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PTLD Book Second Edition Preface

When we wrote the first edition of this book on post-transplant lymphoproliferative
disorders more than a decade ago, we recognized that the topic was of interest to a
limited audience. As such, we did not know whether the inaugural edition would
ever have a successor. To our pleasant surprise, the chapter downloads averaged
about a 1000/year over the next 9 years, a heartening result. Combined with the
significant influx of new knowledge in the field over the intervening time, we were
very happy that Springer agreed to publish a second edition.

For this second edition, the three original editors welcome Dr. Ralf Trappe as an
editor. Dr. Trappe was the lead investigator on some of the most important PTLD
trials conducted in the last 10 years, including the PTLD-1 trial and its offshoots. In
this second edition, we have added a completely new part on PTLDs after hemato-
poietic stem cell transplantation. Many new authors covering a wider range of coun-
tries across the world have contributed their expertise.

PTLD transcends multiple disciplines and demands a team approach to improve
knowledge and treatment. The highly experienced internationally recognized
authors have updated every part, plus added many new chapters, including on
genetic abnormalities in virus and host seen in PTLDs. The newest PTLD classifica-
tions and current treatment paradigms that reflect recently conducted international
trials are fully incorporated. As technologies have advanced, we provide the state-
of-the-art new diagnostic and prognostic information.

Post-Transplant Lymphoproliferative Disorders is designed to be a comprehen-
sive reference guide that will be of great value to oncologists and all transplant
professionals (surgeons, nephrologists, cardiologists, hepatologists/gastroenterolo-
gists, pulmonologists, infectious disease specialists, pathologists) as well as interns
and residents in training in these specialties. This book will provide these profes-
sionals with comprehensive and up-to-date information that will guide their man-
agement of transplant patients before and after transplant, with and without PTLD.

St. Louis, MO, USA Vikas R. Dharnidharka
Pittsburgh, PA, USA Michael Green
Nashville, TN, USA Steven A. Webber

Bremen, Germany Ralf Ulrich Trappe
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Introduction and History

Vikas R. Dharnidharka, Michael Green, Steven A. Webber,
and Ralf Ulrich Trappe

Introduction

Posttransplant lymphoproliferative disorders (PTLDs) remain a major and feared
complication of solid organ and hematopoietic stem cell transplantation. PTLDs are
at once both the “bad” and the “fascinating” in organ and stem cell transplantation:
“bad” since they represent an unwanted complication of transplantation, with sig-
nificant morbidities and mortality, and “fascinating” since this heterogenous group
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of diseases, in many cases, results from lost immune control of a long-lived virus
that has infected the body’s cells, leading to uncontrolled proliferation of the
infected cell. However, an increasing number of cases do not harbor this virus, lead-
ing to many new questions about alternative pathogenic mechanisms behind the
development of cancer in populations that are immune suppressed. Thus, PTLD
straddles not only the disciplines of organ and stem cell transplantation but also the
related areas of immunology, infectious diseases, and oncology. The related areas of
immune response, infection, and malignancy are basic processes involved in a large
percentage of all diseases in the general population. The study of PTLD, therefore,
has led to advances that have ramifications beyond just transplantation, enhancing
our understanding of how the body’s immune system deals with any long-lived
microbe, especially when placed in non-physiological situations such as allogeneic
organ and stem cell transplantation.

When the organ transplant field began in the 1950s and 1960s, the focus was on
how to prevent acute rejection of the allograft by the recipient’s immune system.
The concepts that (1) a virus could be long-lived in a latent form in an organ being
transplanted and (2) this virus would have far-reaching consequences because of
use of therapeutic immune suppression were well beyond people’s imagination at
the time. Occasional cases of PTLDs were seen in the late 1960s and early 1970s,
beginning with the first reports by Dr. Thomas Starzl in 1968 in a written discussion
of Murray’s transplant results [1], referring to the malignancies as “reticulum cell
sarcomas.” The B-cell lymphoid origin and the link to the Epstein-Barr virus became
apparent later.

As more cases were reported, this disease presented many more complexities
than originally thought. Back then, PTLDs were considered as a rare nuisance, a
necessary but very infrequent evil of the good all of us were trying to do [2]. Many
investigators seized on the opportunity provided by this experiment of nature (and
man). “Lightening” of immunosuppression, as shown by Starzl in his seminal
Lancet series [3], seemed enough in some cases to cause tumor regression and elim-
inate the hopelessness of the word lymphoma. What our transplant community did
not anticipate then was that as newer and more potent immunosuppressive agents
were developed and introduced, the PTLD frequency would increase, responses
would be suboptimal, and more strategies would be needed. PTLD thus developed
into a major complication of transplantation, such that its study has become a disci-
pline unto itself. The amount of knowledge and information accumulated over these
last five decades did not fit within the confines of medical journal review articles,
hence the need that we felt for this book.

Historical Perspective

The linkage of PTLD to EBV was initially made serendipitously but then confirmed
through several types of investigations. Less than a decade after the introduction of
immunosuppression, an increased risk of cancer in renal allograft recipients and five
cases of malignant lymphoma were reported [4, 5]. In the 1970s it was reported that
the incidence of malignant lymphomas arising in patients with genetically
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determined immunodeficiency diseases (e.g., congenital immunodeficiency, ataxia
telangiectasia, X-linked lymphoproliferative (XLP) syndrome) and in immunosup-
pressed renal allograft recipients was increased [6—10]. There were many hypothe-
ses about the causes including impaired immune surveillance, chronic antigenic
stimulation, reactivation of latent oncogenic herpesviruses, and direct oncogenic
effects of immunosuppressive drugs, but none were proven [11]. By 1980, malig-
nant lymphomas had been described in kidney, liver, heart, bone marrow, and thy-
mic epithelial transplant recipients, as reviewed by Hanto et al. in 1985 [12].

The Epstein-Barr Virus

In 1964 the Epstein-Barr virus (EBV) was identified by electron microscopy in
cultured cells from African Burkitt’s lymphoma (BL) biopsies [13]. Over the next
two decades, EBV was shown to transform B lymphocytes inducing a polyclonal
proliferation in vitro [14] and in vivo [15] and to cause infectious mononucleosis
(IM) in humans [16] and a fatal lymphoproliferative disorder in cotton-top marmo-
sets [17] and was linked to BL [18], nasopharyngeal carcinoma (NPC), and the
lymphoproliferative disorders (LPD) occurring in patients with XLP [8, 9].

