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Preface

The success of the previous editions of Transplant Infections, as a reference work to bring
together information directed at the management of the infectious complications occurring
specifically in immunocompromised individuals undergoing transplantation, has led to the cre-
ation of this fourth edition. No other text focuses solely on exogenously immunosuppressed
transplant patients, and no text combines solid organ and hematopoietic stem cell transplanta-
tion (historically referred to as bone marrow transplantation). Many texts focus on immuno-
compromised patients, but the field of transplant infectious diseases has evolved over the past
25 years as a field unto itself, with conferences devoted solely to this specialty, and guidelines,
both national and international, being developed for the management of such patients. In addi-
tion, peer-reviewed journals now exist that publish information on this specialized area, and
training programs devoted to the subspecialty of transplant infectious diseases within the field
of infectious disease are being developed.

The field of transplant infectious diseases has continued to grow and expand since the third
edition was published in 2009. In this edition, we have continued to highlight differences
between solid organ and hematopoietic stem cell transplantation by adding additional chapters
where we felt this differentiation would give added value to the readers. We have added a
chapter on the new rapidly evolving topic of the microbiome. The major problem of antibacte-
rial resistance has also been addressed more in depth by having separate chapters on gram-
negative and gram-positive bacterial infections. We have also expanded some chapters on viral
infections, such as the respiratory viruses, since recognition of the importance of these patho-
gens has grown, and new diagnostic testing is now available in real time. We have added a
chapter on long-term care of the transplant recipient, given the success of transplantation and
the increasing number of long-term survivors. A number of new authors have been added, and
chapters have been substantially revised or completely rewritten.

This edition remains a globally inclusive product of leading authors and investigators from
around the world. Perspectives from Argentina, Australia, Brazil, Chile, New Zealand, Western
Europe (Italy, Spain, Sweden, Austria, Germany, France, and Switzerland), the United States,
Canada, and Israel have been synthesized in this edition.

We continue to believe that much can be learned from appreciating both the similarities and
the differences in the pattern of infections and the resulting morbidity and mortality in various
transplant settings. Our goal with this textbook is to provide background and knowledge for all
practitioners who work with transplant patients, in order to improve both the care and outcomes
of transplant recipients and to provide a framework for education of physicians, transplant coor-
dinators, and trainees in the field. As success in the field continues to grow, we hope that this
text will provide a knowledge base that would advance the field and make transplantation safer
for all who need this lifesaving intervention. We thank all the contributors for their effort and
trust the reader will find this a valuable reference text as they care for transplant recipients.

Stockholm, Sweden Per Ljungman
Washington, DC, USA Michael Boeckh
Boston, MA, USA David Snydman
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Introduction to Transplant Infections
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Introduction to Hematopoietic

Cell Transplantation

Andrew R. Rezvani and H. Joachim Deeg

1.1 Introduction

The lymphohematopoietic system is the only organ system
in mammals with the capacity for complete self-renewal.
Therefore, donation of hematopoietic stem cells (HSC) does
not result in a permanent loss for the donor. Reports on the
therapeutic use of bone marrow to treat anemia associated
with parasitic infections date back a century [1, 2], but not
until the observations on irradiation effects in Hiroshima
and Nagasaki and the ensuing systematic research into
hematopoietic cell transplantation (HCT) in animal models
were the principles of HCT established [1, 3, 4].

In 1957, the first clinical transplant attempts of the modern
era were undertaken [1, 5, 6]. As predicted from animal stud-
ies, patients who underwent transplantation from allogeneic
donors developed graft-vs.-host disease (GVHD) [4].
Patients transplanted from syngeneic (monozygotic twin)
donors generally did not develop GVHD, but many of them
died from progressive leukemia, apparently because of a lack
of the allogeneic graft-vs.-leukemia (GVL) effect, which had
been described by Barnes and Loutit in murine models [7].
These studies immediately established that allogeneic HCT
functioned as immunotherapy.

Beginning in the late 1950s and early 1960s, Dausset et al.
characterized the first histocompatibility antigens in humans
[8]. Epstein et al. were the first to show the relevance of those
histocompatibility antigens for the development of GVHD in
an outbred species [9]. Initially, the only source of HSC used
clinically was bone marrow. However, cells harvested from
peripheral blood, either after recovery from chemotherapy or
after the administration of hematopoietic growth factors such
as granulocyte-colony stimulating factor (G-CSF), were
shown to result in accelerated hematopoietic recovery after
autologous transplantation. These cells, as well as cord-
blood cells, are now being used with increasing frequency in
allogeneic HCT [10, 11].
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1.2 Rationale and Indications
for Hematopoietic Cell
Transplantation

Current indications for HCT are summarized in Table 1-1. The
majority of HCT are performed to treat malignant diseases.
Myelosuppression is the most frequent dose-limiting toxicity of
cytotoxic therapy for malignancies. Infusion of HSC—autolo-
gous or allogeneic—as a “rescue” procedure allows for the dose
escalation of cytotoxic therapy, until toxicity in the next most
sensitive organs (intestinal tract, liver, or lungs) becomes dose
limiting. This strategy, often referred to as high-dose therapy
with stem cell rescue, has been used extensively in the past.
However, progressive dose intensification, although possibly
effective in disease eradication, has resulted in minimal, if any,
improvement in survival because of increases in therapy-related
toxicity and mortality. These observations, combined with an
increasing appreciation of the central role of immunologic graft-
vs.-tumor reactions in the success of allogeneic HCT, have led
to new concepts of transplant conditioning [12].
“Replacement” therapy in patients with congenital or
acquired disorders of marrow function, immunodeficiencies,
or storage diseases represents a second indication for
HCT. Patients with severe autoimmune diseases (e.g., rheuma-
toid arthritis, Crohn’s disease, or systemic sclerosis) represent
another group of patients who may benefit from HCT [13, 14].
In contrast to the benefit of graft-vs.-tumor alloreactivity in
malignant diseases, patients with nonmalignant disorders are
unlikely to derive any benefit from donor alloreactivity.
Finally, HSC (or their progeny) may be effective vehicles
for gene therapy and for immunotherapy. Objectives of gene
therapy include the replacement of defective or missing
enzymes (e.g., adenosine deaminase, glucocerebrosidase) or
of the defective gene [15, 16]. Experience with the use of
allogeneic cells, often T lymphocytes, as immunologic
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TaBLE 1-1. Categories of disease treated with hematopoietic cell
transplantation®

Malignant

Hematologic malignancies
Acute leukemias
Chronic leukemias
Myelodysplastic syndromes
Myeloproliferative neoplasms
Non-Hodgkin lymphoma
Hodgkin lymphoma
Plasma cell dyscrasias (e.g., multiple myeloma)

Selected solid tumors
Germ cell tumors
Ewing sarcoma
Neuroblastoma

Nonmalignant

Acquired
Aplastic anemia and red cell aplasias
Paroxysmal nocturnal hemoglobinuria
Autoimmune disorders (e.g., multiple sclerosis, systemic sclerosis,

rheumatoid arthritis, Crohn’s disease)

Congenital
Immunodeficiency syndromes (e.g., SCID)
Hemoglobinopathies
Congenital anemias (e.g., Fanconi anemia)
Storage diseases (e.g., mucopolysaccharidoses)
Bone marrow failure syndromes (e.g., dyskeratosis congenita)
Osteopetrosis

“This list is not all encompassing; transplants have been carried out for vari-
ous other disorders.

bullets is more extensive. Donor lymphocyte infusion (DLI)
for reinduction of remission in patients with chronic myelog-
enous leukemia (CML) who had relapsed after HCT has
been remarkably successful, leading to application of this
approach in other diseases. A modification of this strategy is
the use of genetically modified donor lymphocytes express-
ing a “suicide gene,” which can be activated to abrogate
adverse effects of DLI, particularly GVHD [17].

The principles of immunotherapy are also exploited prom-
inently in allogeneic HCT following reduced-intensity con-
ditioning (RIC), also referred to as non-myeloablative or
“mini”-transplants (both terms, however, are misleading, as
the end result is intended to be “ablation” of the disease, and
a mini-transplant is still a full transplant, albeit with a lower-
intensity conditioning regimen). In this approach, the inten-
sity of the conditioning regimen is reduced to prevent early
mortality, but enhanced donor anti-host reactivity is required
to eliminate host cells (Figure 1-1).

1.3 Sources of Hematopoietic Stem

Cells and Donor Selection

HSC can be obtained from a variety of donors and cellular
compartments, including the bone marrow, peripheral blood,
and cord blood. The choice of stem cell source is dependent
upon several factors. Although autologous marrow or periph-

A.R. Rezvani and H.J. Deeg

eral blood stem cells (PBSC) are theoretically available for
every patient (feasibility has been reported even for patients
with severe aplastic anemia), these would not be useful with-
out genetic manipulation for genetically determined disor-
ders and would be suboptimal for malignant disorders,
because of the concern of contamination with malignant
cells and the lack of an allogeneic antitumor effect.
Autologous marrow or PBSC can be purged of contaminat-
ing malignant cells by chemical means or by antibodies
which recognize tumor cells. However, slow engraftment
and residual tumor cells that resist purging limit the useful-
ness of this approach. Currently available purging methods
have generally failed to show clinical benefit and thus none
are widely used [18, 19], although research continues into
more effective approaches to HSC purification and tumor
purging [20].

Generally, each full sibling has a 25 % chance of sharing
the complete HLA genotype with another sibling. Somewhat
less than 1% of patients will have a syngeneic (identical
twin) donor. The lack of an HLA-identical related donor in
more than 70 % of patients has led to the development of
large data banks of volunteer unrelated donors and research
into alternative allograft sources such as HLA-haploidentical
family members and umbilical cord blood.

Supported by the efforts of the National Marrow Donor
Program in the United States, the Anthony Nolan Appeal in
the United Kingdom, the DKMS in Germany, and other
groups internationally, more than 20 million volunteer
donors have been typed for HLA-A and HLA-B and a rap-
idly increasing number also for HLA-C, HLA-DR (DRB1),
and HLA-DQ antigens. The probability of identifying a suit-
ably HLA-matched unrelated donor for a Caucasian patient
in North America is about 75 %. This probability is lower for
other ethnic groups, in part because of lower representation
in the data bank and in part because of greater polymorphism
of the HLA genes. As a result, the likelihood of finding a
fully HLA-matched unrelated donor for some ethnic minori-
ties in the United States may be as low as 16 % [21].

Cord-blood cells, generally not matched for all HLA anti-
gens of the patient, are being used with increasing frequency.
Because of the immunologic naivete of umbilical cord-blood
cells and the low T-cell content, these cells can be trans-
planted across significant (major) HLA barriers with accept-
able rates of GVHD. Suitably HLA-matched umbilical
cord-blood units can be found for 80—100 % of patients [21].
The second major alternative source of hematopoietic grafts
is HLA-haploidentical family members. These donors are
available for nearly all patients, since they include any par-
ent, any child, and many siblings. With the use of posttrans-
plant  cyclophosphamide as GVHD  prophylaxis,
HLA-haploidentical allogeneic HCT can be performed with
similar or perhaps even lower rates of acute and chronic
GVHD compared to HLA-identical related or HLA-matched
unrelated donors [22]. Currently, the optimal alternative-
donor source of hematopoietic cells remains unclear.
Contemporaneous single-arm studies of HLA-haploidentical
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Ficure 1-1. Selected conditioning regimens for hematopoietic cell transplantation, arranged by relative intensity, toxicity, and reliance on
immunological graft-vs.-tumor effects. Abbreviations: GVT graft-vs.-tumor effect, BU busulfan, CY cyclophosphamide, 7BI total body irradiation
(high-dose, >12 Gy; low dose, 2-4.5 Gy), FLU fludarabine (at doses of 90-250 mg/m?), ATG antithymocyte globulin, araC cytarabine arabinoside,

TREO treosulfan (3% 10 to 3x 14 g/m?).

vs. cord-blood transplantation suggest that overall survival is
comparable, with somewhat higher rates of relapse with hap-
loidentical donors and higher rates of transplant-related mor-
tality with umbilical cord blood [23]. A national multicenter
randomized clinical trial is currently underway in the United
States, organized by the Blood and Marrow Transplant
Clinical Trials Network (BMT-CTN), comparing these two
sources of hematopoietic cells.

1.4  Transplant Procedure

1.4.1
1.4.1.1 Rationale for Conditioning

Transplant Conditioning

1. To ablate the patient’s disease, or at least to reduce the
number of malignant or abnormal cells to below detect-
able levels (this applies to allogeneic, syngeneic, and
autologous donors). Ablation appears to allow for greater
efficacy of graft-vs.-tumor reactions.

2. To suppress the patient’s immunity and to prevent rejec-
tion of donor cells (this applies to allogeneic, but not to
autologous, HCT). Immunosuppression is also needed in
preparation for some syngeneic transplants, apparently to
eliminate autoimmune reactivity which may interfere
with sustained hematopoietic reconstitution.

The notion that conditioning is necessary to “generate
space” in the transplant recipient has been abandoned. Donor

cells, given in sufficient numbers and replete with T cells,
create their own space and proceed to repopulate the recipi-
ent’s marrow [24].

Exceptions to the requirement for pretransplant condition-
ing for allogeneic HCT exist in some children with severe
combined immunodeficiency (SCID), because their underly-
ing disease does not allow them to reject transplanted donor
cells, and in patients in whom even partial donor engraftment
can completely correct the genetic defect [25].

1.4.1.2 Modalities for Transplant Conditioning

Modalities used to prepare patients for HCT have been
reviewed extensively elsewhere [26, 27]; a subset of com-
monly used regimens is shown in Figure 1-1. In principle,
conditioning for HCT can include the following approaches:

1. Irradiation, in the form of total body irradiation (TBI),
total lymphoid irradiation [28], or modifications thereof.
Many conventional TBI regimens deliver 12—-14 Gy over
3-6 days. In addition, bone-seeking isotopes (e.g., hol-
mium) and isotopes (e.g., *'I, °*Y) conjugated to mono-
clonal antibodies (MAbs) directed at lymphoid or myeloid
antigens (e.g., anti-CD20, CD45) are in use [29-31]. TBI
may also be a component of RIC regimens, usually at
lower doses of 2 Gy [32].

2. Chemotherapy (e.g., cyclophosphamide, 120-200 mg/kg
over 2—4 days) is included in many conventional regimens.
Busulfan (available in oral and intravenous formulations)



at 16 mg/kg (or lower doses), targeted to predetermined
plasma levels, is often used in combination with cyclo-
phosphamide. Other agents, including etoposide, melpha-
lan, thiotepa, cytarabine, and, more recently, treosulfan
[33, 34], may be used either alone or in combination and
with or without irradiation.

3. Biologic reagents (e.g., antithymocyte globulin [ATG]) or
MADs directed at T-cell antigens or adhesion molecules
suppress recipient immunity. Others are directed at anti-
gens expressed on the recipient’s malignant cells; in addi-
tion, cytokines or cytokine antagonists are being
investigated. Anti-T-cell therapy predisposes the individ-
ual to viral infections, in particular CMV and the reactiva-
tion of Epstein—Barr virus (EBV) with the risk of
developing EBV-related lymphoproliferative disorders
(PTLD) after transplantation [35].

1.4.2 Marrow Harvest

The marrow donor receives general or regional (e.g., epi-
dural, spinal) anesthesia, and, under sterile conditions, mul-
tiple aspirates of marrow are obtained from both posterior
iliac crests. Additional potential aspiration sites are the ante-
rior iliac crests and the sternum. Approximately 10-15 mL/
kg of donor weight is collected. If no ABO incompatibility
exists and if the marrow is not to be subjected to any in vitro
purging procedure, the resulting cell suspension is infused
intravenously without manipulation. The rate of serious or
chronic complications among healthy bone marrow donors is
approximately 1% [36].

1.4.3 Alternative Stem Cell Sources

HSC circulate at low concentrations in blood [37]. Their fre-
quency increases dramatically during the recovery phase fol-
lowing cytotoxic therapy and after the administration of
recombinant hematopoietic growth factors such as G-CSF,
which dislodge cells from the marrow. Peak blood concen-
trations of CD34* cells are typically reached on day 4-5 after
initiating G-CSF. A single leukapheresis may be sufficient to
harvest the number of HSC required for a transplant. For
autologous procedures, the goal is to collect at least 2-5 x 10°
CD34" cells/kg recipient weight; for allogeneic transplants,
the goal is 2-11x 10° CD34* cells/kg, although the optimum
dose has not been determined and doses outside this range
are sometimes used [38].

Umbilical cord blood represents a segment of the periph-
eral circulation of the fetus and is easily accessible after
delivery. Cord-blood cells are less immunocompetent than
adult cells and might therefore carry a lower risk of inducing
GVHD than adult cells. The concentration of HSC in umbili-
cal cord blood is high, but the small volume that is usually
available (80—-150 mL) had initially limited the use of these
cells to children and smaller adults. In larger adults,
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approaches have included the use of two cord-blood units to
ensure adequate cell dose and engraftment, as well as ex vivo
expansion of hematopoietic precursors in umbilical cord-
blood units for infusion together with an unmanipulated
cord-blood unit [39, 40].

1.4.4 Purging

There are several reasons to purge collected donor cells or to
fractionate them into subpopulations. In autologous HCT, the
goal is to eliminate contaminating tumor cells, either by nega-
tive selection (removal of tumor cells with antibodies or physi-
cochemical means) or by positive selection (purification of
CD34* cells from the graft). Conversely, in allogeneic HCT, one
may want to retain certain cell populations (e.g., CD4" cells)
with potential for later uses such as posttransplant DLI. With the
development of “tandem” HCT, combining high-dose therapy
and autologous HCT to reduce the tumor burden with a subse-
quent allogeneic HCT to exploit the GVT effect, purging of
autologous cells has lost some of its relevance.

1.4.5 Hematopoietic Stem Cell Infusion:
The Actual Transplant

Donor cells are infused intravenously via an indwelling cen-
tral line, often a Hickman catheter. Directed by cell surface
molecules which interact with receptors on endothelial cells,
HSC home to the marrow cavity. The actual infusion of stem
cells is generally uneventful, though it can occasionally
cause transient mild hypotension or hypersensitivity reac-
tions, or reactions to the chemical used to cryopreserve
autologous cells.

1.5 Care After Transplantation

Complications of HCT, including infections, are related to
the underlying disease, the preparative regimen, and the
interactions of donor cells with recipient tissue (GVHD with
immunosuppression and end-organ damage). All patients
experience at least transient pancytopenia, although this may
be mild with RIC regimens. Patients undergoing high-dose
conditioning generally develop severe pancytopenia, includ-
ing neutropenia, within days after completion of condition-
ing. This period may last 2—4 weeks with marrow allografts,
10-14 days with mobilized PBSC grafts, or 4-6 weeks with
umbilical cord-blood grafts. The period of neutropenia ends
with engraftment of the donor cells, clinically defined by
stable increases in the white blood cell count. Cytopenias are
less pronounced after RIC, and the pattern of engraftment
may be less apparent in the peripheral white blood cell count.
Engraftment in these patients is generally documented by
demonstrating donor chimerism by cytogenetic or molecular
means in peripheral blood leukocytes and bone marrow.
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FiGure 1-2. Approximate pattern of immune cell recovery after high-dose conditioning and hematopoietic cell transplantation. With the
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in particular graft-vs.-host disease, stem cell source, and patient age. Storek J, Immunological reconstitution after hematopoietic cell trans-
plantation - Its relation to the contents of the graft, Expert opinion on biological therapy, 8(5):583-97, copyright 2008, Informa Healthcare.

Adapted with permission of Informa Healthcare.

Most patients prepared with high-dose regimens require
transfusion support with platelets, red blood cells, or both.
Transfusion requirements are substantially reduced in patients
prepared with RIC regimens, because the nadir of cells often
is in a range in which no transfusions are required [41]. An
increasing number of transplants, both autologous and alloge-
neic, are being performed primarily in the outpatient clinic
rather than in the hospital, due to the increased use of RIC and
improvements in logistical and supportive care.

Quantitative and functional deficiencies of granulocytes
and T lymphocytes for various periods after HCT are respon-
sible for most of the infectious complications seen after HCT
(Figure 1-2). While all patients receive prophylactic antimi-
crobials, granulocyte transfusions are not routinely given.
Studies performed in the 1980s suggested that laminar air
flow (LAF) rooms and gastrointestinal decontamination
could reduce the frequency of infections and the duration of
febrile episodes, but neither is used routinely in modern
practice because of the high cost of LAF and the availability
of effective broad-spectrum antibiotics [42]. It should be
emphasized, however, that current research is again focused
on the role of the intestinal microbiome in transplant out-
comes, particularly in GVHD.

The most widely used modality of GVHD prophylaxis is
the in vivo administration of immunosuppressive agents, such
as methotrexate, cyclosporine (CSP), glucocorticoids, tacroli-
mus (FK506), mycophenolate mofetil (MMF), sirolimus, and
others, either alone or in combination. At many institutions,
the current standard is a combination of a calcineurin inhibi-
tor with methotrexate or MMF, but several other combina-

tions are used. Novel regimens have demonstrated promising
results in single-arm studies, but have not yet proven superior
in randomized clinical trials [43]. In one randomized trial, the
addition of ATG to standard GVHD prophylaxis significantly
decreased rates of acute and chronic GVHD, although it also
increased the risk of fatal EBV-driven posttransplant lympho-
proliferative disease and did not improve overall survival [35,
44]. Due to the non-selectivity of these agents, recipients are
broadly immunosuppressed and thus susceptible to infec-
tions. In vitro T-lymphocyte depletion of donor marrow for
GVHD prophylaxis may obviate the need for immunosup-
pressive treatment after HCT; however, the elimination of
mature T cells is associated with a risk of rejection, delayed
immunologic reconstitution, an increased risk of PTLD, and,
for some disorders, disease recurrence. Both immunodefi-
ciency and therapeutic immunosuppression predispose the
patient to infections.

1.6 Hematologic Recovery

Patients conditioned with high-dose regimens are at risk of
infections early after HCT, due to granulocytopenia until the
transplanted donor cells produce new effector cells. If the
donor marrow is T cell depleted, recovery of blood counts
may be further delayed. If the granulocyte count at day +21
after transplantation is <200 cells/uL, patients are often
given G-CSF or granulocyte-macrophage colony-stimulating
factor. After PBSC transplants, engraftment (defined by
>500 granulocytes/pL) occurs as early as day 49 or +10, thus



8

clearly shortening the length of granulocytopenia. Rather
slower recovery (over several weeks) may be seen with cord-
blood transplants.

One advantage of RIC regimens is the slow decline of
patient cells, so that donor cells have begun to recover
before patient cells have reached their nadir. Consequently,
several groups have reported lower rates of early infection
after RIC conditioning as compared with high-dose condi-
tioning [45, 46].

1.7  Immunologic Recovery

All components of the innate and adaptive immune systems
are deficient after HCT. Cell-mediated immunity, chemo-
taxis, and neutrophil function are severely impaired even
after autologous transplants. The development of GVHD
substantially impairs immune reconstitution, through a com-
bination of direct graft-vs.-host toxicity to the thymus result-
ing in altered T-cell selection and use of immunosuppressive
therapies to treat GVHD. Optimal immune reconstitution
can only occur in the absence of GVHD.

1.7.1

Shortly after HCT, damaged epithelial barriers facilitate the
penetration of pathogenic bacterial or fungal organisms.
Mucosal surfaces begin to heal within a week or 2 of com-
pletion of high-dose conditioning, helped by the recovery of
granulocytes and their scavenging function, even though
phagocytosis and superoxide production may still be
impaired. After the transplant, the volume and immunoglob-
ulin content of saliva also improve with time, facilitating
oropharyngeal cleansing. Even with uncomplicated recov-
ery, T- and B-cell-mediated immune responses against viral,
bacterial, fungal, and other organisms are broadly sup-
pressed; natural killer (NK) cells recover more quickly. To
some extent, the pattern of immune recovery is dependent on
the immunity of the donor from whom the transplanted cells
originated. The pattern of immunocompetence is also influ-
enced by the recipient’s prior antigen exposure, whether to
the pathogen itself or in the form of a vaccine. Much of the
literature on immune reconstitution after allogeneic HCT
describes patients who were prepared with high-dose condi-
tioning. While the use of RIC regimens has increased rapidly
in recent years, there are fewer data available on immune
recovery in this setting, and the impact of RIC on immune
reconstitution remains somewhat unclear. Preliminary
studies suggest that the tempo of immune recovery may be
faster after RIC, at least by quantitative measurements [47,
48], but late immune function may be similar to that seen
after high-dose conditioning [49].

Uncomplicated Recovery
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1.7.2 B Cells

B-cell numbers are very low or undetectable shortly after
high-dose conditioning, but may rise to supranormal levels
by 1-2 years [50]. Recovery is faster with autologous than
with allogeneic HCT; memory B cells lag behind naive cells.
Early, but not late, recovery for both populations is faster for
PBSC recipients than for marrow recipients [S1]. The B-cell
compartment is generally replaced completely by donor-
derived cells, except in patients with T+B— SCID, in whom
the recipient’s B cells tend to persist [52]. Some antibodies
of host origin (e.g., ABO isoagglutinins) that are derived
from long-lived plasma cells may be detectable for months
or even years after HCT. Persistently low B-cell counts after
HCT may be associated with a high risk of infection [53]. In
the era of targeted therapy, treatment with B-cell-directed
MADs such as rituximab before or after HCT may also impair
and delay B-cell reconstitution [54, 55]. Some evidence sug-
gests that poor B-cell reconstitution can lead to a dysregu-
lated homeostatic environment with high levels of B-cell
activating factor (BAFF) and other B-cell survival factors,
which in turn promote the survival of alloreactive B cells and
associate with an increased risk of chronic GVHD [56-58].
During recovery, fewer B cells express CD25 and CD62L;
more express CD9c, CD38, [gM, and IgD; and antigen den-
sity is increased (as in neonatal B cells). CD5* cells may or
may not be increased. Immunoglobulin gene usage appears
to be restricted shortly after HCT and to be skewed toward
the V-segments that are frequently used in neonatal B cells
(e.g., VH6). Concordantly, the antibody repertoire is
restricted [59]. IgG and IgA production may be abnormal
for 1-2 years after HCT. Serum isotype levels after grafting
recover in the same sequence as they evolve in neonates
(i.e., IgM, IgGl, and IgG3 recover early, but IgG2, IgG4,
and IgA may not follow until much later) [60]. Many of the
early antibodies are autoantibodies, or else have irrelevant
specificities. Antibodies with relevant specificities recover
only if the antigen is encountered, and they recover more
quickly if both patient and donor are immune. At 3 months
after HCT, total IgG levels in recipients of allogeneic PBSC
tend to be lower than those in marrow recipients. Antibodies
to polysaccharide antigens tend to recover later than those
directed at proteins. B-cell counts and IgM levels may
recover more quickly after RIC as compared to high-dose
conditioned patients, though IgA recovery is delayed in
both groups [48]. In addition to quantitative deficits in
B-cell number and immunoglobulin levels, the B-cell pool
early after HCT is marked by qualitative functional impair-
ment. Isotype switching is deficient in the absence of effec-
tive T-cell help. Additionally, B cells from transplant
recipients have a decreased capacity for somatic hypermuta-
tion independent of T-cell help, suggesting an intrinsic or
environmental defect. Thus, B-cell deficits after HCT are
comprised of at least three factors: low B-cell numbers,
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decreased T-cell help, and intrinsic defects such as impaired
somatic hypermutation.

Antibody responses to vaccination are almost universally
lower than those of normal controls, and repeated boosters
are required. Responses are better in younger individuals and
in those with T-cell-replete grafts; this may be related to CD4
recovery, which is faster in younger individuals. The policy
has been to delay revaccination until 1-2 years after HCT to
minimize the risk of potential side effects and to increase the
probability of antibody responses.

1.7.3 T Cells
1.7.3.1 CD4* Cells

The number of CD4* T cells is low for 1-3 months after
high-dose conditioning and rises slowly toward normal over
several years. The kinetics are similar following both autolo-
gous and allogeneic transplants. Early in the process, most
cells are memory T cells; naive T cells follow gradually, par-
ticularly in older patients. These kinetics might be related to
diminished thymic function, but data on thymic recovery
after HCT in older patients are conflicting [61, 62]. After
PBSC transplantation, both naive and memory CD4* T cells
are more abundant than after marrow transplantations. Early
after HCT, most CD4* T cells are derived from transplanted
mature T cells and T-cell precursors; later, they are stem cell
derived, at least in pediatric patients. CD4* T-cell reconstitu-
tion may occur more rapidly after RIC than after high-dose
conditioning [48].

CD4* T cells generally express CD11a, CD29, CD45RO,
and HLA-DR and less CD28, CD45RA, and CD62L, consis-
tent with the prominence of memory cells. Responses to
polyclonal stimuli are low. Proliferative responses to fre-
quently encountered antigens (e.g., Candida species) tend to
normalize over 1-5 years, whereas responses to unlikely
antigens (e.g., tetanus) remain subnormal. Responses to neo-
antigens (e.g., dinitrochlorobenzene) and recall antigens
(e.g., mumps) are abnormally low for 2-3 years after HCT.

1.7.3.2 CDS8* Cells

CD8* T cells are low for 2-3 months after HCT; subse-
quently, they rise quickly, resulting in an inversion of the
typical CD4:CDS ratio. These CD8" cells are largely mem-
ory cells expressing CD11a,CD11b,CD29,CD57, HLA-DR,
and CD45RO but little CD28, CD45RA, and CD62L. The
presence of a CD11b*CD57*CD28" phenotype suggests
anergic or suppressor-type CDS cells. CD8* cells appear to
be derived from transplanted T cells and stem cells.
CMV-specific or EBV-specific CD8* cells can be trans-
ferred successfully from donor to recipient, and they may
persist for at least 18 months in the absence of glucocorticoid
treatment [63, 64]. Even established and refractory CMV
infections can be treated effectively by the infusion of
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expanded CMV-specific CD8* donor cells; this approach has
been most effective in the absence of glucocorticoid treat-
ment for GVHD or in the setting of T-cell-depleted allotrans-
plantation [65]. The logistical difficulty of generating
CM V-specific cells for clinical use has been a barrier to the
wide application of this approach. However, several groups
have reported progress in developing simpler and more scal-
able means of producing virus-specific donor T cells for
infusion [66, 67].

The role of immunoregulatory CD4*CD25* T cells (T,,)
in clinical transplantation remains to be fully established.
Adoptive transfer of T, has been explored as a treatment for
GVHD [68], but its efficacy remains to be confirmed.

1.7.4  Antigen-Presenting Cells

Monocytes reach normal levels within 1 month after high-
dose conditioning, although their function may remain
impaired for a year [69]. G-CSF-mobilized PBSC contain
large numbers of monocytes with altered cytokine profiles
that may suppress allogeneic T-cell responses. G-CSF-
mobilized monocytes settle in tissues in the early posttrans-
plantation period.

The reconstitution of dendritic cells (DC), their matura-
tion, and the development of DC1 and DC2 have been
incompletely characterized. DC precursors in the blood
recover within 6 months, and DC reconstitution appears to
be a clinically important event. Low numbers of DC at 1
month after RIC and allogeneic HCT have been associated
with an increased risk of mortality and disease relapse;
CD16* DC counts at 3 months also had strong prognostic
significance [70]. In one study, low numbers of plasmacytoid
DC at 3 months after HCT were associated with higher risks
of infection and death [71]. Langerhans cell levels are low in
the early posttransplantation period, but return to normal by
6 months. Follicular DC are reconstituted rather slowly,
which may contribute to the delayed return to function of the
germinal centers and memory B cells.

1.7.5 Natural Killer Cells

NK cells recover rapidly after HCT. With the recognition of
the killer inhibitory receptor, there has been renewed interest
in these cells because of their possible function in engraft-
ment and the prevention of relapse [72]. Robust NK-cell
reconstitution after allogeneic HCT has been associated with
reduced relapse incidence and with improved survival [73].
Recent data suggest that NK cells may also play a role in
controlling CMV reactivation after allogeneic HCT. Some
studies have found that CMV viremia produces a rapid
expansion of adaptive NK cells, leading to protection against
CMV disease [74, 75]. However, other groups have reported
no correlation between the numbers of NKG2C* NK cells
and protection from CMV viremia [76, 77].
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1.8  QGraft-vs.-Host Disease

and Graft-vs.-Leukemia Effects

Acute and chronic GVHD occur in 10-50% and 20-50 %,
respectively, of patients after HLA-identical sibling HCT
and in 20-60 % and 30-70 %, respectively, of patients who
undergo transplantation from alternative donors. Without
prophylaxis, virtually all recipients of allogeneic transplants
develop GVHD. Acute GVHD may occur within days (e.g.,
among HLA-nonidentical recipients) or by 3-5 weeks after
HLA-identical transplantation following high-dose condi-
tioning. The main target organs are the immune system, skin,
liver, and intestinal tract. Risk factors for acute GVHD
include donor/recipient HLA mismatches, the use of unre-
lated rather than related donors, and TBI-containing condi-
tioning regimens [78]. Importantly, after RIC, classic
manifestations of acute GVHD may develop several months
after HCT and may overlap considerably with those of
chronic GVHD [79]. Features of chronic GVHD may be
present as early as 50-60 days after HCT. Therefore, revised
diagnostic criteria distinguish acute from chronic GVHD on
the basis of pathology and biology, rather than time of onset
[79]. Patients with late-onset or recurrent acute GVHD, and
those with overlap syndromes of acute and chronic GVHD,
have particularly poor prognoses. A recent analysis of data
from the Center for International Blood and Marrow
Transplant Research (CIBMTR) indicates that the incidence
of chronic GVHD has been steadily increasing over time
[80], possibly associated with the increasing use of alterna-
tive donors and G-CSF-mobilized peripheral blood rather
than bone marrow allografts. On the other hand, there are
data suggesting that posttransplant cyclophosphamide, given
as GVHD prophylaxis, reduces the incidence of chronic
GVHD.

HCT is a unique form of allotransplantation in that many
recipients develop donor/host tolerance over time, to the
point that maintenance immunosuppression can be com-
pletely discontinued. In patients without GVHD, all immu-
nosuppressive medication is generally stopped by 6 months
to 1 year after HCT. Even chronic GVHD is not necessarily
a lifelong condition; many patients with chronic GVHD
develop tolerance and resolution of GVHD over time and
are able to discontinue immunosuppressive treatment. A
study from the Fred Hutchinson Cancer Research Center
indicated that, on average, immunosuppressive treatment
was required for approximately 2 years in patients with
chronic GVHD [81].

The immunopathophysiology of GVHD is complex. The
initial damage to host tissue is induced by the transplant-
conditioning regimen [82]. The subsequent development of
acute GVHD involves antigen presentation. Shlomchik
et al. showed that host DC play a pivotal role in this process
[83]. Interactions of MHC antigens (with bound peptides
derived from minor histocompatibility antigens) and T-cell
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receptors lead to activation, clonal expansion, and differen-
tiation of donor T cells. Accessory T-cell surface mole-
cules, such as CD4 or CDS8, also contribute to the
immunologic synapsis between T cells and antigen-pre-
senting cells. The effector phase leads to host cell destruc-
tion via inflammatory signals, cytolytic effects, and
programmed cell death (apoptosis). Inflammatory cyto-
kines, which are primarily released from the gut, allow the
transfer of endotoxins and lipopolysaccharides (LPS) into
the circulation, triggering macrophage activation. The
result is the further production of cytokines, such as tumor
necrosis factor o (TNFa) and IL-1 [84], leading to target
cell death and the expression of costimulatory molecules,
such as CD80, CD86, and MHC class II antigens, on DC;
T-cell stimulation; and the release of T helper-1 (Thl1) cyto-
kines (IL-2, interferon-a [IFN-a]).

Recent experiments also emphasize the role of other cyto-
kines, particularly TNF«, IL-15, and IL-18 [85]. In mouse
models, TNFa is a central mediator of GVHD that works
predominantly in the intestinal tract. Anti-TNF antibodies
prevent or ameliorate GVHD in mice [86]. In humans, anti-
TNF therapy appears active in treating established acute
GVHD [87], but ineffective as GVHD prophylaxis [88].
However, the actions of different cytokines and effector cells
(e.g., large granular lymphocytes) and regulatory T cells
(Ty,) are still incompletely understood. The role of T,., with
a CD25*CD4* phenotype, which is functionally reminiscent
of the classic “suppressor T cell,” is still being defined, as is
the role of Th17 cells [89-91].

Elevated serum levels of soluble Fas ligand have been
observed in some patients with GVHD [92]. Fas-mediated
apoptosis may also be involved in the control of alloreactive
T cells [93]. Perforin-mediated cytotoxicity also plays a role
in both GVHD and GVL effects [94, 95]. However, even T
cells from mice doubly deficient in both FasL and perforin
can cause GVHD after mismatched-donor HCT [96].

1.8.1

The kinetics of GVHD depend upon the source of stem cells.
PBSC mobilized by means of chemotherapy or G-CSF have
been used extensively for allogeneic and autologous stem
cell rescue, and they are associated with rapid hematopoietic
reconstitution. G-CSF may polarize donor cells toward Th2
cells and promote regulatory T-cell function, favoring the
development of tolerance [97]. Several clinical studies sug-
gest that the incidence of acute GVHD is similar in marrow
and PBSC recipients, whereas the incidence of chronic
GVHD appears to be increased with PBSC [98]. However,
the higher incidence of chronic GVHD with PBSC may not
be associated with a significant increase in mortality. In fact,
the results of several trials suggest that, particularly in
patients with high-risk malignancies, survival is improved in
PBSC recipients, perhaps due to a more vigorous GVT effect

Stem Cell Source
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or to more rapid immune reconstitution [99, 100]. Bone
marrow allografts are often preferred in nonmalignant dis-
eases, where GVT effects are unnecessary and minimization
of GVHD is the overriding goal.

Studies directed at the mechanisms involved in the effects
of PBSC show an increased production of IL-10, decreased
levels of TNFa in monocytes from G-CSF-mobilized PBSC,
and reduced expression of costimulatory molecules and
MHC class II antigens. Thus, a tolerogenic effect related to
monocytes may be present, possibly juxtaposed with a coun-
tereffect due to increased numbers of T cells.

Chronic GVHD has prominent features in common with
autoimmune disorders [101], including the presence of T
lymphocytes with abnormal cytokine profiles (e.g., secretion
of IL-4 and IFNy). Thymic damage, inflicted by the condi-
tioning regimen as well as by preceding acute GVHD, leads
to the failure of intrathymic selection and an escape of auto-
reactive cells to the periphery [102]. A similar mechanism
appears to be responsible for a syndrome analogous to allo-
geneic GVHD which can develop after syngeneic or autolo-
gous HCT. Recently, the role of B cells in chronic GVHD
has attracted renewed attention, based in part on reports indi-
cating that the anti-CD20 MAD rituximab could treat or pre-
vent chronic GVHD [58]. Some groups have posited that
autoantibodies produced by autoreactive B-cell clones con-
tribute directly to chronic GVHD [103]. Alternately, B cells
may contribute indirectly, by influencing effector and regula-
tory T-cell compartments, as they do in other autoimmune
diseases [104, 105].

As stated, the immune system is a major target of
GVHD. Immunodeficiency is a key feature of GVHD that is
amplified by the immunosuppressive therapies used to treat
GVHD, thereby rendering patients highly susceptible to
infections. The risk is further accentuated by damage to vari-
ous barrier structures, particularly the skin and intestinal
tract. All aspects of immune recovery after HCT are impaired
or delayed in patients with GVHD; in patients with chronic
GVHD, immunoincompetence may extend over years.

1.8.2 Prevention and Treatment of GVHD

Methods of GVHD prophylaxis are summarized in Table 1-2.
Combination regimens of methotrexate (or MMF) and a cal-
cineurin inhibitor (cyclosporine or tacrolimus) are the most
widely used regimens after high-dose conditioning. The
addition of prednisone to methotrexate and CSP has been
shown to increase or to decrease the incidence of acute
GVHD, depending on the timing of prednisone administra-
tion [106, 107]. Some trials of FK506 (tacrolimus) combined
with methotrexate have shown an incidence of GVHD lower
than that observed with CSP; however, disease-free survival
was not improved [108]. Other trials have suggested that
tacrolimus may be superior to CSP only in the unrelated-
donor setting [109]. Some groups have explored the use of
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TaBLE 1-2. Modalities of graft-vs.-host disease prevention

Selection of histocompatible donors
T-cell depletion
Ex vivo
Negative selection and removal of T cells
Removal of naive T cells
Positive selection and purification of hematopoietic stem cells
In vivo
Anti-T-cell monoclonal antibodies (e.g., alemtuzumab)
Posttransplant cyclophosphamide
Pharmacologic inhibition of T-cell function
Calcineurin inhibitors, antimetabolites, etc.
Cytokine blockade
Gnotobiosis

sirolimus in addition to or in place of methotrexate, although
this approach did not prove superior to standard tacrolimus/
methotrexate in a randomized clinical trial and was possibly
associated with a higher risk of chronic GVHD [43]. Various
prophylactic regimens have been employed after RIC HCT,
including combinations of MMF with CSP, sirolimus, and
T-cell depletion.

T-cell depletion of donor marrow, which is clearly effec-
tive in reducing the incidence of GVHD, has increased the
probability of graft failure, posttransplant infection, and
relapse of leukemia [110, 111]. Graft failure problems have
been overcome in part by the in vivo administration of a
Campath-1H MADb or of polyclonal ATG [35, 112, 113].
Alternatively, additional DLI may be given preemptively or
therapeutically after HCT to reduce the risk of disease
recurrence and graft failure. Some preliminary studies have
suggested that depleting specific donor T-cell subsets from
the DLI product may render this approach more effective
[114, 115].

Much of the morbidity and mortality associated with
acute and chronic GVHD derives from immunosuppression
and the associated risk of potentially lethal infections. If
GVHD develops despite prophylaxis, aggressive therapy is
required. Glucocorticoids remain the first-line therapy for
acute and chronic GVHD. Despite decades of investigation,
there is no standard, effective second-line therapy for
steroid-refractory acute or chronic GVHD [116]. Steroid-
refractory GVHD poses a significant challenge from the
standpoint of infectious disease, as patients are typically
treated with escalating doses of various immunosuppressive
agents in an effort to control alloreactivity. Patients with
severe or refractory GVHD are profoundly immunosup-
pressed, and infection remains one of the major causes of
mortality in this population. Standards of care for infection
surveillance and prevention vary institutionally in patients
receiving treatment for active GVHD, but in general such
patients require close monitoring for opportunistic infec-
tions, both typical (e.g., CMV, respiratory viruses) and
atypical.
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1.9  Graft Failure

Graft failure (either primary or secondary) occurs in <5 % of
patients undergoing allogeneic HCT. Major risk factors for
primary graft failure after high-dose conditioning include
myeloproliferative neoplasms, the use of marrow rather than
PBSC as a stem cell source, HLA mismatch, ABO incom-
patibility, and cryopreservation of the graft before infusion
[117]. Several host cell types, particularly CD8* T lympho-
cytes and NK cells, participate in the rejection of donor
cells. Donor T cells counteract this host response, thereby
facilitating engraftment and preventing rejection. As a con-
sequence, T-cell-depleted marrow is more susceptible to
rejection, as described above. Graft failure is associated
with a very high risk of infections due to prolonged neutro-
penia. Patients with graft failure after high-dose condition-
ing generally will not have spontaneous complete autologous
hematopoietic recovery and require salvage with a second
HCT if clinically feasible [118]. In contrast, RIC regimens
generally allow recovery of host hematopoiesis if the donor
graft is rejected.

1.10 Delayed Complications

By 2 years after HCT, about 80 % of patients have returned
to pretransplant activities. However, some patients develop
delayed or chronic complications (Table 1-3). These compli-
cations are related to elements of the conditioning regimen
(most importantly, irradiation or high-dose busulfan), side
effects of HCT (chronic GVHD, immunodeficiency), or
combinations thereof. The presence and severity of chronic
GVHD are the dominant factors influencing quality of life in
long-term survivors of allogeneic HCT [119]. Life-
threatening complications include infections, pulmonary
dysfunction, autoimmune disease, musculoskeletal prob-
lems, and new malignancies.

