, alemtuzumab was the predominant
agent used for induction in both pancreas and intesti-
nal transplant recipients (Meier-Kriesche et al. 2006).
Use in liver transplant has been limited but has
appeared in a couple of published trials. Specific find-
ings from these trials indicate that patients without
hepatitis C were able to tolerate lower levels of calci-
neurin inhibitors which corresponded to lower serum
creatinine levels at 1-year posttransplant (Tzakis et al.
2004). In contrast, administration of alemtuzumab pos-
itively correlated with early recurrence of hepatitis C
viral replication (Marcos et al. 2004).

Alemtuzumab in heart transplantation has been
rarely reported in the literature with only 2% of heart
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transplant patients receiving alemtuzumab for induc-
tion in 2004 (Meier-Kriesche et al. 2006). Teuteberg and
colleagues recently published a retrospective study on
1-year outcomes on the use of alemtuzumab for induc-
tion in cardiac transplantation at a single center.
Freedom from rejection was higher in the alemtu-
zumab group (versus no induction); however, survival
at 1 year was similar between groups with more
adverse effects in the alemtuzumab group (Teuteberg
et al. 2010). Despite this recent publication, there
remains a paucity of data in the cardiac transplant pop-
ulation regarding alemtuzumab for induction immu-
nosuppression, which has resulted in limited use in
this population. The use of alemtuzumab in lung trans-
plant is also under investigation with some initial anal-
ysis of registry data suggesting that it may be beneficial
in preventing bronchiolitis obliterans syndrome, a
form of chronic rejection, when used for induction and
as a rescue (Furuya et al. 2016, Ensor et al. 2017).

A retrospective review of 5-year outcomes on the
use of alemtuzumab induction in lung transplant
recipients at a single center showed an improvement in
patient and graft survival with alemtuzumab com-
pared to no induction or daclizumab induction and
higher rates of freedom from cellular rejection than no
induction or Thymoglobulin® or daclizumab induction
(Shyu et al. 2011). The results of the previous study are
consistent with another retrospective study that
showed decreased rejection rates with alemtuzumab
induction in comparison to Thymoglobulin® and dacli-
zumab in lung transplant patients (McCurry et al.
2005). In 2004, 3% of lung transplant recipients received
alemtuzumab for induction (Meier-Kriesche et al.
2006); however, this number may be increasing as more
data emerges regarding alemtuzumab use in the lung
transplant population.

Alemtuzumab induction has allowed for early
withdrawal of corticosteroids in several clinical trials,
thereby decreasing long-term steroid exposure. This
may lead to improved clinical outcomes since the use
of steroids has been correlated with an increased inci-
dence of cardiovascular disease, endocrine, and meta-
bolic side effects. However, the long-term benefit of
steroid withdrawal after alemtuzumab induction
requires further study. Several trials have also shown
success with using low-dose calcineurin inhibitors
with alemtuzumab induction. However, early trials in
which calcineurin inhibitor avoidance was initiated,
the rate of early acute antibody-mediated rejection was
17% compared to 10% under traditional immunosup-
pression which included calcineurin inhibitors
(Magliocca and Knechtle 2006).

The infusion of alemtuzumab is well tolerated. In
general, induction doses are administered immediately
preceding reperfusion of the transplanted allograft.
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Pretreatment with corticosteroids, diphenhydramine,
and acetaminophen is generally advised to prevent
sequelae from cellular apoptosis. However, cytokine
release associated with alemtuzumab is insignificant in
comparison to other agents (Morris and Russell 2006).

Until recently, there were few published experi-
ences detailing long-term outcomes in patients who
received alemtuzumab induction (Magliocca and
Knechtle 2006). Initially clinicians were concerned that
the profound lymphodepletion that was observed fol-
lowing administration would lead to a significant
increase in the number of severe infections. Therefore,
lymphocyte response to donor antigens following
alemtuzumab administration was also evaluated
in vitro (Bloom et al. 2006). Lymphocytes from patients
treated with alemtuzumab were able to respond to
donor antigens and cytokines. However, a small subset
of patients were hyporesponsive, which is similar to
the control patients observed in this study (Bloom et al.
2006). In addition, several reports detailing the use of
alemtuzumab thus far suggest that both infection and
malignancy rates are minimal when compared to other
agents used for the same indication (Morris and
Russell 2006; Magliocca and Knechtle 2006). These
findings are confirmed with the prospective 3-year
data published by Hanaway et al. in kidney transplant
recipients as well as the retrospective 5-year data pub-
lished by Shyu et al. in lung transplant recipients
(Hanaway et al. 2011; Shyu et al. 2011). Recent analysis
of kidney registry data also indicate that long-term
outcomes with alemtuzumab induction are similar to
that of Thymoglobulin® induction (Serrano et al. 2015).

At present, a concern associated with alemtu-
zumab administration is an increased incidence of
autoimmune diseases. The exact incidence and etiol-
ogy of autoimmune diseases following alemtuzumab
administration in solid organ transplant is currently
unknown, although the most well-designed trial with
3-year follow-up to date did not report autoimmune
diseases developing in kidney transplant recipients
receiving alemtuzumab for induction (Hanaway et al.
2011). Initial reports of autoimmune diseases associ-
ated with alemtuzumab administration came from the
multiple sclerosis population. A single center observed
the development of Grave’s disease in 9 out of 27
patients who received alemtuzumab (Coles et al. 1999).
Thyroid function in all patients was normal prior to
alemtuzumab and the mean time to development of
autoimmune hyperthyroidism was 19 months (range
9-31 months) (Coles et al. 1999). Autoimmune hyper-
thyroidism was first reported in a kidney transplant
recipient who received alemtuzumab induction 4 years
earlier (Kirk et al. 2006). Watson et al. (2005) published
a 5-year experience with alemtuzumab induction, in
which they reported a 6% (2/33) incidence of autoim-
mune disease development following administration.

One patient developed hyperthyroidism in the early
posttransplant period, and one patient developed
hemolytic anemia, which was refractory to corticoste-
roids. With the increased use of alemtuzumab in solid
organ transplantation, it is important to continually
assess the risk of autoimmune disease development in
this population.

Alemtuzumab became such a popular option in
solid organ transplant and for other non-transplant
indications that the pharmaceutical company removed
it from the market in 2012. (Enderby and Keller 2015)
Similar to other medications mentioned the drug has
been repurposed as a medication to treat multiple scle-
rosis under the name Lemtrada®. Transplant centers
were able to obtain alemtuzumab for transplantation
since then but under scrutinized conditions and lim-
ited qualities associated with a distribution program
(Serrano et al. 2015).