The Serendipitous Intersection
of Immunosuppression and EBV

In May 1976, a patient at the University of Minnesota underwent a living donor
kidney transplant 1 month after his college roommate developed IM. The recipient
died 4 weeks later of a rapidly progressive and invasive polyclonal LPD associated
with an elevated heterophil antibody titer, a rise in the anti-VCA (viral capsid anti-
gen) IgM and IgG titers, and a polyclonal increase in serum immunoglobulins. This
was thought to represent a case of severe fatal IM transmitted from the roommate,
but also had features suggestive of an aggressive lymphocytic malignancy and was
reported at a pathology meeting because of the unusual morphologic features and
polyclonality [19]. Subsequent cases in other renal transplant recipients were soon
observed. The clinical and pathologic presentation and subsequent clinical course in
these patients were varied, providing early evidence of the range of histology, pro-
gression, and outcome of these lesions. The unusual clinical presentations, patho-
logic findings, and hint of a role for EBV led to a great interest in studying these and
additional patients over the next 2 years [20-24].

Initial Studies of “Posttransplant Lymphoma”

The initial analyses of the patient with possible IM and two new patients with oro-
pharyngeal lesions raised many questions. The former patient had an invasive and
fatal lymphoproliferative disorder that behaved, and had many characteristics of, an
aggressive lymphoma, but was polyclonal, not monoclonal. Was it an EBV infection
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(i.e., fatal IM) accelerated by immunosuppression (a form of iatrogenic XLP) or an
unusual manifestation of an aggressive lymphoma? Two subsequent patients had on
initial biopsy an invasive polymorphic B-cell hyperplasia that in one patient evolved
into a polymorphic B-cell lymphoma with characteristics of a monoclonal malig-
nancy (see below). Again the question was whether these were infectious in origin
or an unusual presentation of a malignant lymphoma?

Cell marker studies done by immunofluorescence for surface (sIg) and cytoplas-
mic immunoglobulin (cIg) and immunoperoxidase staining for kappa (k) and
lambda (A) light chains demonstrated on the initial biopsies of these two patients
that they were both polyclonal proliferations. Clonal cytogenetic abnormalities in
one patient, however, suggested the development of a malignant cell clone not yet
identifiable morphologically or by cell marker studies. Tissue from both patients
demonstrated EBV-specific sequences. With a reduction of immunosuppression,
lesions in both of these patients resolved. However, the second patient developed
generalized lymph node disease which on biopsy had changed morphologically and
now manifests features more characteristic of a malignant lymphoma and, as in the
first patient, now contained a subpopulation of cells with cytogenetic abnormalities.
This patient subsequently developed widespread disease and died.

Where Are We Now?

Since the publication of the first edition of this book in 2009, much new knowledge
has been gained. The editors were pleasantly surprised to note that the first edition
had accumulated more than 11,000 chapter downloads, consistently spread out over
a 10-year period. We therefore saw potential for an updated version of the book, to
incorporate all the new knowledge available. This second edition has many new
features. We have created a separate new section on PTLD after hematopoietic stem
cell transplantation (HSCT) and welcome a fourth editor Dr. Trappe to spearhead
this section. Many chapters are written by specialists from across the world with
complimentary expertise in either organ transplantation or oncology or adult and
pediatric medicine.

Drs. Swerdlow and Webber present the definitions and pathological classifica-
tion currently in use, which incorporates genetic and molecular information that is
continually being updated under the auspices of the World Health Organization. Dr.
Martinez discusses the current state of knowledge with respect to EBV biology and
the pathogenesis of PTLD, an ever-changing field. Drs. Gandhi and Lees review the
newer knowledge on genetic mutations and gene expression analyses in PTLDs. Dr.
Metes presents the knowledge about immune responses to EBV in immunocompro-
mised hosts. Drs. Preiksaitis and Burton provide an exhaustive overview of Epstein-
Barr virus PCR technology and the caveats involved in the assay and its
interpretation.

In the solid organ transplant section, Dr. Dharnidharka details the epidemiologi-
cal aspects, including the changing incidence over time and the relationship to
immunosuppression. Drs. Allen and Dierickx present the myriad clinical features
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possible, which forces transplant clinicians to keep PTLD in the differential diag-
noses in so many situations. Drs. Trappe and Webber discuss the therapeutic
options currently available and the evidence on which their usage is based. Drs.
Green and Choquet then summarize the very important topic of EBV disease and
PTLD prevention. Drs. Tsai and Hughes explore the prognostic factors
reported so far.

In the new section on HSCT, Drs. Dharnidharka and Gross review the risk and
prognostic factors for PTLD after HSCT. Drs. Dierickx and Maecker-Kolhoff
present a short chapter on clinical presentations of PTLD after HSCT. Drs. Comoli
and Styczynski then discuss the management options for PTLD after HSCT,
which are somewhat different than after SOT. The last chapter in this section cov-
ers the preemptive and prevention approaches, where EBV-specific cytotoxic T
cells have made a major impact, particularly in the setting of PTLD after stem cell
transplant.

Several organ subspecialists then summarize the epidemiology, presentation, and
treatment of PTLD in recipients of heart (Dr. Anne Dipchand), lung (Dr. Drs.
Glanville and Visner), liver (Drs. Smets and Esquivel), intestine (Drs. Mazariegos
and Khanna), and kidney (Drs. Caillard and Hocker). Finally, we end by summariz-
ing much that is still unknown and the directions required for future research to
solve this perplexing and many-faceted disease.

This book should be of value to transplant professionals in all disciplines includ-
ing transplant surgery, oncology, hematopoietic stem cell transplant, nephrology,
immunology, infectious disease, hepatology, cardiology, pulmonology, and pathol-
ogy. We wish to thank all the authors that have contributed their expert knowledge
and hard work to this text and also wish to offer our thanks to Springer for recogniz-
ing the need for a second edition.

Acknowledgments Sections of the history of PTLD were taken from a different chapter written
by Douglas Hanto in the first edition of the book.
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Definitions and Pathology of PTLD 2

Steven H. Swerdlow and Steven A. Webber

Introduction
Definition

Post-transplant lymphoproliferative disorders (PTLDs) are defined by the World
Health Organization as “lymphoid or plasmacytic proliferations that develop as a
consequence of immunosuppression in a recipient of a solid organ or stem cell
allograft” [1]. An association with Epstein-Barr virus (EBV) is frequent but not
required. It is important to exclude other causes of lymphoid/plasmacytic prolifera-
tions that can occur in immunocompromised hosts, such as chronic inflammatory
responses to infection or rejection in the allograft.