TasLe 1-3. Delayed cell

transplantation

complications of hematopoietic

Chronic graft-vs.-host disease
Infection

Airway and pulmonary disease (e.g., bronchiolitis obliterans)
Autoimmune dysfunction
Impaired growth and development
Endocrine dysfunction

Sterility

Cataracts

Dental problems

Osteopenia or osteoporosis
Aseptic necrosis of the bone

New malignancies

Psychosocial dysfunction

A.R. Rezvani and H.J. Deeg

1.11 Summary

HCT offers effective and potentially curative therapy for
many life-threatening malignant and nonmalignant dis-
eases. Side effects include acute toxicity to multiple
organs, the development of GVHD and immunoincompe-
tence, and secondary effects related to immunosuppressive
therapy. The result is a high susceptibility to infections,
which are a major cause of morbidity and mortality after
HCT. Both GVHD and its therapy are important predispos-
ing factors; thus, reducing the incidence and severity of
GVHD is an important component of efforts to reduce
posttransplant infections. Transplant-conditioning regi-
mens have undergone multiple modifications aimed at
reducing early toxicity and permitting HCT in older
patients and those with medical comorbidities. RIC may
allow for faster immune recovery and better infection con-
trol and has expanded the availability of HCT to higher-
risk patient populations. New antibiotics and methods of
cellular therapy have also enhanced the ability to eradicate
infections. Recent advances in laboratory techniques have
facilitated a greater understanding of the role of the host
microbiome in immune function. Host-microbiota interac-
tions may be particularly important in the setting of alloge-
neic HCT, as the sites most heavily colonized with
microbiota are also primary targets for GVHD (e.g., skin
and gut). The interplay between the donor immune system
and the host microbiome may play a significant role in
modulating alloreactivity, tolerance, and GVHD. Early
work has associated specific posttransplant changes in the
gut microbiome with higher or lower risks of GVHD [120,
121], although more study is required to disentangle cau-
sation and confounding factors, such as antibiotic use,
which may influence the microbiome. The emerging
understanding of the role of the microbiome in transplan-
tation has been reviewed elsewhere recently [122] and is
discussed in more detail in Chap. 52.
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Introduction to Solid Organ Transplantation

Nagaraju Sarabu and Donald E. Hricik

2.1  Historical Perspective

Organ transplantation has been the subject of ancient myths
dating back to the twelfth century. The modern era of trans-
plantation began in the early 1900s with the development of
surgical techniques for constructing vascular anastomoses
[1] leading to successful kidney transplantation in dogs in
1902 [2]. The first series of human kidney transplants were
performed in the Ukraine beginning in 1933, but each of five
attempted transplants failed [3, 4]. Around the same time,
Kuss et al. [5], Servelle et al. [6], and Dubost et al. [7]
reported technically successful transplantation of kidney
allografts in humans, placing the organs heterotopically in
the iliac fossa, similar to the technique used in the modern-
day operation. However, all of these grafts failed over a short
period of time. In 1954, Murray et al. [8, 9] performed a kid-
ney transplant between identical twins and achieved long-
term function. During the subsequent 10 years, more than 30
kidney transplants between identical twins were performed
worldwide.

These early transplants between identical twins were suc-
cessful because the donors and recipients were syngeneic,
sharing the same immune system and thus eliminating the
possibility of immunologically mediated rejection of the
graft. In the 1940s, the seminal experiments of Medawar first
delineated the immunologic basis for allograft rejection [10]
and the need for immunosuppressive therapy to achieve suc-
cessful transplantation using non-syngeneic grafts. By 1963,
the first human liver transplantation was performed, using
early forms of immunosuppression [11]. One year later,
Barnard [12] performed the first successful human heart
transplant. Shortly thereafter, techniques were developed for
clinical heart-lung [13] and pancreas [14] transplantation.

Since those early days, remarkable strides have been made
to increase the success of organ transplantation to prolong
the lives of patients with end-stage organ disease. General
advances in medical science, including improvements in sur-
gical techniques and the development of effective antimicro-
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bial agents, have undoubtedly played a role in this success
story. However, the current success of organ transplantation
has been related more directly to an improved understanding
of the mechanisms of allograft rejection and the develop-
ment of immunosuppressive drugs capable of preventing or
treating rejection.

Although transplantation offers a survival advantage and
improved quality of life for most patients with end-stage
organ disease, the continued disparity between the supply of
allografts from deceased donors and the growing demand for
these organs represents the main limiting factor in field of
transplantation today. In addition, while the mechanisms and
treatments for acute forms of allograft rejection are well
understood, our understanding of chronic forms of rejection
remains limited, and organs continue to be lost from both
immune and nonimmune causes. The remainder of this chap-
ter will review the known mechanisms of allograft rejection,
the drugs used to prevent and treat rejection, and current out-
comes of organ transplant recipients.

2.2 Mechanisms of Allograft
Rejection

Alloimmune reactions resulting in rejection of an allograft
remain the major barrier to long-term survival of transplanted
organs. Immunologic tolerance can be achieved with relative
ease in small animals. However, the human immune system
is complex, containing redundant pathways that make toler-
ance difficult to achieve. Thus, in the current era, allograft
rejection remains the major threat to long-term survival of
transplanted kidneys and the vast majority of transplant
recipients require life-long treatment with immunosuppres-
sion drugs. Delineation of mechanisms leading to allograft
rejection has been critical to the development of agents capa-
ble of preventing or treating rejection.

Mammalian immune responses evolved to protect the host
from infectious pathogens and to provide discrimination of
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self from nonself. An efficient response requires the recogni-
tion of pathogens and subsequent activation of key cells and
soluble mediators of immunity [15, 16]. Similarly, immune
responses resulting in the recognition and destruction of an
allograft require cells with an ability to migrate, antigen-
presenting cells (APCs), soluble mediators such as cytokines
and effector cells that injure the graft.

22.1

The major histocompatibility complex (MHC) is a set of cell
surface molecules encoded by genes contained on chromo-
some 6 [17, 18]. The primary immunologic function of MHC
gene products is to present fragments of foreign proteins,
forming complexes that can be recognized by T lymphocytes
through their antigen-specific receptors. Antigen presenta-
tion begins when an MHC complex binds a peptide antigen.
MHC molecules are composed of a highly polymorphic
polypeptide alpha chain and a monomorphic beta chain, con-
sisting of beta2-microglobulin in the case of class I
MHC. Allospecificity of class I MHC molecules, expressed
constitutively on all nucleated cells, resides in the alpha
chain, a polypeptide with a prominent groove or pocket that
is the site where foreign proteins bind for presentation to T
cells. Class II MHC molecules are expressed constitutively
only on APCs, including macrophages, dendritic cells, and B
cells. Adjacent portions of the highly variable alpha chain
and a non-variable beta chain form a peptide groove. Highly
variable amino acid residues located in the groove determine

Allorecognition

N. Sarabu and D.E. Hricik

the specificity of T cell antigen recognition. The same T cell
receptor (TCR) can recognize either class I or class I MHC
molecules, but restrictions are imposed by the engagement
of the T cell surface molecule, CD4, to class II molecules
and CDS to class I molecules. Thus, CD4-positive T cells
primarily engage peptides presented by class II MHC, while
CDS8-positive T cells engage peptides presented by class I
MHC (see Figure 2-1a).

Immediately following vascularization of an allograft,
donor antigens enter the systemic circulation via APCs and
travel to the spleen and lymph nodes where naive T cells are
activated. At the same time, recipient cells enter the allograft.
Direct allorecognition occurs either in the secondary lym-
phoid system or in the graft. In the lymphoid system, this
occurs when the recipient’s naive lymphocytes are engaged
with donor APCs that have traveled to the lymph nodes or
spleen. In the graft, direct allorecognition occurs when donor
APCs engage with recipient lymphocytes [19]. Indirect
allorecognition occurs in the secondary lymphatic system
when donor proteins or peptides are first processed by recipi-
ent APCs and presented to the TCR by the recipient’s MHC
on the surface of the APC (Figure 2-1b). In the graft, indirect
allorecognition occurs when recipient APCs process donor
peptides and engage recipient lymphocytes by presenting
those processed peptides in the groove of the recipient MHC
[19]. The direct pathway of allorecognition plays a dominant
role in early T cell-mediated acute rejection episodes while
the indirect pathway is believed to be more important in
mediating chronic rejection.

Recipient CD8
Cell

Recipient CD4
Cell

Donor
APC Recipient
CD4 or CD8
b T cell
~a
DED < -
Recipient
APC

Ficure 2-1. (a) Depiction of direct allorecognition in which a donor antigen-presenting cell (APC) presents peptide to the T cell receptor
(TCR) within the context of donor major histocompatibility complex (MHC) molecule. Left side: presentation of a peptide within a class I
MHC molecule to a CDS8-positive T cell. Right side: presentation of a peptide within a class II MHC molecule to a CD4-positive T cell. (b)
Depiction of indirect allorecognition in which an antigen is first processed by a recipient antigen-presenting cell (APC) and then presented
within the context of a recipient major histocompatibility complex (MHC) molecule to either a CD4- or CD8-positive T cell. Reprinted from
Am J Kidney Dis, 65(6), Donald E. Hricik, pp. 956—66, Copyright 2015, with permission from Elsevier.
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FiGURE 2-2. Schematic diagram of the three signals required for full activation and proliferation of T cells. Also shown are the sites of
action of the major classes of maintenance immunosuppressive drugs. See text for details. Reprinted from Am J Kidney Dis, 65(6), Donald
E. Hricik, pp. 956-66, Copyright 2015, with permission from Elsevier.

2.2.2 T Cell Activation and Differentiation

The TCR consists of two polypeptide chains, alpha and beta,
that are linked to each other. The TCR is linked to another
group of cell surface molecules known as CD3, a complex
that consists of several covalently bound peptide chains.
When the TCR binds to an MHC-presented antigen, there is
a conformational change in CD3 that activates intracellular
signal pathways, including tyrosine kinases located on the
intracytoplasmic tails of the CD3 peptides as well as on the
CD4 and CD8 accessory molecules. This antigen-driven sig-
nal, transduced by the TCR—CD3 complex to the T cell cyto-
plasm, has been called “signal one” (see Figure 2-2). It is
essential but not sufficient alone for full activation of T cells.

A second antigen-independent signal (“signal 2”), pro-
vided through additional accessory molecules resulting in
“co-stimulation” of the T cell, is necessary for full activation
of the T cell [20] (see Figure 2-2). Although the family of
known co-stimulatory ligands is large, the two most impor-
tant are ligands between the T cell surface molecules, B28
and CD154 (CDA40 ligand), and the APC surface molecules
B7 and CDA40, respectively. Without co-stimulation, the pro-
vision of signals through the TCR alone leads to clonal and
antigen-specific anergy. The T cell does not produce cyto-

kines and does not divide, but instead becomes unresponsive
to appropriate stimulation or undergoes apoptosis.

With adequate co-stimulation, T cell activation continues,
and signals are transduced to the nucleus. Phosphorylation of
tyrosine residues on several proteins occurs as an immediate
consequence of TCR activation. The immediate effect is the
appearance of newly phosphorylated tyrosine residues on a
number of proteins, leading to the generation of the second
messengers such as inositol 1,4,5-triphosphate (IP3) that
stimulates the release of ionized calcium from intracellular
stores. Released calcium interacts with the calcium-
dependent regulatory protein, calmodulin. These calcium—
calmodulin complexes activate other kinases and
phosphatases. One of these is calcineurin, a phosphatase that
plays a key role in the activation of factors required for IL-2
gene transcription.

The transcription of IL-2 and other cytokines ultimately
drive cell cycle progression (“signal 3”) with help from a
series of kinases, including those that act in the target-of-
rapamycin (TOR) pathway (see Figure 2-2). The final results
of activation are the proliferation of CD4-positive helper T
cells and the maturation of CD8-positive cytotoxic T cells.
Activated T cells ultimately differentiate into a number of
other phenotypes including memory cells that can respond
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quickly and robustly to the initially presented antigen many
years after the initial presentation, and regulatory T cells that
can suppress immune responses and promote tolerance.

2.2.3 Effector Mechanisms

The mammalian immune system can be divided into innate
and adaptive components. Innate immunity is mediated by
several nonpolymorphic proteins (e.g., defensins, cytokines,
toll-like receptors, and complement) and cells (e.g., macro-
phages, dendritic cells, natural killer cells, and neutrophils)
that immediately contain and eliminate infectious agents.
There has been recent interest in the concept that these
innate responses may interact with alloimmune mecha-
nisms, forming a potential link between nonspecific injury
(e.g., ischemia reperfusion injury or infections) and allograft
rejection.

In contrast, T cells and B cells provide finely tuned speci-
ficity mediated by highly polymorphic receptors and antigen-
induced clonal expansion. This adaptive immunity develops
only days to weeks after antigen exposure. The complement
system serves as an interface between innate and adaptive
immunity [21]. The terminal components of complement are
important effectors of graft destruction, leading to mem-
brane injury, neutrophil infiltration, and damage to epithelial
and endothelial cells. However, the complement system also
is involved in T and B cell stimulation.

The Fas/Fas ligand (FasL) pathway is an important effec-
tor mechanism leading to destruction of an allograft. Fas is
expressed ubiquitously on parenchymal cells, while FasL is
induced upon activation of CD4-positive T cells. Cross-
linking of Fas with FasL leads to activation of caspase 8 and
propagation of a death signal that culminates in apoptosis.

The activation of caspase enzymes leading to irreversible
cell injury with DNA fragmentation can occur independently
of cell surface receptors. In addition, CD8-positive T cells
express cytotoxic molecules that are lethal to cells. One of
these, granzyme B, gains access to the cell by a pore struc-
ture created by perforin, another product of the CD8-positive
cytotoxic T cell. Entry of granzyme B into the target cell
cytoplasm ultimately leads to target cell death through apop-
tosis. Natural killer cells are effector cells that also produce
perforin and granzyme B. In addition, they produce inter-
feron gamma, thus promoting inflammation.

2.2.4 Role of B Cells

With the help of T cells, bone marrow-derived B cells can
differentiate into plasma cells that ultimately produce anti-
bodies specific for the original peptide antigen presented to
the T cell. Several growth factors required for this differen-
tiation have been identified recently and may ultimately
serve as therapeutic targets. Mature B cells are found mainly
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in lymphoid follicles, in bone marrow, and in low numbers in
the circulation. Differentiated plasma cells generate antibod-
ies that can act by fixing complement or by opsonizing cells
that are then killed by cell-mediated lympholysis. As noted
above, B cells also serve as excellent APCs.

Recently, alloantibodies have been identified as major
effectors of both acute and chronic graft injury.
Alloantibodies are primarily directed against HLA antigens.
However, a number of less common alloantibodies to non-
HLA antigens (e.g., endothelial or epithelial antigens) have
been identified and occasionally cause graft injury.
Preformed antibodies to HLA antigens most commonly
occur in patients who have had previous transplants, blood
transfusions, or pregnancy. Less commonly, they develop
cross-reactively after exposure to vaccines, viruses, or other
pathogens. Preformed anti-HLA antibodies are measured by
a variety of cross-matching techniques. Mixing recipient
serum with the cells or HLA antigens of a specific donor
performs a donor-specific cross-match. When the serum of
a potential transplant recipient is “cross-matched” with cells
from a large panel of potential donors, the test is referred to
as a panel of reactive antibodies (PRA). Patients with high
PRA (i.e., preformed anti-HLA antibodies against a large
number of potential donors) are said to be “sensitized” and
generally exhibit graft outcomes that are inferior to non-
sensitized patients. In theory, only donor-specific antibodies
(DSAs) are responsible for graft injury [22]. Transplantation
is usually avoided in patients with pre-existing DSAs.
However, very low titers may escape detection by even the
most sensitive of cross-matching techniques. Moreover, de
novo DSAs develop in as many as 15 % of kidney transplant
recipients during the first posttransplant year, increase in
frequency with the passage of time, and are now recognized
as a major cause of late graft injury and graft loss.

2.3 Types of Allograft Rejection

Allograft rejection can be classified based on clinicopatho-
logic criteria into hyperacute, acute, and chronic forms.
However, the pathologic findings obviously vary from one
organ to another. This is especially true of chronic rejection
which, for example, is manifested in kidney transplant
recipients as some combination of interstitial fibrosis, tubu-
lar atrophy, and/or transplant glomerulopathy, in heart
transplant recipients as coronary vasculopathy, and in lung
transplant recipients as bronchiolitis obliterans. Lung trans-
plantation is unique in that chronic rejection can be defined
histologically but is most often diagnosed by functional
parameters such as changes in forced expiratory velocity
(FEV) over time. Hyperacute rejection occurs in recipients
with high titers of preformed DSAs and is a rare occurrence
in the era of modern, highly sensitive cross-matching
techniques.
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A complete description of the pathology of acute and
chronic rejection in each organ is beyond the scope of this
review. Pathologic scoring systems for acute rejection have
been best developed in kidney [23, 24], heart [25] transplan-
tation. For kidney transplants, use of the Banff criteria for
grading rejection has become the standard of practice [23,
24]. Most centers prefer to obtain a biopsy of the organ to
facilitate treatment decisions in patients with suspected
rejection, although some centers do not routinely perform
pancreas transplant biopsies, mostly due to concerns about
bleeding. Acute forms of rejection are usually divided into
cellular and humoral types, but there are sometimes compo-
nents of both cellular and antibody-mediated damage in a
single tissue specimen.

Cases of acute cellular rejection that are deemed to be
clinically or histologically mild are often treated initially
with large “pulse” doses of corticosteroids. Patients who do
not respond to pulse steroid therapy and those with clinically
or histologically severe rejection are treated with antilym-
phocyte preparations. Algorithms for treating acute antibody-
mediated rejection are less well established and vary widely
from center to center. Therapeutic strategies have been best
defined in kidney and heart transplantation. Traditional anti-
lymphocyte antibodies are often employed to treat antibody-
mediated rejection, based on the concern for simultaneous
cellular rejection. However, treatment with plasmapheresis,
anti-CD20 antibodies (i.e., rituximab), and/or IVIg is now
commonly used as either primary or adjunctive therapy for
humoral rejection. Chapter 3 contains a more detailed dis-
cussion of drug therapy for treatment of acute rejection.

2.4 Immunosuppressive Therapy

In this section, we will focus on the mechanisms of action of
commonly used classes of immunosuppressive agents, based
on our understanding of how they inhibit alloimmune
responses detailed in the previous section. Chapter 3 includes
a more complete discussion of clinical use of these drugs.

24.1

In the USA, available T cell-depleting antibodies include
two polyclonal agents generated in either rabbits (rabbit anti-
thymocyte globulin, Thymoglobulin®) or horses (ATGAM®)
[26]. Rabbit ATG is currently the most popular polyclonal
antibody used in the USA. However, it is technically pre-
scribed off-label for induction therapy, being approved by
the Food and Drug Administration (FDA) only for the treat-
ment of acute rejection. The exact mechanisms accounting
for the effectiveness of rabbit ATG (or ATGAM®) are not
entirely understood. These preparations includes antibodies
against numerous T cell markers including CD2, CD3, CD4,
CD8, CDl11a, CDI18, CD25, CD44, CD45, HLA-DR, and
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HLA class I heavy chains. Treatment is generally associated
with profound lymphopenia. The agent is effective in sup-
pressing the cellular immune responses against a variety of
antigenic stimuli, but may be less reliable in preventing
antibody-mediated ~ acute  rejection.  Alemtuzumab
(Campath®) is an anti-CD52 humanized monoclonal anti-
body that binds to all T and B lymphocytes as well as most
macrophages, monocytes, and natural killer cells. It is FDA
approved only for the treatment of lymphoma and is used
off-label for induction therapy in transplant recipients [27].
The agent causes significant leukopenia, probably via
antibody-mediated lysis of lymphocytes, resulting in T cell
depletion that lasts much longer than that observed with the
polyclonal agents (often detectable for more than 1 year).

The only nondepleting antibody available in the USA cur-
rently is basiliximab (Simulect®) [26]. This chimeric mono-
clonal antibody is directed against the o chain of the
interleukin-2 (IL-2) receptor (also known as CD25). Binding
to this receptor inhibits the proliferative signals normally
mediated by IL-2 (see Figure 2-2) without causing profound
depletion of lymphocytes.

2.4.2 Maintenance Immunosuppression

Corticosteroids have multiple effects on alloimmune path-
ways [28-30]. These agents alter the distribution of lympho-
cytes, leading to their sequestration in the reticuloendothelial
system. They also inhibit the proliferation and function of
lymphocytes by blocking the expression of various cyto-
kines. In addition, corticosteroids inhibit transcription fac-
tors such as activating protein-1 (AP-1) and nuclear
factor-kB. As a consequence, these agents inhibit the pro-
duction of IL-1 (a primary stimulus for helper T cell activa-
tion) and IL-6 (a major inducer of B cell activation), thus
inhibiting both the cellular and humoral arms of the alloim-
mune response.

Calcineurin inhibitors include cyclosporine, a small cyclic
polypeptide of fungal origin and tacrolimus, a macrolide
antibiotic compound [31, 32]. Multiple formulations and
generic version of these drugs are now available. Within the
cytoplasm of the lymphocyte, cyclosporine binds to
cyclophilin, while tacrolimus binds to FK-binding protein
(FKBP). Both the cyclosporine-cyclophilin and tacrolimus-
FKBP compounds bind to and inhibit calcineurin, preventing
its normal function and thereby blocking T cell activation
(see Figure 2-2). Thus the two agents are similarly effica-
cious in preventing rejection. However, they exert consider-
ably different side effect profiles (see Chap. 3).

Antiproliferative agents include azathioprine and various
derivatives of mycophenolic acid (MPA), including the
original agent, mycophenolate mofetil, a prodrug that is
metabolized to MPA. Azathioprine is a metabolite of
6-mercaptopurine. It is processed into purine analogs that
inhibit both the de novo and salvage pathways of purine
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synthesis. This inhibits the synthesis of RNA and DNA, thus
blocking gene replication and cell proliferation [33]. MPA
(derived either from mycophenolate mofetil or available as
enteric-coated mycophenolate sodium) is a reversible inhibi-
tor of inosine monophosphate dehydrogenase (IMPDH), a
rate-limiting enzyme in the synthesis of purines [34]. Like
azathioprine, it works by inhibiting nucleic acid synthesis.
However, the effect is relatively selective for lymphocytes
because IMPDH plays a preeminent role in the de novo path-
way for purine synthesis and lymphocytes do not have an
effective salvage pathway that is present in most other rap-
idly dividing cells.

TOR inhibitors include sirolimus and everolimus [35, 36].
These drugs bind to FKBP in the cytoplasm but have no
effects on calcineurin and instead inhibit TOR, an important
regulatory kinase that normally mediates cell cycle progres-
sion (see Figure 2-2). Inhibition of TOR affects both lym-
phocytes and mesenchymal cells. The TOR pathway also
mediates angiogenic effects so that TOR inhibitors exhibit
unique anti-angiogenic properties.

Belatacept is currently the only available co-stimulation
blocker. The drug is fusion protein that blocks T cell co-
stimulation (“signal 2”’) mediated by the B7-CD28 ligand
described above. As described in Chap. 3, the agent was
developed largely as a replacement for calcineurin inhibi-
tors [37].

2.5  Current Outcomes in Solid Organ

Transplantation

This section will focus on the characteristics, outcomes, and
long-term morbidities of solid organ transplant recipients in
the United States. Most of the data comes directly from the
2013 Annual Data Report of the Organ Procurement and
Transplantation Network (OPTN)/Scientific Registry of
Transplant Recipients (SRTR) [38].

25.1

The most common current causes of end-stage renal disease
resulting in the need for kidney transplantation are diabetes
mellitus (29.3 %), hypertension (21.8 %), and glomerulone-
phritis (18.3 %). Since 2002, the number of candidates on the
deceased donor waiting list almost doubled from approxi-
mately 50,000 to 96,000 in 2013. In 2013, 16,901 kidney
transplants were performed in the USA (11,448 from
deceased donors and 5433 from living donors). By compari-
son, 15,197 transplants were performed in 2003. Despite this
modest overall growth in transplant volume, living donation
rates decreased almost 40 % during the same decade. Paired
and other unrelated donations have increased since 2007, but
not enough to compensate for the general decline in living
donation. During the past decade, the number of recipients
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TaBLE 2-1. Donor characteristics used in calculating the kidney
donor profile index (KDPI)

o Age

¢ Height

e Weight

¢ Ethnicity

* History of hypertension

* History of diabetes mellitus

 Stroke as the cause of death

e Serum creatinine

e Presence or absence of hepatitis C

* Type of donor: brain dead versus donor after cardiac death

aged 50 years or older has increased. The use of donors after
cardiac death (DCD) increased from approximately 4 % of
all deceased donors in 2003 to more than 15 % of deceased
donors in 2013.

Until recently, allocation of kidneys from deceased donors
was prioritized using a point system, with points awarded for
several variables including time on the waiting list, prior
organ donation, HLA matching, and sensitization based on
calculated PRA levels of >80 % [40]. The allocation system
was revised in December 2014. In the new system, deceased
donors will be scored on a cumulative percentage scale of
0-100 % using a kidney donor profile index (KDPI) based on
ten donor characteristics shown in Table 2-1 [41]. The best
20% of kidneys (KDPI of 0-20%) are now preferentially
allocated to the best 20 % of candidates based on estimated
posttransplant survival and thus will virtually always be
offered to candidates under the age of 50 years. The influ-
ence of KDPI scores on 1- and 2-year allograft survival rates
is depicted in Figure 2-3. More priority will be given to sen-
sitized patients in the new system. In addition, for patients
who started dialysis before being approved for wait listing,
waiting time will start at the time that dialysis was initiated.
The impact of these new changes in the allocation system
will be scrutinized heavily in the next few years.

During the past decade, death-censored graft survival for
both deceased and living donor kidney recipients steadily
increased at 1, 5, and 10 years. Death-censored graft survival
at 90 days posttransplant is now approximately 97 % for
deceased donors and 99 % for living donors. For patients
transplanted between 2007 and 2011, the cumulative
24-month incidence of a first acute rejection episode was
approximately 14 % for deceased donor recipients and
approximately 12 % for living donor recipients.

Trends in the major components of immunosuppression
protocols since 2003 have been characterized by a steady
increase in the use of T cell-depleting antibodies for induc-
tion therapy, use of tacrolimus as the preferred calcineurin
inhibitor, and use of mycophenolate derivatives in favor of
TOR inhibitors (see Figure 2-4). Approximately 35% of
patients are not taking corticosteroids 1 year after transplan-
tations but the SRTR data suggests that the use of steroid-
free regimens has not changed appreciably since 2007.
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Ficure 2-3. Influence of kidney donor profile index (KDPI) scores on 1- and 2-year graft survival rates in kidney transplant recipients.
Kidney Transplantation Committee, Organ Procurement and Transplantation Network, “Proposal to Substantially Revise The National
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The incidence of new onset diabetes mellitus during the
first year after kidney transplant has decreased from approxi-
mately 12% in 2005 to 5% in 2013. By 5 years posttrans-
plant, 0.6 % of adult transplant recipients have developed
posttransplant lymphoproliferative disease. Renal function
at 1 year has improved steadily. Currently, almost half of
patients with functioning allografts at 6 months have an esti-
mated glomerular filtration rate of 60 mL/min/1.73 m? or
higher.

2.5.2 Liver Transplantation [42, 43]

Currently, the most common diseases resulting in the need
for liver transplantation are hepatitis C (25 %), malignancy
(usually hepatocellular carcinoma, 19.4%), and alcoholic
cirrhosis (18.4 %). The recent availability of safe and highly
effective antiviral drugs capable of treating and eradicating
hepatitis C will likely change this pattern in the future. In
2013, 5921 adult liver transplants were performed in the
USA, including 211 from living donors. At the end of that
year, just over 15,000 candidates were registered on the wait-
ing list for live transplants. Waitlist mortality and morbidity
remain problematic in liver transplantation. In 2013, 1767
patients died while waiting for a transplant and another 1223
were removed from the list being deemed too ill to undergo
the procedure. Allocation of livers continues to be driven by
use of the model for end-stage liver disease (MELD) scores,
using a system that assigns livers to candidates with the most
advanced disease [43, 44]. The MELD score is currently
based on measurements of serum creatinine, serum bilirubin,
and the international normalized ratio (INR) (see Table 2-2).

The proportion of liver transplant patients receiving a
simultaneous liver and kidney transplant rose from 6.7 % in
2010 to 8.1 % in 2013. This proportion may decrease over
time as a consequence of the Share 35 policy that went into
effect in the USA in 2013. That policy requires regional shar-
ing of livers to candidates with MELD scores equal to or
greater than 35. In the first several months after instituting
the policy median waiting time for such patients fell dramati-
cally from 14 months to 1.4 months [43]. The shorter waiting
times may reduce the need for simultaneous kidney trans-
plant by decreasing the frequency of prolonged hepatorenal
syndrome.

By mid-2013, 59,500 US liver transplant recipients were
alive with functioning grafts. Since 1991, 1-year graft sur-

TaBLE 2-2. Calculation of the model for end-stage liver disease
(MELD) score

e MELD score=0.957 xlog, (serum creatinine, mg/dL)*+0.378 xlog,
(serum bilirubin, mg/dL)+1.120 xlog. (INR) +0.643

e Multiply score by 10 and round to nearest whole number. Laboratory
values <1.0 are set to 1.0

“The maximum serum creatinine allowed in the MELD equation is 4.0 mg/
dL. For patients on dialysis, the serum creatinine is automatically entered as
4.0 mg/dL
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vival has steadily improved from approximately 74 % to
approximately 90 % in the most recent cohort. The use of
antibodies for induction therapy in liver recipients has
increased only slightly in the past decade. More than 70 % of
liver transplant recipients receive no induction therapy at all.
Tacrolimus and mycophenolate derivatives are the most
commonly used maintenance agents. Steroid withdrawal is
more common after liver than after kidney transplantation.
Only 40 % of liver transplant patients remain on corticoste-
roids 1 year after transplantation. Recurrence of hepatitis C
remains a problem and accounts for graft survival being
poorest among the subset of liver transplant recipients with
this underlying disease. Again, the recent introduction of
newer antiviral agents promises to change these statistics in
the next several years.

2.5.3 Pancreas Transplantation [45]

Pancreas transplantation is indicated primarily for patients
with type I diabetes mellitus, but also for selected type 2 dia-
betics who are not obese, and who have relatively low insulin
requirements. Virtually all pancreas transplants are recov-
ered from deceased donors. Most commonly, pancreas trans-
plantation is performed together with a kidney transplant in
diabetic patients with end-stage renal failure (simultaneous
pancreas and kidney, SPK) and less commonly is performed
alone (pancreas transplant alone, PTA) or after a previous
kidney transplant (pancreas after kidney, PAK) [46]. The
major indication for a PTA is hypoglycemic unawareness.

The total number of pancreas transplants performed in
United States has steadily decreased in the last decade. The
reasons for this decline are not clear but possibly reflect rela-
tively high rates of technical failure, surgical complications
from the procedure [47], or improved outcomes with medical
therapy alone for this special population. Just under 1500
total pancreas transplants were performed in 2002, dropping
to just over 1000 transplants in 2013. The decline in volume
has been more pronounced for SPK and PAK transplants
than for PTA transplants. Historically PTAs were performed
less commonly than SPKs or PAKSs. Interestingly, in 2013,
transplant rates for PAK and PAT were virtually equivalent
but only about 100 transplants were performed in each of
those categories. The allocation of pancreas transplants has
traditionally been subject to regional variances. Current
efforts are UNOS are aimed at creating a national pancreas
allocation system in which candidates for SPK, PAK, or PTA
will combine to form a single match run list [45]. If imple-
mented, this system would assure that SPK candidates will
not have to compete against nondiabetic kidney transplant
candidates.

Immunosuppressive practice for recipients of pancreas
transplants has changed little in the past 5 years. T cell-
depleting induction was used in approximately 80 % of all
transplants in 2013. For maintenance, tacrolimus was used in
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approximately 92 % and mycophenolate in 90 % of recipi-
ents. Steroids were used in 65 % initially and in 75% of
recipients at 1 year post transplant.

Due to lack of a uniform definition for pancreas transplant
failure (variably defined as re-initiation of insulin, initiation
of oral hypoglycemic medications, or undetectable
C-peptide), the outcomes of pancreas transplant graft sur-
vival are not as standardized as those for kidney graft failure.
With this limitation, graft failure rates within the first 3
months posttransplant (often described as technical losses)
have decreased steadily over the past decade from 12.4 % in
2002-2003 to 7.6 % in 2012-2013. Rates were lowest among
SPK recipients (2.5 % for kidney, 4.9 % for pancreas) and
comparable for PTA and PAK (10.4% and 9.9 %, respec-
tively). Unadjusted actual 1- and 5-year pancreas graft sur-
vival for the transplants performed in 2008 were 74.3 and
50.6 % for PTA, 85.8 and 74.3% for SPK, and 78.7 and
62.0 % for PAK. It has been postulated that better graft sur-
vival for SPK compared to PAK and PTA is due to a rela-
tively low incidence of rejection in this group and/or earlier
recognition and treatment of rejection. This may reflect the
presence of the kidney transplant, which is more amenable
for a percutaneous biopsy than a pancreas transplant, and can
be used as a surrogate marker for rejection in the pancreas.

The incidence of first acute pancreas rejection at 1 and 2
years was 22.1 and 27.8% for PTA, 16.0 and 20.4 % for
SPK, and 17.4 and 22.5% for PAK. Overall incidence of
posttransplant lymphoproliferative disorder at 5 years was
2.6 % for PTA, 1.0% for SPK, and 0.9 % for PAK, and the
incidence was higher among recipients negative for EBV
(6.4 % for PTA and 3.6 % for SPK). The number of patients
living with a functioning pancreas transplant has doubled
between 2002 and 2013 from approximately 7000 to 14,000.

2.5.4 Heart Transplantation [48]

About 2500 heart transplants were performed in 2013, com-
pared to 2100 in 2002. Cardiomyopathy is the most common
indication for heart transplant, followed by coronary artery
disease. The number of patients waiting for heart transplant
steadily increased from 2800 in 2002 to 3200 in 2013. The
waiting time for heart transplant overall has not changed sig-
nificantly within this time period. In 2003, 14.8 % of candi-
dates spent 5 or more years on the waiting list, compared
with only 5.4% in 2013. Heart transplants are allocated
based on a UNOS scoring system (see Table 2-3). The pro-
portion of candidates maintained on ventricular assist devices
(VADs) at the time of wait listing increased dramatically,
from 7.5% in 2003 to 27.4% in 2013. Because of steady
improvements in VAD technology, some patients are main-
tained on these devices for long periods of time, either as a
bridge or even as an alternative to transplantation [49].
More than half of heart transplants in the USA are per-
formed without any induction agents, and the remainder are
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TaBLE 2-3. Heart transplant candidate listing status

UNOS waiting list status

(in order of priority) Patient/management description

1A (a) Mechanical circulatory support,
excepting VADs,* but including an
artificial heart, extracorporeal membrane
oxygenator, or intra-aortic balloon pump
(b) Mechanical circulatory support within
LVAD or RVAD, with complications
(c) Continuous mechanical ventilation
(d) Continuous infusion of high-dose
intravenous inotropic agent with
continuous invasive hemodynamic
monitoring
1B (a) RVAD and/or LVAD, uncomplicated
(b) Continuous infusion of intravenous
inotropic agent
2 Awaiting heart transplant but not meeting 1A
or 1B criteria
7 Temporarily unsuitable to undergo
transplantation (i.e., HOLD status)

*VAD ventricular assist device, L left, R right.

done with either IL-2 blocking- or T cell-depleting antibod-
ies. More than 90 % of the patients are on a combination of
tacrolimus, MPA derivatives, and corticosteroids. One-, 3-,
and 5-year survival rates in patients who underwent heart
transplant between 2006 and 2008 were 88.1 %, 81.3 %, and
75.3 %, respectively. Survival was slightly lower for recipi-
ents with prior VADs than for those without VADs. The
number of heart transplant survivors continued to increase
over time with 27,120 heart transplant recipients being alive
with a functioning graft in 2013.

Rejection remains an important cause of morbidity after
heart transplant with a current cumulative incidence of acute
rejection at 1 year of 23.6 %. Rejection may be recognized
more frequently in heart transplantation than in other organ
transplants owing to the common practice of performing
serial protocol biopsies, especially in the first posttransplant
year. Cytomegalovirus (CMYV) infection has been strongly
linked to cardiac allograft vasculopathy [50]. The leading
causes of death during year 1 posttransplant are infection,
cardiovascular/cerebrovascular disease, and graft failure.
After year 1, however, cardiovascular/cerebrovascular dis-
ease becomes the more common cause of death, followed by
infection and graft failure.

2.5.5 Lung Transplantation [51]

Lung transplantation is being performed increasingly for crit-
ically ill patients with end-stage lung disease. Allocation of
lungs is based on the lung allocation score (LAS), a scoring
system introduced in 2005 [52]. Pulmonary diagnoses are
categorized into to four groups for the calculation of LAS:
group A, obstructive lung disease; group B, pulmonary
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TaBLE 2-4. Factors used in calculating the lung allocation score
(LAS)

* Underlying cause of lung disease
e Age of recipient

* Body mass index

* Presence or absence of diabetes mellitus

* New York Heart Association functional status (I, II, III)
* Forced vital capacity (FEV) (percent predicted)
e Pulmonary arterial systolic pressure

* Supplemental oxygen required at rest (L/min)

e Pulmonary capillary wedge pressure
 Distance walked within 6 min

* Need for mechanical ventilation

* Serum creatinine concentration

* pCO,

vascular disease; group C, cystic fibrosis and immunodefi-
ciency disorders; and group D, restrictive lung disease. The
LAS system was designed to estimate waitlist mortality in a
fashion that allows transplantation for compromised patients
while avoiding candidates whose likelihood of survival is
poor. Clinical variables used to calculate the LAS score are
shown in Table 2-4. A raw allocation score is calculated based
on these variables and then normalized to obtain the actual
LAS, which has a range of 0—100. Higher scores indicate that
the patient is more likely to benefit from a lung transplant.

In 2013, 1946 lung transplants were performed, including
adult and pediatric recipients, the most ever in a single year.
Bilateral lung transplantation remains the preferred proce-
dure, accounting for approximately 70 % of lung transplants
performed in 2013. In 2013, 28.7 % of all US lung recipients
were aged 65 years or older, compared with 7.2 % in 2003.

Short-term survival (30-day and 1-year) and long-term
survival (3-year and 5-year) have plateaued since implemen-
tation of the LAS. Overall, 5-year unadjusted patient survival
was 53.6 %. Survival was consistently lowest among recipi-
ents aged 65 years or older, those with LAS greater than 60,
and those in diagnosis group B. Fifty percent of lung trans-
plants currently are performed without any induction anti-
body therapy. Tacrolimus and mycophenolate derivatives are
the preferred agents for maintenance immunosuppression
and are being used in more than 90 % of lung recipients.
Almost all patients are on steroids at 1 year post transplant.
About 20% and 40 % of the patients experience first acute
rejection by 12 and 24 months post transplant, respectively.
About 2 % of patients develop PTLD by 5 years of posttrans-
plant with incidence up to 6 % for patients who are serologi-
cally negative for EBV at the time of transplantation.

2.5.6 Intestinal Transplantation [53]

Improvement in the medical and surgical treatment of patients
with intestinal failure has resulted in a recent decrease in the
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number of intestinal transplantations being performed in the
USA. Short-gut syndrome remains to be the most common
indication. More than half the transplants are actually com-
bined intestine-liver transplants. The number of intestine
transplants decreased from 91 in 2009 to 51 in 2013. The
number of intestine-liver transplants steadily decreased from
a peak of 135 in 2007 to a low of 44 in 2012, but increased
slightly to 58 in 2013.

Graft survival for intestine transplants has improved over
the past decade. Graft failure in the first 90 days posttrans-
plant occurred in 14.1 % of intestine recipients and in 11.2 %
of intestine-liver recipients in 2013. The graft failure rate
was 24.5 % at 1 year for transplants performed between 2011
and 2012, 43.6% at 3 years for transplants performed
between 2009 and 2010, 48.5% at 5 years for those per-
formed between 2007 and 2008, and 68.4 % at 10 years for
transplants performed between 2001 and 2002.

For induction therapy in 2013, 54 % of intestine transplant
recipients received T cell-depleting agents, 11 % received
IL-2 receptor antagonists, and 38 % received no induction.
The initial immunosuppression agents used most commonly
in 2013 were tacrolimus (95.0 %), steroids (73.0 %), myco-
phenolate (35.0 %), and mammalian TOR inhibitors (15.0 %).
Steroids were used in 70.0% of recipients at 1 year post-
transplant. Acute rejection occurred in 35-40 % of patients at
12 months and in approximately 50 % at 24 months.

For patients who underwent intestine transplantation
between 2001 and 2011, 9.9% of intestine recipients and
6.8 % of intestine-liver recipients developed PTLD within 5
years posttransplant. The incidence was highest among
recipients who were negative for EBV: 12.5% of EBV-
negative intestine recipients and 8.2 of EBV-negative
intestine-liver recipients.

2.6 The Future of Solid Organ
Transplantation: Strategies
for Achieving Tolerance

A long-standing goal in the field of solid organ transplanta-
tion is to induce immunologic tolerance to the graft such that
the host’s immune system can respond normally to immune
stimuli without immunosuppression and with the specific
absence of a detrimental immune response directed at the
transplanted organ. Studies in animal models suggest that
tolerance to an allograft can be achieved under a variety of
conditions including elimination of the donor-reactive
immune cells (deletion), induction of immunologic igno-
rance (the immune system fails to recognize transplant anti-
gens), induction of anergy, or active inhibition by regulatory
T cells [54]. True immunologic tolerance has been achieved
in human kidney transplant recipients when a bone marrow
transplant has been performed between HLA identical
donors, followed by a kidney transplant using the same
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donor. Based on these experiments of nature several groups
have attempted to use bone marrow ablation, either marrow
or stem cell transplantation, and adjunctive combinations of
early immunosuppression in an effort to achieve at least
“operational” tolerance [55-57].

Tregs suppress immune responses, potentially via local
cytokine production and through prevention of dendritic cell
activation. The recent recognition of multiple Treg pheno-
types, including those that are CD25+ CD4+ Foxp3+, as well
as newly developed methods for inducing Treg expansion
in vitro and in vivo, has excited the transplant community
[58, 59]. While only limited success has thus far been
achieved toward developing human allograft tolerance in
humans, multiple groups are studying whether and how
Tregs can be exploited to prolong graft survival and poten-
tially induce robust allograft tolerance.

2.7  Summary

The field of solid organ transplantation has advanced consid-
erably in the past half century, based largely on improved
understanding of the mechanisms of allograft rejection and
the parallel development of effective immunosuppressive
drugs. Currently available immunosuppressive drugs are not
completely effective in preventing or treating allograft rejec-
tion. Moreover, long-term treatment with these agents is
associated with toxicities including infection and malig-
nancy—topics that will be covered in detail elsewhere in this
book. Thus, organ transplantation remains an imperfect
modality. Effective strategies for creating true immune toler-
ance might allow organ transplantation without the use of
immunosuppressive drugs. However, a breakthrough of that
kind would only partially offset the most important limita-
tion in the field: a continued shortage of organ donors.
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Immunosuppressive Agents

Karen L. Hardinger, Irfan A. Agha, and Daniel C. Brennan

3.1 Introduction

Over the last half century, the field of kidney transplant has
experienced a significant change. From better insights into
immunology, immunodiagnostics, and immunotherapeutics
to refinements in the surgical processes, the course and
expected outcomes for these patients have improved dra-
matically. The philosophy of therapeutic immunosuppres-
sion and the tools available to deliver it are steadily
improving as well.

The basic profile of current immunosuppression strategy
has remained fundamentally unchanged—two distinct
phases can be teased out. “Induction” is the initial phase of
heavy immunosuppression to avoid early acute rejection and
allow for maintenance immunosuppression to become effec-
tive. The subsequent “maintenance” phase attempts at keep-
ing the patient optimally immunosuppressed but at the same
time limiting the fallout (infections, metabolic complica-
tions, malignancies, etc.) of the immunocompromised state.
These two phases are periodically punctuated by a third “res-
cue” phase that is deployed should the patient suffer a rejec-
tion episode.

The alloimmune response is complicated and multi-
pronged with several loops of redundancy. Over the years,
many different drugs have been used in combination target-
ing various steps and pieces of the immune response. This
sequentially arrests the immune response and has the added
advantage of using lower doses of each individual drug
allowing for an agreeable decrease in individual toxicities.
This has led to the paradigm of combination drug regimens
for the management of the kidney transplant recipient.

Despite significant gains in this respect, many problems
remain. There are few reliable methods of measuring allore-
activity directly in widespread clinical use. This constrains
transplant physicians to depend solely on indirect data (like
blood counts and drug levels) and monitoring toxicities of
the individual drugs ©being administered. Over-
immunosuppression of a particular patient, drug-related tox-
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icities, and side effects as well as opportunistic infections
remain a daily hazard to the well-being of the transplant
recipient. Indeed, increased cardiovascular mortality is one
of the biggest challenges in managing the transplant patient.