B Rituximab
Rituximab is a chimeric murine/human IgG1 mono-
clonal antibody directed at the CD20 cell surface pro-
tein (Tobinai 2003). Rituximab is currently FDA
approved for the CD20-positive forms of non-
Hodgkin’s lymphoma and chronic lymphocytic leuke-
mia (CLL) and Wegener granulomatosis, microscopic
polyangiitis, and refractory rheumatoid arthritis (see
Chaps. 23 and 26) (Genentech 2011). The CD20 antigen
is a 35-kDa phosphoprotein expressed on B cells, from
pre-B cells to mature B cells. This protein is not
expressed on hematopoietic stem cells, plasma cells, T
lymphocytes, or other tissues (Tobinai 2003). The CD20
protein is a calcium channel and is responsible for
B-cell proliferation and differentiation (Tobinai 2003).
Early monoclonal antibodies developed against CD20
revealed that antibody binding did not result in modu-
lation of activity or shedding of the surface protein,
making the development of a humanized anti-CD20
antibody rational (Tobinai 2003). Rituximab was origi-
nally developed to treat B-cell lymphomas, as the vast
majority of malignant B cells express the CD20 recep-
tor. Following continuously infused, high doses of
engineered anti-CD20 monoclonal antibodies clear-
ance of CD20-positive cells occurred within 4 h of
administration (Press et al. 1987). Circulating B-cell
clearance was immediate; however, lymph node and
bone marrow B-cell clearance were dose dependent.
Rituximab was initially used in solid organ trans-
plant recipients to treat posttransplant lymphoprolifer-
ative disorder (PTLD). PTLD is a malignancy that
develops following exposure to high levels of T-cell
depleting immunosuppression (see section
“Immunologic Targets: Rational Development/Use of
Monoclonal Antibodies in Organ Transplant”). Under
normal physiologic conditions, both the humoral
and cellular immune systems work in concert to fight
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infection. In addition, cytotoxic T lymphocytes survey
the body for malignant cells. Current immunosuppres-
sion and induction therapy are focused on decreasing
communication and proliferation of T lymphocytes,
which may lead to unopposed B-cell proliferation. The
most significant risk factors for the development of
PTLD are the use of potent T-cell depleting therapies as
well as an Epstein-Barr virus (EBV) negative recipient
serostatus. Approximately 60-70% of PTLD cases are
associated with EBV. Certain B cells that are infected
with EBV or other viruses may go into unopposed cel-
lular differentiation leading to PTLD (Evens et al. 2010).

This disorder was first reported in five living
donor renal transplant recipients in 1969 with four of
the five patients dying from their disease. The fifth
patient survived following radiation and reduction in
immunosuppression (Penn et al. 1969). The incidence of
posttransplant malignancy, specifically PTLD, increased
as the number of solid organ transplants increased.
Specific agents linked to the development of PTLD
included OKT3 and rabbit antithymocyte globulin
(Swinnen et al. 1990; Evens et al. 2010). The initial treat-
ment for PTLD is a reduction in maintenance immuno-
suppression, to allow T-cell surveillance to resume and
aid in the destruction of malignancy causing cells.
However, pharmacotherapeutic agents have been used
successfully in patients who fail to respond to decreased
immunosuppression. Rituximab is the most studied
medication for the treatment of PTLD and can be con-
sidered in patients with CD20-positive tumors.
Rituximab was initially used in the 1990s to target
B-cell-specific forms of PTLD that did not involve the
central nervous system (Faye et al. 1998; Cook et al.
1999; Davis and Moss 2004). The molecular size of ritux-
imab generally precludes its use for central nervous
system tumors with <5% of rituximab penetrating the
blood brain barrier, although some recent reports have
shown success with rituximab for the treatment of CNS
PTLD (Patrick et al. 2011; Kordelas et al. 2008; Jagadeesh
et al. 2012). Administration of rituximab in patients
with peripheral lymphomas resulted in clearance of
malignant B cells for up to 12 months (Davis and Moss
2004). Currently, rituximab is reserved for patients with
CD20-positive PTLD who fail to respond to reduction
in maintenance immunosuppression. Rituximab can be
used alone or in combination with chemotherapy in
patients with severe or refractory PTLD.

Rituximab has also been employed as a desensi-
tizing agent (see section “Monoclonal Antibodies
Administered Pre-transplant”) prior to solid organ
transplant. Doses of 375 mg per m? administered prior
to transplant enabled transplantation across ABO
incompatible blood types and transplantation of highly
sensitized patients. Often rituximab is given in combi-
nation with other immunosuppressants to halt the pro-
duction of new B lymphocytes and prevent the
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formation of new plasma cells. Desensitization proto-
cols involve administration of pooled immunoglobulin
followed by plasmapheresis to remove donor-specific
antibody complexes. Rituximab is administered fol-
lowing the course of plasmapheresis for two reasons:
(1) rituximab is removed by plasmapheresis and (2)
rituximab only targets B lymphocytes, not the plasma
cells currently secreting antibody. Therefore, timing of
administration is crucial to the success of the desensiti-
zation protocol (Pescovitz 2006). Several protocols with
various outcomes exist. One example is a recent study
by Vo and colleagues where they evaluated intrave-
nous immunoglobulin with and without rituximab for
desensitization in a double-blind placebo controlled
trial. This trial was halted early secondary to serious
adverse events in the placebo arm however did sug-
gest some benefit of rituximab based regimens in pre-
venting rebound of antibodies (Vo et al. 2014).

Following transplant, rituximab is also used for
the treatment of acute, refractory antibody-mediated
rejection. Antibody-mediated rejection is characterized
by host recognition of donor antigens followed by
T-cell proliferation and antigen presentation to B cells.
B cells then undergo clonal expansion and differentia-
tion into mature plasma cells, which secrete anti-donor
antibody. This immune process may occur before or
after transplantation. Often the presence of antibodies
against donor tissue is discovered prior to transplant,
during final crossmatch, thus preventing hyperacute
rejection. In some cases, low levels of antibody or
memory B cells exist which can facilitate antibody-
mediated rejection within the first several weeks fol-
lowing transplant. Rituximab, therefore, is used to
induce apoptosis of the B cells producing or capable of
producing  antibodies  against the allograft.
Unfortunately, the CD20 receptor is absent on mature
plasma cells; therefore, rituximab can only stop new B
cells from forming. Plasmapheresis is necessary to
remove antibodies produced by secreting plasma cells.
It is important to remember that rituximab may be
removed by plasmapheresis and timing of administra-
tion is necessary to ensure optimal drug exposure. The
optimal number of doses and length of therapy neces-
sary to suppress antibody-mediated rejection is
unknown (Pescovitz 2006; Stegall and Gloor 2010).

In 2005 and 2006, rituximab was shown to
improve the clinical course of renal transplant patients
with recurrent focal segmental glomerulosclerosis
(FSGS) in patients who were receiving rituximab for
the treatment of PTLD (Nozu et al. 2005; Pescovitz
et al. 2006). A subsequent study described seven pedi-
atric patients who had a relapse of proteinuria after
transplantation and who failed to respond to initial
plasmapheresis. After failure of plasmapheresis,
patients received rituximab for treatment of refractory
FSGS. Three patients had complete resolution of pro-
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teinuria; urine protein decreased by 70% in one patient
and by 50% in one patient. One patient failed to respond
to therapy and one patient was unable to tolerate the
rituximab infusion. This study confirmed that ritux-
imab is a possible treatment option for recurrent FSGS
(Strologo et al. 2009). Additional studies are needed to
further delineate the role of rituximab in the treatment
of recurrent FSGS.

B Eculizumab
Eculizumab is a recombinant-humanized IgG2/4
monoclonal antibody with murine complementarity-
determining regions grafted onto the framework of the
human antibody on the light- and heavy-chain variable
regions. Eculizumab binds with specificity and with
high affinity to C5, a complement protein. By binding
to C5, eculizumab prevents cleavage of C5 to C5a and
C5b, which prevents the formation of the membrane
attack complex. Currently, eculizumab is approved for
use in the treatment of paroxysmal nocturnal hemoglo-
binuria and atypical hemolytic uremic syndrome
(Alexion Pharmaceuticals 2011; McKeage 2011).