General Pathologic Features and Classification

The post-transplant lymphoproliferative disorders (PTLD) demonstrate a spectrum
of pathologic appearances that vary in terms of their degree of resemblance to other
reactive and neoplastic lymphoid and plasmacytic proliferations, in terms of their
cytologic composition and cell(s) of origin, and in terms of whether or not they are
associated with EBV. Specifically, it should be noted that EBV positivity is not
required for the diagnosis of a PTLD, that about 20-40% of cases are EBV negative
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which is higher than seen in the past, and that the EBV negative cases include more
monomorphic PTLD and more PTLD of T-cell origin [2—4]. Rare cases have been
associated with HHV-8 [5]. Most, but not all, PTLDs in solid organ transplant
patients are of host origin, whereas they are of donor origin in bone marrow/stem
cell transplant patients. It is important to exclude other specific (or non-specific)
lymphoid or plasmacytic proliferations prior to diagnosing PTLD, since transplant
patients are also at risk for other infectious or inflammatory processes. In addition,
infiltrates associated with rejection in the allograft should not be confused
with PTLD.

In order to deal with this wide spectrum of PTLD, a consensus classification has
evolved from those originally suggested by Frizzera et al., Nalesnik et al., Knowles
et al., a Society for Hematopathology slide workshop, and others [6—13]. The cur-
rent classification of the PTLD is part of the 2016 WHO classification of hemato-
poietic and lymphoid tumors (Table 2.1) [1, 14].

In brief, the non-destructive PTLDs show findings that could be seen in reactive
proliferations in immunocompetent hosts: the polymorphic PTLDs are the most
unique-appearing and demonstrate heterogeneous populations of lymphocytes and
plasma cells with architectural destruction of the underlying tissues and are not eas-
ily categorized as one of the standard lymphomas that occur in immunocompetent
hosts; the monomorphic PTLDs generally resemble one of the transformed B-cell

Table 2.1 WHO classifica- Non-destructive PTLDs
tion of PTLD [1, 14]

Plasmacytic hyperplasia
Infectious mononucleosis

Florid follicular hyperplasia
Polymorphic PTLD*
Monomorphic PTLDs®

B-cell neoplasms

Diffuse large B-cell lymphoma, NOS

Burkitt lymphoma

Plasma cell myeloma

Plasmacytoma

Other*

T-cell neoplasms

Peripheral T-cell lymphoma, NOS

Hepatosplenic T-cell lymphoma

Other

Classic Hodgkin lymphoma PTLD

*EB V-positive mucocutaneous ulcer which might
resemble a polymorphic PTLD should be sepa-
rately designated
"Classify according to lymphoma they resemble
‘Indolent small B-cell lymphomas arising in
transplant recipients are not included among the
PTLDs, with the exception of EBV-positive
extranodal marginal zone lymphoma of mucosa-
associated lymphoid tissue (MALT lymphoma)
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lymphomas, a plasma cell neoplasm, or T/NK-cell lymphoma; and classic Hodgkin
lymphoma PTLDs fulfill the same criteria as those for classic Hodgkin lymphoma
in immunocompetent hosts. EBV-positive mucocutaneous ulcer is another polymor-
phic proliferation that can be seen in the post-transplant setting and should be sepa-
rately designated [15, 16]. It was introduced as a new provisional entity into the
2016 WHO classification [14, 17]. With the exception of EBV+ extranodal marginal
zone lymphomas of mucosa-associated lymphoid tissue (MALT lymphoma), the
small B-cell lymphomas are not considered PTLD even if occurring in transplant
patients. This is both for historical reasons and because the standardized incidence
ratios are either not increased or only moderately elevated in solid organ transplant
recipients [1, 18-20].

While one should try to categorize the PTLD as precisely as possible, and note if
they are EBV positive or negative, there is a spectrum of changes ranging from the
non-destructive lesions to polymorphic to B-cell monomorphic lesions making pre-
cise classification sometimes impossible and reproducibility questionable.
Furthermore, individual patients may have different types of PTLD, sometimes
clonally unrelated or even with a different cell of origin, either simultaneously at the
same or different sites or subsequently. In some cases, recurrences may show evi-
dence of progression from a less destructive or more polymorphic PTLD to one that
is more lymphoma-like, including B-cell or T-cell monomorphic PTLD or even
Hodgkin lymphoma [4, 21].

Differential Diagnosis

Before diagnosing a PTLD, it is important to exclude the possibility of some other
type of lymphoid or plasmacytic proliferation that simply happens to be occurring
in a patient post-transplantation or, if the biopsy is from the allograft, exclude the
possibility of rejection. Features that would favor the diagnosis of a PTLD over
rejection (and over many, but not all, other types of inflammatory infiltrates) include
the presence of expansile nodules or a mass lesion, numerous transformed cells,
lymphoid atypia, a very B-cell-rich infiltrate, extensive serpiginous necrosis in the
infiltrate, a high proportion of plasma cells and finding numerous EBV+ cells. Not
all of these features, however, will be present in a PTLD, and one must also be
aware of cases with both rejection and a PTLD. Diagnosis, thus, of the PTLD
requires a multiparameter approach that also must take into account the clinical set-
ting. Non-destructive lesions without a high proportion of transformed cells at
extranodal sites other than the tonsils or spleen, even if EBV+, are generally not
diagnosed as a PTLD, but rather as an inflammatory process, such as EBV hepatitis
or EBV enteritis. Nevertheless, these extranodal infiltrates may precede PTLD, be
associated with PTLD at other sites, and get treated like a PTLD with reduction in
immunosuppression, frequently with resolution [22-24].

It should be noted that finding a small proportion of EBV-positive cells in a lym-
phoid proliferation is not pathognomonic of a PTLD. Likewise, although the subject
is too extensive to review here, there are transplant patients with chronically
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elevated peripheral blood EBV loads who never develop a PTLD, although in some
settings it may put them at higher risk for one [25, 26]. Following peripheral blood
EBYV loads has been useful in trying to recognize the earliest signs of a PTLD so
they can be treated more successfully; however, the findings are not absolute, and
the best way to monitor EBV loads remains to be determined [25, 27, 28]. This topic
is covered in more detail in Chaps. 6, 11, and 17.

Multiparameter Approach to the Diagnosis of PTLD

The diagnosis and classification of PTLD require handling nodal or extranodal
biopsies of potential cases using a standard protocol that provides for histologic
sections and fresh material for flow cytometric immunophenotypic studies (if pos-
sible) (Table 2.2). In some instances, sending fresh tissue for classical cytogenetic
studies may also be of interest, and if possible, snap freezing a small portion of tis-
sue may be worthwhile for certain molecular studies [29, 30].