3.2 Structure of Immunosuppressive
Regimens

As noted, the immune response is complex and multi-
pronged, replete with redundant loops. The purpose of
immunosuppressive therapy remains avoidance of alloreac-
tive responses and rejection of the allograft. Use of one agent
alone may not protect against this alloreactivity due to the
nature of the immune response or may be attended with
unacceptable toxicity.

Combining drugs has been an effective strategy at targeting
these complex processes at multiple points, creating synergy
to achieve therapeutic effectiveness. A desired consequence
is the ability to reduce exposure to each constituent drug in
the regimen, decreasing individual drug toxicity as well as
perhaps the overall degree of immunosuppression.

In the early days of transplantation, steroids and antipro-
liferative agents (azathioprine) formed the backbone of
transplant immunosuppression regimens (Table 3-1).
Introduction of calcineurin inhibitors (cyclosporine) revolu-
tionized transplantation. The rates of acute rejection fell dra-
matically and the era of standard triple immunosuppression
was ushered in—a calcineurin inhibitor anchor (cyclospo-
rine and later tacrolimus), an adjuvant antimetabolite antip-
roliferative agent (azathioprine and later mycophenolic acid
preparations), and steroids. This structure remains the most
commonly used strategy for therapeutic immunosuppression
today [1].

Identifying the critical nature of the first few months
after transplantation from a rejection point of view, many
centers add a layer of induction to the standard mainte-
nance immunosuppression, especially to those thought to
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TaBLE 3-1. Classification of immunosuppressive agents
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Classification Drug (generic) Drug (trade) Generic Dosage form
IL-2 receptor blockers Basiliximab Simulect® No Injection
Anti-T-cell therapy Antithymocyte globulin—horse Atgam® No Injection
Antithymocyte globulin—rabbit Thymoglobulin® No Injection
CDS52 antibody Alemtuzumab Campath® No Injection
Corticosteroids Methylprednisolone Solu-Medrol® Yes Injection, oral
Prednisone Deltasone® Yes Oral
Calcineurin inhibitors Cyclosporine nonmodified, CsA Sandimmune® Yes Injection, oral
Cyclosporine modified, microemulsion Neoral® Yes Injection, oral
Tacrolimus, FK Prograf® Yes Oral
Extended-release tacrolimus Astagraf® No Oral
MTOR inhibitors Sirolimus, rapamycin Rapamune® No Oral
Everolimus Zortress® No Oral
Antiproliferative Azathioprine, AZA Imuran® Yes Injection, oral
Mycophenolate mofetil, MMF Cellcept® Yes Injection, oral
Mycophenolate sodium, EC-MPS Myfortic® Yes Oral
Co-stimulation blockade Belatacept Nulojix® No Injection

be at high immunological risk. This is referred to as “qua-
druple immunosuppression.” Polyclonal antibodies such as
antithymocyte globulins or monoclonal antibodies, such as
basiliximab and alemtuzumab, may be given as induction
immunosuppression.

By effectively using these medicines, the rates of acute
rejection have steadily dropped over the decades. Having
achieved this goal, transplant physicians are now trying to
refine these strategies to reduce the morbidity of these drugs
as well as that of the immunosuppressed state. Calcineurin
inhibitors have reduced acute rejection rates and have
improved short-term allograft survival, but clear evidence of
benefit on long-term allograft survival is not yet conclusive.
These agents themselves have nephrotoxic potential and
expose the recipient to harmful metabolic complications like
diabetes, hypertension, and dyslipidemias, contributing to
high cardiovascular morbidity and mortality. Thus, the
search for alternate substitute agents led to mTOR inhibitors
as well as co-stimulation blocking agents like belatacept.
Calcineurin-free immunosuppression is the subject of intense
current research but is not a dominant clinical trend yet.

Similarly, buoyed by the effectiveness of other agents
available, many centers remove the steroid part of the stan-
dard triple immunosuppression protocols. Steroids are either
completely eliminated (steroid-free regimens) or are with-
drawn after a discreet but early interval posttransplant (avoid-
ance). Monotherapy for maintenance immunosuppression is
being studied but is rarely used outside of clinical trial proto-
cols [2, 3]. Intuitively, this strategy would be reserved for
patients with transplanted organs that are perceived to have
less immunogenic potential and considered to be at less
immunological risk.

With the many choices of drugs available, their side effect
profiles (Table 3-2) as well as the ever-expanding complexity
of immune risks, a one-size-fits-all strategy for therapeutic

immunosuppression is no longer adequate or appropriate.
Though “center protocols” still exist and with good reason,
the emphasis now must be on immunosuppression individu-
alization. A plan for each patient must be created prior to
transplantation based on immunological risk and patient pro-
file and then constantly adjusted based on the posttransplant
course (Table 3-3).

3.3 Induction Immunosuppression

The first few months after transplantation are a time of
heightened risk for alloimmune events. Passenger donor
antigen-presenting cells cause acute rejection via the direct
antigen presentation pathway. This is also the time when the
recipient immune system is surveying the allograft antigens
for the first time. The risk of acute rejection recedes after the
first few months perhaps as the passenger antigen-presenting
cells are eliminated.

To counter this early risk of rejection, a strategy to aggres-
sively target T-cell signaling to control T-cell-mediated allo-
immune responses in the early posttransplant period has
become popular. Termed induction immunosuppression, this
represents a period of intense immunosuppression afforded
right before and immediately after kidney transplantation.
Induction immunosuppression not only reduces acute rejec-
tion, but many other corollary benefits are derived as well,
such as minimizing the doses necessary for other immuno-
suppressive agents.

Induction immunosuppression is afforded by deploying
antibody-based therapy and is used in addition to usual antire-
jection medicines. Over the decades, use of induction immu-
nosuppression has increased from less than 30 % of transplants
in the 1980s to over 80% in 2010 [1]. Many different types
and preparations of these antibodies are available.
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Drug Dose Side effects
Induction
Basiliximab 20 mg IV x2 doses Hypersensitivity reactions

Antithymocyte globulin

Rabbit 1.5 mg/kg IV x3-7 days
Horse 15 mg/kg IV x3-7 days
Alemtuzumab 30 mg IV x 1 dose*
Maintenance
Prednisone Maintenance: 2.5-10 mg/day
Rejection: 250-1000 mg/day x 3 days
v
Cyclosporine 4-5 mg/kg po twice daily
Tacrolimus 0.05-0.075 mg/kg po twice daily

Extended-release tacrolimus 0.1 mg/kg po twice daily

Sirolimus 2-10 mg/day po daily
Everolimus 0.75 mg po twice daily
Azathioprine 1-2.5 mg/kg/day po daily

Mycophenolate mofetil 500-1500 mg po twice daily

Mycophenolate sodium 360-1080 mg po twice daily

Belatacept 10 mg/kg administered, prior to
implantation, on day 5, and at the
end of weeks 2, 4, 8, and 12, then
5 mg/kg every 4 weeks (plus or
minus 3 days)

Rejection
Methylprednisolone Rejection: 250-1000 mg/day x 3 day

v

Antithymocyte globulin

Rabbit 1.5 mg/kg IV x7-14 days

Horse 15 mg/kg IV x7-14 days
Rituximab 375 mg/m? IV dosed to response®
Eculizumab 600 mg IV weekly for 6 doses®
Bortezumib 1.3 mg/m? IV days 1, 4, 8, and 12°

Rash, fever, thrombocytopenia, leukopenia
Rash, fever, thrombocytopenia, leukopenia

Fever, chills, lymphopenia, neutropenia, anemia, thrombocytopenia,
infection

Mood disturbances, psychosis, cataracts, hypertension, fluid retention,
peptic ulcers, osteoporosis, muscle weakness, impaired wound
healing, glucose intolerance, weight gain

Neurotoxicity, gingival hyperplasia, hirsutism, hypertension,
hyperlipidemia, glucose intolerance, nephrotoxicity, electrolyte
disturbances

Neurotoxicity, alopecia, hypertension, hyperlipidemia, glucose
intolerance, nephrotoxicity, electrolyte disturbances

Neurotoxicity, alopecia, hypertension, hyperlipidemia, glucose
intolerance, nephrotoxicity, electrolyte disturbances

Hypertriglyceridemia, anemia, thrombocytopenia, mouth sores,
hypercholesterolemia, gastrointestinal disturbances, bone marrow
suppression, poor wound healing, edema

Hypertriglyceridemia, anemia, thrombocytopenia, mouth sores,
hypercholesterolemia, gastrointestinal disturbances, bone marrow
suppression, poor wound healing, edema

Leukopenia, thrombocytopenia, gastrointestinal disturbances,
pancreatitis, hepatotoxicity

Leukopenia, thrombocytopenia, gastrointestinal disturbances

Leukopenia, thrombocytopenia, gastrointestinal disturbances

Edema, hypertension, diarrhea, anemia, infection, cough

Mood disturbances, psychosis, cataracts, hypertension, fluid retention,
peptic ulcers, osteoporosis, muscle weakness, impaired wound
healing, glucose intolerance, weight gain

Rash, fever, thrombocytopenia, leukopenia

Rash, fever, thrombocytopenia, leukopenia

Fever, fatigue, lymphopenia, anemia, infusion-related reactions,
infection

Hypertension, headache, anemia, infection

Fatigue, fever, diarrhea, nausea, gastrointestinal side effects,
thrombocytopenia, neutropenia, peripheral neuropathy

PO by mouth, IV intravenously.
“Not indicated for transplantation.

3.3.1

Basiliximab is an interleukin (IL)-2 receptor antagonist and
is the only Food and Drug Administration (FDA)-approved
induction agent in renal transplantation. It demonstrated sta-
tistically significant reduction in the incidence of acute rejec-
tion in three landmark clinical trials, two of which used a
maintenance regimen of cyclosporine and corticosteroids
without an antimetabolite [4—6]. Using a more contemporary

Nondepleting Antibodies

regimen, a trial comparing basiliximab to placebo (using
cyclosporine, corticosteroids, and mycophenolate mofetil for
maintenance) demonstrated a trend toward reduced inci-
dence of acute rejection in the treatment group (15.3 % vs.
26.6 %), although it did not reach statistical significance [7].
None of these trials demonstrated a significant difference in
patient or allograft survival. It is dosed at 20 mg intrave-
nously intraoperatively and 4 days after transplantation. It
has few adverse reactions or drug interactions.
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Immunosuppressive change

Condition Immunosuppressive cause
New-onset diabetes after Corticosteroid, tacrolimus, cyclosporine, mMTORS
transplantation
Dyslipidemia Corticosteroids, cyclosporine
Sirolimus, everolimus
Hypertension Corticosteroid, cyclosporine, tacrolimus, mTORS
Osteoporosis Corticosteroids

Bone marrow suppression

tacrolimus
Delayed wound healing Sirolimus, everolimus
Gastrointestinal side effects
Proteinuria Sirolimus, everolimus

Nephrotoxicity Cyclosporine, tacrolimus, sirolimus

Mycophenolic acid, azathioprine, sirolimus, everolimus,

Mycophenolate mofetil, tacrolimus, sirolimus

Avoidance, dose reduction

Avoidance, dose reduction, tacrolimus

Avoidance, dose reduction
Avoidance, dose reduction
Dose reduction

Avoidance

Enteric-coated mycophenolic sodium, dose reduction,
azathioprine

Avoidance
Avoidance, dose reduction, belatacept

Adapted from KDIGO clinical practice guideline for the care of kidney transplant recipients. Am J Transplant. 2009 Nov;9 Suppl 3:S1-155.

3.3.2 Depleting Antibodies

The use of depleting antibodies causes a profound depletion
of lymphocytes and leads to a significant reduction in acute
rejection. Two depleting antibody preparations are currently
available in the USA—the polyclonal antithymocyte
globulin(r-ATG,  Thymoglobulin® and  horse-ATG,
ATGAM®) and the monoclonal humanized alemtuzumab.
Polyclonal antibodies have specificities for various lympho-
cyte surface antigens and cause a prolonged and durable
depletion in lymphocytes. It may take several months for
these lymphocytes to repopulate.

The optimal dose for r-ATG is unclear. Most centers use
1.5 mg/kg intravenously for 3-5 days [8—16]. However, lower
doses of -ATG (0.5, 1, and 2 mg/kg for 3 days after transplan-
tation) have been associated with dose-dependent lymphocyte
depletion (in intensity and duration) and prevention of acute
rejection [17]. Conversely, nonhuman primate data suggests a
more significant impact on T-cell depletion in lymph nodes
(but not thymus) with higher doses [18]. Higher induction
doses of 6-9 mg/kg have been used intraoperatively with sub-
sequent sparing of maintenance immunosuppression with suc-
cess [19, 20]. Rabbit antithymocyte globulin can be associated
with an infusion cytokine release syndrome and premedica-
tion is suggested. Careful monitoring of blood counts is essen-
tial. Leukopenia and thrombocytopenia are commonly seen
and may mandate dosage changes or interruption.

Alemtuzumab is a humanized monoclonal antibody tar-
geting CDS52 present on T lymphocytes, B lymphocytes, and
monocytes. It causes profound and sustained lymphocyte
depletion. Originally developed as one of the agents for
conditioning in bone marrow transplantation, it was later uti-
lized as treatment for chronic lymphocytic leukemia. In kid-
ney transplantation, it was introduced as an agent to treat
rejection in 1995 [21]. It was later tried as an induction agent
followed by minimal immunosuppression in the hopes of
setting up near tolerance. This strategy revealed significant
rejection when alemtuzumab was used as monotherapy or
with minimal maintenance immunosuppression with a single

agent [22]. It became apparent that despite profound lym-
phocyte depletion, alemtuzumab was not effective against
memory T cells in sanctuary sites [23]. It has since found
increasing use in conjunction with follow-up triple immuno-
suppression or double therapy (minimizing or avoiding ste-
roids). Most commonly, it is used as a single dose of 30 mg
intraoperatively. It can be dosed subcutaneously, but this
route is not FDA approved. A minority of centers prefer two
doses, while others still use a weight-based regimen.
Alemtuzumab may also be associated with an infusion syn-
drome and prophylaxis is recommended.

Considerable knowledge may be gained from induction
trials. Rabbit antithymocyte globulin and basiliximab were
compared in two multicenter induction trials in combination
with cyclosporine, mycophenolate mofetil, and corticoste-
roids. The first trial included low-immunological-risk
patients and revealed similar incidence of acute rejection
with similar patient and allograft survival at 12 months post-
transplantation [24]. The second trial included moderate- to
high-risk patients and demonstrated an improved combined
endpoint for the incidence of rejection, allograft loss, and
patient death in the r-ATG arm [25, 26]. Most of the benefit
in combined endpoints was attributed to the decreased inci-
dence of acute rejection. Alemtuzumab has also shown
promise in lowering acute rejection rates in low-risk patients
when compared to basiliximab [27]. Among high-risk
patients, alemtuzumab and r-ATG had similar efficacy. In
another randomized trial, patients treated with alemtuzumab
without corticosteroids and mycophenolate/tacrolimus suf-
fered less rejection but more polyoma infections than patients
treated with basiliximab, corticosteroids, and mycopheno-
late/tacrolimus [28]. However, in both of these trials, the
reduction in acute rejection episodes did not translate to
improved allograft survival or improved renal function. A
recent meta-analysis supports the results concluding that
alemtuzumab induction reduces the risk of rejection com-
pared with basiliximab but not r-ATG and recommends pick-
ing induction agents based on safety and cost [29].
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3.4  Summary

There is significant disagreement on the preferred induction
agent and many centers adhere to their own preferences and
practice. However, based on available data, some general
principles may be teased out. The choice of induction immu-
nosuppression eventually must be weighed against two
major factors: the assessed immunological risk and philoso-
phy of maintenance immunosuppression. According to the
KDIGO Clinical Practice Guidelines, basiliximab may be
preferred in low-risk patients, and a depleting antibody
(r-ATG or alemtuzumab) may be preferred in high-risk trans-
plant patients [30] (Table 3-4). Similarly, regimens using
immunosuppression-minimizing strategies or steroid avoid-
ance may need induction with a depleting agent. Elderly
patients, those with HCV infection, and patients with other
risk factors (e.g., a history of malignancy) may be considered
for nondepleting antibody induction to mitigate infection or

TaBLE 3-4. Summary of renal transplant clinical practice guidelines
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cancer risk. This remains a complicated clinical decision and
must be individualized and given careful consideration.

3.5 Maintenance Immunosuppression

After a few weeks in the recipient environment, the passen-
ger antigen-presenting cells are slowly eliminated, and the
mechanism of alloimmunity switches to the more traditional
indirect antigen presentation. Acute rejection may still occur
but is not as common except as a consequence of noncompli-
ance. The main concern at this stage is the development of
chronic alloimmune rejection, a largely antibody-mediated
rejection process. At this stage, the immune system needs to
be under constant check. The emphasis remains on control-
ling CD4+ T-cell responses as well as immune cell recruit-
ment and proliferation. As this is a long-term process, this
has to be done suavely to avoid drug toxicity, opportunistic
infection, and cancer.

Induction therapy

1. We recommend starting a combination of immunosuppressive medications before, or at the time of, kidney transplantation (1A)

2. We recommend including induction therapy with a biologic agent as part of the initial immunosuppressive regimen in KTRs (1A)

3. We recommend that an IL2-RA be the first-line induction therapy (1B)

4. We suggest using a lymphocyte-depleting agent, rather than an IL2-RA, for KTRs at high immunological risk (2B)

Initial maintenance immunosuppressive medications

1. We recommend using a combination of immunosuppressive medications as maintenance therapy including a CNI and an antiproliferative agent,

with or without corticosteroids (1B)
2. We suggest that tacrolimus be the first-line CNI used (2A)

3. We suggest that tacrolimus or CsA be started before or at the time of transplantation, rather than delayed until the onset of allograft function (2D

tacrolimus; 2B CsA)

4. We suggest that mycophenolate be the first-line antiproliferative agent (2B)

5. We suggest that, in patients who are at low immunological risk and who receive induction therapy, corticosteroids could be discontinued during the

first week after transplantation (2B)

6. We recommend that if mTORI are used, they should not be started until allograft function is established and surgical wounds are healed (1B)

Long-term maintenance immunosuppressive medications

1. We suggest using the lowest planned doses of maintenance immunosuppressive medications by 2—4 months after transplantation, if there has been

no acute rejection (2C)
2. We suggest that CNIs be continued rather than withdrawn (2B)

3. If prednisone is being used beyond the first week after transplantation, we suggest prednisone be continued rather than withdrawn (2C)

Treatment of acute rejection

1. We recommend corticosteroids for the initial treatment of acute cellular rejection (1D)

2. We suggest adding or restoring maintenance prednisone in patients not on steroids who have a rejection episode (2D)

3. We suggest using lymphocyte-depleting antibodies for acute cellular rejections that do not respond to corticosteroids and for recurrent acute cellular

rejections (2C)

4. We suggest treating antibody-mediated acute rejection with one or more of the following alternatives, with or without corticosteroids (2C): plasma
exchange, intravenous immunoglobulin, anti-CD20 antibody, lymphocyte-depleting antibody

5. For patients who have a rejection episode, we suggest adding mycophenolate if the patient is not receiving mycophenolate or azathioprine or

switching azathioprine to mycophenolate (2D)

IL2-RA interleukin 2 receptor antagonist, K7Rs kidney transplant recipients, CNI calcineurin inhibitor, CsA cyclosporine A, mTORi mammalian target of

rapamycin inhibitor(s).

Adapted from KDIGO clinical practice guideline for the care of kidney transplant recipients. Am J Transplant. 2009 Nov;9 Suppl 3:S1-155.
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As noted above, most centers choose to use a calcineurin
inhibitor anchor (either tacrolimus or cyclosporine) along with
an adjuvant agent (azathioprine or a mycophenolic acid prepa-
ration) with or without steroids. Other agents in use are mTOR
inhibitors and co-stimulation blocking agents (belatacept).

3.5.1

Calcineurin inhibitors are the first act in the modern trans-
plantation miracle. They directly target the lymphocytes
nonlethally by restricting the ability of CD4 T cells to pro-
duce IL-2, the vaunted signal three of T-cell activation limit-
ing immune cell proliferation in response to activation of
CD4 cells. This revolutionized kidney and other organ trans-
plantation. Acute rejection rates plummeted markedly
improving short-term patient and allograft survival.

Cyclosporine was the first agent in this class to be approved
by the FDA in 1983. The earliest formulation of cyclospo-
rine, cyclosporine nonmodified, is as an aquaphobic, softgel
capsule. Subsequently, a microemulsion form (cyclosporine
modified) was introduced. In the late 1980s, the second agent
tacrolimus surfaced. It was approved by the FDA in 1994 for
use in liver transplantation and has been used in all forms of
transplantation since. A prolonged-release form of tacroli-
mus has now been introduced into clinical practice.

Early studies that compared microemulsion cyclosporine
(modified) to tacrolimus using the combination of calcineu-
rin inhibitors, azathioprine, and corticosteroids demonstrated
a significant decrease in acute rejection with tacrolimus,
while there was no difference in patient or allograft survival
posttransplantation [31, 32]. A more recent study random-
ized first deceased donor recipients to one of three immuno-
suppressive regimens (all included corticosteroids): (1)
tacrolimus with azathioprine, (2) tacrolimus with mycophe-
nolate mofetil, and (3) microemulsion cyclosporine and
mycophenolate mofetil [33]. Acute rejection rates were simi-
lar in each group, but the incidence of corticosteroid resistant
rejection was lower in the tacrolimus arms. At 3 years overall
renal function, patient survival, and allograft survival
remained the same, but in the tacrolimus arms, improved
allograft survival was seen in recipients with delayed
allograft function [33]. In agreement with this data, a meta-
analysis reported that for every 100 patients treated with
tacrolimus rather than cyclosporine for the first year, 12
would be prevented from having acute rejection, two would
be prevented from having allograft failure, but five would
develop new-onset diabetes after transplantation [34].
Furthermore, the Elite-Symphony trial demonstrated that a
low-dose cyclosporine regimen was not as effective as a low-
dose tacrolimus regimen [35]. As a result of these trials, the
KDIGO Clinical Practice Guidelines suggest that tacrolimus
should be the first-line calcineurin inhibitor for renal trans-
plant recipients [30]. Clinical trends have followed the sci-

Calcineurin Inhibitors
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ence. Over the past two decades, tacrolimus has become
overwhelmingly the more popular calcineurin inhibitor in
use for kidney transplant patients

Both calcineurin inhibitors can be given intravenously or
orally. They have a narrow therapeutic index and need to be
monitored closely. For both cyclosporine and tacrolimus,
12-h trough levels are commonly followed. Target 12-h
trough levels of 100-250 ng/mL for cyclosporine and
5-15 ng/mL for tacrolimus are typical soon after transplanta-
tion. Subsequently levels are reduced. Two-hour peak levels
(C2 levels) are followed by some centers for cyclosporine
but not for tacrolimus. The reference levels for these drugs
given are generalizations and vary significantly between
patients based on the anticipated immune risk, structure of
the immunosuppression regimen (especially induction), and
recipient factors like age, infection threat, and history or risk
of malignancy. Calcineurin inhibitors are metabolized via
the CYP3A4 pathway, predisposing them to many poten-
tially serious drug interactions.

Despite careful therapeutic drug monitoring, many side
effects may be encountered. Hirsutism, gingival hypertro-
phy, hypertension, and hyperlipidemia are more commonly
seen with cyclosporine, whereas neurotoxicity, alopecia, and
posttransplant diabetes are more commonly associated with
tacrolimus.

Adherence is essential to prevent poor outcomes after
transplantation. For this reason, a prolonged-release tacroli-
mus formulation was developed. Two pivotal trials that
compared prolonged-release tacrolimus to immediate-
release tacrolimus have shown comparable efficacy and
safety [36, 37]. Various studies have suggested that the
tacrolimus levels are slightly lower (10-20%) with pro-
longed-release tacrolimus group compared to twice daily
tacrolimus patients [38, 39]. There may be an increased risk
of acute rejection with prolonged-release tacrolimus [36,
37] and close monitoring is warranted. A new formulation
of prolonged-release tacrolimus, LCP-tacro, may become
commercially available in 2016.

3.5.2 Corticosteroids

Corticosteroids were one of the earliest immunosuppressive
medicines to be widely used. Almost simultaneously, the
adverse effects of this use became apparent. Steroids have
been implicated in increased rates of new-onset diabetes
after transplantation, hypertension, and dyslipidemia. This in
turn is thought to contribute to the very high cardio- and
cerebrovascular mortality and morbidity in kidney transplant
patients. Additionally, steroid use is thought to contribute to
osteopenia and metabolic bone disease seen in these patients.

Despite this negative side effect profile, corticosteroids
have proven themselves to be effective immunosuppressive
agents. This is due to the myriad and multilevel effects they
exert on the immune response, unlike most other agents that
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target one specific pathway. Steroids, on internalization, bind
to receptors and affect transcription of various genes, col-
lectively referred to as the glucocorticoid responsive element
(GRE). This genomic trans-suppression is responsible for
most of the salutary anti-inflammatory effects of steroids
[40]. Additional non-genomic mechanisms also contribute to
reduced T-cell activation [41]. This leads to proliferation
restriction and signaling changes that affect both T cells and
B cells. Additionally, they impact lymphocyte trafficking by
sequestering CD4 cells in the lymphatic organs.

This multilevel and multifaceted impact of steroids on the
immune response made early efforts to limit or replace them
tricky. In the first double-blinded, randomized, placebo-
controlled, multicenter, 5-year trial comparing early steroid
discontinuation (7 days posttransplant) with steroid mainte-
nance therapy, the rate of biopsy-proven acute rejection and
chronic allograft nephropathy was twice as high in the rapid
corticosteroid discontinuation arm [42]. In early studies,
salutary metabolic effects were deemed marginal, but a sub-
sequent meta-analysis confirmed significant reduction in
these cardiovascular risk factors in patients whom corticoste-
roids are avoided or withdrawn [43]. Three pooled studies of
corticosteroid withdrawal have shown that despite the
increased incidence of acute rejection in the withdrawal
arms, short-term results demonstrate comparable patient and
allograft survival [44—46].

The best candidates for steroid withdrawal are low immu-
nologic patients conditioned with induction therapy, espe-
cially those at risk for corticosteroid adverse effects [30]. In
studies of steroid withdrawal, African Americans have a
much higher incidence of acute rejection [47, 48] and
together with other high-immunological-risk subgroups may
not be the best candidates for such withdrawal.

Timing of steroid withdrawal is critical. If withdrawal is
contemplated, it should be completed in the first week after
transplantation. If prednisone is being used beyond the first
week after renal transplantation, it should be continued
rather than withdrawn.

3.5.3 Antimetabolite Agents

Antimetabolite agents include azathioprine and mycopheno-
lic acid. Azathioprine is a purine analog that inhibits DNA
replication and suppresses B- and T-cell proliferation.
Typical doses of azathioprine range from 1 to 2.5 mg/kg/day.
Adverse effects of azathioprine are dose-related bone mar-
row suppression and gastrointestinal disturbances. Other
rare, but serious, adverse events, like pancreatitis and eleva-
tions in liver function tests, paired with a potential serious
drug interaction with allopurinol have limited the use of aza-
thioprine. Mycophenolic acid causes noncompetitive revers-
ible inhibition of inosine monophosphate dehydrogenases
(IMPDH). This interferes with the de novo pathway of purine
synthesis and DNA replication, producing cytostatic effects
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on T and B cells. Mycophenolic acid is available as myco-
phenolate mofetil or enteric-coated mycophenolic sodium.
Mycophenolate mofetil is rapidly converted to mycopheno-
lic acid in the liver, and enterohepatic recirculation of myco-
phenolic acid may occur. Typical doses of mycophenolate
mofetil range from 500 to 1500 mg orally twice daily. A dose
of 250 mg of mycophenolate mofetil is equivalent to 180 mg
of enteric-coated mycophenolic sodium. Magnesium and
zinc containing products should not be co-administered with
mycophenolic acid. Common adverse effects of mycopheno-
late mofetil include dose-related gastrointestinal side effects,
leukopenia, and thrombocytopenia.

The efficacy of mycophenolate mofetil in renal trans-
plantation has been reported in several well-designed trials
[49-53]. Mycophenolate mofetil treatment groups demon-
strated a reduced incidence and severity of early rejection
episodes as compared to low-dose azathioprine-treated
patients with treatment regimens consisting of tacrolimus
plus corticosteroid as well as cyclosporine plus corticoste-
roid [49]. Three-year follow-up of these studies found that
the decreased incidence of early rejection in the mycophe-
nolate mofetil arm had not translated into a significant
improvement in allograft function or survival [50, 51]. As a
result of the summative evidence from these trials, the
KDIGO Clinical Practice Guidelines suggest that myco-
phenolate be the first-line antiproliferative agent in kidney
transplant recipients [30].

Enteric-coated mycophenolate sodium was developed
with the hopes of avoiding the upper gastrointestinal side
effects of mycophenolic acid by facilitating drug release in
the small intestine [54]. Two major clinical trials demon-
strated that enteric-coated mycophenolate sodium is thera-
peutically equivalent to mycophenolic mofetil, yet they did
not demonstrate a statistically significant difference in over-
all gastrointestinal symptoms [55, 56]. Many post-marketing
studies have proven a beneficial effect of enteric-coated
mycophenolate sodium, while others have not reported a dif-
ference in gastrointestinal-related adverse effects [57—69].
Gastrointestinal events are multifactorial and may be related
to multiple factors including infectious etiology, gastropare-
sis, or concomitant medications. Enteric-coated mycopheno-
late sodium may offer benefit to specific populations.
However, enteric coating is unlikely to influence the sys-
temic effects of the drug including effects on enterocyte pro-
liferation and viral infection that may be responsible for
gastrointestinal side effects.

3.5.4 mTOR Inhibitors

An alternative to the calcineurin inhibitor-based regimens is
a mTOR inhibitor-based regimen. Sirolimus and everolimus
bind to FKBP-12 to form an immunosuppressive complex
which inhibits the regulatory kinase, mTOR. This inhibition
suppresses cytokine-mediated T-cell proliferation, halting
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progression from the G1 to the S phase of the cell cycle.
Sirolimus is dosed orally once daily (typically 2-5 mg/day)
with adjustments based on target trough levels of 5-15 ng/
mL. Everolimus is a sirolimus derivative with a much shorter
half-life that is approved for the treatment of advanced
renal cell carcinoma and renal and liver transplantation.
Everolimus, initially dosed at 0.75 mg orally twice daily fol-
lowed by adjustment to target serum drug concentration
between 3 and 8 ng/mL, has an adverse event profile similar
to sirolimus. Sirolimus is a substrate of CYP3A4 and evero-
limus is an inhibitor of CYP3A4. In kidney transplantation,
the mTOR inhibitors, sirolimus and everolimus, have been
associated with delayed allograft function; thus, the KDIGO
Clinical Practice Guidelines recommend that if a mTOR
inhibitor is used, it should not be started until allograft func-
tion is established and surgical wounds are healed [30].
Although sirolimus has a relatively low risk of traditional
afferent arteriolar vasoconstrictive nephrotoxicity, concomi-
tant use of angiotensin-converting enzyme inhibitors (ACEI)
may cause acute renal failure [70] or anaphylaxis [71].
Sirolimus is uncommonly used early after lung transplant
due to associated risk of anastomotic bronchial dehiscence
[72, 73]. It has also been associated with hepatic artery
thrombosis following liver transplant [74].

The de novo use of sirolimus has been proven to be com-
parable to a calcineurin inhibitor as seen in the ORION trial
and the Spare-the-Nephron trial, while it has been associated
with early posttransplant adverse events including lympho-
celes, prolonged delayed allograft function, and poor wound
healing [75-78]. Likewise de novo use of everolimus in
combination with induction has produced acceptable rates of
acute rejection, although adverse events were common [79,
80]. Based on data from the CONVERT trial, it appears that
sirolimus conversion is only successful in a subgroup of
patients with a baseline glomerular filtration rate more than
40 mL/min and urine protein to urine creatinine ratio less
than or equal to 0.11 [81]. Likewise, the ZEUS study demon-
strated the everolimus conversion is possible in low- to
moderate-risk patients with normal renal function, although
this may come at the expense of a higher acute rejection rate.
The best evidence for calcineurin withdrawal with mTOR
inhibitors is in selected patients. Close monitoring of drug
concentration levels and adverse events is warranted.
Whether or not calcineurin inhibitor-free/sparing regimens
using mTOR inhibitor maintenance therapy is efficacious in
the long term remains unknown. Therefore at this time, the
KDIGO Clinical Practice Guidelines suggest that calcineurin
inhibitors be continued rather than withdrawn [30].

3.5.5 Belatacept

Belatacept is a second-generation co-stimulation blocker
that is administered as a well-tolerated intravenous infusion
over 30 min. The recommended dosing is 10 mg/kg adminis-
tered, prior to transplantation, on day 5 and at the end of
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weeks 2, 4, 8, and 12, then 5 mg/kg every 4 weeks (plus or
minus 3 days).

Belatacept has been studied in several clinical renal trans-
plantation trials. In a phase 2 study, more-intensive belata-
cept, less-intensive belatacept, and cyclosporine produced
similar rates of acute rejection and allograft loss, while the
glomerular filtration was statistically higher in each of the
belatacept arms [82, 83]. Two phase three trials of de novo
kidney transplant recipients tested the efficacy and safety of
belatacept [84—86]. In both trials, patients were randomized
into three groups: more-intensive belatacept, less-intensive
belatacept, and cyclosporine in conjunction with basilix-
imab, mycophenolate, and corticosteroids. BENEFIT-EXT
was designed similarly to the BENEFIT trial with the inclu-
sion of expanded criteria donors. In the BENEFIT trial,
despite the higher incidence of acute rejection in the belata-
cept arm, renal function was superior in the belatacept arms.
In the BENEFIT-EXT trial, acute rejection rates were similar
and renal function was statistically superior in the more-
intensive belatacept group, but not the less-intensive group
[85]. Three-year follow-up of these trials demonstrated per-
sistent improvement in renal function (mean change +21 mL/
min BENEFIT and +10 mL/min BENEFIT-EXT) [86].
Unfortunately, there was a high incidence of posttransplant
lymphoproliferative disease in the belatacept-treated,
Epstein—Barr virus seronegative recipient arms, and there-
fore, the drug is contraindicated in patients that are Epstein—
Barr virus seronegative. One limitation of the BENEFIT and
BENEFIT-EXT trials was that in the comparison arm, cyclo-
sporine, a less contemporary immunosuppressant, was used
at high doses and concentrations. Addressing this issue, a
smaller trial used a more contemporary immunosuppressive
regimen of belatacept/mycophenolate mofetil, belatacept/
sirolimus, and tacrolimus/mycophenolate mofetil, in combi-
nation with r-ATG without corticosteroids [87]. Acute rejec-
tion was highest in the belatacept/mycophenolate mofetil
arm, allograft loss was lowest in the tacrolimus/mycopheno-
late arm, and renal function was better in the belatacept arms.

A randomized, conversion trial has tested the hypothesis
that belatacept-based regimens may provide a treatment
option for calcineurin-based maintenance immunosuppres-
sion [88]. The relative renal benefit of belatacept was
observed in patients switched from either cyclosporine
(+7.7 mL/min) or tacrolimus (+6.4 mL/min). Patient sur-
vival, allograft survival, and the overall safety profile were
similar between groups. Close monitoring of patients is nec-
essary as six patients in the belatacept group had acute rejec-
tion episodes, all of them within the first six months after
conversion.

Belatacept is the first immunosuppressive agent to demon-
strate an improvement in glomerular filtration rate over a cal-
cineurin inhibitor-based regimen. The chronic intravenous
administration and drug cost may influence prescribing pat-
terns and patient compliance. Further trials are needed to
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explore the long-term outcomes. These trials should include
more current immunosuppressive regimens.

3.5.6 Summary

In the past two decades, tacrolimus and mycophenolic acid
have become the cornerstones of immunosuppressive regi-
mens. The KDIGO Clinical Practice Guidelines recommend
using a combination of immunosuppressive medications as
maintenance therapy including a calcineurin inhibitor and an
antiproliferative agent, with or without corticosteroids [30].
They suggest that tacrolimus be the first-line calcineurin
inhibitor used and that mycophenolate be the first-line antip-
roliferative agent. In patients who are at low immunological
risk and who receive induction therapy, corticosteroids could
be discontinued during the first week after transplantation.

3.6  Treatment of Rejection

In the current era of transplantation, balancing the need for
immunosuppression to prevent allograft rejection while min-
imizing drug toxicity, infections, and malignancy continues
to be a challenging task. Potent immunosuppressive agents
have significantly lowered the incidence of acute cellular
rejection in the first years after transplantation. Antibody-
mediated rejection continues to threaten the long-term sur-
vival of the allografts.

3.6.1

Corticosteroids are generally considered first line for treat-
ment of cellular rejection. Methylprednisolone 0.5-1.0 g
intravenously is given once daily for 3 days [89, 90], then oral
corticosteroids are tapered rapidly to the pretreatment dose. If
a patient was steroid-free prior to the rejection episode, many
centers will continue the corticosteroids for the life of the
allograft. Anti-T-cell antibodies, which remove functional T
cells from the circulation, can be used when corticosteroids
have failed to reverse rejection, for moderate to severe rejec-
tion, or for treatment of a recurrent rejection. Currently, there
are two available antithymocyte globulins: one derived from
horses and the other from rabbits. In a multicenter, double-
blind, randomized trial, r-ATG demonstrated improved effi-
cacy when compared to equine-derived antithymocyte
globulin in the treatment of rejection [91]. Rabbit antithymo-
cyte globulin, the most commonly used preparation, is dosed
1.5 mg/kg for 7-14 days and administered as an intravenous
infusion delivered over a 4—6-h period preferably through a
proximal central venous catheter, a peripherally inserted cen-
tral catheter (PICC) line, or a high-flow vein with a 0.22
micron filter. Premedication including corticosteroids, acet-
aminophen, and an antihistamine is recommended to avoid
infusion-related side effects and cytokine release syndrome.

Acute Cellular Rejection
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Other common adverse effects are leukopenia and thrombo-
cytopenia which can be managed through dose adjustments.

Adjusting a patient’s maintenance regimen may also aid in
treating an acute rejection episode. If the drug levels are sub-
therapeutic prior to diagnosis, then the calcineurin inhibitor
dose should be adjusted to reach the target range. Switching
from cyclosporine to tacrolimus may also be beneficial [92].
A change to the patient’s antimetabolite should also be con-
sidered. Increasing the antimetabolite dose is recommended
if the patient can tolerate the higher-dose regimen.

3.6.2 Antibody-Mediated Rejection

Historically, antibody-mediated rejection has been very dif-
ficult to reverse and has not been well studied. Acute
antibody-mediated rejection is less responsive to conven-
tional antirejection therapy and has a worse prognosis than
acute cellular rejection. Treatment regimens may include one
or more of the following: antilymphocyte therapy, plasma-
pheresis, intravenous immunoglobulin (IVIG), and ritux-
imab [93-99]. One cohort study comparing these strategies
(plasmapheresis/[VIG/rituximab vs. IVIG alone) demon-
strated improved allograft survival in the combination group
[99]. The KDIGO Clinical Practice Guidelines suggest treat-
ing antibody-mediated acute rejection with one or more of
the following alternatives with or without corticosteroids:
plasma exchange, IVIG, anti-CD20 antibody, and lympho-
cyte-depleting antibody (grade 2C recommendation) [30].
Bortezomib and eculizumab may play a major role in anti-
body-mediated therapy, but more clinical data and well-
designed clinical trials are needed.

3.6.3 Summary

Treatment for mild cellular rejection involves corticoste-
roids, whereas moderate to severe cellular rejection is typi-
cally treated with antithymocyte globulins. Humoral
rejection is more difficult to treat and typically is treated with
multiple therapies including IVIG, plasmapheresis, cortico-
steroids, and rituximab, eculizumab, or bortezomib.

3.7 Immunosuppression in Other
Solid Organs
3.7.1 Pancreas Transplantation

In clinical practice, a maintenance immunosuppressive regi-
men containing a calcineurin inhibitor, mycophenolic acid,
and corticosteroids is the preferred regimen for pancreas
transplant recipients [100-102]. There is less evidence sup-
porting the use of corticosteroid withdrawal in pancreas
transplantation [103—112]. According to Scientific Registry
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of Transplant Recipients (SRTR) data, 38% of pancreas
transplant recipients undergo corticosteroid withdrawal [1].
Little is known about the use of mTOR inhibitors in pancreas
transplant recipients. Sirolimus appears to prevent rejection
in pancreas transplant recipients, but only a few small, non-
randomized studies have been published [44, 45, 113-118].

3.7.2 Lung Transplantation

For the past two to three decades, the most commonly used
regimen in lung transplant recipients has consisted of a calci-
neurin inhibitor plus an antimetabolite and corticosteroids
[1]. There is less evidence supporting the use of tacrolimus
in lung transplantation [119-122], and therefore the switch
from cyclosporine to tacrolimus has been delayed when
compared to other transplanted organs. Similarly, many lung
transplant centers have not switched from azathioprine to
mycophenolic acid [123-127]. Currently based on SRTR
statistics, 86 % of new lung transplants are prescribed tacro-
limus and 55 % of lung transplant recipients are given myco-
phenolic acid [1], perhaps because the published literature
suggests an increased incidence of infection and gastrointes-
tinal toxicity with mycophenolate mofetil [127]. Sirolimus is
not commonly used or FDA approved for use in lung trans-
plantation because it has been associated with several fatal
cases of anastomotic bronchial dehiscence when used in the
early posttransplantation period as well as interstitial pneu-
monitis. In contrast, everolimus has been studied in lung
transplantation with more success [128, 129].

3.7.3 Liver Transplantation

For liver transplant recipients, the regimen that is most com-
monly used at the time of transplant is tacrolimus plus myco-
phenolic acid and corticosteroids, although corticosteroid
withdrawal is becoming more common [1]. Many patients
receive triple immunosuppressive therapy at the time of
transplant, but agents are commonly weaned and dual or
single therapy is commonplace. Lower acute rejection rates
have been seen with tacrolimus (vs. cyclosporine) [130—132]
and mycophenolate mofetil [133-135]. Corticosteroid with-
drawal or avoidance has been attempted in liver transplant
recipients in an effort to reduce adverse events and minimize

Heart Transplantation

Tacrolimus is the most widely used calcineurin inhibi-
tor (75 %) in heart transplantation, mycophenolic is the
predominant antimetabolite agent (88 %), and the use
of sirolimus and everolimus remains low. Most patients
(89 %) remain on low-dose glucocorticoids at 1-year

K.L. Hardinger et al.

posttransplantation. Single-center and multicenter ran-
domized comparisons between de novo use of tacroli-
mus and cyclosporine after heart transplantation
support the use of tacrolimus [142, 143]. The substitu-
tion of mycophenolate mofetil for azathioprine may
reduce mortality and rejection in the first year after
cardiac transplantation [144]. Enteric-coated myco-
phenolic sodium and mycophenolate mofetil appear to
be similar except that significantly fewer enteric-
coated mycophenolic sodium patients required dose
reductions during treatment [145]. The mTOR inhibi-
tors may be used in patients with cardiac allograft vas-
culopathy or renal insufficiency because of their
inhibitory effects on smooth muscle proliferation and
absence of intrinsic nephrotoxicity [146]. The high
incidence of adverse effects, including lower-extremity
edema and poor wound healing, may limit the univer-
sal use of these agents. Of the two available mTOR
inhibitors, everolimus has better evidence of reducing
acute rejection rates and preventing vasculopathy
[147-149]. Corticosteroids are used in most heart
transplant recipients at relatively high doses in the
early postoperative period then tapered to low doses or
discontinued altogether in the first transplant year
[150, 151]. Low-risk patients may tolerate earlier
(within 1-2 months posttransplantation) corticosteroid
withdrawal without long-term adverse consequences
[152, 153], but this may result in higher acute rejection
rates and additional steroids during follow-up [154].

the consequences of hepatitis C recurrence [136, 137]. Meta-
analyses have concluded that when corticosteroids were
replaced by other agents, the incidence of acute rejection was
reduced and that corticosteroid-free regimens are beneficial
in lowering cholesterol, cytomegalovirus infection, hyper-
tension, and new-onset diabetes mellitus [138, 139].
Sirolimus is not approved in liver transplantation due to a
higher rate of hepatic artery thrombosis when compared to
cyclosporine. The use of sirolimus after 1 year after trans-
plant as conversion therapy may be safe, although not effec-
tive as in preventing nephrotoxicity [140]. Everolimus may
show more promise in patients converted for renal dysfunc-
tion, but adverse events may limit it use [141].

3.7.4 Intestinal Transplantation

Intestinal transplant recipients have the highest rejection
rates and the lowest allograft survival rates due to the high
immunogenicity of the bowel. Newer immunosuppressive
drugs have played a significant role in the success with the
procedure since the mid-1990s. Currently, most intestinal
transplant recipients receive tacrolimus and corticoste-
roids as maintenance immunosuppression. Fewer than
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200 intestine transplants are performed yearly and there-
fore the clinical trials of immunosuppression are few in
number [155].