Because antibody-mediated rejection (AMR) is
associated with complement activation evidenced by
C4d" staining on biopsy, the use of eculizumab for the
prevention and treatment of AMR holds promise
(Stegall and Gloor 2010). The first case describing the
use of eculizumab for the treatment of severe AMR was
published in 2009. The patient was a highly sensitized
kidney transplant recipient who received desensitiza-
tion therapy before and after transplant. However, he
became anuric with a biopsy that was positive for AMR
approximately 8 days after transplant. After clinical
failure of plasmapheresis and intravenous immuno-
globulin, eculizumab was initiated. Intravenous immu-
noglobulin was also given in order to decrease
donor-specific antibodies, and rituximab was given in
order to prevent B-cell proliferation. Donor-specific
antibodies did not decrease initially; however,
C5d-9 staining was reduced on biopsy, and AMR was
completely resolved on follow-up biopsies (Locke et al.
2009).

The use of eculizumab for the prevention of AMR
has also been reported. In one study, patients with a
positive crossmatch to their living kidney donor
received plasmapheresis and eculizumab preopera-
tively and were compared to a historical control who
received only plasmapheresis pre- and postoperatively.
The treatment group also received eculizumab post-
transplant for at least 4 weeks. Treatment continued in
patients who did not have a decrease in donor-specific
antibody. The incidence of AMR at 3 months was 7% in
the eculizumab group compared to 41% in the histori-
cal control group (Stegall and Gloor 2010).

Recent evidence has proven that complement
activation is involved in the development of hemolytic

uremic syndrome. There have been a few case reports
that show that eculizumab can improve the outcomes
of patients who develop hemolytic uremic syndrome
after renal transplant (Van den Hoogen and Hilbrands
2011). More recently a case series detailing use post-
transplant in patients either prophylactically, with
known hemolytic uremic syndrome, or who developed
hemolytic uremic syndrome indicated good response
without a significant increase in opportunistic infec-
tions (de Andrade et al. 2017).

There is limited data, mainly case reports and
series, on the use of eculizumab in solid organ trans-
plantation at this time. However, it is likely that its role
in the prevention and treatment of AMR, hemolytic
uremic syndrome after transplantation, and other pos-
sible indications will be more clearly defined by the
next decade.

B Tocilizumab

Tocilizumab is a humanized monoclonal antibody
directed at the IL-6 receptor and is approved in the
United States to treat various forms of arthritis.
Tocilizumab is a novel mAb therapy that competitively
inhibits the binding of IL-6 to its receptor. Inhibiting
the entire receptor complex prevents IL-6 signal trans-
duction to inflammatory mediators that summon B
and T cells. IL-6 signaling can be inhibited by suppres-
sors of cytokine signaling, such as antibodies directed
against IL-6R. In order to signal, IL-6 and its receptors
form a four-part complex at the cell surface that com-
prises IL-6, an IL-6R, and two gp130 proteins. The sig-
nal is then transduced through several members of the
Janus-activated kinase-signal transducer and activator
of transcription (JAK-STAT) pathway. The signal ulti-
mately leads to the transcription of genes with IL-6
response elements. The most commonly known mem-
bers of the JAK-STAT pathway are the acute-phase pro-
teins, which are a collection of macromolecules that
flood the circulation during certain inflammatory dis-
orders (Sebba 2008).

As attempts to reduce HLA antibodies levels in
sensitized transplant recipients have not been univer-
sally effective, many drugs with favorable mechanisms
of action have been tested in desensitization. Since IL-6
is a pleiotropic cytokine that has powerful stimulatory
effects on B cells and plasma cells and its function is
responsible for normal antibody production, it is rea-
sonable to evaluate its efficacy for desensitization. In
November 2016, the first published experience with
tocilizumab in patients undergoing desensitization
awaiting kidney transplant was reported. Tocilizumab
was added to a common intravenous immunoglobulin
(IVIG) based desensitization protocol and resulted in
decrease in the mean time to transplant and outcomes
free of biopsy proven antibody mediated rejection.
These early results encourage further studies with
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tocilizumab and other agents developed outside of
transplant indications which possess a novel approach
to reducing antibody production (Vo et al. 2015).

B Belatacept
In an effort to achieve the “immunotolerant” state post-
transplant, research has been focused in the area of co-
stimulation blockade. Simplistically, when a T cell is
exposed to an antigen particle expressed on an antigen
presenting cell through the T-cell receptor, additional co-
stimulation is required for full activation of the T cell
(Wekerle and Grinyo 2012). If co-stimulation is blocked,
then the T cell becomes unresponsive and in essence tol-
erant. CD28 is expressed on human T cells and is upregu-
lated on activated T cells, while its ligands, on the surface
of the antigen presenting cell, are CD80 and CD86
(Wekerle and Grinyo 2012). Cytotoxic T-lymphocyte
antigen-4 (CTLA-4) was identified as a compound that
would bind the same ligands as CD28 but to a much
higher affinity (Wekerle and Grinyo 2012). A modifica-
tion of CTLA-4, giving it higher binding affinity for
CD80/86, was fused with a mutated (no longer able to
fix complement) human IgGl, yielding belatacept
(Wekerle and Grinyo 2012). Therefore, belatacept binds
to CD80 and CD86 with high affinity, blocking their
interaction with CD28 on T cells. An artifact of belatacept
is that it also blocks intrinsic CTLA-4, which normally
acts as an inhibitory ligand on the surface of activated T
cells, responsible for limiting the proliferation of the
immune response (Wekerle and Grinyo 2012). Blockade
of CTLA-4 could prevent tolerance from being achieved
when administered posttransplant; however, phase II tri-
als indicate that the synthesis of CD4+ CD25+ regulatory
T cells is not interrupted following belatacept exposure
(Gupta and Womer 2010). Belatacept is an intravenous
infusion, dosed based on actual body weight, and is
unaffected by renal or hepatic function, which is admin-
istered frequently during the first 1-3 months posttrans-
plant then monthly thereafter (Martin et al. 2011).
Belatacept has been mainly studied and demon-
strated efficacy in kidney transplant recipients in com-
binationwithbasiliximab inductionand mycophenolate
mofetil/prednisone maintenance immunosuppres-
sion. Belatacept has been touted as calcineurin inhibi-
tor sparing and therefore more renal protective
posttransplant. Recently the 3-year results of the
BENEFIT study were published detailing the safety
and efficacy of belatacept versus cyclosporine in com-
bination with mycophenolate mofetil and prednisone
(Vincenti et al. 2012). The BENEFIT trial evaluated 663
kidney transplant recipients who received low inten-
sity (0-3 months; 10 mg/kg on days 1 and 5, 10 mg/kg
on weeks 2, 4, 8, 12, 3-36 months 5 mg/kg every
4 weeks; n = 226), moderate intensity (0—6 months)
10 mg/kg on days 1 and 5, 10 mg/kg on weeks 2, 4, 6,
8,10, 12,16, 20, and 24; 7-36 months 5 mg/kg (n = 219)
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belatacept or cyclosporine (n = 221) in combination
with mycophenolate mofetil and prednisone. Graft
survival at 3 years was 92% in the low- and moderate-
intensity groups and 89% in the cyclosporine group. A
total of 6 patients died, 2 in each group, and 9 patients
lost their graft (4 in the low intensity, 3 in the moderate
intensity, and 2 in the cyclosporine group). Calculated
glomerular filtration rate was 66 + 27 mL/min/1.73 m?
in the low intensity, 65 + 26 mL/min/1.73 m? in the
moderate intensity, and 44 + 24 mL/min/1.73 m? in the
cyclosporine group, p < 0.0001. Acute rejection mainly
occurred in the first-year posttransplant with a cumu-
lative rate of 17% in the low intensity and 24% in the
moderate intensity versus 10% in the cyclosporine
group. There were no new rejectins in the belatacept
treatments arms between years 2-3. Donor specific
antibody production was reduced by 50% in the belata-
cept treated patients. PTLD occurred in five patients
who received belatacept versus one patient in the
cyclosporine group (Vincenti et al. 2012). In 2016,
7 years after transplantation of this same cohort, patient
and graft survival and the mean eGFR were signifi-
cantly higher with belatacept than with cyclosporine. A
43% reduction in the risk of death or graft loss was
observed as compared with the cyclosporine regimen
with equal contributions from the lower rates of death
and graft loss. The mean estimated glomerular filtra-
tion rate increased over the 7-year period with belata-
cept, but declined with the cyclosporine regimen.
(Vincenti et al. 2016) Similar results were found at 3
and 7 years in extended criteria kidney transplant
recipients (Pestana et al. 2012, Durrbach et al. 2016).
When more intensive belatacept dosing was used in
combination with mycophenolate mofetil (n = 33) or
sirolimus (1 = 26) versus tacrolimus with mycopheno-
late mofetil (n = 30) following rabbit antithymocyte
globulin and early corticosteroid withdrawal (4 days),
acute rejection rates were low (12% belatacept-
mycophenolate, 4% belatacept-sirolimus, and 3% in
the tacrolimus-mycophenolate). Graft survival was
100% at 1 year in the tacrolimus group versus 91% in
the belatacept-mycophenolate group and 92% in the
belatacept-sirolimus group; however, graft function
was roughly 8 mL/min/1.73 m? higher in the belata-
cept groups. However, less than 80% of patients in the
belatacept groups remained steroid-free at 12 months
versus 93% in the tacrolimus group (Ferguson et al.
2011). Patients 6-36 months post-kidney transplant
were also enrolled in a conversion trial in which they
were randomized to continue their current immuno-
suppression or be converted to belatacept to evaluate if
an improvement in renal function could be obtained
following discontinuation of a calcineurin inhibitor
(Rostaing et al. 2011). An average improvement in glo-
merular filtration rate was noted in the belatacept
group (7 mL/min versus 2.1 mL/min, p = 0.0058) at
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12 months following conversion. Six patients did
develop acute rejection following their conversion to
belatacept, but these rejections did not result in graft
loss (Rostaing et al. 2011).