Adequate evaluation requires morphologic review, at least limited immunophe-
notypic studies, and an Epstein-Barr virus-encoded RNA (EBER) in situ hybridiza-
tion stain to assess EBV status (immunostain for EBV-LMPI1 is satisfactory if
positive). Depending on these results and those of classical cytogenetic studies (if
performed), genotypic studies (usually looking for a demonstrably clonal B-cell or
T-cell population), and/or cytogenetic fluorescence in situ hybridization (FISH)
studies (looking for one of the lymphoma-associated translocations or numerical
abnormalities) may be required to arrive at a precise diagnosis. Gene expression
profiling studies have provided interesting new information about PTLD but are not
of diagnostic or prognostic utility at the current time [31, 32]. Mutational studies are
also of interest, but again are not a part of current clinical practice.

Non-destructive PTLDs

The non-destructive PTLDs are defined as lymphoid/plasmacytic proliferations in
the post-transplant setting that do not efface the underlying architecture, usually do
produce mass lesions, and do not have another explanation, such as a specific non-
EBV-associated infectious disorder. These lesions were previously known as “early

Table 2.2 Recommendations for tissue-based diagnosis of PTLD

1. Excisional biopsy preferred over fine needle aspiration or needle core, when feasible.

2. Histopathologic and immunophenotypic evaluation, similar to “lymphoma workup” in an
immunocompetent host.

3. EBER in situ hybridization stain for EBV essential.

4. Molecular/cytogenetic testing often helpful and essential in a subset of cases.

5. Diagnosis requires categorization of PTLD based on the 2016 WHO classification and
statement of whether the PTLD is EBV+. Cases of M-PTLD must be evaluated and classified
based on the type of lymphoma they most closely resemble.
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PTLD”; however, the name was changed because there was confusion with PTLD
of varied types that occurred “early” after transplantation. In fact, these non-
destructive lesions may occur many months to years after transplantation [33].
There are three types of non-destructive PTLDs that are currently recognized. It is
advisable to use these diagnoses cautiously given the non-specificity of the histo-
logic/immunophenotypic findings, at least in the absence of extensive EBV. Some,
however, have specifically argued that transplant patients can have enlarged tonsils
with marked follicular hyperplasia and EBV+ cells who do not have a PTLD and
never develop one [34]. In contrast to many PTLDs that occur in extranodal sites,
the classic non-destructive cases are found most commonly in lymph nodes and
tonsils. In the absence of underlying tissue destruction in a biopsy of an extranodal
site, particularly if there is a paucity of EBV+ cells (defined in one study of children
after small bowel transplantation as not more than 15 EBV+ cells/“field”) [24], the
diagnosis of a PTLD should only be made with great caution. As noted above, even
if there is EBV positivity, non-destructive infiltrates, such as in the liver or bowel,
are conventionally designated as EBV hepatitis or EBV enteritis, respectively.

Plasmacytic Hyperplasia (PCH)

Histopathology

Lymph nodes demonstrate intact sinuses with a proliferation of predominantly
small lymphocytes and plasma cells with few transformed cells' (Fig. 2.1a, b).
Caution is advised as, especially if EBV cannot be documented, the changes are
totally non-specific.

Ancillary Studies

PCH either is usually non-clonal or at best only has a very small clonal population
sometimes only documentable with EBV terminal repeat Southern blot analysis
(Fig. 2.1c, d). Cytogenetic or oncogene abnormalities are not expected.

Infectious Mononucleosis (IM) PTLD

Histopathology

Although underlying architectural features are retained, there is a polymorphous
lymphoplasmacytic proliferation often in lymph nodes or tonsils/adenoids with
more numerous transformed cells/immunoblasts than seen in PCH (Fig. 2.2a, b).
Distinction from infectious mononucleosis in the normal host is impossible.

'Transformed lymphoid cells are relatively large, usually with a round to oval nucleus with one or
more nucleoli and basophilic cytoplasm as seen on a Wright-Giemsa-type stain. They resemble
lymphocytes that have been exposed to a mitogen.
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Fig. 2.1 Plasmacytic hyperplasia, lymph node. (a) Note there is architectural preservation with
many open sinuses. (b) There are many plasma cells and some small lymphocytes but few trans-
formed cells. Note the open sinus at the lower right. The (¢) kappa and (d) lambda immunohisto-
chemical stains demonstrate polytypic plasma cells. The scattered follicles are negative. (Unless
otherwise noted all figures are hematoxylin and eosin stained sections)

Fig. 2.2 Infectious mononucleosis PTLD, lymph node. (a) There is a more florid mostly diffuse
proliferation in this lymph node that still demonstrates intact paler sinuses (arrows). (b) The pro-
liferation is polymorphic and includes more transformed cells/immunoblasts (arrows) than in plas-
macytic hyperplasia. The plasma cells were polytypic
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Ancillary Studies

IM PTLD are typically EBV positive and do not demonstrate phenotypic aberran-
cies. Some cases have small clonal or oligoclonal lymphoid populations, and occa-
sional cases are reported with simple clonal cytogenetic abnormalities [21, 30].

Florid Follicular Hyperplasia

Histopathology

These cases are indistinguishable from non-specific florid follicular hyperplasias in
the normal host but should be mass-forming lesions. They are reported not to have
significant expansion of interfollicular areas and few interfollicular immunoblasts/
transformed cells. Distinction from totally non-specific FH may be impossible espe-
cially in the absence of significant numbers of EBV+ cells or other abnormalities,
and there will be a gray zone between these cases and IM PTLD.

Ancillary Studies

Immunophenotypic studies are non-diagnostic, and most cases fail to demonstrate a
clonal lymphoid population by any method. Occasional cases are reported to dem-
onstrate simple clonal cytogenetic abnormalities [30].

Polymorphic PTLD

Polymorphic (P) PTLDs traditionally are destructive polymorphic lymphoplasma-
cytic proliferations that do not fulfill the criteria for a typical lymphoma as seen in
immunocompetent hosts. These PTLDs are common in children after solid organ
transplantation but form a minority of the PTLDs observed in adults. They are also
more commonly seen in the first few years after transplantation (especially when
associated with primary EBV infection in children) but may still be observed in
late-onset cases years after transplantation. When originally defined, ancillary stud-
ies were very limited so P-PTLDs were defined in terms of their polymorphism
(lymphoid cells of varied size and shape and at different maturational stages) in
contrast to the more uniform transformed cell proliferations that defined the mono-
morphic (M) PTLD. With the increasing use of more ancillary studies, many classic
P-PTLDs may have at least some features that do suggest a traditional lymphoma,
such as easily identified clonal plasma cells in addition to B-cell clones identified by
molecular studies. In addition, some M-PTLDs share features commonly associated
with P-PTLD such as pleomorphism or more numerous smaller lymphocytes (see
below) so that there is now more of a gray zone between these two categories of
PTLD, and it is clear that there is a lack of uniformity in the way P-PTLD is used.
There is also a gray zone between some P-PTLD and IM-PTLD, particularly in
tonsils. Cases of EBV+ mucocutaneous ulcer should be separately designated.
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Histopathology