3.8 Conclusion

Induction, maintenance, and treatment of rejection are the
three phases of immunosuppression. The choice of induction
agent remains debatable and should be based on patient-
specific risk factors. Basiliximab or no induction agent may
be preferred in low-risk patients and r-ATG may be preferred
in high-risk transplant patients. Maintenance therapy typi-
cally includes a calcineurin inhibitor and an antiproliferative
agent, with or without corticosteroids. Tacrolimus and
mycophenolate are the preferred maintenance agents. In
patients who are at low immunological risk, corticosteroids
can be avoided or withdrawn, although this practice is debat-
able. Treatment for mild cellular rejection involves cortico-
steroids, whereas moderate to severe cellular rejection is
typically treated with antithymocyte globulins. Humoral
rejection is treated with multiple therapies including IVIG,
plasmapheresis, corticosteroids, rituximab, eculizumab, or
bortezomib.

While awaiting further advances in the immunosuppres-
sive armamentarium, we should be able to improve patient
and allograft survival by tailoring available immunosup-
pressive agents. Maintaining the effectiveness of immuno-
suppressive therapy requires shifting our therapeutic
approach from “one-size-fits-all” to a tailored or individu-
alized strategy. In the current era of transplantation, immu-
nosuppressive regimens are selected based on several
factors including immunological risk of rejection, potential
for excessive immunosuppression (e.g., infection and can-
cer), medication side effects, patient adherence, patient
characteristics, cost, and presence of comorbid disease
states. Balancing the need for immunosuppression to pre-
vent allograft rejection while minimizing drug toxicity and
the risk of infections and malignancy continues to be a
challenging task. Given toxicities of immunosuppressive
agents, different maintenance regimens are being explored
to minimize adverse short- and long-term effects. Patients
at risk for rejection may require more potent immunosup-
pressive medication, more medications, and higher doses.
Patient at lower risk for rejection may need less potent
medications, lower drug concentrations and dosages, or
mono- or dual therapy.

Ongoing vigilant monitoring of transplant patients should
be combined with a willingness to respond to rejection or
infection with alterations in maintenance immunosuppres-
sive therapy. Further study of these immunosuppressive regi-
mens and novel agents should provide innovative strategies
that extend the functional life of allografts and provide the
ideal immunosuppressive regimen.
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Common Drug Interactions Encountered
in Treating Transplant-Related Infection

Helen W. Boucher and Shannon M. Wiehe

The treatment of patients with transplant-related infections
requires close attention to the host in order to ensure ade-
quate and safe dosing of anti-infective medications. Solid
organ transplant recipients are at risk for synergistic toxici-
ties due to drug—drug interactions between anti-infective
agents and immunosuppressive medications. These toxicities
relate to consequences of high exposures to the immunosup-
pressive and/or the anti-infective medication. While perhaps
less frequent, the risk of inadequate anti-infective drug expo-
sure and resulting treatment failure due to drug—drug interac-
tions must also be avoided. This chapter presents a summary
of the clinically significant drug—drug interactions encoun-
tered in providing anti-infective chemotherapy to solid organ
transplant recipients.

Medications used for immunosuppression after organ
transplantation can be split into seven categories (Table 4-1):
polyclonal antibodies, monoclonal antibodies, calcineurin
inhibitors, antimetabolites, mammalian target of rapamycin
(mTOR) inhibitors, corticosteroids, and selective T-cell
costimulation blockers. The reader is referred to Chap. 3 for
more detailed information regarding the mechanism of
action of these commonly used immunosuppressive agents.
The risk of drug interactions is high, particularly within the
calcineurin inhibitor and mTOR inhibitor drug classes.

Cyclosporine (Neoral, Sandimmune, Novartis
Pharmaceuticals) and tacrolimus (Prograf, Astagraf XL,
Astellas Pharmaceuticals) are calcineurin inhibitors. They
suppress the immune system by blocking IL-2 signaling
between immune cells. Major toxicities include electrolyte
disturbances (i.e., hypophosphatemia, hypomagnesemia,
hyperkalemia), hypertension, hyperlipidemia, hyperglyce-
mia, nephrotoxicity, neurotoxicity, and others [1, 2]. Doses
are adjusted to obtain target whole blood cyclosporine or
tacrolimus levels and the target range is patient-specific.

© Springer International Publishing Switzerland 2016

Sirolimus (Rapamune, Pfizer Inc.) and everolimus
(Zortress, Novartis Pharmaceuticals) are mTOR inhibitors
whose actions inhibit T-cell activation and proliferation.
Major toxicities include impaired wound healing, hypertri-
glyceridemia, hyperlipidemia, oral ulcers, proteinuria, and
noninfectious pneumonitis [3-6]. Sirolimus and everolimus
doses are adjusted to obtain target whole blood trough con-
centrations, and the target range is patient-specific. Sirolimus
has a long half-life and it will take 1-2 weeks to reach steady
state after initiating therapy and/or after dose changes.

Cyclosporine, tacrolimus, sirolimus, and everolimus are
substrates for both cytochrome P-450 3A4 (CYP3A4) and
P-glycoprotein (P-gp). Drugs and substances that induce
CYP3A4 and/or P-gp may decrease cyclosporine/tacroli-
mus/sirolimus/everolimus concentrations, whereas inhibi-
tors of CYP3A4 and/or P-gp may increase cyclosporine/
tacrolimus/sirolimus/everolimus concentrations.
Cyclosporine also inhibits CYP3A4 and P-gp and may have
additional unique drug interactions not present with tacroli-
mus, sirolimus, and everolimus.

Azathioprine (Imuran; Prometheus Laboratories) is an
antimetabolite. Major toxicities include bone marrow sup-
pression manifesting as leukopenia, thrombocytopenia, and
anemia. Standard, weight-based dosing is used for azathio-
prine; serum drug concentrations are not utilized [7].

Mycophenolate mofetil (MMF, CellCept; Genentech)
and mycophenolic acid (MPA, Myfortic; Novartis
Pharmaceuticals) are also antimetabolites, but, compared
with azathioprine, their mechanism of action is more tar-
geted to the white blood cell lines. Major toxicities include
leukopenia and gastrointestinal adverse effects, most nota-
bly diarrhea [8]. Although these drugs are generally used at
standard doses, therapeutic drug monitoring may be useful
for MMF.
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MMF is a prodrug that, after absorption, is quickly hydro-
lyzed to MPA. Myfortic is an enteric coated formulation of
MPA, which is the active moiety of both these drugs. The
major metabolite of MPA, an MPA glucuronide known as
MPAG, is excreted into urine and bile. Once in the GI tract,
MPAG is converted back into MPA and reabsorbed, resulting
in enterohepatic recirculation.

MMF and MPA are believed to have similar drug interac-
tions. Indeed, most MPA drug interactions are derived from the
MMF literature. The clinical impact may not be exactly the
same, however, because each of these medications has a unique
pharmacokinetic profile. In addition to the interactions listed in
Table 4-2, drugs that alter the GI flora may disrupt enterohe-
patic recirculation of MPA. This is because natural GI flora is
responsible for conversion of MPAG to MPA [75].

TABLE 4-1. Immunosuppressive agents [7]

Class Generic name Brand name
Calcineurin Cyclosporine Neoral; Sandimmune
inhibitors Tacrolimus Prograf; Astagraf XL
Antimetabolites Azathioprine Imuran
Mycophenolate mofetil CellCept
Mycophenolic acid Myfortic
Corticosteroids Prednisone Deltasone
mTOR inhibitors Sirolimus Rapamune
Everolimus Zortress
Polyclonal Antithymocyte globulin, Thymoglobulin
antibodies rabbit
Monoclonal Basiliximab (anti-CD25) Simulect
antibodies Alemtuzumab (anti-CD52) Campath-1H
Selective T-cell Belatacept Nulojix
costimulation
blocker

For more information, also see Chap. 3.
Abbreviation: mTOR mammalian target of rapamycin.

TaBLE 4-2. Common immunosuppressant drug interactions

H.W. Boucher and S.M. Wiehe

There is scant evidence suggesting that corticosteroids
may have clinically relevant drug interactions with other
immunosuppressive agents [76]. Corticosteroids induce the
CYP3A4 and P-gp pathways to varying degrees; cyclospo-
rine, tacrolimus, sirolimus, and everolimus rely on these
pathways for metabolism. Corticosteroids also induce uri-
dine diphosphate glucuronosyltransferase enzymes and mul-
tidrug resistance-associated protein 2; the mycophenolate
products rely on these pathways for metabolism. When pos-
sible, therapeutic drug monitoring can be used to ensure
appropriate immunosuppressive exposure while initiating or
tapering corticosteroids [7].

Relevant drug interactions have not been noted for the
polyclonal/monoclonal antibodies or selective T-cell costim-
ulation blockers. These drugs do, however, pose the risk of
pharmacodynamic interactions and additive toxicities.

Since our last update, several new anti-infective medica-
tions have been approved for marketing. These include the
antibacterial drugs tedizolid, ceftaroline, dalbavancin, orita-
vancin, ceftolozane—tazobactam, fidaxomicin, and
ceftazidime—avibactam. New antiviral agents include anti-
hepaciviral protease inhibitors (telaprevir, boceprevir,
simeprevir), polymerase inhibitors, and NS5A inhibitors as
well as antiretroviral integrase inhibitors (raltegravir, elvite-
gravir, dolutegravir). The new azole antifungal agent isavu-
conazole was also introduced and is marketed as the prodrug
isavuconazonium sulfate. New immunosuppressant agents
include everolimus and belatacept. The tables highlight only
drugs with potential interactions in transplant recipients.
Table 4-1 lists the immunosuppressive agents according to
their class; Table 4-2 shows common immunosuppressant
interactions; and Table 4-3 presents common interactions
between anti-infective and immunosuppressant drugs.

Immunosuppressant  Interacts with Interaction Clinical effect Management
Azathioprine (AZA;  Allopurinol [9, 10] AZA is metabolized to 6-MP  Significant increase in Reduce AZA dose; will
Imuran) (active); 6-MP is 6-MP exposure; AZA require 6675 % AZA

inactivated by xanthine
oxidase (XO); allopurinol

inhibits XO

Aminosalicylates: mesalamine,

AZA is metabolized to 6-MP

dose reduction when
adding allopurinol

toxicity (i.e., bone
marrow suppression)

Higher risk of bone marrow  Monitor CBC regularly with

olsalazine, sulfasalazine [11, (active); 6-MP is suppression concomitant use
12] inactivated by TPMT;
aminosalicylates may
inhibit TPMT
Infliximab [13] Infliximab reduces AZA Leukopenia Monitor CBC regularly with
clearance concomitant use
Warfarin [14] Unknown Dose-dependent inhibition  Titrate warfarin; will require

*Cytochrome P-450 3A4
(CYP3A4) and
P-glycoprotein drug
interactions also apply

of warfarin effect ~2.5-fold higher warfarin

when adding AZA

(continued)
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Immunosuppressant  Interacts with Interaction Clinical effect Management
Cyclosporine (CSA;  Everolimus [15, 16] Everolimus is a substrate of Concomitant administration EVR dose adjustment may
Neoral, CYP3A4 and P-gp; CSA of cyclosporine (Neoral) be needed upon initiation
Sandimmune) inhibits CYP3A4 and P-gp increases EVR AUC and or discontinuation of
Chax by 168 % and 82 %, cyclosporine
respectively Titrate EVR dose; utilize
whole blood trough
concentrations

Everolimus (EVR;
Zortress)

Mycophenolate
mofetil (MMF;
CellCept)

Micafungin [17]

Mycophenolate mofetil [18,
19]

Sirolimus [20-22]

HMG-CoA reductase
inhibitors “statins” [23-26]:
rosuvastatin,
simvastatin > atorvastatin,
lovastatin,
fluvastatin > pravastatin

*Cytochrome P-450 3A4
(CYP3A4) and
P-glycoprotein drug
interactions also apply

Cyclosporine [15, 16]

Octreotide [15]

Acyclovir, ganciclovir [27]

Antacids (i.e., Mg, Al) [28]

Bile acid sequestrants:
cholestyramine,
colesevelam, colestipol [27,
29]

Oral contraceptives [27]

Micafungin is a mild inhibitor
of CYP3A4 in vitro; CSA
is a CYP3A4 substrate

CSA inhibits enterohepatic
recirculation of MPAG

Sirolimus is a substrate of
CYP3A4 and P-gp; CSA
inhibits CYP3A4 and P-gp

Competition for metabolism
by CYP3A4; altered statin
transport in the liver

Everolimus is a substrate of
CYP3A4 and P-gp; CSA
inhibits CYP3A4 and P-gp

Unknown

The antiviral and MPAG
compete for renal tubular
secretion; particularly in
renal impairment

Impaired absorption of MMF/
MPA

Drugs that bind bile acids
interrupt enterohepatic
recirculation

Unknown

Concomitant use results in
slightly increased CSA
exposure

30-50 % reduction in the
MPA AUC 5,

Simultaneous
administration increases
SIR C,,.,x and AUC by
116 % and 230 %,
respectively

Administering SIR 4 h after
CSA increases SIR C,
and AUC by 37 % and
80 %, respectively

Concomitant use results in
increased statin
exposure; appears more
potent with CSA than
TAC

Concomitant administration
of cyclosporine (Neoral)
increases EVR AUC and
Cnax by 168 % and 82 %,
respectively

Coadministration of EVR
with depot octreotide
increased Cpy, by 50 %

Risk for increased
acyclovir, ganciclovir,
and MPAG
concentrations

25-33 % reduction in MPA
Chax and 17-37%
reduction in the MPA
AUCq 541

40 % reduction in the MPA
AUCq 541

Mean levonorgestrel AUC
was decreased by 15 %

Titrate CSA; utilize whole
blood CSA concentrations

Note the alteration in MPA
exposure when changing
concomitant
immunosuppression;
consider MMF dose
adjustments

Stagger administration by at
least 4 h; note that
staggered administration
minimizes but does not
ameliorate the interaction

Titrate SIR; utilize whole
blood trough SIR
concentrations

Use lower statin doses (i.e.,
50 % reduced); watch for
myopathies and other
statin side effects

Use with simvastatin and
atorvastatin not
recommended

EVR dose adjustment may
be needed upon initiation
or discontinuation of
cyclosporine

Titrate EVR dose; utilize
whole blood trough
concentrations

Note altered octreotide
exposure with EVR

Use combination with
caution in renal
insufficiency; monitor
CBC

Stagger administration by
2-4h

Avoid concomitant use

Consider additional method
of birth control

(continued)
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Immunosuppressant  Interacts with Interaction Clinical effect Management
Cyclosporine [18, 19] CSA inhibits enterohepatic 30-50 % reduction in the Note the alteration in MPA
recirculation of MPAG MPA AUC, 54, exposure when changing

concomitant
immunosuppression;
consider MMF dose
adjustments

Ganciclovir See acyclovir

Nevirapine [30] Competition for and/or Slight but significant No recommendations have

Mycophenolic acid
(MPA; Myfortic)

Sirolimus (SIR;
Rapamune)

Proton pump inhibitors [27,
31]
Rifampin [32]

Sevelamer [33]

Acyclovir, ganciclovir [34]

Antacids (i.e., Al, Mg) [34]

Bile acid sequestrants:
cholestyramine,

colesevelam, colestipol [34]

Oral contraceptives [34]

Cyclosporine [35]

Ganciclovir

*Cytochrome P-450 3A4
(CYP3A4) and
P-glycoprotein drug
interactions also apply

Cyclosporine [20-22]

Micafungin [36]

*Cytochrome P-450 3A4 and
P-glycoprotein drug
interactions also apply

altered enterohepatic
recycling

Decreased solubility of MPA
at increased gastric pH

Unknown

Impaired absorption of MMF/

MPA

The antiviral and MPAG
compete for renal tubular
secretion; particularly in
renal impairment

Antacids decrease MPA
absorption

Drugs that bind bile acids
interrupt enterohepatic
recirculation

Unknown; this interaction is
assumed from the MMF
experience

CSA inhibits enterohepatic
recirculation of MPAG

See acyclovir

Sirolimus is a substrate of
CYP3A4 and P-gp; CSA

inhibits CYP3A4 and P-gp

Unknown

reduction in nevirapine
exposure; unknown
effect on MPA

MPA C,,.x reduced by
30-70 %, AUC reduced
by 25-35%

Major reduction in MPA
AUC) 1o,

30 % and 25 % reduction in
MPA C,,,x and AUC,
respectively

Risk for increased
acyclovir, ganciclovir,
and MPAG
concentrations

25 % and 37 % reduction in
MPA C,..« and AUC,
respectively

Reduced MPA exposure

Mean levonorgestrel AUC
was decreased by 15 %

20-30 % decrease in the
bioavailability and a
significant reduction in
MPA AUC 241,

Simultaneous
administration increases
SIR C,,,x and AUC by
116 % and 230 %,
respectively

Administering SIR 4 h after
CSA increases SIR Ci.x
and AUC by 37 % and
80 %, respectively

SIR AUC is increased by
21 %; no effect on SIR
Crax

been made

Clinical significance
unknown

Use with caution

Consider MPA drug
monitoring while on
rifampin

Stagger administration by 2 h

Use combination with
caution in renal
insufficiency; monitor
CBC

Avoid concomitant
administration

Avoid concomitant
administration

Consider additional method
of birth control

MPA dose requirements may
be higher when used with
CSA

Stagger administration by at
least 4 h; note that
staggered administration
minimizes but does not
ameliorate the interaction

Titrate SIR; utilize whole
blood trough SIR
concentrations

Consider therapeutic
alternatives or titrate SIR
doses per whole blood
trough SIR concentrations

(continued)



4. Common Drug Interactions Encountered in Treating Transplant-Related Infection

TABLE 4-2. (continued)

51

Immunosuppressant

Interacts with

Interaction Clinical effect

Management

Tacrolimus (TAC;
Prograf, Astagraf
XL)

Cytochrome P-450
3A4 (CYP3A4)
and
P-glycoprotein
(P-gp) drug
interactions

HMG-CoA reductase
inhibitors “statins”:
simvastatin, atorvastatin,
lovastatin, fluvastatin,
pravastatin, rosuvastatin
[23, 26]

Anticonvulsants:
carbamazepine,
oxcarbazepine,
phenobarbital, phenytoin
[15, 20, 37, 38]

Rifampin [15, 20, 39, 40]

St. John’s wort [42, 43]

Amiodarone [44]
Danazol [45]
Nefazodone [46]

Grapefruit juice [47]

Macrolide antibiotics:
clarithromycin [48-50],
erythromycin [51-53],
telithromycin

Nondihydropyridine calcium
channel blockers: diltiazem

[55-57]> verapamil [15, 20,

57]

Anti-HIV protease inhibitors

[58]: amprenavir, atazanavir,

darunavir, fosamprenavir,

indinavir, lopinavir [59, 60],
nelfinavir, ritonavir [59, 60],

saquinavir
Anti-HCV protease inhibitors
[61]: boceprevir, telaprevir

Concomitant use results in
increased statin
exposure; appears more

Competition for metabolism
by CYP3A4; altered statin
transport in the liver

potent with CSA than
TAC
Induction of CYP3A4- Decrease in plasma CSA/
mediated CSA/TAC/SIR/ TAC/SIR/EVR
EVR metabolism concentrations
Unpredictable and varying
decrease in CSA/TAC/
SIR/EVR concentrations
Inhibition of CYP3A4- Increase in CSA/TAC/SIR/
mediated CSA/TAC/SIR/ EVR concentrations

EVR metabolism

Unpredictable and varying
increase in CSA/TAC/
SIR/EVR concentrations

Significant increase in
CSA/TAC/SIR/EVR
concentrations

Increase in CSA/TAC/SIR/
EVR concentrations;
appears to be more
potent with diltiazem
versus verapamil

Significant increase in
CSA/TAC/SIR/EVR
concentrations

Use lower statin doses (i.e.,
50 % reduced); watch for
myopathies and other
statin side effects

Titrate CSA/TAC/SIR/EVR
dose; utilize CSA/TAC/
SIR/EVR whole blood
concentrations

Consider therapeutic
alternatives (i.e., valproic
acid, lamotrigine,
gabapentin)

Titrate CSA/TAC/SIR/EVR
dose; utilize CSA/TAC/
SIR/EVR whole blood
concentrations

Consider rifabutin if
appropriate [41]

Avoid concomitant use

Titrate CSA/TAC/SIR/EVR
dose; utilize CSA/TAC/
SIR/EVR whole blood
concentrations

Avoid concomitant use

Avoid concomitant use
whenever possible;
consider azithromycin [54]

If coadministration is
necessary, empirically
reduce CSA/TAC/SIR/
EVR doses, monitor CSA/
TAC/SIR/EVR whole
blood concentrations;
titrate CSA/TAC/SIR/EVR
dose

Titrate CSA/TAC/SIR/EVR
dose; utilize CSA/TAC/
SIR/EVR whole blood
concentrations

When initiating CSA/TAC/
SIR/EVR, use low doses
and utilize whole blood
concentrations to
determine the dosing
interval; may need to
utilize liquid formulations
to achieve small oral doses

Titrate CSA/TAC/SIR/EVR
dose and/or interval;
utilize CSA/TAC/SIR/
EVR whole blood
concentrations

(continued)
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TaABLE 4-2. (continued)

Immunosuppressant  Interacts with Interaction Clinical effect Management
Azole antifungals: For ketoconazole,
itraconazole [62, fluconazole, and
63], posaconazole clotrimazole: titrate
[64, 65], CSA/TAC/SIR/EVR
voriconazole [51, dose and/or interval;
66], isavuconazole utilize CSA/TAC/SIR/
[67]> fluconazole EVR whole blood
[68, 69], concentrations
ketoconazole For voriconazole,
[20]>clotrimazole posaconazole, and
[70, 71] itraconazole: empirically
reduce CSA/TAC/SIR/
EVR doses, monitor
CSA/TAC/SIR/EVR
whole blood
concentrations; titrate
CSA/TAC/SIR/EVR
dose

For voriconazole,
ketoconazole, and
itraconazole: note that
concomitant use with
EVR is not
recommended [15]

For voriconazole and
posaconazole: note that
concomitant use with
SIR is contraindicated
[72, 73] but safe
coadministration has
been reported [64, 74] if
SIR doses are cut by at
least 50 % before
initiating voriconazole or
posaconazole; titrate per
SIR whole blood trough
concentrations

Clotrimazole troches can
more than double TAC
concentrations due to
inhibition of intestinal
CYP3A4 and P-gp
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Diagnostic Testing: General Principles

Sarah E. Turbett and Eric S. Rosenberg

5.1 Introduction

Solid organ (SOT) and hematopoietic stem cell transplanta-
tion (HSCT) are processes that result in complex interactions
between the donor and the recipient and require the use of
immunosuppressive medications to induce immune toler-
ance. Infectious complications are an unfortunate conse-
quence of transplantation and careful assessment before,
during, and after transplantation is necessary to prevent sig-
nificant morbidity and mortality. Recognition of infection is
often more difficult in transplant recipients due to the neces-
sary suppression of immune function and as a result, the use
of diagnostic assays for the identification of infection is of
increased importance [1]. When considering optimal diag-
nostic testing strategies in transplant recipients, the infec-
tious disease history prior to transplantation in both the
donor and recipient, factors related to the transplantation
itself (nosocomial processes or procedure-related complica-
tions), and issues unique to the use of immunosuppression to
prevent organ rejection or graft vs. host disease (GVHD)
must be considered [1-3].

Having an understanding of the testing used in the diag-
nosis of transplant-related infectious diseases, including the
strengths and pitfalls of each test, is vital in care of the trans-
plant recipient. The goal of this chapter is to provide an over-
view of the use of diagnostic tests in the care of the transplant
patient. More specifically, testing strategies for both before
and after SOT and HSCT will be discussed with a focus on
appropriate use for risk stratification and clinical decision-
making in this population.

5.2 Diagnostic Testing Prior

to Transplantation
Given the potential for both transmission and reactivation of
infections after transplantation, pretransplantation screening

of potential donors and recipients is performed prior to the

© Springer International Publishing Switzerland 2016

procedure. This process allows for the identification of any
conditions which might preclude either the donor or the recipi-
ent from taking part in the transplantation and to identify and
treat any active infections prior to the initiation of immuno-
suppressive therapy [4]. Pretransplantation screening also
allows a physician to better define the risk of infection and to
develop strategies for preventing infection through diagnostic
monitoring, the use of prophylaxis, or immunization prior to
transplantation [4]. Diagnostic testing for both active and
latent infections in the pretransplantation setting is an integral
part of the pretransplantation evaluation and is often tailored
to the organ or cells to be transplanted as well as the epidemi-
ology or risk factors of the donor and recipient.

5.3  Pretransplant Testing in Solid
Organ Transplantation
5.3.1 Donor Screening: Living Donors—

Routine Testing

The use of organs obtained from living donors provides a
unique opportunity to assess the donor for the presence of
active and quiescent infectious diseases that could potentially
be transmitted to the recipient via the transplanted organ. For
living donors, pretransplantation diagnostic testing for the
following infections is required: cytomegalovirus (CMV),
Epstein-Barr Virus (EBV), human immunodeficiency virus
(HIV), Hepatitis B (HBV), Hepatitis C (HCV), and syphilis
[5, 6] (Table 5-1). All of these tests must be performed using
FDA-licensed, -approved, or cleared tests in a CLIA-certified
laboratory or one that meets equal conditions as determined
by the Centers for Medicare and Medicaid [5].

5.3.1.1 Cytomegalovirus and Epstein-Barr Virus

The transmission and acquisition of CMV from donor to
recipient may result in significant morbidity. Although prior
infection with CMV in the donor and/or recipient is not a
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TaBLE 5-1. Pretransplant diagnostic testing in solid organ transplant donors and recipients

Test

Donor Recipient

Organism Routine Optional Routine Optional
CMV IgG X X
EBV VCA IgG X X
VZV IgG* X
HIV-I/II Ag/AB®¢ X X

NAT Xd X
HAV IgG X
HBV sAg X X

anti-HBc (IgM and IgG) X X

anti-HBs X

NAT Xe
HCV Anti-HCV* X X

NAT X X
HTLV-I/-11 I1gGe X X
WNV NAT" X
MMR IgG X
Syphilis TP-EIA! X X
TB TST or IGRA X X
T. cruzi 1eG X X
Strongyloides IgGH X X
Toxoplasma 1gG Xm xm
Coccidioides IgG" X X
Histoplasma IgGer X

*ELISA antibody assay preferred given its higher specificity for detection [29, 30].

°If Ag/AB testis positive, HIV-1/-1I differentiation assay is performed to differentiate HIV-I and HIV-II infection [14].

“If discrepancies between HIV-1/-11 Ag/AB test and HIV-1/-1I differentiation assay HIV NAT should be performed [14].

YHIV NAT should be performed if potential donor or recipient is identified as high risk for HIV infection [6].

*HBV NAT should be performed when anti-HBC alone is positive to assess for occult infection.

fPositive anti-HCV with a negative HCV NAT is followed with repeat anti-HCV with another FDA-approved assay [13].

A positive screening test for HTLV-I/II should be confirmed with virus-specific western blot or line immunoassay [25].

"WNV IgM testing is not FDA-approved for screening but can be performed to increase the sensitivity of WNV detection [28].

TTf TP-EIA is positive, RPR is then performed with a positive result confirming the diagnosis. If RPR is negative, TPPA is performed to confirm diag-
nosis. If TPPA is negative, FTA-ABS is performed to confirm diagnosis. If FTA-ABS is negative, TP-EIA is considered a false positive result [8, 9].
JA two-stage TST should be performed in living donors and recipients from endemic regions [4, 19].

XELISA antibody assay preferred for Strongyloides given its higher sensitivity and specificity [22, 23].

'Stool examination for ova can be performed if antibody assay is unavailable but is not recommended due to its low sensitivity [22].

"Routine testing for Toxoplasma is only recommended in potential cardiac donors and recipients.

"EIA, complement fixation, and immunodiffusion assays available for Coccidioides screening [22, 24].

°Screening for Histoplasma with immunodiffusion or complement assay is recommended [24].

PPresence of H precipitin band on immunodiffusion assay of complement fixation titer > 1:32 is diagnostic of active infection [24].

contraindication to transplantation, knowing the serostatus
of the donor and recipient is critical in defining the recipi-
ent’s risk for developing CMV disease and for optimizing
risk reduction strategies either through the use of prophy-
laxis or preemptive monitoring. Donor screening to assess
for past exposure to CMV should be performed using assays
with high sensitivity and specificity for anti-CMV IgG. Tests
that include detection and measurement of CMV IgM should
be avoided due to poor specificity [7]. Equivocal anti-CMV
IgG results in the potential donor should be interpreted as

positive to ensure appropriate prophylactic and monitoring
strategies of the recipient in the posttransplant setting [7].
Acquisition of EBV transmitted from donor to recipient
may result in acute EBV infection in previously uninfected
recipients. Active EBV replication has been associated with
the development of posttransplantation lymphoproliferative
disorder (PTLD). As EBV induces the production of several
different EBV-specific antibodies, testing for past exposure
with the viral capsid Antigen IgG (VCA IgG) is the diagnostic
study of choice [4]. Nonspecific screening tests for EBV
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such as heterophile antibody is not an acceptable strategy as
the production of heterophile antibodies typically wane
within months to 1 year after infection.

5.3.1.2 Syphilis

Syphilis screening should be performed according to the
syphilis testing algorithm described by the Centers for
Disease Control (CDC) and begins with an initial enzyme
immunoassay treponemal test (TP-EIA) [8, 9]. If TP-EIA is
positive, a non-treponemal test such as the rapid plasma
regain (RPR) should then be performed with a positive result
confirming the diagnosis of syphilis [8, 9]. In the event of a
negative non-treponemal antibody test, a second treponemal
test such as the Treponema pallidum particle agglutination
(TPPA) should be performed [8, 9]. If the second treponemal
antibody test is negative, a third treponemal antibody test,
such as the fluorescent treponemal antibody (FTA-ABS), is
then done [8, 9]. If either the second or third treponemal anti-
body test is positive, a diagnosis of syphilis is made and
treatment of the donor should be considered. Negative results
of the RPR, TPPA, and FTA-ABS in the setting of a positive
TP-EIA indicate either a false positive result or prior resolved
infection [8, 9].

5.3.1.3 Testing for Hepatitis C Virus and Human
Immunodeficiency Virus

Given the potentially devastating consequences of acquiring
HCV and/or HIV infection from a potential organ donor,
screening for these viruses is a complex process and depends
on the use of both serology and direct virus detection in the
blood stream via nucleic acid testing (NAT) for accurate
diagnosis. These tests are performed to improve the sensitiv-
ity of detection of virus in donors with potential recent infec-
tion when seroconversion or detection of antibody production
has not yet occurred. Termed the “window period,” this
period of time is often marked by high levels of circulating
antigen or virus prior to the development and detection of a
virus-specific antibody response. Therefore, testing for anti-
bodies directed against HCV and HIV during this time period
can result in a “false negative” result and can lead to unin-
tended transmission [10]. As positive results for HCV and
HIV can have implications for donor eligibility, combining
these testing modalities improves the sensitivity of detecting
these infections prior to transplantation [5, 6].

5.3.1.3.1. Hepeatitis C Virus

Donor screening forHCV is performed using both anti-
Hepatitis C antibody (anti-HCV) and a Hepatitis C nucleic
acid test (HCV NAT) and must be performed within 28
days of donation [5, 6]. HCV NAT allows for the direct

61

detection of HCV RNA in donor plasma at RNA levels as
low as 2.0-9.4 IU/mL [11, 12]. This highly sensitive assay has
reduced the preseroconversion window period to approxi-
mately 4-6 days from exposure as compared to approximately
60 days with antibody testing alone, greatly increasing the
diagnosis of acute HCV infection in potential donors [11]. A
positive HCV NAT with or without a positive anti-HCV is
indicative of active hepatitis C infection and is considered to
be a contraindication to living liver donation [5]. Due to the
waxing and waning nature of Hepatitis C viremia, a single
negative HCV NAT cannot be used as a stand-alone test to
rule out HCV infection and must be paired with anti-HCV
AD testing. A positive anti-HCV in the absence of detectable
HCV RNA, however, can indicate either a resolved infection
with HCV or a false positive result [11, 13]. If there is con-
cern for a false positive anti-HCV, current CDC guidelines
recommend repeat testing for anti-HCV with another Food
and Drug Administration (FDA)-approved assay [13].
Although controversy exists around the use of organs other
than the liver from a donor with anti-HCV Ab positivity;
donation may be considered in cases where the recipient is
severely ill or who have prior infection with HCV with
appropriate informed consent [4].

5.3.1.3.2. Human Immunodeficiency Virus

Screening for HIV infection should be performed using a
fourth-generation antigen/antibody combination immunoas-
say which detects both HIV-1 and HIV-2 and must be per-
formed within 28 days of donation [5, 6, 14]. This test
identifies antibody directed against HIV type 1 and HIV type
2 as well as the presence of HIV-1 p24 antigen, a protein
shed into the blood stream during periods of active viral rep-
lication. Shedding of p24 antigen typically occurs at high
levels shortly after initial HIV infection and may be detect-
able 7-10 days prior to antibody [15]. Screening with a
fourth-generation antigen/antibody combination test results
in a significant shortening of the window period prior to
seroconversion, increasing the sensitivity of acute HIV
detection [14].

If a potential donor is identified as high risk for HIV
infection, HIV nucleic acid testing (HIV NAT) should also
be performed to increase the sensitivity of diagnosis [6]. HIV
NAT is the first detectable biomarker in acute HIV infection,
preceding the appearance of p24 antigen by several days
[16]. If the initial combination HIV-1/2 antigen/antigen test
is positive, supplemental testing with an HIV1/2 differentia-
tion assay should be performed to exclude the possibility of
a false positive screening test and to differentiate HIV-1 from
HIV-2 infection [14]. Due to the detection of p24 antigen,
donors with acute HIV-1 infection may have a reactive HIV1/2
antigen/antibody screening test prior to the development of
HIV-1-specific antibody. Therefore, discrepancies between
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the results for the initial HIV 1/2 antigen/antibody test and
the HIV 1/2 differentiation assay should be resolved with
HIV NAT testing [14]. Donors who test positive for HIV are
excluded from donation [5, 17].

5.3.1.4 Hepatitis B Virus Screening

For HBV, testing for both Hepatitis B surface antigen
(HBsAg) and Hepatitis B core antibody to both [gM and IgG
(anti-HBc) should be performed. The presence of these
markers is highly sensitive for the detection of active HBV
infection [4-6, 18]. Unlike HCV and HIV screening, HBV
nucleic acid testing (HBV NAT) is not routinely performed
in donors from countries with low endemic rates of HBV
infection as the additional benefit of HBV NAT testing
appears to be small [19]. In instances when anti-HBc alone is
positive, further testing for HBV should be performed with a
hepatitis B nucleic acid testing (HBV NAT). The detection of
HBYV DNA in this setting should be considered diagnostic of
active HBV infection. Potential living donors who are posi-
tive for HBsAg are excluded from donation [5]. The decision
to use an organ from a positive anti-HBc donor regardless of
HBV DNA testing is a complex decision often made on a
case-by-case basis. Testing must be performed within 28
days of donation [5].

5.3.2  Donor Screening: Deceased Donors-
Routine Testing

In the United States, pretransplant diagnostic testing for
deceased donors is performed by organ procurement organi-
zations (OPQO’s) for all transplant programs in a given
Donation Service Area (DSA) [5]. As with living donors, all
laboratory testing must be completed in CLIA-certified labo-
ratories or in one which meets the same standards as deter-
mined by the Centers for Medicare and Medicaid Services
using FDA-licensed or -approved tests [5]. In general,
deceased donor screening is similar to the approach described
for living donors. Testing for CMV, EBYV, syphilis, HIV,
HBYV, HCV is required and is the same as that described
above for living donors [5, 6]. In addition, blood cultures and
cultures from the harvested organ (i.e., Urine from donor
kidney or sputum and/or bronchoalveolar lavage fluid (BAL)
from the donor lung) should be performed at the time of
transplantation [4, 5]. This is done to assess for active infec-
tion as well as colonizing flora which could result in invasive
infection after transplantation [4]. In the case of potential
deceased heart donation, antibody testing for Toxoplasma
IgG must be performed given the potential development of
this infection from seropositive donors after transplantation
[4]. Donor screening for toxoplasmosis in noncardiac donors
is not required [4].
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5.3.3 Donor Screening: Optional Testing
in Donors

Although the rationale for the routine testing detailed above
identifies the most common donor-derived pathogens, there
are many other less common latent infections that can be
transmitted by the donor to the recipient at the time of trans-
plantation. The presence of these latent infections is largely
determined by the donor’s epidemiologic exposure. A thor-
ough history from the donor or a close family member is
essential in determining these epidemiologic risk factors
which can then allow for further targeted diagnostic testing.
The most common of these pathogens include Mycobacterium
tuberculosis, Strongyloides stercoralis, Trypanosoma cruzi,
Histoplasma capsulatum, Coccidioides immitis, Huoman T
lymphotrophic virus-1 (HTLV-1), and West Nile virus.

5.3.3.1 Mycobacterium tuberculosis

Current OPTN policies recommend testing forMycobacte-
rium tuberculosis (TB) in living donors if a potential donor
is considered to be at increased risk for latent infection and
the American Society of Transplantation recommends test-
ing for TB in all living donors regardless of the donor’s indi-
vidual risk [4, 5]. Testing should be performed using either
the Mantoux tuberculin skin test (TST) or an interferon-
gamma release assay (IGRA) [4, 5, 20]. A two-stage TST in
which a negative TST result is repeated 1-3 weeks later, can
be performed in living donors from TB endemic regions [4,
20]. The TST measures a delayed hypersensitivity reaction
to the presence of purified TB protein derivative in those
infected with TB whereas the IGRA measures the cellular
immune response to TB proteins through the release of
interferon-gamma (IFN-y) [21]. Both TST and IGRA have
sensitivities ranging between 80 and 90% [21]. IGRA test-
ing does have an increased specificity for the diagnosis of
TB infection as it does not cross react with Bacillus
Calmette-Guerin (BCG) vaccination as compared to the
TST [21]. Neither test seems to be superior for the diagnosis
of TB in immunosuppressed individuals [21]. In a living
donor, a positive TST or IGRA must be followed by addi-
tional testing to assess for active TB infection [4, 21]. While
TST cannot be performed in deceased donor blood [22],
IGRA testing can be performed, however, the utility of these
tests have not been studied in this population and therefore
cannot be used solely to determine the overall TB risk [22].
Furthermore, the time constraints associated with potential
deceased donation make IGRA testing impractical as results
will often not be available by the time the decision for dona-
tion is made [4]. Latent TB infection in both living and
deceased donors is not a contraindication to donation
although active infection in a living or deceased potential
donor is a cause for exclusion [4].
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5.3.3.2 Strongyloides stercoralis

Donor-derived transmission of parasitic infections has been
well documented in the posttransplant setting. Strongyloides
stercoralis is a common parasite found in tropical climates
that can live latently within an asymptomatic potential donor
[23]. Although rare, donor-derived transmission of this
infection can result in significant morbidity and mortality to
the recipient [23]. Potential donors with epidemiologic risk
factors for Strongyloides stercoralis should be screened for
this infection prior to donation. The preferred screening
method is serology with enzyme-linked immunosorbent
assay (ELISA) for IgG antibody as this has a greater sensi-
tivity and specificity for the detection of the organism as
compared to other methods [23, 24]. Stool examination for
Strongyloides stercoralis ova can also be performed but is
not recommended given its significantly lower sensitivity
[23]. It may be considered when antibody testing cannot be
performed. A positive test for Strongyloides stercoralis is not
a contraindication to donation in potential living donors but
would require treatment prior to donation [23]. A positive
test in deceased donors is also not a contraindication to dona-
tion but would require treatment in the recipient following
transplantation.

5.3.3.3 Trypanosoma cruzi

Trypanosoma cruzi is another parasitic infection that can be
transmitted from donor to recipient at the time of transplan-
tation. Endemic in Central and South America, infected indi-
viduals develop chronic infection which is often
asymptomatic [23]. Screening of all potential donors who
have lived in an endemic region is recommended and is often
done with serology testing [23]. There are currently several
FDA-cleared tests for the identification of latent infection in
potential donors. A positive test for 7. cruzi is a contraindica-
tion to cardiac donation but not for other organ donations [4].

5.3.3.4 Endemic Fungal Infections

Donor-derived transmission of endemic fungi such as
Histoplasma capsulatum and Coccidioides immitis 1S an
uncommon occurrence in the posttransplant setting, how-
ever, when transmission occurs, morbidity and mortality is
high [4, 23]. Due to overall low rates of transmission, rou-
tine testing for Histoplasma in potential candidates from
endemic regions is not recommended [25]. Potential living
donors from endemic areas who have a history of histoplas-
mosis or a pneumonia of unclear etiology within the past 2
years, however, should undergo diagnostic testing [25].
Serologic testing with the use of immunodiffusion assay or
complement fixation is recommended with the identification
of an H precipitin band on immunodiffusion assay or a com-
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plement fixation titer of >1:32 being diagnostic of active
infection [23, 25]. The identification of an M precipitin band
on immunodiffusion or complement fixation titers <1:32 are
less specific for active infection and may indicate past infec-
tion with a low risk for transmission [23, 25]. Outside the
setting of suspected active Histoplasma infection, serum or
urine Histoplasma antigen testing has limited utility and
should be avoided as a screening test in the asymptomatic
living donor. Potential deceased donors from endemic
regions with symptoms suggestive of histoplasmosis should
undergo organ examination for signs of infection [25]. If
present, tissue for fungal histopathology and culture as well
as serum Histoplasma serology and antigen assay should be
performed [25]. Active disseminated infection in a potential
donor is a contraindication to donation, however in deceased
donors, identification of this is often made after transplanta-
tion [4, 25].

The majority of patients with transmissible Coccidioides
immitis infection are asymptomatic [23]. Therefore, poten-
tial living donors from endemic regions should be screened
with serologic assays in combination with chest imaging [25,
26]. Multiple serologic assays are available including
enzyme immunoassay (EIA), complement fixation (CF), and
immunodiffusion (ID) [25]. Detection of IgG antibody via
immunodiffusion has the highest specificity for diagnosis
but has a lower sensitivity than other assays particularly
early in infection [25]. Potential living donors with a positive
serological test should then undergo further evaluation and
testing to identify the degree of infection including cultures,
imaging, and cerebrospinal fluid (CSF) studies depending on
the clinical situation [25]. Active infection in a potential liv-
ing donor is a contraindication to transplant until treatment
has been completed [25]. Potential deceased donors from
endemic areas should undergo organ examination followed
by cultures, fungal histopathology, and serologic testing.
Active known Coccidioides infection in a potential deceased
donor is a contraindication to transplant, however, diagnosis
is often made after transplantation [27].

5.3.3.5 Human T-Cell Lymphocytic Virus-1

Human T-cell lymphocytic virus-1 is endemic in parts of the
Caribbean, Japan, and West Africa. Donor-derived transmis-
sion of HTLV-1 is a rare but potentially serious complication
in SOT. Due to the overall low seroprevalence of this virus in
the United States, routine testing of potential donors is no
longer performed [4]. Optional screening of potential donors
at risk for asymptomatic HTLV-I infected, however, can be
performed using FDA-approved screening tests for HTLV-
1/2 [26, 28]. These are combined serologic screening tests
for both HTLV-I and HTLV-II [26, 28]. One limitation to
testing is that the currently available assays are unable to
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distinguish between HTLV-I and HTLV-II infection [26].
As HTLV-II has never been determined to cause human
disease, being able to distinguish between these two entities
is clinically important [26]. Therefore, a positive initial assay
should always be confirmed by a virus-specific western blot
or line immunoassay [26]. The presence of known HTLV-Iin
a potential donor results in exclusion from donation [4].

5.3.3.6 West Nile Virus

Donor-derived transmission of West Nile Virus (WNV) has
been documented in SOT. Targeted testing of potential living
donors in locations of WNV activity and during time periods
when transmission is thought to be high can be performed
[29]. WNV nucleic acid testing (WNV NAT) is the preferred
diagnostic testing strategy and ideally should be performed
using an FDA-approved WNV NAT, within 2 weeks of dona-
tion [28, 29]. Serologic testing for [gM to WNV is also avail-
able but is not an FDA-approved screening test as it has not
been studied for this indication [29]. It can be considered as
a supplemental test to WNV NAT to increase the sensitivity
of WNV detection [29]. Overall, the false positive rate of
WNV NAT is low, however, if a false positive is suspected,
repeat WNV NAT using another NAT can be performed [29].
Potential living donors with a positive test for WNV should
be excluded from donation [4]. Potential deceased donors
with symptoms suggestive of WNV should also undergo
NAT testing and if there is clinical suspicion of infection,
they should be excluded from organ donation [4].