Evidence for the use of belatacept is currently lack-
ing in nonrenal transplant recipients and high immuno-
logic risk and non-Caucasian organ recipients.
Additionally, patients who are EBV positive are at high
risk of developing posttransplant lymphoproliferative
disease in the central nervous system. This observation
warranted a black box warning to be issued in the belata-
cept package insert detailing that the use of belatacept is
contraindicated in patients who are EBV negative (Bristol
Myers Squibb Company 2011). As a result of this warn-
ing, a risk evaluation and mitigation strategy (REMS) for
belatacept was originally approved by the Food and
Drug Administration (FDA) on June 15, 2011. On May 9,
2017, the FDA determined that a REMS is no longer
required for belatacept and has eliminated the REMS
requirement citing current labeling is adequate to address
the serious and significant public health concerns to
ensure the benefits of the drug outweigh the risks.

OTHER MONOCLONAL ANTIBODIES USED
IN TRANSPLANT RECIPIENTS

Monoclonal antibodies to treat other comorbid condi-
tions is commonplace in prospective transplant candi-
dates. The use of these antibodies post-transplant
becomes a discussion and the therapeutic impact on
overall immunosuppression is unknown. Careful con-
sideration of each monoclonal antibody used in combi-
nation with transplant immunosuppression is needed.
The patient and clinical team need to weigh the risks
and benefits of continuing the monoclonal antibody and
potentially see if symptoms resolve for conditions previ-
ously treated with maintenance immunosuppression. If

monoclonal antibodies used for non-transplant indica-
tions after transplant are needed the team should con-
sider timing based on immunosuppression given at the
time of transplantation, and if additional monitoring for
opportunistic infections and malignancies is needed.

CONCLUSION

Currently, there are several challenges remaining in
solid organ transplantation. These challenges may be
grouped as follows. One challenge is optimizing
patient-specific immunosuppression based on risk fac-
tors for acute rejection. Monoclonal antibodies provide
targeted immunosuppression that when used in con-
junction with specific maintenance immunosuppres-
sants may allow more specific therapy. Another
challenge is preventing over-immunosuppression,
which may lead to infection and malignancy. Although
monoclonal antibodies provide targeted therapy, the
toxicity and potency must be balanced with over-
immunosuppression. Consideration of the mechanism
of action of both the monoclonal antibody and mainte-
nance immunosuppression must be evaluated to ensure
that appropriate antimicrobial prophylaxis and malig-
nancy screening tools are utilized to minimize the
patient’s risk. Finally, increasing patient and graft sur-
vival through reducing the incidence of adverse effects
associated with long-term exposure to maintenance
immunosuppression, such as cardiovascular events or
kidney dysfunction, is necessary. Monoclonal, along
with polyclonal antibodies, may allow for withdrawal
or minimization of specific maintenance immunosup-
pressants that lead to the increased incidence of these
long-term adverse effects. Oftentimes the use of specific
monoclonal antibodies in institutional protocols is
driven by cost or changing availability (Table 25.5) with
careful consideration of the goals of therapy.

Monoclonal antibody Dose? US cost per course (AWP)®
Alemtuzumab 30 mg x 1 $°
Basiliximab 20 mg x 2 $5605
Rituximab 375 mg/m? weekly x 4 doses $20,682
Belatacept 10 mg/kg days 1 and 5 $42,090 for the first year
10 mg/kg after 2 and 4 weeks $28,798 subsequent years
10 mg/kg after 8 and 12 weeks
5 mg/kg after 16 weeks and every 4 weeks thereafter
Eculizumab 1200 mg x 1¢ $74,880
Tocilizumab 600 mg x 1 then $23,860

600 mg weekly x 3

8 mg/kg on Day 15, then monthly for 6 months®

aBased on 70 kg dosing weight, rounded to nearest vial size

Actual wholesale price (AWP) Adapted from Red Book; Thomson Reuters (2012)

°Only available through specialized distribution program

dDosing is based on Stegall et al. (2011) study. Adequate dose for transplantation has not yet been established
¢Dosing is based on Vo et al. (2015) study. Adequate dose for desensitization has not yet been established

Table 25.5

Per dose cost comparison estimates between monoclonal antibodies currently used in solid organ transplantation
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SELF-ASSESSMENT QUESTIONS

B Questions

1.

Monoclonal antibodies are used for several reasons
in solid organ transplantation. What benefit do they
provide over polyclonal antibodies?

The rational development and use of monoclonal
antibodies in solid organ transplantation is focused
on the prevention of host recognition of donor tissue
(rejection). What are the two ways in which the host
immune system recognizes donor tissue and may
cause tissue damage?

What are the molecular targets for monoclonal anti-
bodies currently used in solid organ transplantation?

. Monoclonal antibodies are used at various times in

solid organ transplantation. Describe the reasons
why a monoclonal antibody would be administered
before transplant, at the time of transplant, or fol-
lowing transplant?

There are several important pharmacokinetic
parameters that must be considered when adminis-
tering monoclonal antibodies to solid organ trans-
plant recipients. What are these pharmacokinetic
parameters?

Muromonab has a characteristic infusion-related
reaction. Why does this reaction occur and how can
it be attenuated?