There is destruction of the underlying lymph node or other parenchymal tissue
architecture by a diffuse polymorphic proliferation of lymphocytes of varying size,
shape, and degree of transformation plus plasma cells (Fig. 2.3a, b). The trans-
formed cells/immunoblasts may be “atypical” and resemble classic Reed-Sternberg
cells (Fig. 2.3c). The infiltrates may be angiocentric and angiodestructive and, in the
lung, may resemble lymphomatoid granulomatosis. Geographic (serpiginous) areas
of necrosis are seen in about one third of cases. The separately designated EBV+
mucocutaneous ulcers are ulcerated polymorphic proliferations in the skin, oral
mucosa, or intestine, often with many large transformed cells and Reed-Sternberg-
like cells with admixed lymphocytes, histiocytes, plasma cells and eosinophils, and
a rim of smaller lymphocytes at their periphery [17]. Angioinvasion and necrosis
may also be present. Some more closely resemble a diffuse large B-cell lymphoma.

Ancillary Studies

Typically, immunophenotypic studies demonstrate an admix of variably sized B
cells and heterogeneous T cells (Fig. 2.3d, e). Major light chain restricted B-cell
populations are not expected; however, light chain restricted plasma cell popula-
tions are found in some cases that most people would still include in this category,
and genotypic studies will demonstrate variably sized B-cell clones in virtually all
cases. BCL6 mutations that in part are physiologic are reported in some polymor-
phic PTLD; however, while abnormalities in tumor suppressor genes and oncogenes
have been reported, they are much less common than in M-PTLD [8, 32, 35, 36].
Some cases have cytogenetic abnormalities [29, 30]. Many, but not all, cases are
EBV+ (Fig. 2.3f).

EBV+ mucocutaneous ulcer typically has prominent large CD20+, IRF4/
MUM 1+, and CD30+ B cells that may be CD15+, as well as admixed EBV—T cells
that are most dense at the periphery of the lesion [15]. Monoclonal immunoglobulin
rearrangements are seen in less than half of the cases, and there are often oligoclonal
or restricted T-cell populations. They typically lack EBV DNA in the peripheral
blood [16].

Monomorphic PTLD

The monomorphic PTLD are a heterogeneous group of lymphoid/plasmacytic pro-
liferations that fulfill the criteria for one of the lymphomas or plasma cell neoplasms
that are recognized in the immunocompetent host. While EBV+ MALT lymphomas
are now accepted as a form of M-PTLD, other small B-cell lymphomas are not [1,
20]. While classically defined as being composed predominantly of numerous trans-
formed lymphoid cells at one maturational stage (hence monomorphic), they may
show pleomorphism, have plasmacytic differentiation, be composed of sheets of
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Fig.2.3 Polymorphic PTLD, lymph node. (a) There is diffuse architectural effacement and exten-
sive areas of eosinophilic geographic necrosis (Nec). (b) The lymphoid cells vary in size and shape
and degree of transformation. There are also admixed histiocytes and eosinophils. (¢) Atypical
immunoblasts are seen especially around the necrotic areas (arrows). (d) There are many CD20+
B cells including the atypical/Reed-Sternberg-like cells (arrows). (e) There are also many admixed
CD3+ T cells. (f) Many of the cells are EBV+ as seen in this EBER in situ hybridization stain

light chain restricted plasma cells, or, in the case of monomorphic T-cell PTLDs, be
composed of quite heterogeneous T-cell populations as long as they would fulfill the
criteria for a lymphoid neoplasm. They are all expected to be monoclonal, and it is
among the monomorphic T-cell PTLDs that the greatest frequency of EBV negative
cases will be found (about 70%). M-PTLD is the predominant pathology observed
in adult transplant recipients.



18 S.H. Swerdlow and S. A. Webber

Monomorphic B-Cell PTLD

The majority of the monomorphic PTLD resemble one of the types of diffuse large
B-cell lymphoma, not otherwise specified, with smaller numbers resembling Burkitt
lymphoma, plasma cell myeloma, or another type of plasma cell neoplasm. Cases of
the new provisional entity, Burkitt-like lymphoma with 11q aberration, may be
over-represented among transplant patients, but are not common [1, 37].

Histopathology

The most common monomorphic B-cell M-PTLDs are of the diffuse large B-cell
lymphoma (DLBCL), not otherwise specified type, and are usually composed of
sheets of large transformed cells growing with an infiltrative and/or destructive pat-
tern and sometimes showing angiocentricity (Fig. 2.4a, b). There may be pleomor-
phism, and plasmacytic differentiation may be present in some cases. These cases
do not have uniform morphologic features, and some B-cell M-PTLD may fulfill
the criteria for one of the other large B-cell lymphomas, such as intravascular large
B-cell lymphoma or plasmablastic lymphoma (Fig. 2.5) [38, 39]. Less frequently,
they are of Burkitt type and composed of sheets of intermediate-sized transformed
cells with amphophilic cytoplasm and a starry sky appearance due to the scattered
tingible body macrophages that contain phagocytized apoptotic debris (Fig. 2.6).
Some may resemble a Burkitt lymphoma but lack MYC translocations and have 11q
aberrations [37]. Other cases are composed of a sheet of plasma cells as seen in
plasma cell myeloma or a non-myelomatous plasmacytoma (Fig. 2.7a, b). These
two situations must be distinguished just as they would be in an immunocompetent
host, with an expected different approach to therapy [40-42].