5.3.4 Recipient Screening: Routine Testing

For potential SOT recipients, routine pretransplant diagnostic
testing for the following infections is recommended: CMV,
EBV, HIV, HBV, HCYV, syphilis, TB, varicella (VZV), hepati-
tis A (HAV), measles, mumps, and rubella (MMR) [4]. Testing
strategies for CMV, EBV, HCV, syphilis, and TB are the same
as those described above for potential donors. For HBV
screening in the potential recipient, anti-HBs testing in addi-
tion to HBsAg and anti-HBc to assess for potential immunity
is recommended. Potential recipients who are seronegative for
HBYV should undergo vaccination prior to transplant [4]. VZV
screening should be performed using standard serological
techniques for the detection of IgG antibody to determine if
vaccination is needed prior to transplantation. It should be
noted, however, that these assays have a low sensitivity for the
detection of vaccine-induced immunity and can lead to false
negative reports in those previously vaccinated [30]. ELISA-
based assays are preferred given their higher specificity for the
detection VZV immunity in order to prevent false positive
results [30, 31]. Diagnostic testing for HAV and MMR should
be performed using standard commercially available serologic
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assays in all potential recipients to assess for immunity [4].
Seronegative individuals should receive vaccination prior to
transplantation if there are no contraindications [4]. In all indi-
viduals being considered for heart transplantation, testing for
anti-Toxoplasma IgG must be performed given the potential
development of this infection after transplantation [4].
Serologic methods as described above in deceased donor
screening are recommended. Finally, screening of the poten-
tial SOT recipient for active infection and multi-drug-resistant
colonizing flora through the use of standard culture techniques
or NAT is often done prior to transplantation [4].

The development of CMV infection is one of the most com-
mon infectious complications of transplantation. As men-
tioned in the section on donor screening, testing is performed
using anti-CMV IgG due to its improved specificity for
detection of latent infection [7]. Assays that measure CMV
IgM should not be used due to the poor specificity. Careful
interpretation of anti-CMV IgG results is required as false
positive results have been reported in individuals with mul-
tiple blood transfusions or in children less than 1 year of age
from passive transfer of anti-CMV IgG antibodies [7, 32].
Whenever possible, a pretransfusion blood sample is best for
testing [7]. If pretransfusion testing is not possible and/or
equivocal results persist in the potential recipient, the result
should be interpreted so as to ascribe the highest CMV risk
to that individual based on the donor’s CMV serostatus [7].
In children less than 1 year of age, CMV culture or NAT of
numerous mucosal sites should be performed to help deci-
pher any equivocal findings [7].

5.3.5 Recipient Screening: Optional Testing

Individuals at risk for Strongyloides stercoralis, Toxoplasma
gondii, Trypanosoma cruzi, HTLV-1, and Coccidioides immi-
tis should be screened as previously described [4].
Pretransplantation screening for Histoplasma capsulatum,
however, is not recommended given the tests low sensitivity
for the detection of latent infection in potential recipients [4].
Diagnostic testing for HTLV-I can also be performed and fol-
lows the recommendations previously described above [4].

5.4  Pretransplant Testing
in Hematopoietic Stem Cell
Transplant

5.4.1 Donor Screening: Routine Testing

The Food and Drug Administration (FDA) currently requires
that all potential HSCT donors be screened for CMV, HIV,
HBYV, HCV, syphilis, HTLV-I/II, and WNV [33]. Testing for
HIV, HBV, HCYV, syphilis, and HTLV-I/II is also supported
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TaBLE 5-2. Pretransplant diagnostic testing in hematopoetic stem cell transplant donors and recipients

Donor Recipient

Organism Test Routine Optional Routine Optional
CMV IeG X X
EBV VCA IgG X X
VZV 1gG* X
HSV-1/11 1gG X
HIV-I/II AB or Ag/AB X X

NAT X X
HBV sAg X X

anti-HBc (IgM and 1gG) X X

anti-HBs X

NAT X X
HCV Anti-HCV X X

NAT X X
HTLV-I/-I1 1gG X X
WNV NAT® X X
Syphilis RPR or TP-EIA Xd X
TB TST or IGRA® X
T. cruzi 1eG X X
Strongyloides IgG'e X X
Toxoplasma 1eG X X
Malaria Malaria rapid antigen" X
Ehrlichia IgG X
Anaplasma IgG X
Coxiella IgG X
Babesia Blood smear light microscopy or X

PCR
Rickettsia rickettsii 1gG X

“ELISA antibody assay preferred given its higher specificity for detection [29, 30].

If HBsAg or anti-HBc is positive, HBV NAT should performed.

‘WNYV IgM testing is not FDA-approved for screening but can be performed to increase the sensitivity of WNV detection [28].
dPotential donors with a positive RPR must have a TP-EIA performed to confirm the diagnosis [32].

°A two-stage TST can be performed in recipients from endemic regions [4, 19].

fELISA antibody assay preferred for Strongyloides given its higher sensitivity and specificity [22, 23].

£Stool examination for ova can be performed if antibody assay is unavailable but is not recommended due to its low sensitivity [22].
"A negative malaria rapid antigen diagnostic test should be confirmed by thick and thin blood smear examination [40, 41].

iFor Ehrlichia and Anaplasma, an immunofluorescence assay is recommended with a fourfold increase in titer being diagnostic [37].
iSerology for Coxiella and Rickettsia using indirect immunofluorescence antibody is preferred [37, 38].

by the American Association of Blood Banks (AABB) [34]
(Table 5-2). For HIV, either a third generation test for HIV-
172 antibody or a fourth generation antigen/antibody
combination immunoassay for HIV-1/2 as well as HIV NAT
is recommended [33, 34]. For CMV, HCV, and HTLV-I/II the
diagnostic methods described in the section on SOT donor
screening should be used [33]. For HBV, the FDA requires
anti-HBc and HBsAg testing whereas the AABB also recom-
mends HBV NAT testing to assess for HBV infection [33,
34]. Detection of HBV DNA by NAT is diagnostic for HBV
infection although a single negative (undetectable) NAT
result is not sufficient to rule out this infection. Potential
donors who test positive for HIV or HTLV-I/II on initial
screening tests are excluded from donation [33]. Potential

donors who test positive for HBV (a positive HBsAg, anti-
HBc or HBV NAT) and HCV are generally excluded from
donation although in some situations exceptions may be
made [33]. Confirmatory testing for these viruses can and
should be performed in relation to the donor but will not
change the outcome of donor ineligibility [33].

CMYV seropositivity is not a contraindication to donation
but does inform prophylaxis or monitoring strategies in the
recipient following transplantation [33]. For syphilis screen-
ing, either a non-treponemal antibody test such as the RPR or
a treponemal antibody test such as the TP-EIA can be per-
formed [33]. Potential donors with a positive treponemal-
specific antibody test are excluded from donation whereas
due to the low specificity of non-treponemal antibody assays,
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those with an initial positive non-treponemal antibody test
but a negative confirmatory treponemal antibody test are not
excluded [33]. Testing must be performed within 30 days of
donation for stem cell and bone marrow transplantation and
within 7 days for umbilical cord blood transplantation [2].
For WNV, WNV NAT as described in the section on screen-
ing of SOT donors should be performed on all potential
donors [29]. Potential donors who test positive for WNV
should be deferred from donation for 120 days [35]. Although
not required by the FDA, screening for EBV infection with
the use of VCA IgG is often performed to assess for risk of
posttransplantation proliferative disorders.

5.4.2 Donor Screening: Optional Testing

As with SOT, transmission of other less common latent
infections from a potential HSCT donor can have signifi-
cant consequences in the recipient posttransplantation.
Pretransplantation screening for these infections includes a
thorough history to identify epidemiological risk factors in
the potential donor. If risk factors are identified, further
diagnostic testing is then performed.

Similar to SOT, Trypanosoma cruzii transmission has
been described in HSCT donation and therefore, serologic
testing using an FDA-approved assay should be performed
in potential donors from endemic regions [2, 36]. Potential
donors who are repeatedly seropositive on a screening assay
are deferred from donation regardless of the results of confir-
matory testing [36].

Potential donors with symptoms suggestive of active
Mycobacterium tuberculosis should be evaluated fully for
evidence of infection and excluded from donation if a diag-
nosis of active TB is made [2]. Latent TB in a potential
donor, however, is not a contraindication to donation as the
risk of transmission is minimal [2]. Therefore, routine
screening of potential donors with risk factors for latent TB
is not recommended [2].

Pretransplantation screening of potential donors for
malaria is recommended in those who have resided or trav-
elled to an endemic area [2]. Initial screening involves a
careful history. Potential donors with a history of travel to an
endemic area should be deferred from donation for 1 year
from return and those who have resided in a malaria endemic
region should be deferred from donation for a 3-year period
[2]. Diagnostic testing for asymptomatic malaria infection in
potential donors with potential exposure is not recommended
as the likelihood of detecting parasitemia during dormant
disease is exceedingly low [2, 34].

Pretransplantation screening for Toxoplasma gondii can be
performed in potential donors with risk factors as asymptom-
atic transmission to recipients has been reported [2, 37].
Antibody testing as described in the screening of SOT donor
section is the preferred diagnostic tool. Potential donors with
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acute infection should be deferred from donation, however,
past or latent infection is not a contraindication to donation [2].

Although no current FDA guideline exists, testing for tick
borne illnesses such as Ehrlichia, Anaplasma, Coxiella,
Babesia, and Rickettsia rickettsii can also be considered in
potential donors residing in endemic areas. The diagnosis of
Babesiosis can be made either with detection of the parasite
directly on thick and thin blood smear examination or
through nucleic acid amplification of the Babesia 18s rRNA
gene through polymerase chain reaction (Babesia PCR) [38].
Potential donors with either evidence of Babesia or a past
history of infection should be deferred per AAAB recom-
mendations. NAT is the most sensitive way to make the diag-
nosis of Ehrlichia and Anaplasma; however, serologic
testing using immunofluorescence assay (IFA) remains the
test of choice with a fourfold increase in IgG antibody indi-
cating active infection [38]. For Coxiella, serology through
indirect immunofluorescence methods is the diagnostic study
of choice [38]. For Rickettsia rickettsii or Rocky Mountain
Spotted Fever (RMSF) diagnosis is often made based on
clinical features and epidemiology [39]. Serologic testing
using indirect immunofluorescence antibody (IFA) can be
performed and it has been shown to have a 94-100 % sensi-
tivity for the diagnosis of RMSF after 2 weeks of onset of
symptoms [39]. Sequential serologic testing looking for
acute and convalescent titers is the recommended approach
[39]. There is no formal recommendation from the FDA or
the AABB regarding deferment of potential donors with
active infection with Coxiella, Ehrlichia, Anaplasma, or
Rickettsia rickettsii although most would recommend defer-
ment until resolution of illness [40].

5.4.3 Recipient Screening: Routine Testing

Pretransplantation screening of potential HSCT recipients
for CMV, EBYV, Herpes Simplex Virus (HSV), VZV, HBV,
HCYV, HIV, and syphilis is recommended [2, 37]. Testing for
WNV and HTLV-I/I is also often routinely performed by
blood banks. Testing for CMV, EBV, HCV, HIV, syphilis,
WNYV, and HTLV-I/II should follow the testing methods out-
lined in the section on diagnostic methods for SOT donors.
Testing for VZV should follow the methods outlined in the
section of diagnostic methods for SOT recipients. For HBV
screening, HBsAg, anti-HBc, and anti-HBs should be per-
formed [2]. If a recipient tests positive for anti-HBc or
HBsAg, nucleic acid testing (HBV NAT) should then be
done [2]. For HSV, IgG serology for HSV should be per-
formed using standard serologic methods; type specific anti-
HSV IgG is not required [2]. Positive serologies for any of
the above latent infections are not a contraindication to
HSCT but do inform the physician regarding potential reac-
tivation risk in the recipient and allow for the implementa-
tion of appropriate monitoring or prophylactic strategies.
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5.4.4 Recipient Screening: Optional Testing

Similar to SOT recipients, potential HSCT recipients may
also harbor other latent infections at the time of transplanta-
tion depending on their epidemiologic exposure risk. For
TB, routine diagnostic testing of all potential recipients for
Mycobacterium tuberculosis is controversial. Those with
risk factors for TB, should be screened using the diagnostic
methods previously described in the SOT section [2].
Transplantation of a potential recipient with active TB should
be deferred until the infection is controlled whereas latent
infection should not delay transplantation [2].

Reactivation of parasitic infections has been well docu-
mented in HSCT recipients. For example, reactivation of
Toxoplasma  gondii, Strongyloides stercoralis, and
Trypanosoma cruzii have all been described. For Toxoplasma,
potential recipients with risk factors for latent infection
should be screened using IgG antibody testing [2, 37]. For
Strongyloides, screening using antibody testing as described
in the section on SOT is the preferred diagnostic method [2].
Stool examination for ova and parasite is not recommended
due to its low sensitivity but can be performed if antibody
testing is not available [2]. In that setting, at least three stool
samples should be evaluated to increase the sensitivity of
detection [2, 37]. Testing for Trypanosoma follows those
diagnostic methods previously outlined in the SOT section.

Pretransplantation screening of potential recipients for
malaria is recommended in those who have resided or trav-
elled to an endemic area [2]. Initial diagnosis should be made
through the use of a Malaria Rapid antigen diagnostic test
which detects the presence of both a Plasmodium falciparum-
specific antigen and a pan malaria antigen found in all malar-
ial species in whole blood of individuals with detectable
malaria parasitemia [41]. The only currently FDA-approved
Malaria Rapid Antigen diagnostic test has a 96 % sensitivity
for the detection of P. falciparum and an 84 % sensitivity for
non-P. falciparum infections [41]. Given the potential for
false negative results, especially for the detection of non-P.
falciparum species, the CDC currently recommends that all
negative Malaria Rapid antigen diagnostic tests be confirmed
by thick and thin blood smear examination [42]. Potential
recipients who test positive for malaria should be treated
prior to transplantation.

5.5 Diagnostic Testing

After Transplant

Once transplantation has occurred, recognition of infection
based on clinical symptoms becomes more difficult as the
immune suppression used to induce immune tolerance also
suppresses the immune systems response to infection. As a
result, relying on the presence of fever or localizing symptoms
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is not adequate for the identification and localization of
infection. Furthermore, the list of potential infectious patho-
gens is significantly larger after transplantation and ranges
from common community or hospital-acquired organisms to
opportunistic pathogens. Due to the morbidity and mortality
associated with many of these infections, early and aggres-
sive diagnostic testing is needed for prompt and accurate
diagnosis. Although standard microbiologic testing remains
the cornerstone of the diagnostic workup following trans-
plantation, there are several diagnostic challenges and prin-
ciples that are unique to the immunocompromised host
including the role of serologic testing and the use of both
direct detection antigen assays and highly sensitive NAT for
diagnosing infection and assessing response to treatment.

5.6  Serologic Testing After
Transplantation

Although serologic testing is central to the evaluation of the
donor and recipient before transplantation, the use of serol-
ogy for the diagnosis of active infection after SOT and HSCT
is of limited value in these populations [43—45]. The attenu-
ation of the immune response as a result of transplantation
and the use of immunosuppressive medications make devel-
opment and detection of antibody responses an unreliable
predictor of active infection [43, 45]. For example, studies
evaluating serial serology testing for CMV (both IgM and
IgG) in SOT recipients failed to predict the development of
active CMV disease and did not correlate with CMV viremia
[44]. In general, serologic testing should be avoided follow-
ing transplantation and instead direct detection of infectious
pathogens through the use of staining techniques, culture-
based methods, histopathology, antigen detection, or molec-
ular methods is recommended.

5.7  Direct Antigen Detection
of Infectious Pathogens

Microbiologic staining and culture-based methods as well as
histopathology are the most common techniques used for
direct pathogen detection in the posttransplant setting and
remain the cornerstone of the diagnostic work up in patients
with infectious symptoms. Direct antigen detection assays
have also been developed to aid in the diagnosis of infectious
pathogens in transplant recipients. These tests detect patho-
gen specific antigens through the use of antigen specific anti-
body binding and can be performed on various media
including serum, bronchoalveolar lavage, CSF, and urine.
Various methods are used and can provide either qualitative
or quantitative results depending on the platform.
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5.8 Nucleic Acid Testing After

Transplantation

NAT for the direct detection of pathogens is routinely used in
the diagnosis of primary infection or reactivation of latent
disease in the posttransplant setting. Depending on the assay
used, NAT can be performed directly on blood, urine or other
body fluids. Although NAT can be used for the detection of
many potential pathogens, it is most commonly employed in
the diagnosis of active viral infection.

The use of NAT enhances the ability to detect pathogens
with high sensitivity, often before clinical symptoms have
developed. This capability allows for a preemptive monitor-
ing approach in which NAT can be performed at regular
intervals to identify and potentially treat infections prior to
the development of clinical symptoms and disease [7]. This
preemptive strategy has been studied for the monitoring of
CMYV infection following transplantation and is considered a
reasonable approach for monitoring the recipient for viral
infections including CMV and EBV [7, 46]. In addition to
being a reliable tool for the diagnosis of both active and
asymptomatic disease, quantitative NAT can also be used to
monitor response to treatment and overall treatment duration
for certain pathogens [47].

Despite the many advantages of NAT there are several
notable disadvantages including high cost and interlaboratory
variability. Since many laboratory-developed and commer-
cially available assays were developed prior to the availabil-
ity of international reference standards, comparison of values
between platforms may be difficult. For example, prior to the
advent of an international reference standard for CMV devel-
oped by the World Health Organization, significant interlabo-
ratory variability had been well documented [7, 48, 49]. As
not all nucleic acid assays have reference standards, being
aware of the potential variability between laboratories is
important in being able to interpret the results effectively.

Another potential challenge with NAT in the posttrans-
plantation setting is differentiating low-level asymptomatic
viral replication from clinical disease. Since the most com-
mon use of NAT following transplantation is to detect reacti-
vation of latent virus, it is sometimes difficult to determine
when a positive nucleic acid test is detecting the presence of
low-level background viremia of unclear significance vs.
active clinical disease [7, 50, 51]. Unfortunately, established
guidelines for cut-off values for NAT have not been estab-
lished for most infectious pathogens and interpretation is
often required based on the clinical scenario. Serial monitor-
ing of NAT, however, can be useful in this setting as signifi-
cant increases in viral load can indicate the development of
clinical disease. For example, for CMV, a greater-than-
threefold increase in viral load level over a period of approx-
imately 1 week has been associated with the development of
clinical disease requiring treatment [7, 51].
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5.9 Diagnostic Testing for Specific
Infectious Diseases
After Transplant (Table 5-3)
5.9.1 Bacteria

For the majority of bacterial infections, gram stain, culture,
and histopathology from the site of presumed infection
remain the preferred diagnostic tests. Other viable methods
for the detection of bacterial pathogens include direct anti-
gen detection assays and NAT. One example of a direct anti-
gen assay is the urinary Legionella antigen test that can be
used in addition to culture for the diagnosis of Legionella
pneumonia [52]. These assays use either ELISA or lateral
flow assay (LFA) to detect antigen to Legionella pneumoph-
ila serogroup 1 which accounts for the majority of infections
with Legionella [53]. Multiple urinary antigen assays have
been FDA-approved for the diagnosis of Legionella and a
recent meta-analysis revealed a pooled sensitivity and speci-
ficity for these tests of 74 and 99 % [54]. A similar urinary
antigen test has also been developed for Streptococcus pneu-
moniae detection; however, this test has a more variable sen-
sitivity and specificity as compared to the urinary legionella
antigen assays and does not differentiate colonization from
active infection, particularly in children [52, 53, 55].

5.9.2 Mycobacteria

The diagnosis of active Mycobacterium tuberculosis (MTb)
infection relies on microbiologic staining for acid-fast
bacilli, culture, and histopathology from the site of presumed
infection [56, 57]. Samples can be obtained from many
potential sites including sputum (expectorated vs. induced
vs. bronchoalveolar lavage), pleural fluid, gastric aspirate,
urine, CSF, bone marrow, bone, or blood [56]. If noninvasive
staining and culture techniques fail to yield a diagnosis,
pursing biopsy for tissue staining, culture, and histopathol-
ogy is recommended when possible. When pulmonary tuber-
culosis is suspected and sputum or induced sputum samples
are to be used for diagnosis, at least three single specimens
preferably collected on three separate days should be submit-
ted so as to increase the sensitivity of detection [56, 58].
When bronchoscopy is pursued, a sputum sample obtained
after the procedure is also recommended [56].

NAT has also been developed to aid in the diagnosis of
tuberculosis including multiplex assays designed to detect
the presence of MTb DNA as well as genetic mutations com-
monly associated with the development of rifampin resis-
tance [59]. The sensitivity of MTb NAT is significantly
enhanced in AFB smear positive individuals [60]. Use of
MTb NAT in AFB smear negative respiratory specimens is
less sensitive and if performed should be interpreted with
caution. Despite the utility of these multiplex assays in the
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TaBLE 5-3. Laboratory diagnostics by organism
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Organism type

Preferred diagnostic procedures

Bacteria

Mycobacteria

Fungi

Viruses

Common typical bacteria

Common atypical bacteria

Mycoplasma pneumoniae

Chlamydophilia pneumoniae

Tuberculous

Nontuberculous

Candida

Aspergillus

Pneumocystis jirovecii

Cryptococcus

Endemic fungi

CMV

EBV

Respiratory viruses RSV

Influenza

Other

Legionella pneumophila

Gram stain

Culture*

Histopathology

Direct antigen assay®
Culture*

Direct urinary antigen assay!
Serology*©

NAT

Serology®

NAT

Acid-fast stain"t

Culture's

Histopathology

NAT"

Acid-fast stain'

Culture!

Histopathology

Nucleic acid probes’

Fungal stain

Culture'

Histopathology

p (beta)-D Glucan assay™™
Magnetic resonance/nanoparticle assay
Fungal stain

Culture?

Histopathology?

B (beta)-D Glucan assay?
Aspergillus Galactomannan assay™
Indirect immunofluorescence’
Histopathology"

f (beta)-D Glucan assay"
NAT*

Calcofluor stain?

CultureY

Cryptococcal antigen assay”*
Fungal stain

Culture®®

Histopathology*®

Direct antigen assays®
NAT=¢e

CMV ppb65 antigenemia™
NAT!

Direct fluorescent antigen?
NAT*

Rapid antigen assay"

NAT™™

Direct fluorescent antigen
Rapid antigen assay™

Direct fluorescent antigen assay
NAT

(continued)
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TaABLE 5-3. (continued)

Organism type Preferred diagnostic procedures

Parasites Toxoplasma gondii Microbiologic examination®

Histopathology®
NATP?

Trypanosoma cruzi Microbiologic examination
Histopathology
NAT™

Plasmodium species Microbiologic examination®®
Histopathology
Malaria rapid antigen"

Babesia microti Microbiologic examination
Histopathology
NAT

“Multiple different growth media used depending on the type of bacteria expected.

"Urinary antigen test available for Streptococcus pneumoniae but sensitivity only 5278 % in patients without bacteremia [53].
‘Considered gold standard for diagnosis of Legionella pneumonia but sensitivity only 25-75 % [91].

9Detects Legionella pneumophila serogroup 1 only. Sensitivity and specificity are 74 % and 99 % respectively [92].

*Preferred over NAT testing. IgM antibody or convalescent serologies performed 2-3 weeks later can be performed [53].

fFor suspected pulmonary tuberculosis, at least three expectorated or induced sputum samples obtained are required [54, 56].

¢If bronchoscopy is performed, a sputum sample after the procedure should be obtained to increase detection rate [54].

"Detects MTb DNA and genetic mutations associated with rifampin resistance [58].

For suspected pulmonary tuberculosis, three expectorated or induced sputum samples are recommended [59].

JThree currently FDA-approved probes: Mycobacterium avium complex (MAC), Mycobacterium kansasii, Mycobacterium gordonae [59].
kSensitivity of nucleic acid probes range from 85 to 100 % with a specificity of 100 % [59].

'Considered gold standard for diagnosis of Candidemia but sensitivity only 50 % [61].

mAssay has 75 % sensitivity but lacks specificity for the diagnosis of invasive Candidiasis [62].

"False positives reported with hemodialysis, human blood products, certain antibiotics and bacterial infections, surgical gauze [61].
°Does not provide information on antifungal susceptibility and should not replace traditional diagnostic methods.

PConsidered gold standard for diagnosis of invasive aspergillosis.

aSensitivity 77-80 % but lacks specificity. Cannot be used primarily for diagnosis [62, 64, 65, 69, 76].

"Variable sensitivity depending on test characteristics, use of antifungals, type of Aspergillus species, population tested [60, 64, 67, 68].
‘False positives reported with Histoplasma and Fusarium species, piperacillin-tazobactam, amoxicillin-clavulanate, cotton or cardboard, certain
blood products, and certain intravenous hydration fluids containing sodium gluconate [60, 66, 69].

'Can be used for monitoring of serum galactomannan antigen testing for patients with HSCT [66, 67].

"91 % sensitive and 88 % specificity when an EIA cut-off value of >1.0 used [72].

"Considered gold standard for diagnosis and should be performed on induced sputum or BAL samples [73].

Y95 % sensitivity and 86 % specificity and can serve as a rule-out test when pretest probability is low [60, 69, 76].

*NAT with an 87 % sensitivity and 92 % specificity of [75].

YCurrent gold standard for diagnosis with culture being positive in >90 % of patients with central nervous system involvement [77].
“Sensitivity of 97 % and a specificity ranging from 93 to 100 % [67, 78].

aSerum cryptococcal antigen assays with lower and more variable sensitivity depending on the site of infection [67, 69].
"*Considered gold standard for diagnosis.

“Urine antigen assays for histoplasmosis and blastomycosis with sensitivities of >90 % [81, 82].

ddSignificant cross-reactivity has been seen across endemic fungi [60].

<Performed weekly as a preemptive monitoring strategy or to diagnose active infection [7].

f'Can be used in monitoring response to treatment and treatment duration [46].

2¢Tests using the international reference standard by the World Health Organization (WHO) recommended [7, 47].

hhSlightly lower sensitivity than NAT. Cannot be used in patients with neutropenia [7, 84, 85].

iiSerial monitoring of high-risk HSCT and SOT recipients is recommended [2, 7, 42, 83].

JDFA with 77.8 % sensitivity and 99.6 % specificity with variability in these values depending on technician experience [86].
Many FDA-approved NAT tests with sensitivities greater than 90 % [87].

"Due to low sensitivity, these assays should not be used to exclude infection in the transplant population [53].

mmPreferred diagnostic strategy due to superior sensitivity, specificity, and rapid turn-around time [88].

"Due to low sensitivity, follow up testing with either NAT or viral culture is recommended with negative test results [88].
*Sensitivity and specificity dependent on technician experience [53].

PPOften only available in reference laboratories [53].

“Low sensitivity, repeated or serial samples recommended [53].

"Not commercially available, only offered through the Centers for Disease Control (CDC) [89].

sSensitivity and specificity dependent on technician experience. Three separate samples recommended if clinical suspicion [53].
"A negative rapid malaria antigen should be confirmed by blood smear light microscopy [40, 41].
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diagnosis of pulmonary tuberculosis, these tests are gener-
ally not approved for use on non-respiratory samples and
require extensive in-house laboratory validation before rou-
tine clinical use. Furthermore, a MTb nucleic acid test does
not preclude the need for culture for formal identification
and susceptibility testing [59].

For nontuberculous mycobacteria, microbiologic staining
for acid-fast bacilli, culture, and histopathology from the site
of presumed infection are also the recommended [61]. As
with MTb, for presumed respiratory infection diagnosis,
three separate sputum samples obtained from either expecto-
rated or induced sputum is required [61]. Smear and culture
can also be obtained from other samples such as blood,
abscess cavities, bone marrow, and biopsy tissue. Whenever
tissue is obtained, the specimen should also be sent for histo-
pathological examination. Although final identification and
susceptibility testing is largely determined based on culture,
nucleic acid probes for the nontuberculous mycobacteria
Mycobacterium avium complex (MAC), Mycobacterium
kansasii, and Mycobacterium gordonae, have been approved
by the FDA for the diagnosis of these organisms [61]. The
sensitivity of these assays range from 85 to 100% with a
specificity of 100% [61]. However, unlike MTb NAT that
can be performed directly on primary specimen, these probes
require growth (amplification) in culture before they can be
used [61]. Furthermore, nucleic acid hybridization probes do
not provide any information on drug susceptibilities.

5.9.3 Fungi

Microbiologic staining, culture, and histopathology remain
the gold standard for diagnosis of invasive fungal infections
in immunocompromised patients [62]. Unfortunately, these
traditional methods can suffer from a low sensitivity depend-
ing on the location and type of fungal infection present,
which can lead to significant delays in diagnosis and treat-
ment. Newer diagnostic assays such as direct antigen assays
and NAT have been developed for many different types of
fungi and are can be helpful in the diagnosis of fungal infec-
tion in this population.

5.9.3.1 Candida

For invasive infections with Candida species, the gold stan-
dard in diagnosis remains microbiologic staining, culture,
and histopathology from the location of presumed infection.
In cases of Candida blood stream infections (Candidemia)
blood cultures should be sent on all patients as commer-
cially available automated blood culture systems will detect
growth of these organisms [52, 62]. Unfortunately, blood
cultures are only 50% sensitive for the diagnosis of
Candidemia, leading to significant delays in diagnosis and
treatment [63].
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In an effort to improve the diagnosis of both Candidemia
and other forms of invasive candidiasis, other diagnostic
methods have been developed. Detection of P (beta)-D
Glucan antigen, a cell wall component common to many
fungal species including Candida, has been widely adopted
as a surrogate marker for fungal infection. Although not spe-
cific for Candida infections, the p (beta)-D Glucan assay has
been studied extensively for the diagnosis of invasive candi-
diasis. A recent meta-analysis of pooled studies revealed that
the B (beta)-D Glucan assay had a 75 % sensitivity for the
diagnosis of invasive candidiasis [64]. Although this sensi-
tivity is higher than that of standard blood culture, issues sur-
rounding the P (beta)-D Glucan assay’s specificity make it a
less attractive diagnostic tool. Furthermore, numerous false
positive results have been reported in patients receiving
hemodialysis, human blood products, and certain antibiotics
as well as in patients with bacterial infections or those under-
going wound care with surgical gauze [63]. Finally, the
(beta)-D Glucan assay does not provide any information on
antimicrobial susceptibility. Given these limitations,
although a potential adjunct to the diagnosis of invasive can-
didiasis, the B (beta)-D Glucan assay should not replace the
traditional diagnostic methods of microbiologic staining,
culture, and histopathology.

5.9.3.2 Aspergillus

For invasive infection with Aspergillus species, the gold
standard for diagnosis remains identification of the pathogen
on histopathological specimens and growth in culture [62].
Unfortunately, the sensitivity of culture for the diagnosis of
aspergillus is low and specimens for histopathological exam-
ination are often more difficult to obtain, leading to a high
number of missed cases and significant delays in diagnosis
and treatment [65]. For example, a recent study of bron-
choalveolar fluid culture in immunocompromised patients
with invasive pulmonary aspergillosis found a sensitivity of
only 50 % and unlike Candida, the yield of blood culture for
Aspergillus is very low [65]. To improve detection, many
new direct antigen assays have been developed to aid in the
diagnosis of invasive aspergillosis. One such assay is the 8
(beta)-D Glucan assay which has a sensitivity of 77-80 % for
the diagnosis of invasive aspergillosis [64—66]. Similar
issues with the specificity of this assay exist as for those with
Candida infections, however, making it an unreliable tool for
the diagnosis of invasive infection.

The Aspergillus Galactomannan antigen assay has also
been developed for the diagnosis of invasive aspergillosis.
This assay is a direct enzyme immunoassay (EIA) performed
on serum that detects the presence of the cell wall compo-
nent galactomannan which is specific to Aspergillus species
[62, 67]. Numerous studies have shown a variable sensitivity
of this assay for the diagnosis of invasive Aspergillus with
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sensitivity ranging from 29 to 100 % depending on the test
characteristics, the previous use of antifungals, the type of
Aspergillus species present, and the population being tested
[62, 65, 68, 69]. Specificity is significantly higher although
cross-reactivity has been reported with other fungal organ-
isms such as Histoplasma and Fusarium species [62]. False
positive results have also been reported with certain antibiot-
ics such as piperacillin-tazobactam and amoxicillin-
clavulanate, contamination of a specimen with cotton or
cardboard, certain blood products, and certain intravenous
hydration fluids containing sodium gluconate [67, 70].
Serum galactomannan antigen testing is best performed as a
preemptive monitoring strategy for patients with hemato-
logical malignancies and those who have undergone hemato-
poietic stem cell transplant as the performance of this test
has been best validated in these groups [67, 68]. Studies
evaluating the sensitivity of this assay in SOT recipients
have not shown a benefit and routine screening using this
diagnostic method is not recommended [70, 71]. Serum
galactomannan antigen testing can also be used to aid in the
diagnosis of active infection in transplant recipients with
symptoms suggestive of invasive aspergillosis, however, due
to its variable test characteristics, it cannot solely be relied
on for definitive diagnosis in this patient population [72].

The Aspergillus galactomannan antigen assay can also be
performed on BAL with improved sensitivity and specificity
for the detection of invasive pulmonary aspergillosis. In
patients with hematologic malignancies, the BAL Aspergillus
galactomannan antigen assay was noted to be 91 % sensitive
and 88 % specific when an EIA cut-off value of >1.0 was
used [73]. Similar results have also been seen in patients
with SOT with the BAL Aspergillus galactomannan antigen
assay having a sensitivity of approximately 82 % [71]. False
positive results can occur in the setting of colonization of the
airways with both Aspergillus and non-Aspergillus species
such as Penicillium and careful interpretation of the results
based on the clinical setting is recommended [62].

Finally, many new additional diagnostic tests for the diag-
nosis of invasive aspergillosis are currently being studied
and validated. These include lateral flow devices (LFD’s),
Aspergillus NAT, and a breath test evaluating Aspergillus
specific volatile organic compounds (VOC’s) [62]. Although
initial studies appear promising, further research needs to be
performed before considering their use in the routine clinical
setting.

5.9.3.3 Pneumocystis jiroveci

The gold standard for diagnosis of Pneumocystis jiroveci
(PCP) remains direct visualization of the organism in respi-
ratory tract secretions or histopathology [74]. The most com-
mon staining technique used is the indirect IFA which uses
P. jiroveci specific monoclonal antibodies [75]. Whenever
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possible, samples from induced sputum or BAL should be
performed to increase the sensitivity of detection [74]. NAT
has also been developed and studied for the diagnosis of PCP.
A recent study looking at NAT on sputum samples from
non-HIV immunocompromised patients indicated an 87 %
of sensitivity and a specificity of 92% [76]. Limitations
include false positive results in the setting of colonization of
the respiratory tract and careful interpretation of the results
based on the clinical setting is always recommended.
Finally, the f3 (beta)-D Glucan assay can also be used in the
diagnosis of PCP as the organism produces P (beta)-D
Glucan. A meta-analysis revealed that this assay has a 95 %
of sensitivity and an 86 % of specificity for the diagnosis of
PCP, indicating that the likelihood of infection with a nega-
tive test result is extremely low [62, 70, 77]. Given this, it
can serve as a good test of exclusion when clinical pretest
probability is low.

5.9.3.4 Cryptococcus species

Direct visualization of the organism with fungal stain and
culture remains the gold standard for the diagnosis of
Cryptococcus. Whenever possible, calcofluor fungal stain-
ing should be performed over India ink staining due to
issues with the sensitivity and specificity of India Ink stain-
ing in the presence of CSF leukocytes [78]. Culture for
Cryptococcus is positive in >90 % of patients with central
nervous system involvement, however, growth on culture
can take up to a week which can lead to delays in diagnosis
and treatment [62, 79].

Several antigen assays for Cryptococcus are widely used
for the rapid diagnosis of invasive cryptococcal infection.
These assays can be performed on both serum and CSF and
detect the presence of the polysaccharide capsule unique to
Cryptococcus species [68]. Assay techniques include latex
agglutination (LA) and enzyme immunoassay (EIA). CSF
cryptococcal antigen testing is more sensitive and specific
than that of fungal staining and culture with a sensitivity of
97 % and a specificity ranging from 93 to 100 % [68, 80].
Cryptococcal antigen assays can also be run on serum with
a slightly lower and more variable sensitivity depending on
the site of infection [68, 70]. False positives are rare but
have been reported with other fungal species such as
Trichosporon and with the bacterial species Stomatococcus
and Capnocytophaga [81, 82]. False positives have also
been reported with nonspecific binding of serum proteins
(such as rheumatoid factor) and can be avoided with the
treatment of serum with pronase. In addition, false positive
results have occasionally been reported when samples have
contacted certain soaps, disinfectants, and starches [70].
False negative results can occur in patients with high
Cryptococcal antigen titers resulting in failure of agglutination
between antigen—antibody complexes (prozone effect) [83].
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This can be avoided through either the addition of pronase
to serum or sample dilution if equivocal results are obtained
[83, 84]. Overall, however, the CSF and serum cryptococcal
antigen assays remain valuable diagnostic tools for the
diagnosis of invasive cryptococcal infection. The f (beta)-D
Glucan assay is not considered to be an appropriate test for
the diagnosis of invasive cryptococcal infection as this cell
wall component is not found in this organism [62].

5.9.3.5 Dimorphic Fungi

For the endemic fungi histoplasmosis, blastomycosis and
coccidioidomycosis, diagnosis is made largely based on
direct examination of the organism on fungal staining, cul-
ture, or histopathology. As with Cryptococcus, growth of
these organisms can be slow and can lead to delays in diag-
nosis and treatment [62]. Direct antigen assays for histoplas-
mosis and blastomycosis have been developed and have
been shown to have sensitivities of >90 % for the detection
of disseminated infection [85, 86]. Multiple techniques are
used including enzyme immunoassay, immunodiffusion, and
complement fixation and can be performed on both serum
and urine [62]. Significant cross-reactivity has been seen
across the three different endemic fungi, however, limiting
their overall usefulness in the clinical setting [62].

5.10 Viruses

For viruses, direct antigen detection methods and NAT are
the preferred diagnostic screening strategies for patients in
the posttransplant setting. Although serologic methods are
commonly used in the pretransplant setting, these markers
are unreliable in the setting of immune suppression and
should not be used for routine diagnosis [43—45]. Both viral
cell culture and histopathology can also be performed to aid
in the diagnosis of viral infection although utility is limited
by low sensitivity, prolonged turn-around time, and the need
for more invasive procedures to obtain appropriate speci-
mens [45]. Viral cell cultures from the urine and stool should
not be performed as a positive culture often represents
asymptomatic shedding and is not necessarily a marker of
active disease [45].

5.10.1 CMYV and EBV

For CMV and EBY, diagnosis in the posttransplant set-
ting is most commonly made by direct detection of virus
using NAT as these assays exhibit high sensitivity and
specificity for the diagnosis of infection [43, 45]. Serial
monitoring of high-risk HSCT and SOT recipients is rec-
ommended in those not receiving chemoprophylaxis so
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as to identify and treat infection prior to the development
of significant disease [2, 7, 43, 87]. Limitations to NAT
for CMV and EBV can be found under “Nucleic Acid
Testing” in Sect. 5.8.

CMV infection in transplant recipients can also be
reliably diagnosed through the use of CMV pp65 antigen-
emia. This test utilizes monoclonal antibodies to pp65 which
can be found in CMV infected white blood cells and can pro-
vide a semiquantitative assessment of infectious burden [88].
Studies comparing antigenemia with CMV NAT have shown
a slightly lower sensitivity as compared with NAT [89].
Advantages to this assay include its cost and rapid turn-
around time [7, 88]. Limitations include its requirement for
the presence of white blood cells preventing its use in
neutropenic patients, lack of standardization of results, and
significant skill and labor involved in processing and micros-
copy [7, 88]. It can also only be performed on blood whereas
NAT testing can be performed on multiple specimen types.

5.10.2 Respiratory Viruses

For the respiratory viruses both direct viral antigen assays
and NAT can be used for the diagnosis of infection. For
respiratory syncytial virus (RSV), both direct fluorescent
antigen testing (DFA) and NAT are the most commonly used
diagnostic modalities in transplant patients. DFA has been
shown to have 77.8 % sensitivity and 99.6 % specificity for
the diagnosis of RSV with variability in these values depend-
ing on microscopist experience [90]. There are currently sev-
eral RSV nucleic acid tests that have been approved by the
FDA for use with sensitivities greater than 90 % [91]. It is
important to note, however, that transplant recipients can
shed virus in the nasal passages for a significantly longer
period of time than immunocompetent hosts, requiring clini-
cians to depend on clinical pretest probability to differentiate
active vs. past infection. Rapid RSV direct antigen assays
which are typically performed as point of care tests with
results within 30 min are also available but due to low sensi-
tivity, these assays should not solely be used to exclude
infection in the transplant population [52].

For influenza, NAT is the preferred diagnostic strategy for
the diagnosis of infection due to its superior sensitivity, spec-
ificity, and rapid turn-around time [92]. Nasopharyngeal
samples are most commonly obtained but deeper samples
from the lower respiratory tract should be pursued in cases of
severe, lower tract infection, due to increased sensitivity of
detection of virus [93]. Limitations of NAT include its ability
to identify only certain influenza strains felt to be the most
prevalent during a given influenza season, leading to poten-
tial false negative results in instances of infection with
uncommon strains. Direct fluorescent antigen testing is also
available and can be performed when NAT testing is not
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available [92]. As with RSV, similar issues with persistent
viral shedding can occur in transplant recipients making it
difficult to distinguish active from resolved or resolving
infection. Although rapid influenza antigen detection assays
are available for the diagnosis of influenza, given their
reduced sensitivity for the detection of infection, follow up
testing with either NAT or viral culture is recommended with
negative test results [92].

For other respiratory viruses such as Parainfluenza,
Adenovirus, and Human Metapneumovirus, both direct anti-
gen detection assays and NAT can be considered for diagno-
sis of infections in the transplant population. Determination
of which assay to use should be individualized by each insti-
tution depending on feasibility and cost.

5.11 New and Emerging Diagnostic
Tools

Over the past 50 years there have been many new advances
in the field of microbiology diagnostics which have trans-
formed our ability to identify a multitude of organisms
including bacteria, mycobacteria, viruses, and fungi.
Compared to the standard diagnostic techniques which rely
on organism growth and subsequent phenotypic identifica-
tion, many of these new methods focus on the molecular sig-
natures of pathogens through the recognition of microbial
DNA, RNA, or proteins [94]. These new techniques can
reduce the time to organism identification from initial speci-
men collection with increased sensitivity and specificity
compared to standard methods, improving a physician’s abil-
ity to make rapid and accurate clinical decisions for ill
patients [94]. Many of these technologies have already been
incorporated into routine clinical care and should be consid-
ered, if available, in the work up of the transplant patient.
Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) is a molecular tech-
nique that is now FDA-approved for the routine identifica-
tion of bacteria and yeasts in clinical microbiology
laboratories. This technique identifies bacteria and yeast
through the ionization of the unique protein structure of each
particular organism and measures the mass to charge ratio of
each ionized subcomponent [95]. This measurement creates
a unique protein signature specific to each organism that can
then be compared against an extensive database of known
and validated profiles (“spectra”) [94, 95]. Studies have
shown that MALDI-TOF MS can reliably provide identifica-
tion at the genus, species, and subspecies level for a wide
variety of organisms [96-100]. Analysis is typically per-
formed as soon as colony growth of an organism has occurred
and can reduce time to organism identification by 1-1.5 days
compared to standard phenotypic methods [101]. Further
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advantages include its automation, relative ease of use, and
its ability to perform high-throughput analysis [95, 102].
Finally, although the initial monetary investment in MALDI-
TOF MS is high and laboratory implementation is time con-
suming; numerous studies have shown that long-term
utilization of this technology is cost-effective compared to
standard methods [100, 101].

Limitations of the MALDI-TOF include its reliance on
an organism database for identification as organisms not
present in the database will often not be identified or identi-
fied incorrectly [102]. Furthermore, current commercially
available libraries are not approved for the identification of
most mycobacteria and fungi, however, with time, this is
expected to change and may dramatically shorten the time
to identification of these traditionally difficult-to-identify
organisms. Another limitation of MALDI-TOF MS is that
some closely related bacteria may also be misidentified in
certain instances [95]. Although research is ongoing, the
MALDI-TOF MS currently does not perform susceptibility
testing. Finally, despite the significant reduction in time to
organism identification, the MALDI-TOF still requires pure
culture of an organism and is not yet able to reliably detect
organism directly from primary clinical specimens [102].