Daclizumab and basiliximab are two monoclonal
antibodies directed against the alpha subunit of the
interleukin-2 receptor. What is the difference
between these two antibodies?

There are several benefits, as well as several risks
associated with the use of monoclonal antibodies in
solid organ transplantation. What are these benefits
and risks?

B Answers

1.

Monoclonal antibodies provide targeted immunosup-
pression. The advantage monoclonal antibodies offer
over polyclonal antibodies is that the receptor target is
known. Polyclonal antibody development involves
the introduction of human lymphocytes into an ani-
mal host immune system. The animal will then
develop polyclonal antibodies directed against
human lymphocyte cell surface targets. As a conse-
quence, inter-batch variability and potency may vary.
Although significant outcome data exists with the use
of polyclonal antibodies, monoclonal antibodies have
a known target allowing for in vivo and in vitro phar-
macokinetic and pharmacodynamic data to aid incor-
poration into novel immunosuppression regimens.

The two ways in which the host immune system rec-
ognizes donor tissue: Complement-dependent
antibody-mediated rejection occurs when the host

(recipient) develops or has preformed antibodies
against the donor tissue. Preformed antibodies will
aggregate to the implanted tissue and initiate the
complement cascade, which facilitates cell lysis. The
majority of these antibodies are usually directed
against the major histocompatibility complexes
(MHC) located on the surface of the donor tissue.
An absolute contraindication to transplantation is
the presence of preformed antibodies against MHC
complex I, which is located on the surface of all
nucleated cells. The second way in which the host
immune system attacks donor tissue is through
T-cell-mediated rejection. This occurs when the
donor tissue is recognized as foreign by host antigen
presenting cells. Antigen presenting cells present
donor tissue antigens to the T cells which stimulates
T-cell proliferation and graft infiltration leading to
inflammation and arteritis.

. Alemtuzumab (Campath-1H®) targets the CD52

receptor, located on peripheral blood lymphocytes,

natural killer cells, monocytes, macrophages, and

thymocytes.

* Daclizumab (Zenapax®) targets the CD25 alpha
subunit of the IL-2 receptor, located on activated
T lymphocytes.

* Basiliximab (Simulect®) targets the CD25 alpha
subunit of the IL-2 receptor, located on activated
T lymphocytes.

e Muromonab-OKT3 (Orthoclone-OKT3®) targets
the CD3 receptor located on CD2-, CD4-, and
CD8-positive lymphocytes.

* Rituximab (Rituxan®) targets the CD20 receptor
located on B lymphocytes.

e Eculizumab (Soliris®) targets C5 in the comple-
ment pathway.

¢ Tocilizumab targets the IL-6 receptor.

. The administration of monoclonal antibodies prior

to transplant is called desensitization. This strategy
is reserved for “highly sensitized” patients, meaning
they have high titers of circulating antibodies against
donor-specific antigens. Monoclonal antibodies that
target cells which produce these antibodies are
employed, in conjunction with plasmapheresis and
pooled human immune globulins. Removal of these
antibodies may facilitate successful transplantation
across this immunologic barrier.

* Monoclonal antibodies administered at the time
of transplant are called induction. Induction is
provided at the time of transplant to decrease the
ability of the host immune system to respond to
implantation of foreign tissue. In addition, mono-
clonal antibodies which provide profound T-cell
depletion given at the time of transplant may
facilitate the need for certain maintenance
immunosuppressants.
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¢ Following transplantation, monoclonal antibod-
ies may be used to treat cell-mediated or anti-
body-mediated rejection. Cell and antibody
infiltrates found in biopsy specimens in correla-
tion with the clinical status of the patient will dic-
tate the type, dose, and duration of the monoclonal
antibody chosen.

5. The volume of distribution, biological half-life, and
total-body clearance can differ significantly between
solid organ transplant recipients. Careful consider-
ation of these pharmacokinetic parameters must be
employed to maximize the efficacy and minimize
the toxicity associated with administration of these
agents. For example, weight-based dosing in obese
patients must be carefully considered, and biologi-
cal markers of efficacy should be evaluated to deter-
mine the appropriate dose and dosing schedule. In
addition, monoclonal antibodies are also removed
by plasma exchange procedures, such as plasma-
pheresis, which may be performed during the peri-
operative period. Therefore, it would be prudent to
administer the monoclonal antibody following the
plasma exchange prescription to avoid removal of
the drug and avoid a possible decrease in efficacy.

6. Muromonab’s infusion-related reaction occurs
because when the molecule binds to the CD3 recep-
tor. It actually activates the cell prior to inducing
apoptosis. T-cell activation leads to increased pro-
duction of inflammatory cytokines and when the
cell undergoes apoptosis these cytokines are
released causing a “cytokine release syndrome.”
This cytokine release syndrome is characterized by
fever, chills, rigors, diarrhea, and potentially capil-
lary leak leading to pulmonary edema. Often times
this reaction is the worst when the largest number of
cells are present, namely, the first dose. However,
this reaction can occur after several days of dosing.
This reaction can be attenuated by administration of
corticosteroids, histamine blockers, and cyclooxy-
genase antagonists. Pharmacotherapy aimed at
reducing the production or the interaction of cyto-
kines with their receptors may decrease the severity
of the cytokine release syndrome.

7. Structure activity relationship: Daclizumab has a bind-
ing capacity of 3 x 10° M~ versus basiliximab which
has a binding capacity of 1 x 10" M~'. Therefore,
basiliximab is three times more potent than dacli-
zumab. Dosing: Daclizumab is dosed based on
weight, while basiliximab is given as a 20 mg dose.
The dosing schedule varies based on the type of
solid organ transplanted as well as concomitant
immunosuppression given. These agents, however,
are only approved for prevention of acute rejection
in kidney transplant recipients.

8. Benefits include targeted immunosuppression, no
batch variability, and low antigenicity in humanized
products. The risks associated with any type of
immunosuppression include an increased risk for
infection, as well as malignancy. Patients who
receive monoclonal antibodies which specifically
target a cell line, such as muromonab, are associated
with a significantly increased risk of posttransplant
lymphoproliferative disease. Appropriate antimi-
crobial prophylaxis and vigilant screening for post-
transplant malignancy may allow for safe and
effective use of these monoclonal antibodies in solid
organ transplantation.

REFERENCES

Alexion Pharmaceuticals: Eculizumab (Soliris) Package
Insert. Alexion Pharmaceuticals, Cheshire. Last
updated: 2011

Amlot PL, Rawlings E, Fernando ON, Griffin P], Heinrich G,
Schreier MH, Castaigne JP, Moore R, Sweny P (1995)
Prolonged action of a chimeric interleukin-2 receptor
(CD25) monoclonal antibody used in cadaveric renal
transplantation. Transplantation 60:748-756

Bloom DD, Hu H, Fechner JH, Knechtle SJ (2006)
T-lymphocyte alloresponses of Campath-1H treated
kidney transplant patients. Transplantation 81:81-87

Bristol Myers Squibb Company: Belatacept (Nulojix) Package
Insert. Bristol Myers Squibb, Princeton. Last updated:
June 2011

Buysmann S, Bemelman FJ, Schellekens PT, van Kooyk Y,
Figdor CG, ten Berge IJ (1996) Activation and increased
expression of adhesion molecules on peripheral blood
lymphocytes is a mechanism for the immediate lym-
phocytopenia after administration of OKT3. Blood
87:404-411

Calne R, Moffatt SD, Friend PJ, Jamieson NV, Bradley JA,
Hale G, Firth ], Bradley ], Smith KG, Waldmann H
(1999) Campath IH allows low-dose cyclosporine
monotherapy in 31 cadaveric renal allograft recipients.
Transplantation 68:1613-1616