Ancillary Studies
Most cases are CD20 positive. Except in cases that lack immunoglobulin expres-
sion, immunophenotypic studies should show light chain class restriction and a

o |
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Fig. 2.4 Monomorphic B-cell PTLD, diffuse large B-cell lymphoma, not otherwise specified
type, small intestine. (a) Note the angioinvasion (arrow) and foci of eosinophilic necrosis (Nec).
(b) There are numerous transformed cells that marked as B cells in the vessel wall. Even here the
cells are not completely monotonous
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Fig. 2.5 Monomorphic
B-cell PTLD,
plasmablastic lymphoma
type, sinus contents. Note
the anaplastic-appearing
plasmacytic cells that were
CD20—, CD138+, kappa+,
and EBV+

Fig. 2.6 Monomorphic
B-cell PTLD, Burkitt
lymphoma type,
duodenum. There is a
diffuse proliferation of
transformed lymphoid cells
and a starry sky appearance
from the scattered tingible
body macrophages
(arrows). The cells had a
typical Burkitt lymphoma
phenotype (CD10+,
BCL6+, BCL2—, Ki-67
numerous positive cells)
and a MYC translocation

Fig. 2.7 Monomorphic B-cell PTLD, plasmacytoma type, small intestine. (a) Note the large mass
lesion. (b) In most areas the mass was composed of a sheet of monotypic plasma cells. Cases like
this must be distinguished from visceral involvement by plasma cell myeloma
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more detailed phenotype like that seen in the neoplasms they resemble. The DLBCL
may have either a germinal center type or non-germinal center phenotype with the
former phenotype more common among the EBV-negative cases [43]. The prognos-
tic importance of this distinction in the post-transplant setting is not well-established,
but it still might have therapeutic implications. Burkitt lymphomas usually have a
CD20+, CD10+, BCL6+, and BCL2— phenotype. The plasma cell neoplasms usu-
ally lack B-cell-associated markers and are CD138+ with cytoplasmic light chain
class restriction. EBV is present in a majority of cases but a significant minority is
negative.

Genotypic studies can be used to confirm the monoclonality of these PTLDs;
however, they are usually unnecessary for diagnostic purposes. Caution is advised
as clonal T-cell receptor rearrangements may also be present in the absence of a
coexistent T-cell PTLD [44]. Among the common types of PTLD, the B-cell
M-PTLDs are the ones most likely to demonstrate abnormalities of tumor suppres-
sor genes (e.g., TP53), oncogenes (N-RAS), perhaps BCL6 mutations, aberrant
somatic hypermutation (e.g., of MYC or RHO/TTF), and translocations such as of
MYC (a feature of Burkitt lymphomas) [8, 32, 35]. Cytogenetic abnormalities,
including some (not universally agreed upon) recurrent abnormalities, are more
common than in the other types of B-cell-rich PTLD [29, 30]. In addition to finding
some recurrent abnormalities associated with conventional lymphomas, such as
involving MYC, trisomies 9 and 11 have been found by some with trisomy 11 also
associated with other EBV-associated neoplasms [29, 45]. EBV+ PTLDs have
been reported to have fewer genetic/mutational abnormalities than EBV— cases
which may show more features like the DLBCL in immunocompetent hosts which
they resemble [46, 47]. Nevertheless, at least limited differences are reported
between even EBV- PTLD and DLBCL arising in immunocompetent hosts, with
more differences found in comparison with the EBV+ PTLD [36]. Although not
consistently found, at least two gene expression profiling studies have shown dif-
ferences between EBV+ and EBV— PTLD, consistent with mutational differences
[31, 36, 46, 48].

Monomorphic T/NK-Cell PTLD

Monomorphic T/NK-cell PTLDs account for only about 7-15% of PTLD in Western
countries and appear to be more common in Japan [4]. They are defined as post-
transplant lymphoid proliferations that fulfill the criteria for one of the T/NK-cell
neoplasms recognized in the WHO classification and hence are often not composed
of monomorphic large transformed cells [1]. The T/NK-cell PTLDs most com-
monly resemble peripheral T-cell lymphoma, not otherwise specified, with cases of
hepatosplenic T-cell lymphoma another one of the more common types seen. Many
of the recognized peripheral T-cell lymphomas have been described in the post-
transplant setting including, among others, T-cell lymphoblastic leukemia/lym-
phoma, T-cell large granular lymphocyte leukemia, adult T-cell leukemia/lymphoma,
mycosis fungoides, Sézary syndrome, and cutaneous and other anaplastic large cell
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lymphomas (ALK+ and ALK—) [4]. Occasional lymphomas of natural killer cells,
including extranodal NK/T cell lymphoma, nasal type, are also reported. Only about
one third of T-cell PTLD are EBV positive.

Histopathology

The histopathology of the T/NK-cell PTLD is very variable but should be the same
as for the varied T-cell lymphomas seen in immunocompetent hosts. These cases
may be confused with polymorphic PTLD or other reactive proliferations because
many T/NK-cell lymphomas can appear heterogeneous and include many admixed
reactive elements. Some features to look for, in addition to a destructive growth pat-
tern, include prominent cytologically atypical lymphoid cells or, in some cases, very
numerous transformed lymphoid cells (like in other monomorphic PTLD)
(Fig. 2.8a). A discussion of the histopathology of T-cell lymphomas is beyond the
scope of this chapter [1].

Ancillary Studies

Ancillary studies are critical in the diagnosis of the T-cell PTLD. Immunophenotypic
studies are useful to exclude findings that would suggest one of the other types of
PTLD (e.g., abnormal B cells); to document that the cells of concern mark as T cells
(pan-T-cell and T-cell subset marker expression) or natural killer (NK) cells (surface
CD3—, CD5—, CD56+); and, in some cases, to demonstrate a population with an
aberrant T-cell phenotype (e.g., “loss” of one or more pan-T-cell markers) or expan-
sion of a T-cell subset that is either usually not present in large numbers or is present
on cells that clearly appear neoplastic based on their cytologic features and growth
pattern (Fig. 2.8b). For example, finding that an intrasinusoidal neoplastic T-cell
infiltrate in the liver lacks T-cell receptor beta chain expression and is positive with
TIA-1 but not granzyme B helps make the diagnosis of a hepatosplenic T-cell
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Fig. 2.8 Monomorphic T-cell PTLD, peripheral T-cell lymphoma, not otherwise specified type
(cytotoxic), bone marrow. (a) There is a patchy interstitial infiltrate composed of very large cells
with irregular nuclear contours (arrows) in the marrow biopsy. (b) The very abnormal cells are
more easily seen in this CD3 immunohistochemical stain that identifies T cells (and natural killer
cells). A clonal T-cell receptor beta chain rearrangement was documented by Southern blot analy-
sis. EBV was not detected
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lymphoma type T-PTLD. Molecular studies (PCR analyses looking for clonal T-cell
receptor gene rearrangements) are also very important to help identify the presence
of a clonal T-cell population remembering that clonal populations can be seen in the
setting of infectious mononucleosis [49] and in some B-cell PTLD [44] and that
natural killer cell neoplasms will be negative. Both chromosomal abnormalities and
oncogene and epigenetic modifier gene mutations are commonly found and reported
to be similar to those in T-cell lymphomas arising in immunocompetent hosts [50].

Classic Hodgkin Lymphoma PTLD

Classic Hodgkin lymphoma PTLD is strictly defined and must fulfill the criteria for
classic Hodgkin lymphoma in an immunocompetent host. Caution is advised as
cells resembling Reed-Sternberg cells are seen in many different types of PTLD,
most of which are not of Hodgkin type. So-called “Hodgkin-like” PTLDs are no
longer included with the classic Hodgkin PTLD and are to be categorized in what-
ever other PTLD category they best fit in [51].