Molecular diagnostic techniques have also been devel-
oped for organism identification directly from positive
blood culture specimens without the need for additional
subculture and colony growth. The general concept is that
nucleic acid amplification occurs with microbial growth and
therefore these assays take advantage of novel detection
strategies. One technique which has been developed to
detect common bacterial pathogens as well as common anti-
microbial resistance genes is a nanoparticle microarray
assay which can directly be performed on positive blood
cultures [103—-105]. Divided into panels, these automated
assays have shown to have a >90 % concordance rate com-
pared to standard identification and susceptibility tech-
niques [103, 104]. Furthermore, time to result with these
assays is shorter than that of standard methods, resulting in
significant reductions in time to organism identification and
initiation of appropriate antimicrobial therapy [106].
Despite these promising results, there are some limitations
to these assays, particularly with polymicrobial infections.
In addition, these assays only test for several common bac-
terial pathogens and resistance markers, requiring the need
for further subculture, identification, and susceptibility test-
ing to identify less common bacterial pathogens. For these
reasons, these assays are only approved to provide “prelimi-
nary” results and must still be confirmed by standard micro-
biological identification and susceptibility methods [102].

New diagnostic methods are also available for the detec-
tion of pathogens from direct clinical samples without the
need for growth in the primary specimen or subculture. As
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with the above microarray techniques, these tests rely on the
identification of pathogen specific DNA or RNA through
multiplexed nucleic acid amplification and detection.
Although single organism identification NAT’s are available
and commonly used, newer platforms have been developed
which allow for the detection of multiple pathogens in a sin-
gle sample [91, 107-109]. Multiple FDA-approved plat-
forms are available for the detection of enteropathogens in
stool samples and respiratory viruses in nasopharyngeal
samples [91, 107-109]. The main advantages to these assays
include their high sensitivity and specificity as well as their
ability to be run directly on primary specimen, leading to a
result time of only hours from specimen collection [108].
This reduced turn-around time is invaluable to clinicians as
it can lead to timely management decisions for ill patients.
Limitations of the multiplex assays include the high cost and
labor requirements as batch testing of samples is not cur-
rently available for all assays.

Finally, a technique using magnetic resonance and
nanoparticle NAT technology has recently been FDA-
approved for the diagnosis of Candidemia. As with the mul-
tiplex assays, this technology has the ability to detect five
common Candida species directly on whole blood without
the need for growth in the primary specimen or subculture
[110]. Studies have shown that this assay has a rapid turn-
around time and a sensitivity and specificity of 91 and 99.4 %
for the detection of Candidemia [110]. Although this assay is
highly sensitive, routine blood cultures must still be obtained
to exclude other diagnoses. Furthermore, this assay does not
directly detect antifungal drug resistance. In some cases,
however, susceptibility information can be inferred based on
organism identification (example, identification of C. krusei
infers azole resistance).

5.12  Summary

The diagnosis of infectious diseases in the transplant patient
requires an extensive evaluation of both the donor and the
recipient prior to transplantation as well as a solid under-
standing of the risk factors present after the procedure. By
understanding these factors, a comprehensive differential
diagnosis can be made and the appropriate diagnostic testing
and treatment can then be initiated. Prompt diagnosis often
requires the use of early and aggressive diagnostic testing
from a multitude of different diagnostic modalities including
microbiologic staining, culture, histopathology, direct anti-
gen detection, and molecular-based techniques such as NAT.
By understanding the utility of each of these different diag-
nostic strategies in different clinical situations, more rapid
and accurate diagnoses can be made leading to improvement
in treatment and outcomes in this patient population.
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Risks and Epidemiology of Infections
After Hematopoietic Stem Cell Transplantation
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6.1 Introduction

Understanding the epidemiology of infections after alloge-
neic hematopoietic stem cell transplantation (HCT) is impor-
tant to implement appropriate preventive strategies as well
as to effectively diagnose and treat individual patients.

Several groups of experts and professional organizations
publish guidelines that provide specific recommendations
for prophylaxis and management of infections after HCT
[1-8], including vaccinations [1, 9, 10]. Many of these rec-
ommendations are necessarily based on low-quality evi-
dence and rely heavily on expert opinion. Guidelines should
not be followed blindly, but understood as tools that may
help to provide the best possible care.

Risk factors for infection include individual characteris-
tics (e.g., indication for HCT, prior infections, CMV serosta-
tus, particular genetic traits) and type of transplant (based on
conditioning regimen, stem cell source, degree of HLA
homology, and immunosuppression). The development of
graft-versus-host disease (GVHD) is frequently the decisive
contributor to infectious morbidity and mortality.

6.2 Individual Characteristics

and the Risk of Infection

Different indications for HCT are associated with their own
infectious risks. Primary immunodeficiencies (PID), hemo-
globinopathies, and hematologic malignancies present dif-
ferent challenges. Even in hematologic malignancies, the
risk may vary depending on the specific condition: patients
with chronic myelogenous leukemia (CML), acute myeloid
leukemia (AML), and chronic lymphocytic leukemia (CLL)
present different risks based on both the biology of the dis-
ease and prior treatment. These factors should be considered
when assessing individual patients.

Prior infections must be considered. A history of infec-
tion or colonization with a multidrug-resistant organism
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(MDRO) like carbapenem-resistant enterobacteria (CRE),
extended-spectrum  beta-lactamase (ESBL)-producing
Gram-negative bacteria, vancomycin-resistant enterococ-
cus (VRE), or methicillin-resistant Staphylococcus aureus
(MRSA) has implications regarding optimal management
of fever during neutropenia [6, 11, 12], which is a common
complication of HCT. Transplant candidates are routinely
screened for serologic evidence of latent infections that
may reactivate (HSV, VZV, CMV, EBY, hepatitis B and C,
toxoplasmosis); some of these will be discussed later in
this chapter. Some transplant centers will perform screen-
ing for tuberculosis with tuberculin skin test (TST) or
interferon-gamma release assay (IGRA), at least for
patients who are considered at significant risk for the dis-
ease. Prior invasive fungal infections may reactivate fol-
lowing transplant, and secondary prophylaxis is required
[13—-15]. Even active fungal infection has been reported to
be controllable. There are, however, cases of progression
of prior aspergillosis after transplant; myeloablative con-
ditioning, prolonged neutropenia, cytomegalovirus (CMV)
disease, and graft-versus-host disease (GVHD) are risk
factors [15, 16].

As the correlates of native and adaptive immunity are bet-
ter understood, genetic associations are coming to light.
There is evidence that some donor haplotypes of TLR4, the
gene that encodes the toll-like receptor protein 4 (TLR4) are
associated with increased risk of invasive aspergillosis after
HCT [17]. Recipient’s mutations in MBL2, the gene that
encodes mannose-binding lectin (MBL), have been associ-
ated with increased risk of infection after neutrophil recovery
following myeloablative transplant [18]. Other polymor-
phisms of MBL2 may be important for infection through a
direct influence on the risk of developing GVHD [19, 20].
Different genotypes of activated killer immunoglobulin-like
receptors (aKIR) in the donor have been found to protect
from CMYV reactivation [21]. Many of these associations are
preliminary and require more data to be confirmed, but they
hold the promise of a more individualized approach to infec-
tious prophylaxis.
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6.3 Time Course of Infections

After Allogeneic Stem Cell
Transplantation

From a practical standpoint, it is helpful to consider three
distinct periods during transplant: pre-engraftment (until
neutrophil recovery), early post-engraftment (from engraft-
ment until day 100), and late post-engraftment (after day
100). This framework originated with myeloablative trans-
plants, and is eminently pragmatic. The pre-engraftment
phase may be accompanied by profound neutropenia and
significant mucositis, which results in increased risk of bac-
terial infections from the resident gastrointestinal flora, can-
didiasis, aspergillosis (in cases of prolonged neutropenia)
and herpes simplex virus reactivation. After engraftment,
with neutropenia no longer being a factor, many infections
are related to the profound defect in cellular immunity caused
by the conditioning regimen and the immunosuppression
administered to prevent GVHD. CMYV reactivation and the
development of acute GVHD and its treatment play a central

TaBLE 6-1. Type of transplant and infectious disease risk
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role during this time. The day 100 landmark derives from the
standard time at which immunosuppression (e.g., cyclospo-
rine A or tacrolimus) is frequently tapered. Infections after
this point would be primarily related to lack of immune
reconstitution and, in the absence of GVHD, become pro-
gressively less common.

6.4 Types of Allogeneic
Hematopoietic Stem Cell
Transplantation (HCT)

Not all allogeneic stem cell transplantations are the same.
Several characteristics of the transplant influence the risk of
infection: the conditioning preparative regimen, the source
of stem cells, the degree of HLA identity between donor and
recipient, and the prophylactic strategy adopted to prevent
GVHD (use of T cell depletion or immunosuppressive medi-
cations). Table 6-1 summarizes the impact of these factors on
infections.

Factor Type of transplant

Risk of infection

Conditioning regimen Myeloablative

Reduced intensity
Nonmyeloablative

HLA match HLA-matched sibling

HLA-matched unrelated (URD or MUD)
Haploidentical

Partially matched

Source of stem cells Bone marrow

G-CSF-mobilized peripheral blood stem

cells
Cord blood (UCD)
GVHD prophylaxis T cell depletion (in vitro via CD34+ cell
(posttransplant selection or in vivo with ATG or
immunosuppression) alemtuzumab)

Immunosuppressive agents

In general, there are less early infections (mainly bacterial) with
nonmyeloablative transplants, but different regimens may have very
different risks

Nonmyeloablative regimens do not seem to result in less late infections

With higher degree of mismatch, more immunosuppression is required,
immune reconstitution is delayed, and the risk of infection is higher.
Haploidentical and partially matched transplants often incorporate T
cell depletion

Haploidentical transplants using posttransplant cyclophosphamide seem
to have good immune reconstitution

G-CSF-mobilized peripheral blood stem cells often result in shorter
neutropenia, but may be associated with higher risk of chronic
GVHD. Conflicting data on CMV risk

UCD transplants result in long-lasting neutropenia and prolonged
immunodeficiency, with higher risk of infection

High risk of viral infections with cord transplants

T cell depletion results in increased risk for infections. ATG and
alemtuzumab may result in prolonged lymphopenia and
immunodeficiency, depending on the dose used. Viral infections,
EBV-related PTLD, and toxoplasmosis seem to be more common after
T cell depletion

Differences between pharmacological immunosuppressive regimens are
not well defined; sirolimus may be associated with less CMV
reactivation

G-CSF granulocyte-colony-stimulating factor, GVHD graft-versus-host disease, CMV cytomegalovirus, ATG anti-thymocyte immunoglobulin, EBV-related

PTLD Epstein—Barr virus-related posttransplant lymphoproliferative disorder.
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6.4.1

The conditioning regimen administered before the infusion
of stem cells has some influence on the risk of infection
through its effect on neutropenia, mucosal damage, and
GVHD. The conditioning regimen has several goals: reduc-
tion of the malignancy (when there is one), creation of space
in the bone marrow to provide a selective advantage to the
infused stem cells, and elimination of the recipient’s immune
system to minimize the risk of rejection. Different condition-
ing regimens may be more appropriate depending on the dis-
ease and the general status of therecipient [22]. Myeloablative,
reduced intensity, and nonmyeloablative are the general cat-
egories, but within each one there are substantial differences
that may be relevant. In general, fully myeloablative regi-
mens result in more prolonged neutropenia and more severe
mucosal barrier damage, which may impact the infectious
risk during the pre-engraftment period [23].

Preparative (Conditioning) Regimen

6.4.2 Degree of HLA Similarity
Between Donor and Recipient

Data from the Center for International Blood and Marrow
Transplant Research (CIBMTR) indicate that there is a direct
association between the number of donor-recipient HLA
mismatches and the risk for mortality [24]. The current stan-
dard aims for high-resolution matching at HLA-A, HLA-B,
HLA-C, and HLA-DRBI1 (i.e., an “8 out of 8 match), but
only about 30% of transplant candidates will have a perfectly
matched sibling or unrelated donor (MUD). If a mismatch is
unavoidable, a single-locus mismatched donor can be used
[24]. Other alternatives include haploidentical and umbilical
cord blood (UCB) transplants.

Haploidentical transplants are one special type of mis-
matched transplant, where the donor shares at least one com-
plete haplotype with the recipient. Most candidates for
transplant have a potential haploidentical donor. The suc-
cessful use of a regimen of posttransplant cyclophosphamide
to prevent GVHD in the haploidentical setting has resulted in
an increasing number of this type of transplant being per-
formed during the last decade [25]. Interestingly, early data
suggest haploidentical transplants do not result in delayed
immune reconstitution or increased infections [26].

Matching for UCB transplants focuses on three loci (HLA-
A, HLA-B, and HLA-DRB1). The majority of UCB trans-
plants are mismatched by at least one locus (often two).
Among transplants mismatched at two loci, mismatching at
HLA-C and HLA-DRBI1 was associated with the highest
risk of mortality [24].

The degree of mismatch between the donor and the recipi-
ent affects the infectious risk mainly through the likelihood
of GVHD. More GVHD usually results in more infections.
To prevent GVHD in a mismatched transplant, more potent
immunosuppression may be required, increasing the risk of

infection. It is also possible that immune reconstitution
proceeds more slowly (even with the same immunosuppres-
sive regimen) after a URD HCT. These factors may result in
increased risk of infections associated with T cell immuno-
deficiency, like CMV, Pneumocystis jirovecii pneumonia
(PCP), and Epstein—Barr virus (EBV)-related posttransplant
lymphoproliferative disorder (PTLD).

However, provided the number of stem cells administered
is the usual (>3 % 10° kg™!), neutrophil recovery proceeds at
the standard pace and there is no increased risk of neutropenia-
related infections.

The problems with UCB transplants include a markedly
decreased stem cell dose (often <1 x 103 kg!) which results
in prolonged neutropenia (up to 6 weeks), with the attendant
risk of bacterial and fungal infections [27]. In addition, the
cord blood does not have antigen-specific memory T cells
that can expand in a thymus-independent fashion to provide
protection against viruses and opportunistic pathogens. This
results in high frequency of late severe infections following
cord transplantation, even when the neutropenic period is
shortened by coadministration of stem cells from a third-
party donor [28].

6.4.3 Source of Stem Cells

Stem cells may be given using the bone marrow, G-CSF-
mobilized peripheral blood stem cells (PBSCs), or
UCB. Frequently bone marrow will result in more prolonged
neutropenia compared with PBSC, and increased infections
during neutropenia should be expected. However, a
multicenter randomized trial comparing peripheral blood
stem cells with the bone marrow from unrelated donors
showed no difference in the relapse or infectious mortality
between both groups, but confirmed that chronic GVHD is
more common with mobilized PBSC [29]. The particular
features of UCD transplants were discussed on the preceding
paragraph.

6.4.4 Strategy to Prevent GVHD:
Manipulation of the Stem Cells,
Immunosuppressive Drugs,
or a Combination

GVHD may be prevented by decreasing the amount donor T
cells or by limiting T cell function with immunosuppressive
agents. The stem cells, whether from the bone marrow or the
periphery, may be administered unmanipulated (sometimes
called “T cell replete”) or enriched by CD34 selection (also
called “T cell depleted”). If unmanipulated bone marrow or
PBSCs are used, the dose of CD3+ T cells administered with
the graft varies between 24 x 10° kg™' when bone marrow is
used and 300x10° kg' when PBSCs are used [30].
Reductions in the amount of T cells of 2-3 log,, are possible,
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and in some haploidentical transplant regimens, as few as
12.5x 10* CD3+ cells are given, which still results in detect-
able immune reconstitution starting 2-3 months after trans-
plant [31]. T cell depletion may minimize or altogether
prevent GVHD but may result in prolonged immunodefi-
ciency, depending on the degree of depletion. If an unma-
nipulated product is used, T cell depletion may be attained
in vivo by using alemtuzumab or ATG. These agents produce
a profound depletion of T cells in vivo, and their long half-
life makes them still be present and active in the recipient
when the stem cell product is administered.

If no in vitro or in vivo T cell depletion is used, one of a
variety of immunosuppressive regimens will be given to
prevent GVHD (e.g., tacrolimus + methotrexate, tacrolimus
plus mycophenolate mofetil, cyclosporine A, sirolimus,
posttransplant cyclophosphamide). A randomized con-
trolled trial documented more infections in patients random-
ized to (moderate) T cell depletion than in the group who
received pharmacologic immunosuppression [32]. T cell
depletion in vivo with alemtuzumab has been associated
with increased risk of infection [33]. It is possible that dif-
ferent pharmacological regimens may result in different
infectious risks, but this has not been adequately studied.
Preliminary evidence suggests that a sirolimus-based regi-
men may result in less CMV reactivation [34] and that post-
transplant cyclophosphamide result in relatively decreased
risk of PTLD [35].

The above categories may combine in several ways, com-
pounding the risk of infection. These variations should be
considered both when designing a regimen of anti-infective
prophylaxis and when considering an individual patient who
may have an infection.

6.5 Graft-Versus-Host Disease

GVHD is the most important cause of non-relapse mortality
following HCT, and it is frequently complicated by infec-
tion. GVHD is categorized as acute or chronic based on its
time of onset. Acute GVHD develops before day 100 and is
characterized by gastrointestinal disease (secretory diarrhea,
nausea, vomiting), liver dysfunction, and skin rash. Stages of
GVHD in the skin, gut, and liver combine to give a grade
(I-IV) of the severity of the disease. Acute GVHD grades
III-1V is associated with significant mortality. The treatment
of choice is high-dose systemic corticosteroids. GVHD is
associated with significant immune dysregulation [36, 37]
and is frequently accompanied by CMV reactivation [38].
The combination of disruption of the GI mucosa (and some-
times skin) and high-dose corticosteroids (in addition to the
immunosuppressive agents concurrently given, like tacroli-
mus and MMF) constitute a high-risk setting for infection.
Bacterial, fungal, and viral infections are common under
these circumstances.
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Chronic graft-versus-host disease (cGVHD) has been tra-
ditionally defined chronologically: GVHD starting after day
100. It has been classified based on its relation to prior
GVHD (progressive when acute GVHD continues after day
100, quiescent when there is a period of time during which
the patient is free of GVHD, or de novo when chronic GVHD
is the first manifestation of GVHD) and its extension (lim-
ited or extensive, reformulated as clinical limited, or clinical
extensive). The clinical syndrome of typical chronic GVHD
is quite distinct from the acute form, and a new classification
focusing on the clinical characteristics of the disease as well
as on the timing is being increasingly used [39]. From the
standpoint of infectious diseases, the important consider-
ation is that the presence of chronic GVHD is associated
with high risk of infection [40, 41]. Multiple immune defects
have been described during chronic GVHD, involving
humoral and cellular immunity [42, 43] as well as functional
hyposplenism [44, 45]. Besides these abnormalities, that
result in delayed immune reconstitution and poor response to
immunizations, the risk is of infection is increased by the
treatment of extensive cGVHD [41], which typically includes
systemic corticosteroids and a variety of steroid-sparing
agents. Notably, cGVHD is a well-documented risk for
pneumococcal infections [45, 46], fungal infections, and late
CMV disease. However, all types of infections are more
common during cGVHD, particularly during the first few
months [47].

When GVHD is not controlled by corticosteroids, it is
called “steroid refractory,” and there is currently no
universally accepted standard treatment. This situation is
important from the infectious disease standpoint because
patients are usually treated with a variety of highly immuno-
suppressive regimens (e.g., ATG, cyclophosphamide, MMF,
infliximab, daclizumab, alefacept, alemtuzumab, sirolimus,
visilizumab, denileukin diftitox, and others) [48] that result
in a wide array of infectious complications. Reactivation of
CMV is very common, as are fungal infections [49, 50],
Epstein—Barr virus-related PTLD [51], as well as human her-
pesvirus 6 (HHV-6) [52] and adenovirus [53]. There are no
controlled studies to support any particular infection preven-
tion strategy during this period of increased immunosuppres-
sion, but some authors have emphasized that early use of
prophylactic antibiotics and antifungals is an essential part
of a successful approach to this problem [54]. Unfortunately,
this is a condition for which controlled trials are unlikely to
be performed, and different centers will have to decide on a
particular approach of close monitoring versus prophylaxis
based on local experience and published case series.

In the following sections, the epidemiology of bacterial,
fungal, viral, and parasitic diseases will be discussed. The
implications for prophylaxis and management will be men-
tioned. Immunizations for transplant recipients, (as well as
their caregivers and immediate contacts) are discussed in
Chap. 48
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6.6 Risks and Epidemiology

of Bacterial Infections
After Allogeneic HCT

6.6.1 Early Bacterial Infections:

Pre-engraftment

Approximately 20% of HCT recipients will experience at
least one episode of bacteremia during the first few weeks,
and a similar proportion after engraftment [55]. These infec-
tions are usually related to either neutropenia with subse-
quent bacterial translocation through the GI mucosa (mucosal
barrier injury laboratory-confirmed bloodstream infection or
MBI-LCBI) or the intravascular catheter (central line-
associated bloodstream infections or CLABSISs) [56].

The relative frequency of Gram-positive and Gram-
negative infections during neutropenia varies in different
series and with the use of prophylactic antibiotics. In some
centers, the most frequent Gram-positive isolates are viri-
dans group Streptococcus [55]; this may be a function of the
conditioning regimen or the patient population. Enterococcus
faecium, frequently VRE, is another Gram-positive organ-
ism that tends to cause bloodstream infection relatively
early, although this seems to be rather institution depen-
dent [57]. The Gram-negative bacteria are commonly
Enterobacteriaceae. These infections are generally related to
the disruption of the GI mucosa due to the preparative regi-
men. The role of reduced diversity of the microbiota with
subsequent bacterial domination and ultimately bacteremia
is an area of intense study [58]. The risk of bacteremia during
neutropenia may be decreased by the use of prophylactic
antibiotics [59, 60]. This had been shown in multiple studies
over the years, but the recommendation of using antibiotics
did not become part of practice guidelines until recently. It is
not clear whether this recommendation will continue amidst
the increasing concern over the role of antibiotic-induced
decreased microbiome diversity on the outcome of HCT
[61]. In this regard it is of interest that fluoroquinolones seem
to have less detrimental effects on biodiversity of the fecal
flora than beta-lactams. Levofloxacin at a dose of 500 mg/d
for patients who are going to be profoundly neutropenic for
longer than 1 week is the current recommendation of the
IDSA [11].

6.6.2 Early Bacterial Infections
Following Engraftment

In a large study from the Sloan Kettering Cancer Center, the
risk factors for post-engraftment bacteremia included acute
GVHD, renal dysfunction, hepatic dysfunction, and neutro-
penia [55]. Enterococcus (VRE) and coagulase-negative
Staphylococcus were the most common Gram-positive iso-
lates. Enterobacteriaceae and non-fermentative Gram-

negative bacteria (including Pseudomonas,
Stenotrophomonas, and Acinetobacter, possibly related to
the indwelling catheter) were the most common Gram-
negative isolates. Bacteremia following engraftment often
happens in the setting of patients with a complicated clinical
course, acute GVHD, and multiple medical problems or else
is catheter related.

Daily bathing with chlorhexidine-impregnated washcloths
decreased the risk of acquisition of MDROs and develop-
ment of hospital-acquired bloodstream infections in trans-
plant recipients in a randomized trial [62], and this practice
should be considered by every transplant program.

The advantages and disadvantages of active screening for
colonization by resistant pathogens have not been adequately
studied in HCT recipients. It is likely that local epidemiology
determines whether screening is an efficacious and cost-
effective approach to either prevent infection or improve
outcomes. A retrospective study on VRE bacteremia from
the Sloan Kettering Cancer Center showed that VRE car-
riage was predictive of subsequent VRE bacteremia, but
failed to detect the pathogen in many patients [63].
Performing surveillance cultures for resistant organisms in
vulnerable patient populations is part of the CDC recom-
mendations “Management of Multidrug-Resistant Organisms
in Healthcare Settings, 2006 [64], and has been vigorously
advocated by some experts [65].

6.6.3 Late Infections: Streptococcus
pneumoniae and Others

HCT recipients are at high risk for Streptococcus pneu-
moniae infections (2-8.6/1000 patients transplanted) [66,
67]. Both early and late (beyond day 100) pneumococcal dis-
ease has been reported, with late infections strongly associ-
ated with active cGVHD [46]. These have been attributed to
inadequate antibody production and functional hyposplen-
ism [44, 67]. Vaccination against S. pneumoniae should be
given to all HCT recipients, starting 3—6 months after trans-
plant and using the 13-valent conjugate vaccine [9] (see
Chap. 48 for details). Four doses of the vaccine result in
enhanced antibody response and tolerable side effects [68].
Antibiotic prophylaxis against S. pneumoniae prophylaxis
for adults with active cGVHD has been recommended [69],
although there is only weak evidence supporting its efficacy.
Penicillin V-K is safe and well tolerated, but the local pat-
terns of penicillin resistance may make other antibiotics
(e.g., trimethoprim, sulfamethoxazole, azithromycin, or
levofloxacin) preferable, although their long-term safety is
not well established.

Late bacterial infections often involve the respiratory
tract. Pneumonia is the most common cause of fatal late
infection [40, 70]. Chronic GVHD is the risk factor most
commonly identified. Besides S. pneumoniae, multiple other
pathogens have been reported. Nocardia also tends to occur
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late and in patients with cGVHD [71, 72]. Mycobacterial
infections are uncommon and difficult to diagnose [73].
Risk factors for the development of active TB include
GVHD, corticosteroid treatment, and total body irradiation
(TBI) [74]. The need for universal testing for tuberculosis is
controversial, given the unknown sensitivity and specificity
of the tests in this population and the fact that tuberculosis is
a relatively uncommon complication after HCT (albeit still
approximately three times higher than in the general popu-
lation) [74].

6.7 Risks and Epidemiology
of Fungal Infections
After Allogeneic HCT

It is necessary to separate invasive candidiasis and candi-
demia (often related to neutropenia or to the intravenous
catheter) from invasive mold infection (of which invasive
aspergillosis (IA) is by far the most frequent) [75] (Table 6-2).
When deciding on a prophylaxis strategy, it is recommended
to consider what kind of fungal infection one is trying to
prevent.

Invasive candidiasis follows prior colonization and favor-
able conditions for the yeast: disruption of the GI mucosa
during chemotherapy or acute GVHD, overgrowth in the
presence of broad-spectrum antibiotics, and/or presence of
indwelling catheters (the catheter seems to be the main risk
factor in the case of C. parapsilosis). Early studies showed
that fluconazole during the pre-engraftment period could
decrease the incidence of invasive candidiasis [76, 77].
Accordingly, fluconazole is recommended as part of the
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standard prophylactic regimen during the pre-engraftment
period. The prevalent use of fluconazole has resulted in sub-
stantial decrease in the incidence of infections caused by C.
albicans with relative increases in the incidence of other spe-
cies of Candida with decreased susceptibility to this agent
(e.g., C. glabrata, C. krusei) [78].

Invasive aspergillosis occurs during specific “at risk” peri-
ods following HCT, with a first peak around the time of neu-
tropenia pre-engraftment, a second peak between days 40
and 70 (the time of acute GVHD and its treatment), and a
third peak late after transplant, usually in the midst of actively
treated cGVHD [79] (Figure 6-1). A variety of risk factors
for invasive aspergillosis have been identified over the years,
but the most consistently found to be significant in multivari-
ate analyses are acute GVHD, chronic extensive GVHD, and
CMYV disease [80—-82]. Systemic corticosteroids are almost
always present as part of the treatment of acute and chronic
GVHD.

Non-aspergillus mold infections (e.g., fusariosis, mucor-
mycosis, scedosporiosis), sometimes referred to as emerg-
ing mold infections, have been reported with increasing
frequency [83]. The increased use of prophylaxis with
activity against Aspergillus would be expected to result in a
relative increase of other opportunistic mycoses like mucor-
mycosis [84].

Considering the diversity of fungal infections after trans-
plant and the current antifungal armamentarium, it is contro-
versial which antifungal prophylaxis is appropriate at what
point during transplant. For instance, although fluconazole is
a safe and well-established intervention during the pre-
engraftment period of myeloablative transplants [76, 77], it is
reasonable to question how necessary it is in transplants with
conditioning regimens that result in shorter neutropenia.

TaBLE 6-2. Risk factors and epidemiology of fungal infections after HCT

Pathogen Risk factors

Comment

Candida spp.
colonization, TBI

Aspergillus spp. Prolonged neutropenia

Type of transplant: cord blood, T cell depletion,

partially matched transplant

GVHD, acute GVHD and chronic extensive
GVHD; systemic corticosteroids

CMYV disease
Other molds
Mucormycosis (formerly Prophylaxis with voriconazole
Zygomycosis)

Fusarium spp. HLA-mismatched transplant
Prolonged neutropenia
Smoking

Scedosporium spp. Neutropenia, GVHD, environmental exposure,

voriconazole

Neutropenia, mucositis, indwelling catheter, heavy

Non-albicans Candida is increasing; Candida albicans
breakthrough is usually associated with fluconazole resistance
Aspergillus is the most common mold infection in a proportion 7:1
to 9:1 in most series. Antifungal prophylaxis with voriconazole
or echinocandins increases the likelihood of non-aspergillus
molds

Not all species of Aspergillus are equally invasive or equally
susceptible to antifungal agents

Simultaneous disease of sinuses and the lung was identified as
suggestive of mucormycosis in a case—control study

Paronychia and positive blood cultures common

Scedosporium prolificans more invasive and refractory to
treatment than S. apiospermum
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FiGure 6-1. Time from transplant to diagnosis of aspergillosis in days (From Wald A, Leisenring W, van Burik JA, Bowden
RA. Epidemiology of aspergillus infections in a large cohort of patients undergoing bone marrow transplantation. J Infect Dis 1997,

Jun;175(6):1459—-66, with permission).

Micafungin showed to be equivalent to fluconazole in a ran-
domized controlled trial [85], and the same question (what
kind of transplant patient would benefit most) applies.

Regarding the duration of antifungal prophylaxis, flucon-
azole up to day 75 posttransplant was associated with
improved survival mainly due to decreased incidence of
systemic candidiasis [86], but it is uncertain whether this
strategy should be used for all patients or should be received
for some selected subgroups considered at higher risk.
Similarly, it is reasonable to question the indication for flu-
conazole during periods when the main fungal infection is
aspergillosis. Several randomized controlled trials have
compared fluconazole with another azole with activity
against molds (itraconazole [87, 88], voriconazole [89], or
posaconazole [90]) either as standard posttransplant pro-
phylaxis or during periods of increased risk. The general
conclusion of these trials is that the aspergillus-active drugs
are, indeed, more effective than fluconazole in preventing
TA, but the benefit in survival in the context of a clinical trial
with careful monitoring of galactomannan antigen is hard to
demonstrate [91]. The 2009 ASBMT/EBMT Guidelines
recommend posaconazole or voriconazole as antifungal
prophylaxis in the setting of GVHD and micafungin in the
setting of prolonged neutropenia [1]. Of note, posaconazole
prophylaxis was superior to fluconazole or itraconazole and
improved survival in prolonged neutropenia in non-trans-
plant patients [92]. Now, there are even more options of
mold-active prophylaxis with posaconazole delayed-release
tablets, intravenous posaconazole, and the new agent
isavuconazole.

6.8 Risks and Epidemiology of Viral

Infections After Allogeneic HCT

Viral infections remain a challenge because newer transplant
modalities result in severe prolonged T cell immunodefi-
ciency and because the current antiviral armamentarium is
very limited. Multiple latent viruses may reactivate follow-
ing HCT [93]. The role of monitoring by PCR is well defined
mainly for CMV. Latent viral reactivation is of particular
concern in recipients of cord [94] or T cell-depleted trans-
plants. Table 6-3 presents a summary of this section.

6.8.1

Members of the herpesvirus family that have caused signifi-
cant disease after transplant include HSV-1, HSV-2, VZV,
EBV, CMV, and HHV-6. Posttransplant complications of
HHV-7 are not well defined, although multiple associations
have been described. HHV-8 infection and disease (primary
effusion lymphoma and Kaposi’s sarcoma) occur only infre-
quently after HCT.

Herpesviruses

6.8.1.1 Herpes Simplex Virus

HSV-1 and HSV-2 may reactivate following the preparative
regimen and complicate chemotherapy-induced mucositis, so
it is customary to administer prophylaxis with acyclovir or
valacyclovir at least until engraftment. In patients with com-
mon recurrences, long-term suppression may be appropriate.
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Pathogen

Risk factors

Comment

Respiratory virus

Respiratory syncytial virus (RSV)

Parainfluenza

Influenza

Adenovirus

Others (metapneumovirus rhinovirus,
coronavirus, enterovirus, bocavirus)

Herpesvirus
HSV
Acyclovir-resistant HSV

Varicella zoster virus (VZV)

CMV (early disease)

CMV (late disease)

Epstein—Barr virus (EBV)-related
posttransplant lymphoproliferative
disorder (PTLD)

Human herpesvirus 6 (HHV-6)

BK virus

Pre-engraftment
Lymphopenia

Preexisting obstructive airway disease
Unrelated donor (URD) transplant
CD4+ lymphopenia

Advanced disease

Female sex

Transplantation during influenza season

Lymphopenia (T cell depletion), anti-T cell
antibodies, umbilical cord blood transplants,
mismatched transplants (other than DRB1),
haploidentical transplants

Refractory GVHD
GVHD on corticosteroids
Risk factors not well defined

HSV +serology in the recipient
Low-dose prophylaxis
Intermittent treatment
HSV-seronegative donors
VZV +serology

CMV +serology in recipient

URD transplants and mismatched transplants
(in some studies)

T cell depletion {Holmberg, 1999 #131}
Chronic GVHD

Corticosteroids

CD4+ lymphopenia (<50)
Unrelated transplants
Haploidentical transplants
Umbilical cord blood transplants
T cell-depleted transplants
Profound T cell cytopenia

T cell depletion

Anti-T cell antibodies

UCB transplants

Haploidentical transplants

UCB

Unrelated donor transplant
Mismatched transplant

GVHD

Reactivation almost universal after allo-HCT

Progression to pneumonia is associated with older age
and lymphopenia

It may be less common in nonmyeloablative or reduced
intensity transplants

Progression to pneumonia (less common than in RSV) is
associated with corticosteroid use and lymphopenia

Progression to pneumonia seems less in patients who are
receiving corticosteroids

Both reactivation of latent adenovirus and new infections
occur. Plasma viremia is an important predictor of
disease

Clinical reactivation of 25% in the first year after
stopping acyclovir prophylaxis

HCT recipients with multidermatomal zoster should be
on airborne and contact precautions

Rate of CMV infection in seronegative recipients of
seropositive donor (R—/D+) is very low if
leucodepleted products are used

Reactivation after transplant is very common; disease is
rare; multiple disease associations described

High-level viremia associated with disease

6.8.1.2 Varicella Zoster Virus herpete”). In patients who are at risk for VZV reactivation,
the use of long-term acyclovir safely prevents the occurrence
of VZV disease [95, 96], and currently it is recommended for

at least 1 year following HCT.

VZV predictably reactivates following transplant (approxi-
mately 25% in the first year), either as shingles, multiderma-
tomal, disseminated, or even without a rash (“zoster sine
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6.8.1.3 Cytomegalovirus (CMV)

CMYV remains latent in a variety of human cells. CMV-
seropositive HCT recipients are at risk for CMV reactivation
and disease after transplant. The term “CMV infection” is
used to denote the presence of CMV in the blood detected by
PCR or pp65 antigenemia [97]. Following reactivation,
CMYV may cause disease typically in the form of pneumonia
and/or gastrointestinal disease (most commonly colitis).
Other CMV diseases like retinitis or CNS involvement are
rare after HCT but have been described: retinitis has been
associated with high CMV viral load [98] sometimes in the
context of chronic GVHD and CNS disease (encephalitis
and ventriculitis), sometimes with resistant virus in the CNS
[99, 100].

The risk for reactivation may be related to the presence of
CMV-specific immunity in the donor. The rate of CMV
infection in the donor-recipient (D/R) pairs often follows
the progression D—/R+>D+/R+>D+/R->D-/R—,
suggesting that CMV-specific memory T cells administered
with the stem cells may play a role in preventing reactivation
and disease. CMV infection or disease in CM V-seronegative
recipients of seronegative donors (R—/D-) is rare when leu-
codepleted or CMV-negative blood products are used [101].

Every transplant program must decide on a strategy to
monitor CMV and prevent disease. Depending on a variety
of factors, either universal prophylaxis with ganciclovir up
to day 100 or a preemptive strategy of weekly monitoring
and early therapy may be used. Both approaches resulted in
similar overall mortality when compared in a randomized
controlled trial, but universal prophylaxis was followed by
more cases of late CMV disease [97, 102]. Late CMV dis-
ease has emerged as a significant problem, as it occurs when
patients are not being under close monitoring by the trans-
plant center. Risk factors include lymphopenia and chronic
GVHD [103]. Preventing late CMV disease may be accom-
plished by either prophylaxis with valganciclovir or the pre-
emptive approach with weekly CMV PCR monitoring
[104]. The effect of CMV serostatus of donor and recipient
on overall survival is complex (for a review, see [105] and
Chap. 24).

6.8.1.4 Epstein—Barr Virus and Posttransplant
Lymphoproliferative Disorder

PTLD is a spectrum of lymphoid proliferations that may
happen after solid organ or allogeneic stem cell transplanta-
tion, usually (but not always) driven by EBV [106].
Pathologically the spectrum goes from polymorphic, poly-
clonal tissue infiltration of lymphocytes to monomorphic
involvement with high-grade B cell lymphoma. After alloge-
neic HCT, the proliferating cells may be from donor (most
commonly) or recipient origin. This disorder is typically
related to insufficient or abnormal T cell responses against
EBV [107], and accordingly it is more common in the setting
of HLA-mismatched transplants, T cell depletion, or intense

immunosuppression for the treatment of GVHD [108-110].
Some cases have followed the use of alemtuzumab for
in vivo T cell depletion or GVHD prophylaxis [110], despite
the fact that anti-CD52 also results in depletion of B cells
and earlier had been reported to be associated with relatively
less risk. Interestingly, the use of posttransplant cyclophos-
phamide to prevent GVHD seems to be associated with
lower risk of PTLD [35]. Monitoring of EBV viral load by
quantitative PCR is now recommended in those transplants
considered at high risk. Preemptive management of increas-
ing EBV viral load in patients at risk has been associated
with good outcomes [111], although it is not clear when
exactly this treatment should be given. A CT/PET may be
useful to localize areas amenable to biopsy (Figure 6-2).

6.8.1.5 Human Herpesvirus 6

HHV-6 is acquired early in life, when it may cause roseola
infantum and nonspecific febrile illnesses. It frequently reac-
tivates following HCT. Using quantitative PCR, HHV-6 can
often be detected in peripheral blood 2-5 weeks after trans-
plant. Most of the time the reactivation seems to be asymp-
tomatic [112], but a number of associations (rash, delayed
engraftment, GVHD, thrombocytopenia, increased overall
mortality) as well as actual clinicopathological entities (hep-
atitis, pneumonitis, encephalitis) have been described [113-
115]. HHV-6is possibly the most common cause of infectious
encephalitis after HCT [116]. It seems to be particularly fre-
quent after cord blood transplant. Cases of encephalitis tend
to be accompanied by higher viral loads of HHV-6 in plasma
[117], but the role of systematic monitoring of HHV-6 in
plasma is unknown at this time, as reactivation seems much
more common than disease [118] and attempts to use a pre-
emptive strategy using foscarnet have not been successful
[119]. The European Conference on Infections in Leukemia
has proposed evidence-based guidelines to address the diag-
nostic and therapeutic uncertainties related to this infection
[120].

6.8.2 Respiratory Viruses

Respiratory viruses, a heterogeneous group of virus that is
responsible for most upper acute respiratory infections in
normal hosts, result in significant morbidity and mortality
after HCT, particularly during the first 3 months following
transplant [121]. Even asymptomatic carriage of respiratory
viruses at the time of transplant has been reported to result in
increased risk of unfavorable outcomes [122]. Besides respi-
ratory syncytial virus (RSV) [123], influenza, parainfluenza
virus (PIV) [124], rhinovirus [125], and adenovirus, newly
identified viruses including metapneumovirus [126], corona-
virus [127], and bocavirus [128] have emerged as significant
pathogens. These infections present significant risks both
acutely and in the long term. During the acute infection,
HCT recipients are at risk of developing viral pneumonia
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FiGure 6-2. EBV-related lymphoproliferative disorder after a matched unrelated donor transplant. A 24-year-old man with Hodgkin lym-
phoma underwent a syngeneic HCT followed by MUD HCT (cyclophosphamide + fludarabine followed by alemtuzumab and cyclospo-
rine). His day-28 CT/PET showed a mixed response: improvement in the intrathoracic lesions and cervical lymph nodes but appearance
of new PET+ lesions in the liver, pharynx, and stomach. EBV viral load had been increasing slowly. Biopsies of the PET+ liver and
stomach lesions showed a polyclonal EBV+ B cell infiltrate. The disease responded to rituximab and cyclosporine taper.

that sometimes progresses to respiratory insufficiency,
mechanical ventilation and death, and also at risk of con-
comitant or secondary bacterial or fungal infections that are
associated with increased mortality [124, 129, 130]. Long-
term, there seems to be an association between early infec-
tion (pre-day 100) with some of these viruses (most notably
PIV and RSV) and later development of chronic airflow
obstruction [131]. The most significant risk factor overall for
progression of these infections from the upper respiratory
tract to the lungs seems to be lymphopenia [132].
Corticosteroid use seems to contribute to progression to
pneumonia in RSV and parainfluenza infections but not so in
influenza [129, 130] (see Table 6-3).

6.8.3 Adenovirus

Besides its role among the community-acquired respiratory
virus, adenovirus may cause disease in transplant recipients
following reactivation in the gastrointestinal tract followed by
dissemination and end-organ damage [133]. De novo acquisi-
tion of adenovirus may also result in disseminated disease.
There are more than 60 types of human adenovirus, with dif-

ferent tropisms and possibly varying susceptibilities to antivi-
ral agents. They can cause a variety of diseases, including
upper and lower respiratory tract infection, colitis, hemor-
rhagic cystitis (HC), nephropathy, and CNS disease. Systemic
adenovirus disease seems to be more common in children,
particularly in recipients of cord blood or T cell-depleted
transplants [134—136]. Patients with GVHD on treatment with
high-dose corticosteroids are also at risk (Figure 6-3). Some
studies have documented that sustained high levels of adeno-
viremia are associated with disease [137]. It is not known yet
whether a preemptive approach with cidofovir can success-
fully prevent disseminated disease and death [133, 138].

6.8.4 Polyomavirus: BK and JC Virus
6.8.4.1 BK Virus

BK virus infects 90% of humans by age 12. It predictably
reactivates in most patients following HCT and causes hem-
orrhagic cystitis (HC) in a minority of them [139]. Detection
of high levels of BK in the peripheral blood seems to corre-
late with the presence of BK-induced HC [140, 141]. In a
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FIGURE 6-3. Adenovirus pneumonia in the setting of disseminated disease. A 48-year-old man received HLA-matched sibling donor non-
myeloablative HCT for myelodysplastic syndrome in transformation. Leukemia recurred immediately after transplant. He received several
donor lymphocyte infusions/stem cell boosts and then induction treatment for AML with FLAG (fludarabine + cytarabine + G-CSF) fol-
lowed by donor stem cells. Graft-versus-host disease involving the skin and gut had been documented being treated with methylpredniso-
lone 1 mg/kg/day. After the patient recovered from neutropenia, he developed spiking fever and progressive shortness of breath. Adenovirus
was isolated from tears, respiratory secretions, and urine. PCR in the blood was positive for adenovirus, and the autopsy showed only

disseminated adenovirus disease.

large study from the Fred Hutchinson Cancer Research
Center (FHCRC), no association was found between BK
virus-associated HC and lymphopenia, corticosteroid use,
and GVHD—the typical risk factors for viral infections after
HCT [140]. In contrast, other smaller studies have found an
association with GVHD. The pathogenesis of this disease
remains unexplained. BK-induced nephropathy, a common
problem after kidney transplant, remains infrequent after
HCT and does seem to be related to profound immunosup-
pression [142]. BK pneumonitis has also been described, but
it is distinctly rare [143].

6.8.4.2 JC Virus

JC virus is also acquired by most people during childhood. In
immunocompromised hosts, it may cause encephalitis (JC
encephalitis, previously called progressive multifocal leuko-
encephalopathy (PML)) with multiple areas of demyelin-

ation without edema detectable by MRI. Some studies have
suggested that detectable viral load after HCT may be more
common than currently thought [144]. Ascertaining risk
factors for this disease is difficult because some transplant
recipients may have conditions known to be associated with
it and also received medications like MMF, rituximab, or
brentuximab, which have been associated with PML even in
the absence of allo-HCT.