Chapman TM, Keating GM (2003) Basiliximab: a review of
its use as induction therapy in renal transplantation.
Drugs 63:2803-2835

Chen J, Astle CM, Harrison DE (2002) Hematopoietic stem
cell functional failure in interleukin-2-deficient mice. J
Hematother Stem Cell Res 11:905-912

Church AC (2003) Clinical advances in therapies targeting
the interleukin-2 receptor. QJM 96:91-102

Coles AJ, Wing M, Smith S, Coraddu F, Greer S, Taylor C,
Weetman A, Hale G, Chatterjee VK, Waldmann H,
Compston A (1999) Pulsed monoclonal antibody treat-
ment and autoimmune thyroid disease in multiple
sclerosis. Lancet 354:1691-1695

Colvin M, Smith JM, Hadley N, Skeans MA, Carrico R,
Uccellini K, Lehman R, Robinson A, Israni AK, Snyder




25 MONOCLONAL ANTIBODIES IN SOLID ORGAN TRANSPLANTATION

JJ, Kasiske BL (2017) OPTN/SRTR 2016 annual report:
heart. Am J Transplant 18:291-362

Cook RC, Connors JM, Gascoyne RD, Fradet G, Levy RD
(1999) Treatment of post-transplant lymphoprolifera-
tive disease with rituximab monoclonal antibody after
lung transplantation. Lancet 354:1698-1699

Davis JE, Moss DJ (2004) Treatment options for post-
transplant lymphoproliferative disorder and other
Epstein-Barr virus-associated malignancies. Tissue
Antigens 63:285-292

de Andrade LGM, Contti MM, Nga HS, Bravin AM, Takase
HM, Viero RM, da Silva TN, Chagas KN, Palma LMP
(2017) Long-term outcomes of the Atypical Hemolytic
Uremic Syndrome after kidney transplantation
treated with eculizumab as first choice. PLoS One
12:e0188155

Durrbach A, Pestana JM, Florman S, Del Carmen Rial M,
Rostaing L, Kuypers D, Matas A, Wekerle T, Polinsky M,
Meier-Kriesche HU, Munier S, Griny6 JM (2016) Long-
term outcomes in belatacept- versus cyclosporine-
treated recipients of extended criteriadonor kidneys:
final results from BENEFIT-EXT, a phase III random-
ized study. Am J Transplant 16:3192-3201

Enderby C, Keller CA (2015) An overview of immunosup-
pression in solid organ transplantation. Am ] Managed
Care 21:512-s23

Ensor CR, Rihtarchik LC, Morrell MR, Hayanga JW, Lichvar
AB, Pilewski J]M, Wisniewski S, Johnson BA, D’Cunha
J, Zeevi A, McDyer JF (2017) Rescue alemtuzumab for
refractory acute cellular rejection and bronchiolitis
obliterans syndrome after lung transplantation. Clin
Transpl 31:e12899

Evens AM, Roy R, Sterrenberg D, Moll MZ, Chadburn A,
Gordon LI (2010) Post-transplantation lymphoprolif-
erative disorders: diagnosis, prognosis, and current
approaches to therapy. Curr Oncol Rep 12:383-394

Faye A, Van Den Abeele T, Peuchmaur M, Mathieu-Boue A,
Vilmer E (1998) Anti-CD20 monoclonal antibody for
post-transplant lymphoproliferative disorders. Lancet
352:1285

Ferguson R, Grinyo ], Vincenti F, Kaufman DB, Woodle ES,
Marder BA, Citterio F, Marks WH, Agarwal M, Wu
D, Dong Y, Garg P (2011) Immunosuppression with
belatacept-based, corticosteroid-avoiding regimens in
de novo kidney transplant recipients. Am J Transplant
11:66-76

Friend PJ, Waldmann H, Hale G, Cobbold S, Rebello P, Thiru
S, Jamieson NV, Johnston PS, Calne RY (1991) Reversal
of allograft rejection using the monoclonal antibody,
Campath-1G. Transplant Proc 23:2253-2254

Furuya Y, Jayarajan SN, Taghavi S, Cordova FC, Patel
N, Shiose A, Leotta E, Criner GJ, Guy TS, Wheatley
GH, Kaiser LR, Toyoda Y (2016) The impact of
Alemtuzumab and Basiliximab induction on patient
survival and time to bronchiolitis obliterans syn-
drome in double lung transplantation recipients. Am
J Transplant 16:2334-2341

Genentech: Rituximab (Rituxan) Package Insert. Genentech,
Inc, San Francisco. Last updated: 2011

553

Genzyme Corporation: Alemtuzumab (Campath) Package
Insert. Genzyme Corporation, Cambridge. Last
updated: 2009

Gupta G, Womer KL (2010) Profile of belatacept and its
potential role in prevention of graft rejection fol-
lowing renal transplantation. Drug Des Devel Ther
4:375-382

Halloran PF (2004) Immunosuppressive drugs for kidney
transplantation. N Engl ] Med 351:2715-2729

Hanaway M], Woodle ES, Mulgaonkar S, Peddi VR, Kaufman
DB, First MR, Croy R, Holman J (2011) Alemtuzumab
induction in renal transplantation. N Engl ] Med
364:1909-1919

Hart A, Smith JM, Skeans MA, Gustafson SK, Wilk AR,
Robinson A, Wainright JL, Haynes CR, Snyder JJ,
Kasiske BL, Israni AK (2017) OPTN/SRTR 2016 annual
report: kidney. Am J Transplant 18:18-113

Jagadeesh D, Woda BA, Draper ], Evens AM (2012) Post
transplant lymphoproliferative disorders: risk, classifi-
cation, and therapeutic recommendations. Curr Treat
Options in Oncol 13(1):122-136

Junghans RP, Waldmann TA, Landolfi NF, Avdalovic NM,
Schneider WP, Queen C (1990) Anti-Tac-H, a human-
ized antibody to the interleukin 2 receptor with new
features for immunotherapy in malignant and immune
disorders. Cancer Res 50:1495-1502

Kandaswamy R, Stock PG, Gustafson SK, Skeans MA, Curry
MA, Prentice MA, Fox A, Israni AK, Snyder JJ, Kasiske
BL (2017) OPTN/SRTR 2016 annual report: pancreas.
Am ] Transplant 18:114-171

Kim WR, Lake JR, Smith JM, Schladt DP, Skeans MA, Harper

AM, Wainright JL, Snyder JJ, Israni AK, Kasiske BL

(2017) OPTN/SRTR 2016 annual report: liver. Am J

Transplant 18:172-253

AD, Hale DA, Swanson SJ, Mannon RB (2006)

Autoimmune thyroid disease after renal transplanta-

tion using depletional induction with alemtuzumab.