Histopathology

Post-transplant classic Hodgkin lymphoma most typically shows at least partial
architectural effacement by a proliferation of variable numbers of small lympho-
cytes, plasma cells, eosinophils, and histiocytes, together with diagnostic Reed-
Sternberg cells and Reed-Sternberg variants (Fig. 2.9). Most cases in the transplant
setting fulfill the criteria for the mixed cellularity type. Whether post-transplant
Hodgkin lymphoma has any unique features is difficult to assess given the difficulty
sometimes in distinguishing it from other PTLD with Hodgkin-like features.

Fig. 2.9 Mixed cellularity
classic Hodgkin lymphoma
PTLD, lymph node. There
are Reed-Sternberg cells
(arrow) in a sea of small
lymphocytes and some
plasma cells. The
Reed-Sternberg cells were
CD20—, CD15+,

and CD30+
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Ancillary Studies

Immunohistochemical studies are critical, particularly given the resemblance of
many other types of PTLD to classic Hodgkin lymphoma. In the most definite cases,
the Reed-Sternberg cells are CD15+, CD30+, CD20—, and CD45— with the major-
ity of the surrounding small lymphocytes of T-cell type. It is expected that, as in
immunocompetent hosts, the Reed-Sternberg cells are also either OCT2 (POU2F2)
or BOB.1 (POU2AF1) negative — a feature that may be helpful in the presence of
some CD20 staining or an absence of CD15 expression. The neoplastic cells should
also be weakly positive for PAX5 in most cases and positive for IRF4A/MUMI.
Almost all cases have been EBV+. Genotypic studies may demonstrate clonal B
cells in some cases.

Take-Home Pearls

e The PTLDs include many different types of lymphoid and plasmacytic prolifera-
tions that are associated with the Epstein-Barr virus in about 60-80% of cases.
Some cases may be driven by other forms of chronic antigenic stimulation.

e Classification of the PTLD is important and is best accomplished by working up
potential cases as one would a potential lymphoma. Categorization requires
knowledge about the WHO criteria both for the PTLD and for lymphomas in
general.

* In spite of one’s best efforts, some cases may be difficult to categorize because
there are gray zones between the different types of PTLD, particularly those of
non-destructive, polymorphic, and monomorphic B-cell types.

e There is no sharp border between a PTLD and an overt lymphoma in the post-
transplant setting.

e It is always important to exclude the possibility of some other type of lympho-
plasmacytic proliferation including rejection prior to making the diagnosis of a
PTLD. In rare cases there may be both rejection and a PTLD.
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Olivia M. Martinez

Biology of EBV
Infection

EBYV is a double-stranded DNA herpesvirus first identified by Epstein, Achong, and
Barr in tissue obtained from a patient with Burkitt lymphoma [1]. Today we know
that over 90% of the world’s population is infected with EBV. Typically the virus is
transmitted through the saliva, and infection is asymptomatic, although infectious
mononucleosis can result in adolescents and young adults. In the setting of clinical
transplantation, EBV can also be transmitted via an organ from a seropositive donor
to a seronegative recipient. The 172 kilobase pair EBV genome is packaged in a
nucleocapsid surrounded by a viral tegument and enclosed within a lipid bilayer
envelope containing glycoprotein spikes. The major viral envelope glycoprotein is
2p350/220, which participates in viral infection by interacting with the CD21 mol-
ecule (complement receptor 2) on B cell membranes, thereby mediating the initial
attachment of the virion to the cell. The interaction of gp350/220 and CD21 also
induces capping of CD21 on the membrane and triggers endocytosis of the virus.
Viral entry into the cell requires fusion of the viral envelope with the B cell mem-
brane, a process mediated by interaction between the viral envelope glycoprotein,
gp42, and major histocompatibility complex (MHC) class II proteins (HLA-DR, —
DQ, or -DP) expressed on the cell membrane. gH, and gL are other viral envelope
glycoproteins required for the fusion event [2]. While B cells are the predominant
cellular host for EBV, epithelial cells are also susceptible to infection. Whereas gH
and gL have been shown to be essential for epithelial cell infection by EBV, gp350/

O. M. Martinez (<)

Department of Surgery/Division of Transplantation and Stanford Immunology,
Stanford University School of Medicine, Stanford, CA, USA

e-mail: omm@stanford.edu

© Springer Nature Switzerland AG 2021 27
V. R. Dharnidharka et al. (eds.), Post-Transplant Lymphoproliferative Disorders,
https://doi.org/10.1007/978-3-030-65403-0_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65403-0_3&domain=pdf
https://doi.org/10.1007/978-3-030-65403-0_3#DOI
mailto:omm@stanford.edu

28 O. M. Martinez

2p220 and gp42, which are necessary for infection of B cells by EBV, are not
required for infection of epithelial cells. Recently, the Ephrin receptor A2 (EphA2)
was shown to be important for EBV infection of epithelial cells and was found to
associate with gH/gL. and gB [3]. EphA2 appears to play a role in facilitating the
internationalization and fusion of membrane-associated EBV. Interestingly, EphA2
is also a receptor for Kaposi sarcoma-associated herpesvirus (KSHV) that shares a
similar cell tropism as EBV.

Other cell types that EBV has been reported to infect include T cells, NK cells,
and possibly monocytes, although the mechanisms of viral entry into these cell
types are not well understood. Nevertheless, rare cases of EBV-associated T cell or
NK cell post-transplant lymphomas have been reported [4].

The Viral Life Cycle

EBYV is generally acquired through close contact with oral secretions from a car-
rier. The virus initially infects epithelial cells in the oropharynx and undergoes
productive replication whereby infectious viral particles are produced. These viral
particles can be the source of transmission of the virus to another host and can also
go on to infect B cells in the vicinity [5]. Ultimately, EBV persists for the lifetime
of the host in a subset of circulating memory B cells. As with other herpesviruses,
EBYV persistence is linked to viral latency, although infected memory B cells that
differentiate to plasma cells activate the lytic program to release new viral parti-
cles. Thus the EBV life cycle takes two forms: the latent phase in which the virus
remains dormant within B lymphocytes and the lytic phase, in which the virus is
actively replicated and infectious virions are released that can go on to infect
bystander cells or be shed to infect naive individuals. Using this life cycle strategy,
EBYV is highly successful at achieving widespread infection of the human popula-
tion while perpetuating viral survival and minimizing the pathologic consequences
for the host. An important component of this strategy is that EBV has achieved a
seemingly harmonious state with the host immune system though this is likely a
delicately balanced co-existence [6]. Indeed, disruption of the viral-host equilib-
rium predisposes individuals to the development of EBV-associated B cell lympho-
mas as in immunosuppressed transplant recipients with PTLD or
immunocompromised people co-infected with HIV.