6.9 Risks and Epidemiology
of Pneumocystis After Allogeneic
HCT

PCP is an opportunistic infection of patients with profound
cellular immunodeficiency, and prophylaxis is recommended
after HCT. It is now relatively uncommon: 1.3-2.4% of
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FIGURE 6-4. Pneumocystis pneumonia. A 23-year-old man with Ph+ALL s/p matched sibling allo-HCT presented for his 1-year post-
transplant visit complaining of worsening fever and cough over the last 2 weeks, despite oral levofloxacin. He was in complete remission.
A month earlier, abnormal liver enzymes had prompted the initiation of sirolimus for suspected chronic GVHD. He was on prophylaxis
with acyclovir and atovaquone. The CT showed multifocal infiltrates. The bronchoalveolar lavage showed abundant Pneumocystis. After
1 week of treatment with trimethoprim/sulfamethoxazole, the radiographic pattern became characteristic of pneumocystis pneumonia.
Atovaquone failures are well documented. The radiographic features of PCP after allogeneic transplant may be atypical.

patients transplanted from several series [145, 146] Most
cases seem to occur relatively late, after discontinuing pro-
phylaxis or during periods of intensive immunosuppression
for the treatment of GVHD [147]. Hypoxemia is characteris-
tic at presentation. Atypical radiological manifestations,
including nodular infiltrates and pleural effusions (in con-
trast to typical interstitial pneumonitis), are described fre-
quently, as is the presence of co-pathogens [148]. The
preferred prophylaxis is trimethoprim/sulfamethoxazole
(TMP/SMX), and several dosing regimens are effective (one
single-strength tablet daily, one double-strength tablet daily,
or one double-strength tablet three times/week) [149]. TMP/
SMX may be poorly tolerated because of hematologic toxic-
ity, skin rash and/or gastrointestinal toxicity [150].

It is unclear which is the prophylaxis of choice if TMP/
SMX cannot be used. Aerosolized pentamidine is conve-
nient, obviates the problem of compliance, and is less toxic
than dapsone and better tolerated than atovaquone. However,
it has been reportedly associated with more failures than
dapsone [150]. Dapsone seemed to be effective and well tol-
erated in one study [151] but not in another when it was
given only three times per week [152]. Dapsone should not
be given to patients with G6PD  deficiency.
Methemoglobinemia is a well-known complication of dap-
sone [153] that should be considered in the presence of unex-
plained shortness of breath. Atovaquone suspension
1500 mg/d may be used, but published experience in HSCT
recipients is limited [154, 155]. Atovaquone is expensive
and poor tolerance has made compliance for some patients
difficult. Absorption is better in the presence of significant
amount of fat, and breakthroughs are well documented

(Figure 6-4). PCP prophylaxis is recommended at least until
all immunosuppression has been stopped but it is unclear
how much longer to continue it [156].

6.10 Risks and Epidemiology
of Toxoplasmosis
After Allogeneic HCT

Most cases of toxoplasmosis after HCT represent reactiva-
tion, although rare cases of transmission with bone marrow
transplant have been suspected [157]. Recipients should be
tested for anti-toxoplasma IgG antibody, and if they are
found to be positive, prophylaxis is recommended. Rare
cases of toxoplasmosis after HCT have occurred in seroneg-
ative recipients [158, 159]. The disease tends to occur within
the first 6 months after transplant, but it can happen later in
the presence of persistent immunosuppression [160-162].
The risk of toxoplasmosis varies with the type of transplant
and the immunosuppression: cord blood and use of ATG
were found to be risk factors for disease in a prospective
study [162]; most cases in another series occurred in URD or
mismatched transplants [107].

TMP/SMX as given for PCP prophylaxis is considered
adequate to prevent toxoplasmosis, although there have been
cases on HCT recipients who were receiving it [162]. The
best alternative for patients who are intolerant to TMP/SMX
is unknown. Dapsone and atovaquone showed some efficacy
in HIV-infected patients and there is increasing experience
after HCT [163], although failures have been reported. Other
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regimens include clindamycin with pyrimethamine and
leucovorin, pyrimethamine with sulfadiazine, or pyrimeth-
amine and sulfadoxine and leucovorin [107]. If a reliable
quantitative PCR assay is available, frequent monitoring and
preemptive treatment may be appropriate, since PCR-
detected reactivation seems to precede symptoms by 4-16
days [162]. Retrospective data suggest this strategy may
result in improved outcome [164].

6.11 Summary

In summary, infections following HCT are frequently related
to risk factors caused by the procedure itself. Neutropenia
and mucositis predispose to bacterial infections. Prolonged
neutropenia increases the likelihood of invasive fungal infec-
tion. GVHD and its treatment create the most important eas-
ily identifiable risk period for a variety of infectious
complications, particularly mold infections. Profound, pro-
longed T cell immunodeficiency, present after T cell-depleted
or cord blood transplants, is the main risk factor for viral
problems like disseminated adenovirus disease or EBV-
related PTLD.

Besides all these “procedure-related” risk factors, there
are individual characteristics that only now are starting to be
investigated and understood. Future epidemiological and
basic studies will likely result in truly personalized prophy-
lactic regimens that will increase the unquestionable benefits
of antimicrobial prophylaxis and reduce the cost, both direct
and indirect, associated with this life-saving practice.
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Risk and Epidemiology of Infections
After Solid Organ Transplantation

Ingi Lee and Emily A. Blumberg

Transplant recipients are uniquely susceptible to infectious
diseases due to the nature of their underlying conditions and
their immunosuppressed status; consequently infections in
solid organ transplantation may be associated with signifi-
cant morbidity and mortality. These patients are not only vul-
nerable to a broad range of infectious organisms including
those not normally considered to be pathogenic, but also
prone to unusual presentations and more severe manifesta-
tions of infection [1]. Given the impact of infections on
patient morbidity and mortality, it is critical to implement
effective strategies for the prevention and early recognition
of infectious complications to improve outcomes in this
patient population.

This chapter is an introduction to the risks and epidemiol-
ogy of infections in solid organ transplantation. It provides
an overview of pre-transplantation donor and candidate
screening, reviews the classic timeline for infection, and
discusses methods for disease prevention including immuni-
zations, environmental control, and post-transplantation
prophylaxis.

7.1  Pre-transplantation Screening

An essential component of the pre-transplantation evaluation
includes screening organ donors and transplant candidates
for latent and active infections [2, 3]. This screening process
is important for several reasons. Transplant care providers
may identify scenarios that warrant exclusion of the organ
donor or candidate from transplantation or they may diagnose
active infections that require treatment prior to transplanta-
tion. The risk of post-transplantation infections that may
result from reactivation of latent disease in the setting of
increased immunosuppression should also be assessed and
strategies individualized to minimize this risk. Lastly, plan-
ning preventive measures should be a focus during this
period; this includes developing strategies for safe living and
immunization, especially since vaccine response after trans-
plantation may be suboptimal.

© Springer International Publishing Switzerland 2016

7.1.1

All transplant candidates should be screened for latent and
active infections using a variety of modalities. It is important
to start with a careful history and physical examination.
A detailed history including occupational history, places of
residence, travel history, pets, and hobbies should be obtained
from the transplant candidate. In some cases, this may sug-
gest the presence of active infection and additional evalua-
tion may be indicated to exclude diagnoses that would
warrant delaying transplantation (e.g., infections with patho-
gens for which there are no antimicrobials such as West Nile
virus [WNV] or certain respiratory viruses). Alternatively a
history of prolonged residence in or birth in a location nota-
ble for unique endemic infections may prompt evaluation for
subclinical infections that could reactivate after transplanta-
tion, including Strongyloides stercoralis, Trypanosoma
cruzi, Histoplasma capsulatum, and Coccidioides immitis [2,
3]. All transplant candidates should be screened for infec-
tious pathogens that have been more frequently associated
with post-transplant complications by using a routine panel
of testing, which is then supplemented with additional test-
ing as indicated by history (Table 7-1). This includes sero-
logic testing for cytomegalovirus (CMV), herpes simplex
virus (HSV), varicella zoster virus (VZV), Epstein—Barr
virus (EBV), human immunodeficiency virus (HIV), hepati-
tis B virus (HBV), hepatitis C virus (HCV), syphilis, and
Toxoplasma gondii [2, 3]. Tuberculin testing is also impor-
tant due to the increased risk of reactivation of latent infec-
tion following transplantation; both intradermal tuberculin
purified protein derivative placement and interferon gamma
release assays (IGRA) have been used [4, 5].

Pre-transplant screening may reveal active infections that
could impact post-transplantation outcomes. Some of these
may warrant excluding the transplant candidate from solid
organ transplantation either temporarily or definitively. In
some cases, such as WNV infection, transplantation may
occur following resolution of the infection. In other cases,
patients may not be eligible either due to the severe or incur-
able nature of the infection. Notably these criteria have
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TaBLE 7-1. Infectious diseases screening for solid organ screening
for solid organ transplant candidates

Routinely administered tests

Other potential tests based on history; or
clinical, laboratory, or radiologic findings

CMV antibody

EBYV antibody (EBV VCA
1gG and/or EBNA®)

HBYV (hepatitis B surface
antigen and antibody, and
core antibody)

HCYV antibody and HCV
RNA!

HIV 1/2 antibody
HSV antibody

PPD or IGRA (interferon
gamma release antibody)

RPR (rapid plasma reagin)
Toxoplasma antibody
VZV antibody

Blood cultures®
Chest imaging

Coccidioides antibody*®

Cryptococcal antigen®

Histoplasma antibody*

Respiratory virus PCR panel (including
influenza A and B, parainfluenza,
RSV, metapneumovirus,
adenovirus)?

Schistosoma antibody*

Strongyloides antibody*®
Trypanosoma cruzi antibody®

Urinalysis and urine culture

WNV (West Nile Virus) antibody or
nucleic acid testing*¢

HTLV I/II antibody

“Recommended for individuals with symptoms consistent with these
infections.

®VCA viral capsid antibody, EBNA Epstein—Barr nuclear antibody.
‘Recommended for individuals from geographic regions where these infec-
tions are endemic.

YRecommended for candidates who are immunosuppressed prior to trans-
plant, including those with end-stage renal disease.

evolved over time and infections that were once considered
exclusions to transplantation may now be acceptable. One
example of this is HIV infection, previously considered a
contraindication due to concerns that immunosuppressive
medications would increase the risk of opportunistic infec-
tion, HIV disease progression, and mortality [6]. The advent
of highly active antiretroviral therapy (HAART) has allowed
for outstanding long-term HIV control in adherent patients,
and the excellent outcomes in HIV-infected individuals
undergoing liver and especially kidney transplantation have
encouraged increasing numbers of centers to perform renal
and hepatic transplants in these patients [7—12]. Centers are
also beginning to consider thoracic and pancreatic organ
transplantation in HIV-positive individuals given acceptable
outcomes in the initial patients undergoing these procedures
[13—16]. Another exception may be infection of ventricular
assist devices, as eradication of these infections typically
requires device explantation and outcomes have been accept-
able with transplantation [17, 18]. Many transplant candi-
dates are hospitalized with high acuities of illness, requiring
invasive procedures (e.g., central line placement, intubation,
or ventricular assist device insertion) that place them at
increased risk of infection. These patients require close mon-
itoring in order to promptly identify active infections that
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occur while awaiting transplant; ideally these should be
adequately treated prior to transplantation to minimize
post-transplant complications.

Pre-transplantation screening can also identify latent
infections that may reactivate after transplantation. Possible
pathogens include bacteria (e.g., Mycobacterium tuberculo-
sis), viruses (e.g., CMV, HBV, HCV, BK virus, EBV, HSV,
and VZV), and fungal pathogens (e.g., Histoplasma capsula-
tum and Coccidioides immitis). The risk for TB is signifi-
cantly increased in the transplant population with most cases
representing reactivation of latent infection and screening
should be performed in all transplant candidates. Options
include intradermal skin testing utilizing PPD or IGRA with
the latter preferred in individuals who have received BCG
immunization to reduce the rates of false-positive tests [5].
When PPD testing is performed, areas of induration >5 mm
are considered positive and patients with negative PPD
results on initial testing may be considered for repeat testing
after 2 weeks [5]. Both PPD and IGRA have reduced sensi-
tivity due to common acquired immune deficiencies in can-
didates for transplantation; consequently it is important to
take a careful history and closely review chest radiography
in high-risk individuals who have negative testing. It is also
important to scrutinize individuals with discordant test
results. Treatment is recommended for all transplant candi-
dates with a positive tuberculin test after active disease has
been excluded. Since many transplant candidates are anergic,
high-risk patients with a negative PPD or an indeterminate
IGRA should also be considered for empiric treatment. These
include transplant recipients with radiographic evidence of
prior disease, a history of inadequately treated TB, close
contact with someone who has active TB, or receipt of an
organ from an inadequately treated organ donor [5, 19].
First-line treatment involves a 9-month course of isoniazid.
Those who are isoniazid intolerant may benefit from a
4-month course of rifampin. However, rifampin has multiple
drug interactions, including increasing the metabolism of
calcineurin inhibitors, which may significantly complicate
its administration post-transplantation. Consequently its use
should be carefully considered in patients who may be trans-
planted during the course of therapy. In some cases, fluoro-
quinolones may be considered as alternate therapy for latent
tuberculosis [20].

The optimal timing of latent TB treatment has not been
defined and varies depending on the patient’s risk for
treatment-related hepatotoxicity. Patients without liver dis-
ease often undergo treatment prior to transplantation [5].
Because the risk of hepatotoxicity is increased in liver trans-
plant candidates, transplant centers may choose to initiate
latent TB treatment after transplantation once the patient is
stable and the liver function tests have normalized [21]. Of
note, treatment can be ongoing at the time of transplantation.
Given that the highest risk of reactivation is within the first
year following transplantation, if patients cannot be treated
prior to transplantation, it is preferable to treat them as soon
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as possible following transplantation [4]. Recent converters
should be treated prior to transplantation if at all possible to
decrease the risk of active infection either prior to or at the
time of transplant.

Transplant candidate screening is an important opportu-
nity for reevaluation of standard preventive measures. This
includes an assessment of their home and work environ-
ments, pets, and hobbies in order to implement sufficient
preventive measures prior to transplantation. The pre-
transplant evaluation period is also an important opportunity
for updating routine immunizations for vaccine-preventable
illnesses, especially influenza and pneumococcal infection
[22]. Patients should also undergo assessment for immunity
to vaccine-preventable illnesses (e.g., varicella and hepatitis
A and B) and be immunized accordingly. Further recommen-
dations regarding immunizations will be included later in
this chapter.

7.1.2  Screening the Organ Donor

The ability to fully screen organ donors will vary depending
on whether the donor is living or deceased. Living donor
screening has certain advantages. Notably the donor pro-
vides his or her own medical history and testing may be tai-
lored to risks identified during the initial donor assessment.
In contrast, deceased donor screening is limited to several
hours where the medical history is obtained from a proxy.
Family members may provide incomplete or inaccurate
medical history and may be unaware of patient behaviors
that place the patient at higher risk of infection. Despite these
differences, the infectious pathogens tested during donor
screening are similar for living and deceased donors and mir-
ror the testing done in transplant candidates, although some
testing may be performed in live donors that is currently not
available or considered to be reliable in deceased donors
(e.g., testing for tuberculosis). Potential donors are tested for
a panel of routine serologies with additional screening
guided by pertinent patient history. Further detail regarding
screening the organ donor is provided in Chap. 8.

7.2 The Risk of Infection
Posttransplantation

The risk of infection post-transplantation is determined by
the balance between the patient’s net state of immunosup-
pression and his or her epidemiologic exposures [1]. A patient
who is more severely immunosuppressed may be susceptible
to a broader range of infections, including those caused by
opportunistic pathogens. Although opportunistic pathogens
are more likely to cause infection in the first 6 months after
transplantation, when patients are expected to be more
immunosuppressed, patients in the late post-transplantation
period (>6 months) on minimal immunosuppression without
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a significant history of rejection may be at risk of opportunis-
tic infection, especially following a significant epidemio-
logic exposure.

Multiple factors contribute to a transplant recipient’s net
state of immunosuppression. The type, dosage, and timing of
administered immunosuppressive medications remain the
primary factor. Different immunosuppressive medications
exert unique effects on the host immune system: (1) cortico-
steroids inhibit inflammatory responses and affect T-cell acti-
vation, (2) cytotoxic agents (i.e., azathioprine and
mycophenolate acid) impair T-cell and B-cell proliferation
and function, (3) calcineurin inhibitors (i.e., tacrolimus and
cyclosporine) inhibit cytokine production, primarily interleu-
kin-2 (IL-2), by CD4-positive T-cells, (4) target of rapamycin
(mTOR) inhibitors (i.e., sirolimus) inhibit cell cycle prolifer-
ation and are associated with delayed wound healing and oral
ulcers, (5) monoclonal antibodies (i.e., basiliximab and dacli-
zumab) target the IL-2 receptor, (6) recombinant monoclonal
antibodies (i.e., alemtuzumab) bind to CD52 on B and T lym-
phocytes, a majority of monocytes, macrophages, and NK
cells, and a subpopulation of granulocytes, disrupting these
cellular functions for prolonged periods, (7) polyclonal anti-
bodies (i.e., antithymocyte globulin) induce lysis of lympho-
cytes with prolonged lymphocyte depletion increasing the
risk of infection 3 months or longer after administration, and
(8) costimulatory blockade agents (i.e., belatacept) disrupt
T-cell costimulation and consequently  activation.
Immunomodulatory viruses (i.e., CMV, EBV, HBV, HCV,
and HIV) and existing comorbidities (e.g., diabetes, renal
insufficiency, and malnutrition) also contribute to the net state
of immunosuppression. Transplant recipients often have
more than one factor present, resulting in defects in multiple
arms of the immune system. Although tests are available to
assess certain immunologic defects (e.g., quantitative immu-
noglobulins, lymphocyte subset measurements, and gamma
interferon release assays targeted against specific pathogens),
there is no single test currently available that accurately
assesses this net state of immunosuppression.

Epidemiologic exposure is the other main determinant of
a transplant recipient’s risk of infection. This exposure can
be nosocomial or community acquired and may have
occurred prior to transplantation. Latent infections can reac-
tivate after transplantation in the setting of enhanced immu-
nosuppression.  Different organs also have unique
epidemiologic risks due to organ-specific surgical proce-
dures and environmental factors. For example, transplanted
lungs may be at increased risk for colonization and/or infec-
tion with inhaled pathogens due to decreased mucociliary
function, ischemia at the anastomosis site, and the direct
exposure of the transplanted organ to the external environ-
ment. Liver and pancreas transplant recipients may be at risk
of infection related to a particular surgical method (e.g.,
bowel anastomosis), while heart transplant candidates with
pre-transplant ventricular assist devices may be at risk for
device-related infections.


http://dx.doi.org/10.1007/978-3-319-28797-3_8

104

I. Lee and E.A. Blumberg

Parasites/Protozoa
Donor derived™’ Strongyloides
Toxoplasmosis

Trypanosoma cruzi

Donor vs Recipient derived!!

Donor derived?
Recipient reactivation
Herpes simplex

R A Hepatitis Viruses®

Polyomaviruses

Fungi Donor derived’
Donor derived’ Molds, especially Aspergillus
Candida Cryptococcus

Pneumocystis jirovecii®
Viruses Herpesviruses®

Cytomegalovirus®
Epstein Barr Virus

Varicella zoster

Endemic/enviromental mycoses®
Cryptococcus

Community acquired viruses
Respiratory, Gl, etc
Cytomegalovirus®

Bacteria e
Donor derived pyogenic bacteria? Donor derived
Surgical site Mycobacteria
Hospital acquired N.ocar.dia

Device related Listeria
Clostridium difficile
Pneumonia

Sinopulmonary
Streptococcus pneumonia
Legionella
Urinary tract infections
Pancreatobiliary infections
Diverticular disease

-

Immunosuppression’

Day 0 1 Month

6 Months

Time from Transplant

Ficure 7-1. Epidemiology of post-transplant infection considering time from transplant. Adapted from Fishman JA, Rubin RH, Infection
in organ transplant recipients, New England Journal of Medicine, 1998;338(24):1741-51, and Fishman JA, Infection in solid organ trans-
plant recipients, New England Journal of Medicine, 2007;357(25):2601-14.

Standardized immunosuppressive therapy in solid organ
transplantation has enabled the development of a useful pre-
dictive timeline for infection [1]. It includes three distinct
time periods: the early post-transplantation period (0-1
month), the intermediate post-transplantation period (1-6
months), and the late post-transplantation period (>6 months)
(Figure 7-1). Although changes in immunosuppressive med-
ication regimens combined with the use of antimicrobial
prophylaxis have modified this timeline, the general frame-
work is still applicable. Transplant care providers can use
this reference to develop an initial differential diagnoses for
transplant recipients who present with signs of infection as
well as to devise prophylactic strategies [1, 23]. However it
is important to recognize that exceptions are possible;
patients receiving certain more long-lasting immunosup-
pressive agents and those with chronic rejection or infection
with immunomodulatory viruses may remain severely

immunosuppressed and therefore be more vulnerable to
opportunistic pathogens beyond 6 months after transplanta-
tion. Additionally it is possible that patients (especially pedi-
atric recipients) may acquire primary infection with common
opportunists (e.g., CMV and EBV) in the later post-transplant
period, thus delaying the presentation of these infections.

7.2.1 Risk of Infection in the Early

Posttransplantation Period (0—1 Month)

Within the first month, transplant recipients are most suscep-
tible to nosocomial infections similar to those seen in non-
immunosuppressed surgical patients, including pneumonia,
urinary tract infections, catheter-related blood stream infec-
tions, and surgical site infections [3, 8, 10, 24]. Some of
these may be directly related to complications of the surgical
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procedure or a consequence of postoperative care; bacteria
and Candida species are most commonly implicated [23].
Liver transplant recipients, for example, may be at increased
risk of wound infections, or infections such as peritonitis or
abdominal abscesses due to leaks at the biliary anastomotic
site. The postoperative care may involve prolonged periods
of intubation and the insertion of central venous lines or
indwelling urinary catheters. These breaks in the mucocuta-
neous barriers place patients at increased risk for nosoco-
mial infections including ventilator-associated pneumonias,
surgical site infections, bloodstream infections, or urinary
tract infections. Perioperatively, patients often receive broad
spectrum antibiotics that may contribute to the emergence
of antimicrobial-resistant pathogens, nosocomial fungal
infections, and infection with Clostridium difficile colitis.
Nosocomial transmission of viruses, especially respiratory
viruses, may also occur [25]. Immunocompromised patients
may have longer periods of viral shedding, and therefore
they have opportunities to infect other organ transplant
recipients by being placed in adjacent rooms on dedicated
wards. Additionally, infection with Legionella species can
occur anytime including the early post-transplantation
period [26, 27]. Pneumonias are among the most commonly
seen early infections; however not all pulmonary infiltrates
are due to infection. The differential diagnosis is broad, and
may include edema, atelectasis, rejection (in lung transplan-
tation), and medications in addition to infection [28]; it is
important to consider these diverse possibilities when eval-
uating patients. Transplant recipients are at increased risk
for more severe pneumonias, including cavitary pneumo-
nias; consequently early recognition of infection is critical
[28-30].

Opportunistic infections are usually absent during the first
month after transplantation, although there have been rare
reports of infection with these pathogens. Among the most
commonly reported is Aspergillus pneumonia (especially in
lung recipients) [24]. It is probable that this low incidence
can be attributed to the delayed impact of immunosuppres-
sive medications introduced during this period.

Although the vast majority of early infections are nosoco-
mial, a low incidence of donor and recipient-derived infec-
tions may also occur during this period. A Spanish study
evaluating nonviral donor-derived infections reported dis-
ease transmission in 5/292 (1.71 %) of transplant recipients
who received organs from infected donors [31]. All five
donor-derived infections were due to bacterial pathogens. In
the United States, there is mandated reporting of suspected
donor-derived infections to the United Network for Organ
Sharing (UNOS). Reviews of these reports by the Disease
Transmission Advisory Committee of UNOS have noted that
diverse pathogens have been transmitted including pyogenic
bacteria, T. cruzi, HCV, HIV, WNV, lymphocytic choriomen-
ingitis virus (LCMYV), Legionella species, H. capsulatum,
Candida species, S. stercoralis, C. neoformans, Schistosoma
species, T. gondii, and M. tuberculosis [32, 33]. The timing
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of these infections varies; typically bacterial infections and
fungal infections are most likely to present in the first month
[34]. Although uncommon, these unanticipated donor-
derived infections have been associated with increased mor-
bidity and mortality, with complications including surgical
site infections and mycotic aneurysms [32, 33, 35-37]. The
transmission of more unusual infections in solid organ trans-
plantation, including WNV, LCMYV, or rabies, has also been
documented [38—40]. Diagnosis of these infections may be
confounded by the absence of recognized donor infection
and the presentation of nonspecific symptoms such as fever,
altered mental status, or liver enzyme elevations, followed
by a rapid clinical decline oftentimes resulting in death.
Recent reports have cautioned against the use of donors with
neurologic processes of unclear etiology to prevent transmis-
sion of some of these infections [41].

Early infections may also occur as a continuation of an
active infection in the recipient that precedes transplantation.
Not all of these may be recognized prior to transplantation.
Pathogens related to early recipient-derived infections may
be diverse; occasionally opportunistic pathogens may occur,
especially in liver transplant patients or those treated with
immunosuppressive agents prior to transplantation.

7.2.2 Risk of Infection in the Intermediate
Posttransplantation Period
(1-6 Months)

The intermediate post-transplantation period generally refers
to the time occurring 1-6 months following transplantation.
During this period, most solid organ transplant recipients are
at their highest net state of immunosuppression due to immu-
nosuppressive medications exerting their full effect. Patients
may also develop infections with immunomodulating viruses
such as CMV, EBV, HBV, or HCV as well as experience
metabolic complications including diabetes and renal insuf-
ficiency that can alter the immune system.

During this period, in the absence of prophylaxis, infec-
tions due to diverse opportunistic pathogens including bacte-
ria (e.g., Nocardia species, Listeria monocytogenes, and
Mycobacteria), fungi (e.g., Pneumocystis jiroveci, Aspergillus
species, C. neoformans), viruses (e.g., CMV, EBV), and
parasites/protozoa (e.g., Toxoplasma gondii) can occur.
Geography can place individuals at risk for endemic mycoses
including Histoplasma capsulatum, Coccidioides immitis, or
Blastomyces dermatitidis. Lastly, donor-derived infections
may present during this intermediate post-transplantation
period; this is especially true of parasites (including
Strongyloides stercoralis), protozoa, and viral infections [34].
Environmental exposures may also play a role during this
period and place patients at higher risk of opportunistic infec-
tion. This includes exposure to a specific environment as well
as to individuals with potentially communicable diseases.
The changing nature of immunosuppressive regimens and
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prophylactic strategies continues to have an impact on the
infections seen during this period; both need to be considered
when patients are evaluated. Specific infections seen during
this high-risk period are detailed in later chapters.

7.2.3 Risk of Infection in the Late
Posttransplantation Period (>6 Months)

The nature of infections in the late post-transplantation
period may be a window into the transplant recipient’s net
state of immunosuppression. This net state of immunosup-
pression can be underestimated by simply reviewing the
medication doses and levels as patient responses to specific
regimens may vary substantially. By 6 months after trans-
plantation, the vast majority of transplant recipients are
doing well with good allograft function maintained with
minimal immunosuppression. These patients typically reside
in their home environments where they are most susceptible
to community-acquired infections.

Transplant recipients can be at increased risk for more
severe respiratory infections with community-acquired
pathogens (e.g., influenza, parainfluenza, respiratory syncy-
tial virus, adenovirus, human metapneumovirus, Legionella
species, and pneumococcus). These patients may have lon-
ger durations of both infection and shedding, increased pro-
gression to lower respiratory tract infections, higher
mortality rates, and increased risk for rejection [27, 42—47].
Transplant recipients are also at a 12.8-fold greater risk for
invasive pneumococcal disease compared to the general
population [46].

Other viral infections can also be seen during this period,
including infections that may have been previously sup-
pressed by prophylactic strategies. CMV infection is the
most common opportunistic infection during this period.
Often donor derived, CMV that may present variably as pro-
phylaxis is discontinued [3, 48]. Transplant recipients with
CMYV syndrome have nonspecific symptoms including fever
and fatigue that may be accompanied by laboratory abnor-
malities, most notably leukopenia. CMV may also present
with end-organ involvement such as colitis, pneumonitis, or
infected allograft. In addition to its direct effect, CMV has
indirect effects on the immune system that increase the risk
for allograft rejection and loss, post-transplantation lympho-
proliferative disorder (PTLD), other infections, and diabetes
mellitus [49-55]. Chronic viral infections, such as HBV or
HCYV, may also reemerge during this time. Outcomes in
HB V-infected recipients have improved with the use of HBV
immunoglobulin and antiviral agents [56]. Currently HCV-
positive recipients fare worse, developing repeated episodes
of chronic rejection, post-transplant diabetes mellitus, or
chronic infection and end-stage liver disease, although the
advent of more effective and better-tolerated antiviral treat-
ment options will likely improve outcomes [56-59]. EBV
may increase the risk of infections and malignancy, particu-
larly PTLD. PTLD risk is greatest in EBV-seronegative

I. Lee and E.A. Blumberg

recipients who receive organs from seropositive donors, a
scenario which most often occurs in children [60]. Other risk
factors have included the organ transplanted and the choice
of immunosuppression agent (especially belatacept) [60-
62]. Additionally, EBV viremia may provide insight into a
patient’s net state of immunosuppression; consequently
when routine monitoring detects viremia, immunosuppres-
sive therapy is typically reduced [60, 63].

There are documented cases of reactivation of latent infec-
tions during this period. For example, H. capsulatum can
establish latency after primary infection and reactivate months
after transplantation [64]. Posttransplantation TB rates range
from 0.35 to 15% worldwide, depending on disease preva-
lence with a median time to onset of 611 months [5, 65, 66].
The frequency of active TB varies based on the organ trans-
planted but is substantially higher than that of the general
population (20-74 % higher), with most cases resulting from
reactivation of latent recipient infection [5, 65, 66]. Donor-
derived TB is estimated to account for <5 % cases [5, 67].

Lastly, transplant patients may be at risk of other infec-
tions not necessarily associated with immunosuppression.
This could include health care-associated infections during
periods of hospitalization. Studies suggest that transplant
recipients, particularly heart, lung, and heart-lung recipients,
may also be at an increased risk of pancreaticobiliary disease
and diverticulitis [68, 69].

Although most recipients have stable allograft status and
are infection free by 6 months after transplantation, a minor-
ity (approximately 20 %) may be chronically infected with
immunomodulatory viruses or have recurrent episodes or
chronic rejection requiring high-dose immunosuppressive
therapy. The classic timeline for infections is not applicable
to this subpopulation. These patients are more severely
immunosuppressed and continue to be at risk for opportunis-
tic infections well past 6 months post-transplantation, thus
potentially making them candidates for prolonged prophy-
lactic strategies.

7.3  Prevention of Infection

Prevention of infection is vital for improving outcomes in
the solid organ transplant population. Transplant recipients
need to be updated on their immunizations, preferably prior
to transplantation, and they should be educated regarding
behaviors that can minimize their day-to-day risk. Transplant
care providers should also evaluate and identify patients who
would benefit from antimicrobial prophylaxis or preemptive
therapy when appropriate.

7.3.1

Screening of candidates prior to transplantation is an ideal
opportunity to ensure that transplant recipients are updated
on the following immunizations, according to age- and

Immunizations
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condition-related guidelines: Streptococcus pneumoniae,
Haemophilus influenza, influenza, diphtheria, pertussis, teta-
nus, hepatitis A virus, HBV, measles, mumps, rubella, polio-
myelitis, and VZV [47, 48]. Although highly recommended,
there is suboptimal utilization of immunizations in this pop-
ulation. One study reported that only 62.4 % (95 % CI 54.8—
70.1 %) of lung transplant candidates received S. pneumoniae
vaccination [70].

There are several general guidelines regarding the admin-
istration of immunizations in this population. First, it is pref-
erable to update immunizations prior to transplantation
rather than in the post-transplant period [3, 22]. Studies sug-
gest that transplant recipients have reduced responses to
diverse vaccines compared to immunocompetent individu-
als; this makes pre-transplantation immunization especially
important [22, 71, 72]. Second, not only should immuniza-
tions be administered pre-transplantation, but they are most
effective when administered earlier in the course of disease
[73]. Given the suboptimal response to immunizations in
certain patients with end-stage organ disease, physicians
may consider confirming vaccine efficacy in patients who
report prior immunization. Serologic testing for hepatitis A
virus, HBV, VZV, measles, mumps, and rubella can be per-
formed to ensure that patients maintain adequate levels of
protection [74].

Even after transplantation, patients should ensure that they
are current on their immunizations. Typically, immuniza-
tions are not given until at least 3-6 months post-
transplantation when immunosuppression is reduced
sufficiently to allow for improved immune response,
although there may be exceptions to this, especially during
epidemics (e.g., influenza) [22]. Transplant recipients as well
as their family members and close contacts should receive
yearly influenza vaccination. Strategies for pneumococcal
vaccination include using conjugate pneumococcal vaccine
followed by polysaccharide capsule vaccine [75]. Live atten-
uated vaccinations, including intranasal influenza, VZV, and
MMR, are generally avoided in transplant recipients due to
an increased risk for possible dissemination; however recent
reports suggest that Varicella zoster vaccine may be safe in at
least some pediatric recipients [22, 76].

7.3.2 Avoidance of Infectious Exposures

There are certain measures that can minimize the risk of
infection among transplant recipients. In the hospital setting,
patients should adhere to basic infection control measures.
This includes washing hands frequently and limiting expo-
sure to sick visitors and staff. When transplant recipients
return home, these basic infection control measures need to
be augmented with avoidance of potential environmental
hazards. Transplant recipients should watch their diet, avoid-
ing untreated water, undercooked meats, unwashed produce,
and unpasteurized dairy products, soft cheeses, and juices.
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Other preventive measures include circumventing areas
undergoing active construction, refraining from changing lit-
ter boxes, engaging in safe sexual practices including using
latex condoms in non-monogamous sexual contacts or dur-
ing periods of increased immunosuppression, and limiting
hobbies such as gardening that may put them at risk for novel
infectious pathogens [77, 78].

7.3.3 Prophylaxis

Prophylactic strategies following transplantation have also
included the administration of anti-infective agents for more
common or potentially serious pathogens during high-risk
periods (Table 7-2). Prior to the initiation of prophylaxis,
approximately 10-12% patients developed PCP infection
2—-6 months post-transplantation [1]. Most centers, therefore,
provide PCP prophylaxis to all their transplant recipients
for at least the first 6-12 months, using trimethoprim-
sulfamethoxazole (TMP-SMZ) as first-line therapy. TMP-
SMZ not only provides excellent protection against PCP but,
when given daily, may provide protection against urinary
tract infections in renal transplant recipients, 7. gondii,
Nocardia species, and L. monocytogenes [78-80]. TMP-
SMZ is inexpensive and usually well tolerated.

For patients who are unable to tolerate TMP-SMZ, second-
line agents include dapsone, atovaquone, inhaled pentami-
dine, and a combination of clindamycin and pyrimethamine
[81]. These alternatives, however, may not be as effective
against PCP and do not provide equivalent protection against
additional pathogens like TMP-SMZ [3]. If second-line ther-
apy with dapsone is needed, it is recommended that glucose-
6-phosphate dehydrogenase (G6PD) levels should be
checked prior to administration since hemolytic anemia and
methemoglobinemia may occur at higher rates in transplant
recipients compared to HIV patients. However, some studies
suggest that these complications may occur even in the set-
ting of normal G6PD levels [82, 83]. The duration of prophy-
laxis varies. Renal, heart, and liver transplant recipients on
routine immunosuppression typically discontinue PCP pro-
phylaxis at 6 months to 1-year post-transplantation, while
lung transplant recipients and small bowel recipients, who
are at higher risk, typically remain on lifelong prophylaxis
[81]. Physicians should also consider reinitiating prophy-
laxis during periods of increased immunosuppression (i.e.,
episodes of rejection) or prolonging prophylaxis for patients
with chronic rejection.

One of the most important infections in solid organ trans-
plantation is caused by CMYV. The risk for infection is
predicted by donor and recipient serostatus and varies
depending on the organ transplanted and the choice of immu-
nosuppression [48]. The highest risk occurs when a seroneg-
ative recipient receives an organ from a seropositive donor
(D+ R-). This not only places the transplant recipients at
60-75 % risk of primary CMV infection but also at increased
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TaBLE 7-2. Prophylaxis frequently administered after solid organ transplantation
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Indication

Medication and dose?

Duration

CMV®

Fungal®

Pneumocystis jirovecii Preferred

Sulfa allergic

Tuberculin test positive without
active infection?

Valganciclovir 900 orally mg once
daily

Ganciclovir 5 mg/kg intravenous
administration daily

Valacyclovir 2 g orally 4 times daily

Nystatin 5 mL swish and swallow four
times a day

Fluconazole 400 mg orally daily

Voriconazole 400 mg orally twice
daily x2 doses, then 200 mg twice
daily

Amphotericin 10 mg/mL inhaled daily
(lung recipients)

TMP/SMZ SS orally daily or DS
orally three times a week

TMP/SMZ SS orally daily

Dapsone 100 mg orally daily
Atovaquone

1500 mg orally daily Aerosolized
pentamidine

300 mg inhaled monthly
Isoniazid (INH) 300 mg orally daily

3-12 months®

At least 1 week—3 months (all)

Variable

6—12 months for non-lung
transplant recipients (longer if
chronic rejection issues)

Lung transplant recipients remain
on lifelong prophylaxis

6-12 months for non-lung
transplant recipients (longer if
chronic rejection issues)

Lung transplant recipients remain
on lifelong prophylaxis

9 months

and pyridoxine 50 mg orally daily®

2Assumes normal renal function.

°CMYV prophylaxis varies based on the organ transplanted and donor and recipient CMV status.
“Guidelines for antifungal prophylaxis vary with organ, the presence or absence of specific risk factors, and the choice of immunosuppression. See Chaps.

39 and 41 for more details.

9Timing of treatment of latent infection with respect to transplant may vary depending on the type of organ transplant and whether the patient is a recent
converter. An alternative to INH is 4 months of rifampin if given prior to transplantation. Fluoroquinolone-based regimens may be considered for patients

with hepatotoxicity from INH or rifampin.

risk of infection with ganciclovir-resistant CMV and possi-
bly recurrent CMV [84, 85]. The risk of infection is signifi-
cantly lower when the recipient is CMV seropositive. In
addition, CMV risk varies based on the organ transplanted.
Lung, small intestine, and pancreas transplant recipients are
at the highest risk of CMV infection when compared with
kidney transplant recipients who are at the lowest risk [48].
Two different strategies, universal prophylaxis versus pre-
emptive therapy, are typically used for CMV prevention [68,
86]. In universal prophylaxis, an antiviral agent is adminis-
tered to all transplant recipients to prevent the development
of CMV infection. In contrast, preemptive therapy involves
close surveillance of CMV viral shedding (typically in the
blood) in transplant recipients with therapy initiated when
positive levels are detected. CMV DNA testing has sup-
planted antigen testing at most transplant centers. Meta-
analyses suggest that compared to preemptive therapy,
universal prophylaxis is associated with decreased rates of
allograft rejection, opportunistic infections, and mortality
[87, 88]. Randomized controlled trials in kidney transplant
recipients have reported lower rates of graft loss [89] and

lower rates of acute rejection among patients in the universal
prophylaxis arm [90] but an increase in late CMV infection
[91], higher medication costs, and increased medication-
related toxicity [86].

Antiviral agents used for CMV prophylaxis include ganci-
clovir, valacyclovir, and valganciclovir. Valganciclovir, a
prodrug of ganciclovir, administered once daily has become
increasingly popular for prophylaxis in transplant recipients.
The use of valganciclovir, however, may be less effective in
liver transplant recipients, where there may be a higher inci-
dence of tissue-invasive disease [92]. CMV hyperimmuno-
globulin is used infrequently for CMV prophylaxis. One
meta-analysis reported no differences between CMV dis-
ease, infection, or all-cause mortality in patients who
received prophylaxis with an antiviral alone or in combina-
tion with CMV immunoglobulin [93]. Another meta-analysis
reported that while the rates of CMV infection and rejection
did not differ between groups, those that received CMV
immunoglobulin had lower rates of CMV disease, overall
mortality, and CM V-related mortality [94]. Duration of pro-
phylaxis varies but is given for at least 90 days post-
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transplantation, with longer durations for CMV-seronegative
recipients of seropositive donor organs and for lung recipi-
ents [86]. Transplant care providers should consider reinitiat-
ing prophylaxis during episodes of rejection necessitating
enhanced immunosuppressant therapy, particularly with
antilymphocyte antibodies [48].

Fungal infections are associated with significant compli-
cations in the solid organ transplant population. Overall, the
most common cause of invasive fungal infections is Candida
species, followed by Aspergillus species [95]. Data from the
Transplant Associated Infection Surveillance Network
(TRANSNET) reported that the most common Candida spe-
cies was Candida albicans, followed by Candida glabrata,
which has a higher rate of fluconazole resistance [95]. Liver
transplant recipients are particularly prone to invasive candi-
diasis, especially if they have two or more of the following
classic risk factors: prolonged operation time, high transfu-
sion requirements (>40 units of blood products), Roux-en-Y
biliary anastomosis, renal insufficiency (preoperative serum
creatinine >2 mg/dL), re-transplantation or reoperation, and
colonization with Candida species [96]. Potential risk fac-
tors that include further validation include antibiotic prophy-
laxis with a fluoroquinolone for spontaneous bacterial
peritonitis and patients with iron overload [97]. Among all
transplant recipients, lung transplant recipients appear to be
at highest risk for invasive fungal infections with organisms
other than with Candida species [95]. This population is at
increased risk for infection with Aspergillus species, particu-
larly at the site of anastomosis. Although voriconazole or
aerosolized amphotericin B is often used, there are no large-
scale, multicenter, randomized studies to direct guidelines
regarding the role of antifungal prophylaxis in this popula-
tion. Nevertheless many centers favor the use of antifungal
prophylaxis especially for patients with risk factors includ-
ing airway ischemia, Aspergillus colonization, CMV infec-
tion, and augmented immunosuppression [98].

Despite conclusive data to support the use of prophylactic
antifungal agents, most transplant centers choose to provide
antifungal prophylaxis to certain transplant recipients who
are at the highest risk of invasive fungal infections (e.g., liver
transplant recipients with the aforementioned risk factors
and lung transplant recipients).

7.4 Summary

Infections are serious complications of solid organ trans-
plantation that are largely determined by two factors: the
transplant recipient’s net state of immunosuppression and
the epidemiologic exposures (including those in the pre-,
peri-, and post-transplant settings). Diagnosis and manage-
ment of infections in this population may be challenging.
The recipient’s immunosuppressed state not only makes him
or her susceptible to a broad range of infectious pathogens
but may also alter the presentation and affect treatment and
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outcomes. Given the significant morbidity and mortality
associated with infections, preventive measures as well as
early diagnosis and treatment are vital in improving out-
comes in this patient population.
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Donor-Derived Infections: Incidence,
Prevention, and Management

Nicole Theodoropoulos and Michael G. Ison

8.1 Introduction

Solid organ transplantation is an ever evolving field, with
significant advances in the management of recipients of
solid organ transplantation, including enhanced immune
suppression and antimicrobial prophylaxis for at-risk
patients [1, 2]. In order to increase the number of avail-
able organs, and, in turn, save more lives of those on the
transplant wait list, the donor pool must continue to
expand [3]. Donors reflect the diverse US population;
there are an increasing number of donors born in, who
have resided in, or who have traveled to underdeveloped
areas of the world or areas with geographically restricted
infections [4]. As such, these donors are exposed to patho-
gens that can potentially be transmitted to recipients of
the donor’s organs. Additionally, there are newer tech-
niques to identify many pathogens that may be transmit-
ted from the donor to the transplant recipients [5, 6].
Finally, high-profile reports of several donor-derived
infections have heightened awareness of donor-derived
infections and have likely contributed to increased recog-
nition [7-19]. In this chapter, the incidence, methods of
identification and prevention, and management of unex-
pected donor-derived infections will be reviewed. Often,
donors are expected to transmit infection (i.e., CMV
donor seropositive, recipient seronegative) because of
information known by the transplant team posttransplant.
In most cases, such information will lead to interventions
to reduce the incidence and severity of transmitted disease
and is reviewed elsewhere in this text.