Am | Transplant 6:1084-1085

Kneuchtle SJ, Fernandez LA, Pirsch JD et al (2004)
Campath-1H in renal transplantation: the University
of Wisconsin experience. Surgery 136:754-760

Kordelas L, Trenschel R, Koldehoff M, Elmaagacli A, Beelan
DW (2008) Successful treatment of EBV PTLD with
CNS lymphomas with the monoclonal anti-CD20 anti-
body rituximab. Onkologie 31:691-693

Kovarik JM, Rawlings E, Sweny P, Fernando O, Moore R,
Griffin PJ, Fauchald P, Albrechtsen D, Sodal G, Nordal
K, Amlot PL (1996) Pharmacokinetics and immunody-
namics of chimeric IL-2 receptor monoclonal antibody
SDZ CHI 621 in renal allograft recipients. Transpl Int
9:532-533

Kovarik J, Wolf P, Cisterne JM, Mourad G, Lebranchu Y, Lang
P, Bourbigot B, Cantarovich D, Girault D, Gerbeau
C, Schmidt AG, Soulillou JP (1997) Disposition of
basiliximab, an interleukin-2 receptor antibody, in
recipients of mismatched cadaver renal allografts.
Transplantation 64:1701-1705

Locke JE, Magro CM, Singer AL, Segev DL, Haas M, Hillel
AT, King KE, Kraus E, Lees LM, Melancon JK, Stewart

Kirk



554 N. A. PILCHET AL.

ZA, Warren DS, Zachary AA, Montgomery RA (2009)
The use of antibody to complement protein C5 for sal-
vage treatment of severe antibody-mediated rejection.
Am ] Transplant 9:231-235

Magliocca JF, Knechtle SJ (2006) The evolving role of alemtu-
zumab (Campath-1H) for immunosuppressive therapy
in organ transplantation. Transpl Int 19:705-714

Magnussen K, Klug B, Moller B (1994) CD3 antigen modu-
lation in T-lymphocytes during OKT3 treatment.
Transplant Proc 26:1731

Marcos A, Eghtesad B, Fung JJ, Fontes P, Patel K, Devera M,
Marsh W, Gayowski T, Demetris AJ, Gray EA, Flynn
B, Zeevi A, Murase N, Starzl TE (2004) Use of alem-
tuzumab and tacrolimus monotherapy for cadaveric
liver transplantation: with particular reference to hepa-
titis C virus. Transplantation 78:966-971

Martin ST, Tichy EM, Gabardi S (2011) Belatacept: a novel
biologic for maintenance immunosuppression after
renal transplantation. Pharmacotherapy 31:394-407

McCurry KR, Tacono A, Zeevi A, Yousem S, Girnita A,
Husain S, Zaldonis D, Johnson B, Hattler BG, Starzl TE
(2005) Early outcomes in human lung transplantation
with Thymoglobulin or Campath-1H for recipient pre-
treatment followed by posttransplant tacrolimus near-
monotherapy. ] Thorac Cardiovasc Surg 130:528-537

McKeage K (2011) Eculizumab: a review of its use in parox-
ysmal nocturnal haemoglobinuria. Drugs 71:2327-2345

Meier-Kriesche HU, Li S, Gruessner RWG, Fung JJ, Bustami
RT, Barr ML, Leichtman AB (2006) Immunosuppression:
evolution in practice and trends, 1994-2004. Am ]
Transplant 6:1111-1131

Morris PJ (2004) Transplantation—a medical miracle of the
20th century. N Engl ] Med 351:2678-2680

Morris PJ, Russell NK (2006) Alemtuzumab (Campath-1H):
a systematic review in organ transplantation.
Transplantation 81:1361-1367

Noguchi M, Adelstein S, Cao X, Leonard W] (1993)
Characterization of the human interleukin-2 receptor
gamma gene. ] Biol Chem 268:13601-13608

Nojima M, Yoshimoto T, Nakao A, Itahana R, Kyo M,
Hashimoto M, Shima H (2005) Sequential blood level
monitoring of basiliximab during multisession plas-
mapheresis in a kidney transplant recipient. Transplant
Proc 37:875-878

Novartis Pharmaceuticals: Basiliximab (Simulect) Package
Insert. Novartis Pharmaceuticals Corporation, East
Hanover. Last updated: 2005

Nozu K, Iijima K, Fujisawa M, Nakagawa A, Yoshikawa N,
Matsuo M (2005) Rituximab treatment for posttrans-
plant lymphoproliferative disorder (PTLD) induces
complete remission of recurrent nephritic syndrome.
Pediatr Nephrol 20:1660-1663

Opelz G, Dohler B (2004) Lymphomas after solid organ trans-
plantation: a collaborative transplant study report. Am
J Transplant 4:222-230

Ortho Biotech: Muromonab (Orthoclone) Package Insert.
Ortho Biotech, Raritan. Last updated: 2004

Patrick A, Wee A, Hedderman A, Wilson D, Weiss ], Govani
M (2011) High-dose intravenous rituximab for multi-
focal, monomorphic primary central nervous system

posttransplant lymphoproliferative disorder. ] Neuro-
Oncol 103:739-743

Penn I, Hammond W, Brettschneider L, Starzl TE (1969)
Malignant lymphomas in transplantation patients.
Transplant Proc 1:106-112

Pescovitz MD (2006) Rituximab, an anti-CD20 monoclo-
nal antibody: history and mechanism of action. Am J
Transplant 6:859-866

Pescovitz MD, Book BK, Sidner RA (2006) Resolution of recur-
rent focal segmental glomerulosclerosis proteinuria
after rituximab treatment. N Engl ] Med 354:1961-1963

Pestana JOM, Grinyo JM, Vanrenterghen Y, Becker T,
Campistol JM, Florman S, Garcia VD, Kamar N, Lang
P, Manfro RC, Massari P, Rial MD, Schnitzler MA, Vitko
S, Duan T, Block A, Harler MB, Durrbach A (2012)
Three year outcomes from BENEFIT-EXT: a phase III
study of belatacept versus cyclosporine in recipients
of extended criteria donor kidneys. Am ] Transplant
12(3):630-639

Press OW, Appelbaum F, Ledbetter JA, Martin PJ, Zarling J,
Kidd P, Thomas ED (1987) Monoclonal antibody 1F5
(anti-CD20) serotherapy of human B cell lymphomas.
Blood 69:584-591

Queen C, Schneider WP, Selick HE, Payne PW, Landolfi NF,
Duncan JF, Avdalovic NM, Levitt M, Junghans RP,
Waldmann TA (1988) A humanized antibody that binds
to the interleukin 2 receptor. Proc Natl Acad Sci U S A
86:10029-10033

Reid ME, Olsson ML (2005) Human blood group antigens and
antibodies. In: Hoffman R, Benz EJ (eds) Hematology:
basic principles and practice, 4th edn. Churchill
Livingstone, Philadelphia, pp 2370-2374

Robb RJ, Munck A, Smith KA (1981) T cell growth factor
receptors: quantitation, specific and biological rele-
vance. ] Exp Med 154:1455-1474

Rostaing L, Massari P, Garcia VD, Mancilla-Urrea E, Nainan
G, del Carmen RM, Steinberg S, Vincenti F, Shi R, Di
Russo G, Thomas D, Grinyo J (2011) Switching from
calcineurin inhibitor based regimens to a belata-
cept based regimen in renal transplant recipients: a
randomized phase II study. Clin ] Am Soc Nephrol
6:430-439

Sebba A (2008) Tocilizumab: the first interleukin-6-receptor
inhibitor. Am J Health Syst Pharm 65:1413-1418

Serrano OK, Friedmann P, Ahsanuddin S, Millan C, Ben-
Yaacov A, Kayler LK (2015) Outcomes associated
with steroid avoidance and Alemtuzumab among
kidney transplant recipients. Clin ] Am Soc Nephrol
10:2030-2038

Shibuya H, Yoneyama M, Nakamura Y, Harada H,
Hatakeyama M, Minamoto S, Kno T, Doi T, White R,
Taniguchi T (1990) The human interleukin-2 recep-
tor beta-chain gene: genomic organization, promoter
analysis and chromosomal assignment. Nucleic Acids
Res 18:3697-3703