In the United States, the Organ Procurement and
Transplantation Network (OPTN) policy sets up the frame-
work for minimizing and tracking cases of donor-derived
infection transmission. This policy includes language that
defines donors at enhanced risk of disease transmission
(Table 8-1); the need to obtain special informed consent
before using organs from donors with known transmissible
disease or risk factors for disease transmission; the need to
develop local polices for screening recipients for transmitted
disease posttransplant, if appropriate; and the need to report

© Springer International Publishing Switzerland 2016

proven or potential disease transmission; policy also defines
the requirements for living and deceased donor screening
(http://optn.transplant.hrsa.gov/governance/policies/). The
Council of Europe has also developed a similar guidance
document that is updated regularly to provide similar
guidance on donor screening and risk mitigation (https://
www.edqm.eu/en/organ-transplantation-mission-67.html).
Likewise, the European Union and national governments
have established laws and directives that regulate these same
functions outside the United States.

8.2  Donors at Increased Risk
of Infectious Disease
Transmission

Experience has demonstrated that donors with documented
infections pose a risk of transmission of the infection from
the donor to the recipient. While the risk of transmission var-
ies (i.e., low risk with appropriately treated documented bac-
terial meningitis or Naegleria encephalitis, high risk with
active HIV infection), the fact that there is a risk of disease
transmission requires several key steps:

1. The organ procurement organization must inform the
recipient center of the potentially transmissible infection.

2. The recipient center must assess if the benefit of trans-
plantation outweighs the risk of disease transmission.

3. The recipient center must obtain special informed consent
to use the organ from the donor with recognized risk of
disease transmission.

4. The recipient center must develop a plan to treat the
recipient, if appropriate, to prevent disease transmission
and monitor the recipient for evidence of transmitted
infection.

Specific details of these key steps will be discussed in
greater detail later in the chapter.

Some donors do not have documented infection but
instead have engaged in behaviors or have other characteristics
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TaBLE 8-1. Known conditions that may be transmitted by the donor
organ that must be communicated to the transplant center prior to
transplantation

* Infections
o Syndromes
m  Unknown infection of central nervous system (encephalitis,
meningitis)
m  Multisystem organ failure due to overwhelming sepsis
o Bacterial infections
m  Bacterial meningitis
m  Bacteremia
m  Pneumonia
= Syphilis
m  Tuberculosis
o Fungal infections
m  Endemic mycoses: blastomycosis, histoplasmosis,
coccidioidomycosis
m  Cryptococcal infection
m  Fungal sepsis (e.g., Candidemia)
o Parasitic infections
m  Trypanosoma cruzi
m  Leishmania
m  Naegleria fowleri
m  Strongyloides
m  Toxoplasmosis
o Prion disease, including Creutzfeldt-Jakob disease
o Viral infections
m  Active hepatitis A, B, or C
m  Herpes simplex encephalitis or documented viremia
m  Human immunodeficiency virus/AIDS
s HTLV-I

m  History of JC virus infection (progressive multifocal
leukoencephalopathy)

West Nile virus infection
Cryptococcal infection of any site
Rabies

SARS, MERS-CoV, influenza
Malignancies

o Any known or history of malignancies
o Melanoma, Merkel cell, and Kaposi’s sarcoma
o Hodgkin’s disease and non-Hodgkin’s lymphoma
o Multiple myeloma
o Leukemia
o Aplastic anemia agranulocytosis
* Inborn errors of metabolism

* Drug or food allergies

that place the donor at increased risk of infection with patho-
gens, such as HIV, hepatitis B, and hepatitis C, that can, in
turn, be transmitted to the recipient. These donors have been
defined by the OPTN and US Public Health Services (PHS)
as donors at increased risk of disease transmission, termed
increased risk donors. The PHS updated their guidance
related to increased risk donors in 2013, and this guidance
has been adopted as the standard for most transplant systems

N. Theodoropoulos and M.G. Ison

TaBLE 8-2. Risk factors for recent HIV, HBV, or HCV infection/

increased risk donor criteria [20]

Criteria Characteristics

—

Behavior and history . People who have had sex with a person
known or suspected to have HIV, HBV, or
HCYV infection in the preceding 12 months

2. Men who have had sex with men (MSM) in

the preceding 12 months

(98]

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

4. People who have had sex in exchange for

money or drugs in the preceding 12 months

5. People who have had sex with a person

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

6. People who have had sex with a person

who injected drugs by intravenous,
intramuscular, or subcutaneous route for
nonmedical reasons in the preceding 12
months

7. People who have injected drugs by

intravenous, intramuscular, or subcutaneous

route for nonmedical reasons in the
preceding 12 months

o]

. People who have been in lockup, jail,
prison, or a juvenile correctional facility for
more than 72 consecutive hours in the
preceding 12 months

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

. A child <18 months of age and born to a
mother known to be infected with, or at
increased risk for, HIV, HBV, or HCV
infection

2. A child who has been breastfed within the
preceding 12 months and the mother is
known to be infected with, or at increased
risk for, HIV infection

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

—

Pediatric only criteria

HCYV risk only

—

—

Laboratory and other . Screening specimens are hemodiluted

N

Donor medical/behavioral history is
unavailable

globally [20]. This updated guideline refined prior guidance
taking into account current knowledge of the epidemiology
of HIV, HBV, and HCV in the community and the limitations
of our contemporary screening practices (Table 8-2). The
guideline focuses on three key core recommendations:

1. Screening:

(a) There is no single standardized and validated tool for
collecting the donor’s medical and social history,
although many US OPOs are utilizing the Uniform
Donor Risk Assessment Interview Tool (http:/www.
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aatb.org/DRAI-Documents). Although living and
deceased donors are considered to be equal risk in the
guidelines, living donors are able to provide their
own history, while histories from deceased donors
are obtained from friends and relatives. These indi-
viduals may not know the fine details of the donor’s
social situation (e.g., the mother of a college student
who does not live at home). As such, the guideline
recognizes these limitations and places donors with
incomplete donor histories in the increased risk cate-
gory as risks may be present but unrecognized.

(b) The 2013 guidelines newly recommend that all
donors be screened with serology and nucleic acid
testing (NAT) for hepatitis C, regardless of risk fac-
tors, and that all increased risk donors be screened
with HIV NAT in addition to routine serology. At the
present time, only serology is mandated for hepatitis
B screening, although this serologic assessment
includes hepatitis B surface antigen (HBsAg) which
allows for direct detection of the virus. The addition
of NAT screening to serology will allow increased
detection of acute infections as NAT decreases the
length of time between initial infection and the ability
of the test to detect the infection, referred to as the
window period (Figure 8-1).

(c) The guideline also recognizes that living donors may
continue to engage in behaviors that place them at
increased risk of disease transmission between
screening and donation. As such, the guidelines rec-
ommend that living donors are screened as close to
the donation procedure as possible, not to exceed 28
days. The feasibility of this recommendation has
been demonstrated clinically [21].

2. Consenting: Any patient who is to receive an organ from
a patient with risk factors should understand the risk and
agree to receive the organ based on that risk assessment.
A specialized informed consent for increased risk donor
organ use is mandated by policy.

Viremia Serologic conversion
Serologic testing
l Nucleic acid testing  §
o — >
——
WINDOW
Exposure

Ficure 8-1. Interval between infection, detection of virus, and
detection of antibody response to infections.

3. Follow-up testing: Perhaps one of the most important
recommendations of the PHS guidelines is the need to do
posttransplant testing of recipients that received increased
risk donor organs to ensure that a disease transmission
has not occurred. Early testing may affect outcomes if
a transmission is identified, as available effective
therapy can be introduced sooner after transmission.
Recommendations include HIV NAT (or combined anti-
body—antigen assay), HCV NAT, HBV NAT, and HBsAg
at 1-3 months posttransplant and HBV serology at 12
months posttransplant (including hepatitis B surface anti-
body, hepatitis B core antibody, and either HBV NAT or
HBsAg) [20]. However, data as of 2011 show that post-
transplant testing is not reliably performed [22]. Using
assays that directly detect the virus in the posttransplant
period is critical, and serology may not be reliable because
recipients frequently fail to seroconvert due to transmit-
ted infections. In all cases of HCV transmission identified
in the United States, for example, all recipients have been
seronegative but NAT positive even when tested nearly 1
year posttransplant [23, 24].

These guidelines are helpful in defining donors at increased
risk of disease transmission by identifying donors with
higher likelihood of HIV, HBV, and HCV infections. Review
of existing data clearly demonstrates that the risk of HIV and
HCV infection varies significantly by risk behavior
(Table 8-3). Given the enhanced risk, it is important to real-
ize that patients may acquire infection in the NAT window,
the period of time between infection and when NAT can
detect infection (see below). As such, while NAT decreases
the risk of disease transmission, residual risk remains and
has clearly been demonstrated by three recent transmissions
of HCV from donors engaged in nonmedical drug use prior
to death with negative donor NAT testing [23].

8.3 Incidence of Unexpected

Donor-Derived Infections

To date, there are limited prospectively collected data on the
incidence of donor-derived infections. Prior to the establish-
ment of the OPTN/United Network for Organ Sharing
(UNOS) Ad Hoc Disease Transmission Advisory Committee
(DTAC) in 2005, there were no systems in place to prospec-
tively collect data to estimate the incidence of donor-derived
infections; data was only available from published case
reports. Underreporting to DTAC was common initially, but
recent data show a substantial increase in the numbers of
reports (Table 8-4 and Figure 8-2) [24, 25]. In the era of cur-
rent screening, the following unexpected transmissions have
been reported: numerous bacterial species (including gram-
positive cocci and gram-negative rods), Ehrlichia chaffeen-
sis, legionella, syphilis, M. tuberculosis, Candida spp.,


http://www.aatb.org/DRAI-Documents

116

N. Theodoropoulos and M.G. Ison

TaBLE 8-3. Residual risk of undiagnosed human immunodeficiency virus (HIV) and hepatitis C virus (HCV) infection per 10,000 donors

at increased risk of infection [60, 61]

HIV HCV
Risk factor Serology alone Serology + NAT Serology alone Serology + NAT
Men who have sex with men 8.3 34 36.0 3.8
Nonmedical intravenous, intramuscular, or 12.9 53 350.0 37.8
subcutaneous drug use
Hemophilia 0.05 0.02 0.46 0.05
Persons who have had sex in exchange for money or 2.9 1.2 107.8 11.5
drugs
Partners with any of the above risk factors 2.7 1.1 126.2 13.5
Individuals who have been exposed to blood or blood 1.3 0.5 22.0 2.3
products from someone with HIV or HCV
Incarceration 1.5 0.6 68.6 7.3

Residual risk is the rate of undetected infection depending on risk factor and testing strategy.

TaBLE 8-4. Summary of reported cases to the OPTN/UNOS Ad
Hoc Diseases Transmission Advisory Committee, 2005-2014

# of recipients # of donor-derived

# of donor with confirmed  disease-attributed
Disease type reports transmission recipient deaths
Malignancies 374 79 28
Viruses 366 80 18
Bacteria 313 55 13
Mycobacteria 95 11 3
Fungi 165 45 15
Parasites 62 41 14
Other diseases 73 6 1
Total 1448 317 92

histoplasmosis, zygomycosis, Aspergillus spp., scedosporio-
sis, coccidioidomycosis, cytomegalovirus, HIV, HBV, HCV,
adenovirus, coxsackievirus, human T-lymphotropic virus,
lymphocytic choriomeningitis virus and a related arenavirus,
West Nile virus (WNV), rabies, schistosomiasis, strongyloi-
des, Trypanosoma cruzi, microsporidiosis, and Balamuthia
spp. [7-9, 11-13, 15-19, 23-38]. From the available data
from the US and French systems, donor-derived disease is
transmitted in less than 1% of transplants, with approxi-
mately 0.03% of recipients dying from the transmitted dis-
ease [24, 25].

There are several key points that can be learned from the
data collected to date. While confirmed bacterial transmis-
sions are not the most commonly reported transmission, they
likely represent the most common form of disease transmis-
sion. Most of the confirmed cases of bacteria transmissions
involve highly resistant gram-positive and gram-negative
infections. From a series of historical studies, 5-9% of abdom-
inal organs and up to 63% of thoracic organs appear to be
contaminated with bacterial pathogens at the time of procure-
ment [25, 39-42]. Use of perioperative antibiotics reduces the
risk of disease transmission, although under-recognition and
underreporting of bacterial transmissions are likely. Given the
high rate of contamination and the increasing prevalence of

highly resistant bacteria in hospitals globally, bacterial
transmissions will increase over time [25, 39-42]. As such,
diligence is important among transplant teams.

Although there have been attempts to estimate the risk of
donor-derived infections, none can be considered accurate as
there is no formal screening process to identify potential
transmissions, and the issues of under-recognition and under-
reporting of transmissions remain. It is critical, and required
by current UNOS Policy, that everyone caring for transplant
recipients considers the potential of donor origin in all infec-
tions, particularly early posttransplant, and has a plan in
place to report this concern to the local OPO and to UNOS
[43]. Organ vigilance systems, similar to the OPTN/UNOS
Patient Safety System, contribute to more rapid communica-
tion. Efficient and timely communication is associated with
a lower rate of recipient adverse events, including death [44].
As such, regions without organ vigilance systems should
establish formal systems, as has recently been required by
the EU directive, to improve patient outcomes and poten-
tially improve the safety of the transplant system.

8.4  Prevention of Infectious
Transmissions

The mainstay of infection prevention in organ transplantation
is the use of donor and recipient screening. Despite best
efforts to screen for potential infections and in a timely man-
ner, the transplanting physicians and organ recipients must
understand there always remains a risk for infectious trans-
mission. The goals of screening donors and recipients prior to
transplant are to identify conditions that disqualify the donor
or recipient from the transplant, to identify and treat active
infections pre-transplant, and to allow for risk mitigation
strategies to minimize posttransplant infections. Screening
occurs in many forms including acquisition of a careful his-
tory, detailed physical examination, detection of latent or
unknown active infections by laboratory testing, examination
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Ficure 8-2. Potential donor-derived disease transmission reports to the OPTN/UNOS Ad Hoc Disease Transmission Advisory Committee.

TaBLE 8-5. Infectious disease screening tests recommended for all
organ donors

TaBLE 8-6. Infectious disease screening tests recommended for all
organ recipients

Required by
OPTN policy

HIV 1/2 antibody or HIV antigen/antibody
combination test*

Cytomegalovirus (CMV) antibody®
Hepatitis B surface antigen (HBsAg)*
Hepatitis B core antibody (HBcAb)*
Hepatitis C antibody*
Hepatitis C NAT
Syphilis test”
Epstein—Barr virus (EBV) antibody®
Blood and urine cultures
Sputum gram stain (lung transplant donors only)
Toxoplasma antibody test result or appropriate donor
sample to be tested at transplant hospital (heart
donors only)
Recommended
donor
screening

Coccidioidomycosis serology®

Strongyloides®

TB screening (PPD or interferon-y release assay)*
Trypanosoma cruzi serology®

West Nile virus testing®

Serologies to help guide pre-transplant vaccination:
tetanus, diphtheria, measles, mumps, and S.
pneumoniae

“Must be an FDA-approved, cleared, or licensed donor screening tests.
°Can be donor screening or diagnostic test.
See text for detailed recommendations on testing situations.

and pathologic evaluation of the organ at the time of procure-
ment and implantation, and posttransplant monitoring of
recipients. There are policies that have been developed by the
OPTN that mandate which screening tests must be done in all
donors and recipients (see Tables 8-5 and 8-6). A number of
guidelines and consensus conferences have further refined
the screening of donors and recipients [20, 45-55].

Recommended
recipient
screening tests
for all donors

HIV 1/2 serology*

Anti-cytomegalovirus antibody

Hepatitis B surface antigen (HBsAg)
Hepatitis B surface antibody (HBsAb)
Hepatitis B core antibody (HBcAb)

Hepatitis C antibody

VDRL or RPR

EBYV serology

Varicella-zoster virus antibody
Toxoplasmosis antibody (for heart recipients)
TB screening (PPD or interferon-y release assay)
HSV 1/2 IgG antibody

Trypanosoma cruzi serology

Recommended
recipient
screening tests
for selected
donors

Strongyloides serology
Coccidioidomycosis serology

8.4.1

While donors undergo a range of screening, including review
of the donors’ medical and social history and physical exam-
ination of the donor and their organs, most attention is paid
to tests that are performed on the donors blood to risk stratify
the donor. Mandated screening of blood has traditionally
focused on detection of antibodies or antigens present in
donors, typically using enzyme-linked immunosorbent
assays (ELISA) for most infectious disease screening. As of
2011, molecular screening methods using NAT for HIV,
HBYV, and HCV screening had been implemented by most
US organ procurement organizations [56]. In 2014, OPTN
policy was updated to mandate HCV NAT for all deceased
donor screening and HIV NAT for screening of increased
risk organ donors [20, 57].

Donor Screening Methods
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The indirect ELISA is used to detect antibodies (i.e.,
HBcAb) while the sandwich ELISA is used to detect anti-
gens (i.e., HBsAg). In the indirect ELISA (http://www.paho.
org/hg/index.php?option=com_topics&view=article&id=10
&ltemid=40743), a known antigen is fixed to the bottom of a
plastic surface, usually a multi-well plate. Serum is then
added and if antibodies that react to the antigen are present,
they bind to the antigen. The plates are then washed and a
detection antibody (usually an anti-IgG or anti-IgM anti-
body) that is conjugated to a substrate-specific enzyme is
applied to each well. After washing, a substrate is then
applied and is converted by the enzyme conjugated to the
detector antibody, typically resulting in a colorimetric
change. The intensity of this change provides a semiquanti-
tative measurement of the presence of the antigen-specific
antibody. To detect an antigen, a sandwich ELISA is used in
which a capture antibody (one which is specific for the anti-
gen of interest) is bound to the plates. The patient’s serum is
applied and if antigen is present, it is bound by the capture
assay. The plates are then washed and antigen-specific anti-
bodies are applied—creating an antibody—antigen—antibody
sandwich. Detection antibodies and substrate are added as
above and the resultant colorimetric change is read. Both of
these methods have relatively rapid turnaround times, are not
subject to a significant risk of contamination, and can usually
be done by either an automatic machine or with minimal
technical skills.

As discussed below, there are clear challenges to these
serological assays. To detect infection earlier, before anti-
bodies have been created, NAT is used for screening of cer-
tain infections. NAT refers to a wide range of polymerase
change reaction (PCR), transcription amplification testing
(TMA), and branched DNA tests. PCR is the most widely
used test in which primers that code for complimentary
regions of a pathogen-specific gene of interest are selected.
For RNA viruses, the RNA is first reverse transcribed to
create a complementary DNA (cDNA) based on the RNA
template. At this point, PCR for both RNA and DNA
viruses are the same. The source nucleic acids are then
mixed with the selected primers, DNA polymerase, deoxy-
nucleoside triphosphates, and buffer materials. An initial-
ization step activates the polymerase, and then a denaturation
step melts the DNA into two single strands so that the prim-
ers may anneal. Extension or elongation then occurs and
repeated cycles proceed to amplify the presence of the gene
of interest. The presence of DNA can be detected in one of
several ways. In real-time PCR, fluorescent dyes are used
to intercalate into the double-stranded DNA to quantita-
tively detect the target DNA. NAT is challenged by longer
turnaround time than serologic tests, greater technical
expertise to perform the test, and risk of contamination that
may result in false-positive test results, especially in low-
volume laboratories.

N. Theodoropoulos and M.G. Ison

8.4.2 Challenges to Current Screening
Techniques

Once an individual is infected with a viral infection, there is
typically local replication of the virus with subsequent vire-
mia (see Figure 8-1) [58]. The period of time between initial
infection and detectable viremia is referred to as the eclipse
period. Once viremia is present, the immune system can rec-
ognize the virus and produce neutralizing antibodies to
components of the virus [58]. The period between initial
infection and the first detection of these antibodies is
referred to as the window period [59]. Transmission of both
HIV and HCV from donor to recipient has been reported to
UNOS during both the eclipse and serologic window peri-
ods [17, 23, 24]. The window period differs for each virus
and has been shortened over time with improved serologic
tests that are able to detect antibodies earlier after initial
infection (Table 8-7) [60, 61].

Unfortunately, even once antibodies are formed, it may be
challenging to detect these antibodies. First, some donors
require transfusion of blood and blood products or receive
large volumes of fluids to replete their intravascular compart-
ments. This may dilute the concentration of the antibodies,
antigens, or viral particles to below the limit of detection; this
process is referred to as hemodilution [62]. There are a num-
ber of ways in which hemodilution can be assessed, and no
one method is currently considered the gold standard; a sim-
ple guideline is that testing may be less reliable if the donor
has received greater than 2 L of blood or crystalloid within
48 h of blood sampling or greater than 1 L of crystalloid
within 1 h of sampling in adults; recommendations are more
strict for pediatric donors [62, 63]. Second, some donors may
lose their serologic response to certain infections over time,
particularly if they are immunosuppressed. Thirdly, in infant
donors, serologic testing may detect the presence of maternal
antibodies without active infection of the child [64].

8.4.3 Donor Types

The type of donor affects testing as well. In general, there are
two types of donors: living and deceased donors. The major
differences between these donor types are the potential
quality of the donor history and the time frame during which

TaBLE 8-7. Interval between initial infection and detection of infec-
tion by current molecular and serologic testing methods [136, 137]

First detection by NAT First detection by serology
Pathogen (days) (days)
HIV 7 22
HBV 20 59
HCV 7 70
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donor screening may take place. In the case of living dona-
tion, the actual donor is interviewed, which may allow for
collection of a more accurate medical and behavioral history.
The quality of the medical and behavioral history is more
challenging in deceased donation in which the histories are
obtained from friends and family members who may not
know all of the medical or behavioral details—especially if
there was limited contact between the donor and the historian.
Often, the clinical circumstances leading to the death of the
deceased donor may contribute to this limitation—often
donors are found down and accurate history about the pre-
ceding events may be limited [13, 15]. Likewise, donors may
have undergone extensive resuscitation and/or a prolonged
hospitalization that will affect donor screening and infec-
tious risk—secondary to hemodilution as discussed above or
by introduction of infection at the time of transfusion [7, 11].
There may be a significant time frame between initial screen-
ing and organ donation in the case of a living donor. As such,
consideration of repeat testing closer to the time of the trans-
plantation should be considered, and current policy recom-
mends that HIV, HBV, and HCV screening of all living
donors be performed within 28 days of the transplant [65].
When time allows, donors may be treated for potentially
transmissible infections, such as latent TB, prior to the trans-
plant, decreasing the transmission risk. Lastly, the period of
time between initial evaluation and transplantation allows
one to screen living donors with risk factors for contracting
blood-borne viral infections, such as HIV, HBV, and HCV. In
increased risk living donors, as defined by the 2013 Public
Health Services Guidelines [20], counseling to abstain from
the increased risk behaviors and repeat NAT and serologic
testing over a period of time similar to the window period for
the virus of interest should be considered to minimize the
risk of an occult transmission [20].

8.4.4 Universal Donor Screening

As previously stated, screening of the potential organ donor
is critical to identify pathogens that can be transmitted to a
recipient. Current OPTN policy requires that screening be
done for certain pathogens (see Table 8-5) and that enhanced
cultures be obtained in the setting of hospitalization of >72 h
[66]. Current policy requires only sputum gram stain and
description of sputum for lung donors and does not require
collection of BAL specimens for cultures (although only
bacterial cultures are frequently done by some OPOs, viral,
fungal, and mycobacterial cultures are typically not obtained)
[66]. As of December 2014, NAT is required for HCV
screening of all donors and for HIV screening of increased
risk donors only. Positive NAT results suggest active vire-
mia; as such appropriate measures need to be in place for
appropriate consent and prophylaxis of and follow-up of
recipients for transmission events if viremic donor organs are
to be used. Negative NAT does not rule out infection,
although it may suggest a lower risk of transmission.
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8.4.5 Donor Screening for Endemic
Infections

Over time, new pathogens have become significantly preva-
lent and recognized as having transmission potential via
organ transplantation. Screening for these types of pathogens
should be considered based on local prevalence of the dis-
ease. Endemic pathogens that have increasingly been recog-
nized to result in disease transmission and likely should be
screened for in donors from endemic regions include: Chagas
disease (Trypanosoma cruzi), coccidioidomycosis, strongy-
loides, and WNV.

8.4.5.1 Chagas Disease (Trypanosoma cruzi)

Chagas disease is caused by the parasite Trypanosoma cruzi
and is endemic to regions of Central and South America [67,
68]. Since testing for Chagas is required for all blood donors,
seroprevalence in the United States is known, and significant
geographic variability is recognized [53]. Available US
guidelines recommend targeted 7. cruzi screening of poten-
tial donors born in Mexico, Central America, and South
America. Given the high rate of false-positive results, donors
with initially reactive results should have confirmation with
a second test. These guidelines suggest that programs can
consider transplantation of kidneys and livers from 7. cruzi-
infected donors with informed consent from recipients but
do not recommend the use of heart transplantation from
infected donors [53]. Recipients of 7. cruzi-infected donors
should be monitored posttransplant with PCR-based screen-
ing with institution of antitrypanosomal treatment if recipi-
ent infection is detected [53].

8.4.5.2 Coccidioidomycosis

While there is a low but true risk of disease transmission
with all endemic fungal infections, the risk appears highest
for coccidioidomycosis. This is likely because of the risk of
donor transmission as well as recipient reactivation of dis-
ease. Coccidioidomycosis is endemic to the Sonoran desert
in the Southwest of the United States and Northwest of
Mexico in addition to Central and South America. Donors
and recipients from endemic regions should be screened for
seropositivity by enzyme immunoassay (EIA), complement
fixation (CF), or immunodiffusion (ID). If the donor or
recipient is seropositive, prophylaxis with fluconazole, typi-
cally 400 mg initially (3—12 months) followed by 200 mg
daily, is recommended [69].

8.4.5.3 Strongyloides

There have been an increasing number of donor-derived
strongyloides transmissions in the United States, likely sec-
ondary to a large pool of potential donors with latent infec-
tion and increasing use of steroids for donor maintenance
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[27]. Strongyloides is endemic in tropical or subtropical
regions of the world, where seropositivity may exceed 80%
in some locations. Historically, high rates of strongyloides
(~3.8%) have been documented in Appalachia and the south-
eastern United States. Current guidelines recommend rou-
tine screening of donors from endemic regions for
strongyloides IgG. Living donors should be treated with
ivermectin 200 pg/kg daily on two separate days prior to
donation, whereas recipients of deceased donors with posi-
tive strongyloides antibodies should receive ivermectin post-
transplant [54, 70].

8.4.5.4 West Nile Virus

All US blood donors are screened for WNV. The presence of
antibodies to WNV does not predict risk of infection, as they
are present in those with prior WNYV infection or related fla-
viviruses. As such, detection of virus in the blood by molecu-
lar testing predicts increased risk of transmission, although
there have transmissions with negative NAT [7, 11, 71]. A
2008 survey revealed that 11/58 OPOs were currently testing
donors for WNV by PCR, typically performing testing in
seasons when virus would be predicted in the donor service
area [72]. Universal testing may be associated with loss of
organs and net loss of life in transplant candidates [73]. A
more effective screen is to avoid the use of donors with
unexplained encephalitis or unexplained mental status
change, but unfortunately donors may be completely asymp-
tomatic and carry the infection [7, 11, 68]. Since transmis-
sion of other neuropathogens and malignancies has been
associated with patients with unexplained encephalitis,
avoidance of these donors is prudent in general [13, 15, 16,
31, 74, 75]. If donor testing is utilized, it should be restricted
to NAT of the donor blood during periods of time when there
are WNV cases in the region from which the donor resided
[54]. Use of donor WNV serology or testing of urine for
WNV is not recommended at this time.

8.4.6 Recipient Screening

Just as donor screening is critical to minimize the risk of
posttransplant infectious complications, recipient screening
may contribute to prevention of donor-derived disease trans-
mission (Table 8-6). This is particularly important for CMV
and, in the case of potential heart recipients, toxoplasmosis,
where the risk of disease and prophylactic plans are fre-
quently determined by donor and recipient serostatus. In
addition, all potential recipients should be screened for
tuberculosis using medical history (to assess for potential
exposure, prior testing, and prior treatment), radiologic
examination (baseline chest radiograph), and testing for
latent tuberculosis using either the PPD, with a 5 mm cutoff
for positivity, or a TB-specific interferon-y release assay
(such as QuantiFERON-TB Gold, Cellestis Inc., Victoria,
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Australia) [51, 76, 77]. All potential recipients should also be
screened either clinically or serologically for a history of
exposure to varicella-zoster virus to allow pre-transplant
vaccination of unexposed candidates [51, 78].

Recipients may have been exposed to pathogens with
regional endemicity. Careful travel and residence history
should be obtained from all potential recipients to determine
if specialized testing is indicated. Chagas disease can reacti-
vate in asymptomatic, latently affected recipients [67]. Since
Chagas is endemic throughout much of Mexico and Central
and South America, consideration of screening potential can-
didates from affected countries should be considered. Since
the approved serologic tests lack specificity, confirmatory
testing is recommended; patients with confirmed positive
serologic screening should be evaluated by an expert in
Chagas disease before proceeding for transplantation [53,
67]. Strongyloides is a parasitic infection that is endemic to
tropical and subtropical regions of the world. Infection may
remain latent after initial infection with risk of potentially
lethal hyperinfection in immunosuppressed patients, particu-
larly those who receive steroids [79]. Reactivation with asso-
ciated mortality has been well described in the setting of
solid organ transplantation [79, 80]. As a result, serology for
strongyloides and/or testing of stool for ova and parasites
should be considered in all at-risk transplant candidates [80].
Lastly, some centers test patients who have lived in areas
with high endemicity for Coccidioides immitis for serologic
exposure to the fungus [81]. There is no role in testing recipi-
ents by serology for histoplasmosis or blastomycosis [82].

Certain transplant candidates may have underlying organ
diseases that predispose to pathogens that warrant special
screening—this is especially true among lung transplant can-
didates. Patients with a history of cystic fibrosis may be colo-
nized with pathogens that are highly resistant to usual
antibiotics; as such, regular screening cultures from BAL
and nasal washes may allow the tailoring of specific periop-
erative antibiotic regimens to minimize the risk of posttrans-
plant infections with these resistant pathogens [83, 84].

8.5
8.5.1

Recipient serology should be a strong driver of pre-transplant
vaccination. Detailed recommendations about transplant
candidate and recipient vaccination are made elsewhere (see
Chap. 48). Patients who do not have evidence of hepatitis B
immunity should receive three doses of HBV vaccine unless
contraindicated. Although the traditional regimen of vacci-
nation at months 0, 1, and 6 is used by most centers, there is
evidence that an accelerated regimen using double doses of
vaccine (atdays 0, 7, and 21 or weeks 0, 2, 4, and 6 or months
0, 1, and 2) may provide similar efficacy in a shorter period
of time [85-87]. Serologic evidence of protection, as

Management
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demonstrated by HBs antibody seropositivity, would poten-
tially allow the use of a core-positive alone or HB V-infected
organ in a protected recipient. Likewise, patients without
prior exposure to varicella-zoster virus are at increased risk
of severe infection if exposed posttransplant. Nonimmune
transplant candidates should be vaccinated against varicella
unless they have a contraindication to vaccination. Lastly,
although there are not a lot of data regarding measles and
mumps posttransplant, given recent outbreaks of these dis-
eases in the United States and abroad, measles and mumps
immunity should be ensured prior to transplantation, espe-
cially in candidates born after the vaccine era (after 1963).

8.5.2 Recipients of Organs from Increased
Risk Donors

As of 2015, 19.5% of all organ donors in the United States
are at increased risk of having undetected HIV, HBYV, and/or
HCV (increased risk donors) [88]. The 2013 PHS guidelines
suggest that “even though attempts should be made to ensure
the highest level of safety, organ donor and recipient selec-
tion practices and policies should not be restrictive, consid-
ering the clinical need... informed decision-making is an
important part of this process for transplant clinicians and
their patients” [20]. Data suggest that there may be net ben-
efit to using increased risk donor organs, especially in
patients on hemodialysis who have a risk for acquiring these
infections already, particularly when further screened using
NAT [89]. Per current OPTN policy, “if additional donor dis-
ease or malignancy transmission risk is identified pre-trans-
plant, the transplant program must ... explain the risks and
obtain informed consent from the potential transplant recipi-
ent ... before transplant, document this consent in the poten-
tial recipient’s medical record and follow any recipient of the
deceased or living donor organs for the development of
potential donor-derived disease after transplantation” [43].
Policy also states that “if a donor is found to have an
increased risk for transmitting blood borne pathogens, the
transplant program must offer recipients of the donor
organs...., additional post-transplant testing for HIV, hepati-
tis C, and hepatitis B as appropriate ... [and] every transplant
hospital must develop and implement a written protocol for
post-transplant testing ... [as well as] treatment of or prophy-
laxis for the transmissible disease, when available” [43].
Policy also requires that the host OPO maintain “blood spec-
imens appropriate for serologic and ... NAT, as available, for
each deceased donor for at least 10 years after the date of
organ transplant, and ensuring these samples are available
for retrospective testing” [66]. The 2013 PHS guidelines out-
line how recipients of increased risk donor organs should be
followed and recommend that baseline serology be drawn
immediately pre-transplant and the following tests at 1-3
months posttransplant: HIV NAT (or combined antibody—
antigen assay), HBV NAT and HBsAg, and HCV NAT [20].

Additionally, the following tests are recommended at 12
months posttransplant: HBsAb, HBcAb, and either HBV
NAT or HBsAg [20].

Transmission without seroconversion, especially in the
case of HCV, has occurred in the majority of the donor-
derived transmissions to date, and therefore, posttransplant
testing of recipients of increased risk donor organs must use
both serologic and molecular methods [17, 20, 23]. Any
documented disease transmission must be reported to the
local OPO and to UNOS and should warrant further evalua-
tion as well as referral for management of the transmitted
infection [43].

8.5.3 Recognition and Management
of Potential Donor-Derived Infection
Transmissions

There are currently a number of limitations to the recogni-
tion of potential donor-derived transmission events. Often, a
single donor provides organs to recipients at multiple differ-
ent centers or recipients that are cared for by different man-
agement teams at the same center. As a result, multiple
recipients may present with similar clinical illnesses, but the
clustering of this illness goes unrecognized [16]. Likewise,
pathogens that are commonly recognized as causing nosoco-
mial infections may not be recognized as a potential donor-
derived infection [41, 42]. Finally, onset of disease may be of
variable severity in individuals and may present with vari-
able onset posttransplant, further challenging the recognition
of donor-derived transmission [11, 15, 90]. To overcome
these challenges, it is critical that all transplant centers:

1. Maintain a high level of suspicion for donor-derived
infection in all early infections or unexplained clinical ill-
nesses. Any early infection or unexplained clinical illness
should lead to an inquiry as to the clinical status of other
recipients. This is most easily done through contact with
the local OPO. This is especially true for patients with
unexplained neurological or severe illness within the first
30-60 days posttransplant.

2. Develop a plan for reporting concern for a potential
donor-derived infection transmission. This plan should
include a local contact at the transplant center and at the
OPO when there is concern for a potential donor-derived
infection transmission. Likewise, it is important to con-
sider the transplant center’s risk management policies to
determine if others within your institution need to be
alerted. This plan should also include whom the OPO
should contact at your center if there are questions about
the status of recipients based on queries generated from
other centers. Some have found appointing a specific sur-
geon and transplant infectious disease consultant as the
early points of contact facilitate the clear transmission of
data.
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3. Provide timely feedback about your patients when infor-
mation is requested by the OPO.

4. Seek outside expertise, through your local health depart-
ment, UNOS’s Disease Transmission Advisory
Committee, and the Center for Disease Control’s Office
of Blood, Organ, and other Tissue Safety. These groups
can advise on optimal testing, help collect appropriate
specimens, and may provide insight into similar cases
that allow the local center to make more informed treat-
ment decisions.

8.5.4 Management of Recipients of Organs
from Infected Donors

As previously discussed, all organ donors are currently
screened with serology for HIV 1/2, CMV, EBV, HBYV, and
HCV and also with HCV NAT as currently required by
OPTN policy [66]. Although the recent passing of the HIV
Organ Policy Equity Act allows for research to be performed
in using organs from donors that are HIV-1/2 infected, the
use of these organs for transplant is not yet allowed outside
of a research protocol in the United States [66, 91].

Donors seropositive for CMV and EBV are universally
used, although donor and recipient serologic status may
determine monitoring and prophylaxis plans. The risk of
developing CMV viremia and diseases is greatest in sero-
negative recipients of seropositive organs as described later
in this text [92, 93]. Universal prophylaxis and preemptive
therapy can reduce the risk of viremia and disease in at-risk
patients [92, 93]. Development of posttransplant lymphopro-
liferative disorder (PTLD) has been described, particularly
in young EBV seronegative recipients of EBV seropositive
donors [94-96]. Careful monitoring and intervention, as
described later in this text, may reduce the risk of PTLD in
this setting [94-96].

Current mandated donor screening for hepatitis B includes
detection of HBV surface antigen (HBsAg) and core anti-
body (HBcAb). HBsAg is a marker of active viremia while
HBcAD is a marker of exposure to hepatitis B virus. Since
HBYV vaccine only contains hepatitis B surface antigen, vac-
cinated donors should only have HBV surface antibody
(HBsAb), but not HBcAb. If HBsAg is measured early after
vaccination, it can be detected in the blood [97, 98]. The risk
of transmission of HBV to a nonimmune recipient is high in
HBsAg-positive donors [99]; use of these organs is discussed
further in the chapter on Hepatitis B. Although HBsAg-
positive donors may have been deferred in the past, advances
in the use of hepatitis B immune globulin and anti-HBV anti-
virals now allow the selective use of these organs [99].
Donors that have isolated HBcAb positivity may represent
latently infected individuals or a false-positive result. The
risk of transmission of HBV in liver transplant recipients is
higher than in non-liver recipients [100]. The risk of trans-
mission of HBV from a donor with and isolated HBcAb is
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estimated to be less than 5% for non-liver recipients [55,
101, 102]. Additional testing of these donors with HBcore
IgM and HBV DNA NAT would further stratify the risk of
transmission, with the highest risk in the IgM+ and NAT+
donor [55]. Some centers use these organs, particularly in
patients who have been vaccinated against hepatitis B [55].
When used in nonimmune patients, posttransplant vaccina-
tion is often combined with the use of either anti-HBV anti-
viral prophylaxis or hepatitis B immune globulin infusions
[55]. All recipients, especially liver recipients, of HBsAg+ or
HBcAb+ donors should be monitored closely for the pres-
ence of active viral replication with expansion of therapy
based on these results [55, 103, 104].

Detection of HCV antibodies suggests prior infection with
hepatitis C, but about 15-20% of those infected with HCV
will clear the virus, and the HCV serology test has a rela-
tively high known false-positive rate [105, 106]. Therefore,
the use of HCV NAT in donor screening allows for differen-
tiation between prior HCV infection and active infection
with viremia. Use of HCV-positive donors for HCV-negative
recipients is currently considered only in life-threatening
situations; however, HCV-positive donor organs should be
considered in HCV-infected recipients [106—109]. Small,
likely clinically insignificant, decreases have been found in
transplant graft and patient survival when HCV+ organs are
used for HCV-infected recipients, but these are offset by the
concomitant decrease in transplant waiting list time [108].
Mortality appears to be higher among heart recipients, so the
use of HCV seropositive donors is less frequently considered
[110-112]. One concern relates to infecting a recipient with
an additional HCV genotype that may be less responsive to
antiviral therapy, since genotype results are typically not
known at the time of transplant. With the advent of new and
evolving data regarding direct-acting antivirals and inter-
feron-free HCV regimens, the options to treat HCV before
and after transplant are continuously changing.

It should be noted that the only required bacterial screen-
ing in organ donors is blood and urine cultures of donors and
screening for syphilis. OPOs are required to determine if
additional culture-based testing has been conducted on the
donors prior to procurement. Unfortunately, there are current
challenges to this—once the donor is declared deceased,
they are often “discharged” from the hospital and then read-
mitted under a new account under the care of the OPO until
procurement. When cultures come up positive, the labora-
tory may not realize that the deceased patient has become a
donor and that they have to inform the OPOs of the donor
result. Some hospitals may stop working up cultures on
“deceased” patients so that no further results are obtained.
Lastly, follow-up cultures of bacteremic donors may not be
available at the time of procurement.

In general, donors with positive blood cultures may be
used if they have received an appropriate antimicrobial and
have had a clinical response to therapy; often a complete
course of therapy is given to the recipient posttransplant.
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Transmission of particularly virulent organisms, such as
Staphylococcus aureus and Pseudomonas aeruginosa, has
been described [37, 40, 113]. Donor bacteremia or candi-
demia mandates treatment of all recipients with a minimum
of 14 days of appropriate, active systemic therapy, and
experts recommend 4 weeks of recipient therapy when
receiving organs from donors bacteremic with Staphylococcus
aureus [114]. Non-bacteremic localized infections from
other sites only require treatment if transmission in the trans-
mitted organ is plausible (i.e., positive urinary cultures
require therapy in kidney recipients; sputum cultures require
therapy for lung recipients but not other recipients unless
bacteremic; etc.).

In patients with proven bacterial meningitis, even with
bacteremia, organs can be safely used as long as the patient
has received at least 24 h of appropriate antibiotics and
antibiotics are continued in the recipient [115—-118]. Donor
bacterial colonization of lung donors is common. Donor
lung sample, including donor bronchoscopy at the time of
lung transplantation, may allow for directed antimicrobial
therapy.

All donors are tested for latent infection with syphilis per
OPTN policy. A recent survey of OPOs revealed that 87%
used RPR for testing and 81% of OPOs confirmed positive
initial tests with a confirmatory test; a high rate (41%) of
positive RPR results was negative on confirmatory testing
[119]. Transmission of syphilis by organ transplantation has
been rare and is not a contraindication to organ donation
[120-122]. Recipients are typically treated as latent syphilis
of unknown duration with 3 weekly 2.4 million unit doses of
benzathine penicillin G [51, 122].

Lastly, sometimes perfusate or transport media may
become contaminated with bacteria or fungi. As with other
infections, this is a risk factor for systemic infection and for-
mation of mycotic aneurysms at the site of vascular anasta-
moses. A full 14-day course of active antibiotic is
recommended for recipients to minimize the risk of trans-
mission [123-125].

In general, screening for Mycobacteria tuberculosis is not
done in deceased donors, but should be performed in all liv-
ing donors [51, 54, 126, 127]. Active tuberculosis in any
donor is a contraindication to donation; if a deceased donor
is thought to possibly have tuberculosis, their organs should
not be used unless active TB infection can be definitively
ruled out [126, 128-131]. Donor-transmitted TB accounts
for 4% of all posttransplant cases of tuberculosis [132].
Testing for TB can be done by the PPD placed using the
Mantoux method or via a TB-specific interferon-y release
assay (such as QuantiFERON-TB Gold, Cellestis Inc.,
Victoria, Australia) [133]. Positive testing by either method
should result in careful assessment for active disease, includ-
ing chest imaging and, if appropriate, sputum and/or urinary
AFB cultures. Some centers will provide latent TB treatment
to the recipient of organs from these donors; this decision
can be individualized as transmission if not universal [77,
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129, 132]. If the recipient does not receive treatment for
latent TB, a note about the donor’s testing should be promi-
nent in the recipient chart to trigger aggressive evaluation
with the appropriate clinical presentations (i.e., sterile pyuria,
pneumonia).

Toxoplasmosis is a parasite that remains dormant predom-
inantly in muscle tissue. As such, the risk of transmission is
greatest in heart donation [68]. Routine screening of all
donors for toxoplasmosis is not done at many OPOs, but
policy requires that serum is procured at the time of explant-
ing the heart to perform toxoplasmosis serology at the recipi-
entcenter [66, 134]. Positive serology is not a contraindication
for transplantation. In the setting of heart transplantation,
donor and recipient toxoplasma serostatus may affect pro-
phylactic and monitoring strategies [134, 135]; generally,
prophylaxis is not modified in non-heart recipients of toxo-
plasmosis seropositive donors [135].

8.6 Conclusion

Donor-derived infections are increasingly recognized as
causes of morbidity and mortality that typically present in
the early posttransplant period. Careful screening of donors
through history, physical examination, and serologic and
molecular testing may minimize the risk of infection trans-
mission. It is impossible to screen for all potential pathogens,
and our current screening practices have clear limitations. As
a result, the possibility of donor origin should be considered
for all early infections and patients with atypical clinical
courses. Reporting of proven or suspected donor-derived
infections is currently mandated as part of OPTN policy.
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