Shyu S, Dew MA, Pilewski JM, Dabbs AJD, Zaldonis DB,
Studer SM, Crespo MM, Toyoda Y, Bermudez CA,
McCurry KR (2011) Five-year outcomes with alemtu-
zumab induction after lung transplantation. ] Heart
Lung Transplant 30:743-754



25 MONOCLONAL ANTIBODIES IN SOLID ORGAN TRANSPLANTATION

Smith JM, Weaver T, Skeans MA, Horslen SP, Harper AM,
Snyder JJ, Israni AK, Kasiske BL (2017) OPTN/SRTR 2016
annual report: intesting. Am ] Transplant 18:254-290

Stegall MD, Gloor JM (2010) Deciphering antibody-mediated
rejection: new insights into mechanisms and treatment.
Curr Opin Organ Transplant 15:8-10

Stegall MD, Diwan T, Raghavaiah S, Cornell LD, Burns J,
Dean PG, Cosio FG, Gandhi MJ, Kremers W, Gloor
JM (2011) Terminal complement inhibition decreases
antibody-mediated rejection in sensitized renal trans-
plant recipients. Am ] Transplant 11:245-2413

Strologo LD, Guzzo I, Laurenzi C, Vivarelli M, Parodi A,
Barbano G, Camilla R, Scozzola F, Amore A, Ginevri
E Murer L (2009) Use of rituximab in focal glo-
merulosclerosis relapses after renal transplantation.
Transplantation 88:417-420

Swinnen L], Costanzo-Nordin MR, Fisher SG, O’Sullivan EJ,
Johnson MR, Heroux AL, Dizikes GJ, Pifarre R, Fisher
RI (1990) Increased incidence of lymphoproliferative
disorder after immunosuppression with the monoclo-
nal antibody OKT3 in cardiac-transplant recipients. N
Engl ] Med 323:1723-1728

Teuteberg JJ, Shullo MA, Zomak R, Toyoda Y, McNamara
DM, Bermudex C, Kormos RL, McCurry KR (2010)
Alemtuzumab induction prior to cardiac transplanta-
tion with lower intensity maintenance immunosuppres-
sion: one-year outcomes. Am ] Transplant 10:382-388

Tobinai K (2003) Rituximab and other emerging antibodies
as molecular target-based therapy of lymphoma. Int J
Clin Oncol 8:212-223

Tsurushita N, Hinton PR, Kumar S (2005) Design of human-
ized antibodies: from anti-Tac to Zenapax. Methods
36:69-83

Tzakis AG, Tryphonopoulos P, Kato T, Nishida S, Levi DM,
Madariaga]R, GaynorJJ, De Faria W, Regev A, Esquenazi
V, Weppler D, Ruiz P, Miller J (2004) Preliminary expe-
rience with alemtuzumab (Campath-1H) and low-dose
tacrolimus immunosuppression in adult liver transplan-
tation. Transplantation 77:1209-1214

Uchiyama T, Border S, Waldmann TA (1981) A mono-
clonal antibody (anti-Tac) reactive with activated
and functionally mature human T cells. ] Immunol
126:1393-1397

Valapour M, Lehr CJ, Skeans MA, Smith JM, Carrico R,
Uccellini K, Lehman R, Robinson A, Israni AK, Snyder
JJ, Kasiske BL (2017) OPTN/SRTR 2016 annual report:
lung. Am ] Transplant 18:363-433

Van den Hoogen MWE, Hilbrands LB (2011) Use of monoclo-
nal antibodies in renal transplantation. Immunotherapy
3:871-880

555

Vincenti F, Lantz M, Birnbaum J, Garovoy M, Mould D,
Hakimi J, Nieforth K, Light S (1997) A phase I trial
of humanized anti-interleukin 2 receptor antibody in
renal transplantation. Transplantation 63:33-38

Vincenti F, Kirkman R, Light S, Bumgardner G, Pescovitz M,
Halloran P, Neylan J, Wilkinson A, Ekberg H, Gaston
R, Backman L, Burdick J (1998) Interleukin-2-receptor
blockade with daclizumab to prevent acute rejection
in renal transplantation. Daclizumab Triple Therapy
Study Group. N Engl ] Med 338:161-165

Vincenti F, Larsen CP, Alberu ], Bresnahan B, Garcia VD,
Kothari J, Lang P, Urrea EM, Massari P, Mondragon-
Ramirez G, Reyes-Acevedo R, Rice K, Rostaing L,
Steinberg S, Xing ], Agarwal M, Harler MB, Charpentier
B (2012) Three-year outcomes from BENEFIT, a ran-
domized, active-controlled, parallel-group study in
adult kidney transplant recipients. Am ] Transplant
12:210-217

Vincenti F, Rostaing L, Grinyo ], Rice K, Steinberg S, Gaite
L, Moal MC, Mondragon-Ramirez GA, Kothari J,
Polinsky MS, Meier-Kriesche HU, Munier S, Larsen CP
(2016) Belatacept and long-term outcomes in kidney
transplantation. N Engl ] Med 374:333-343

Vo AA, Choi J, Cisneros K, Reinsmoen N, Haas M, Ge S,
Toyoda M, Kahwaji ], Peng A, Villicana R, Jordan SC
(2014) Benefits of rituximab combined with intrave-
nous immunoglobulin for desensitization in kidney
transplant recipients. Transplantation 98:312-319

Vo AA, Choi J, Kim I, Louie S, Cisneros K, Kahwaji J, Toyoda
M, Ge S, Haas M, Puliyanda D, Reinsmoen N, Peng
A, Villicana R, Jordan SC (2015) A phase I/II trial of
the interleukin-6 receptor-specific humanized mono-
clonal (tocilizumab) + intravenous immunoglobulin
in difficult to desensitize patients. Transplantation
99:2356-2363

Watson CJ, Bradley JA, Friend PJ, Firth ], Taylor CJ, Bradley
JR, Smith KG, Thiru S, Jamieson NV, Hale G, Waldmann
H, Calne R (2005) Alemtuzumab (CAMPATH 1H)
induction therapy in cadaveric kidney transplanta-
tion—efficacy and safety at five years. Am J Transplant
5:1347-1533

Wekerle T, Grinyo JM (2012) Belatacept: from rational design
to clinical application. Transpl Int 25:139-150

Wilde MI, Goa KL (1996) Muromonab CD3: a reappraisal of
its pharmacology and use of prophylaxis of solid organ
transplant rejection. Drugs 51:865-894

Wong JT, Eylath AA, Ghobrial I, Colvin RB (1990) The mech-
anism of anti-CD3 monoclonal antibodies. Mediation
of cytolysis by inter-T cell bridging. Transplantation
50:683-689



	25: Monoclonal Antibodies in Solid Organ Transplantation
	Introduction
	Immunologic Targets: Rational Development/Use of Monoclonal Antibodies in Organ Transplant
	■ Monoclonal Antibodies Administered Pre-transplant
	■ Monoclonal Antibodies Administered at the Time of Transplant
	■ Monoclonal Antibodies Administered Following Transplant

	Specific Agents Used in Solid Organ Transplant
	■ Muromonab
	■ Interleukin-2 Receptor Antagonists
	Daclizumab
	Basiliximab

	■ Alemtuzumab
	■ Rituximab
	■ Eculizumab
	■ Tocilizumab
	■ Belatacept

	Other Monoclonal Antibodies Used in Transplant Recipients
	Conclusion
	Self-Assessment Questions
	■ Questions
	■ Answers

	References