How EBV gains access to the memory B cell compartment has been studied
extensively [7]. One prominent model is that the virus initially infects a naive B cell
and then exploits the normal B cell differentiation process [8, 9] (Fig. 3.1). During
the early stages of infection of B cells, the linear EBV genome circularizes and is
subsequently maintained as an extrachromosomal episome. The first of several
latent cycle gene programs is triggered within 12—16 hours of infection, and nine
key latent cycle genes are expressed that lead to cellular activation and autonomous
proliferation of the infected cell. This program of viral gene expression has been
termed latency type III (or the growth program) and is characterized by expression
of Epstein-Barr nuclear antigens (EBNAs) 1, 2, 3A, 3B, 3C, LP, and latent
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Fig.3.1 EBYV exploits the normal B cell differentiation process to gain access to memory B cells.
EBYV typically is transferred through oral secretions and then passes through the epithelial layer of
the oropharynx. Viral particles infect naive B cells and can establish a lytic infection where infec-
tious viral particles are produced to subsequently infect other bystander cells or are shed to infect
naive individuals. Infection of naive B cells can lead to establishment of a latent infection in which
B cells take on a lymphoblastic phenotypic, associated with expression of the full complement of
latent cycle genes. These infected lymphoblasts can proliferate autonomously but are under strin-
gent control by EBV-specific CD8* T cells. Infected lymphoblasts can migrate to secondary lym-
phoid tissue where the viral gene expression shifts to a more restricted group of latent cycle genes
that facilitate survival and transit through the germinal center reactions. Once infected cells exit the
germinal center and emerge in the memory B cell pool, minimal viral genes are expressed to
enhance viral persistence. The differentiation of infected memory B cells to plasma cells can elicit
reactivation of the virus and production of infectious particles to perpetuate the viral life cycle

membrane protein (LMP1, LMP2A, LMP2B) in addition to polyadenylated viral
RNAs (EBERS 1 and 2) and a group of transcripts from the BamH1A region of the
genome whose function is unknown. The resulting infected B cells resemble
antigen-activated B lymphoblasts. In immunocompetent individuals the outgrowth
of the EBV-activated lymphoblasts is controlled by a robust, anti-viral cytotoxic T
lymphocyte (CTL) response. However, disruption of host immunity can lead to
development of EBV* B cell lymphomas, as seen in PTLD, that are also character-
ized by the latency III program of viral gene expression. Finally, the same viral gene
expression program is found in B cells infected with EBV in vitro, resulting in the
generation of immortalized lymphoblastoid cell lines (LCL).
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In the normal course of EBV infection, the activated lymphoblasts can migrate to
the B cell follicles of secondary lymphoid tissue where the growth program is
silenced and replaced by latency type II (default program) characterized by expres-
sion of EBNA1, LMPI1, and LMP2A. In conventional T cell-dependent immune
responses, the follicles are sites where activated B cell blasts that have encountered
antigen undergo isotype switching and somatic mutation of immunoglobulin genes
to differentiate into antibody forming cells or memory cells bearing high-affinity B
cell receptors (BCR). This process of differentiation depends upon encounter with
antigen-presenting follicular dendritic cells and T helper cells. Cells expressing
BCR that do not bind antigen die via apoptosis. In type II latency, the expression of
EBNAI1, LMPI1, and LMP2A provides key signals that ensure survival of the
infected cell and drive it through the B cell differentiation process associated with
the GC reaction without requirement for interaction with antigen, follicular den-
dritic cells or T helper cells. Infected memory cells that emerge from GC then
switch to type I, or latency program, where either no viral genes are expressed or
only EBNAL is expressed during cell division to ensure maintenance of the EBV
episome. At the same time, the viral life cycle can be perpetuated when memory B
cells harboring the virus recirculate to the lymphoid tissues in the epithelium and
differentiate to plasma cells, eliciting reactivation of the virus.

The virtual absence of viral gene expression when EBV is harbored in resting
memory B cells in the periphery promotes viral persistence and escape from host
anti-viral immune mechanisms. This scenario suggests that EBV has co-evolved
with the host immune system and utilizes its ability to induce autonomous prolifera-
tion of infected B cells only transiently as a means to exploit the process of B cell
development to transit safely through to the memory B cell compartment [10]. Thus,
the development of EBV-associated B cell lymphomas, including PTLD, may be an
inadvertent and unintended consequence of this process in the context of impaired
immunity or when additional mutations arise.

Latent Cycle Genes of EBV

How do latent cycle proteins shepherd EBV through the process of B cell differen-
tiation? In this section the key properties of the 11 gene products expressed during
type III latency and in PTLD-associated B cell lymphomas are summarized
(Table 3.1).

(i) EBNAT1: a DNA-binding protein that attaches to the origin of plasmid replica-
tion (OriP) of EBV and is required for episomal replication of the viral
genome. Further, EBNA tethers the viral genome to mitotic chromosomes
and is sufficient to ensure passage of the viral genome to daughter cells dur-
ing cell division. EBNA1 also plays a role in transcription activation of latent
viral genes and host cell genes.

(ii) EBNAZ2: a transcriptional activator that regulates the function of several viral
genes including LMP1 and LMP2A as well as numerous cellular genes.
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Table 3.1 Latent cycle genes expressed in EBV-associated PTLD B cell lymphomas and in type

III latency
Gene Function/activity
LMP1 Major oncogene of EBV; activates several signal transduction pathways to
provide growth and survival signals to B lymphoblasts; constitutively active
mimic of CD40
LMP2A Acts as constitutively active mimic of BCR to provide key survival signals;
inhibits BCR signaling by sequestering signaling proteins normally utilized by
BCR
LMP2B Participates in regulation of LMP2A function
EBNAI Required for maintenance of viral genome as an episome; binds to mitotic
chromosomes
EBNA2 Major viral transactivator of EBV; involved in expression of numerous cellular
and viral genes
EBNA3A, B, | EBNA3A and EBNA3C are required for B cell transformation in vitro; like
and C EBNA3A and EBNA3C, EBNA3B is involved in transcriptional regulation
EBNA-LP Enhances the function of EBNA2
EBERs Highly abundant, small nonpolyadenylated RNAs that can modulate apoptosis
pathways, induce IL-10 production, and alter the host immune response

(iii)

(iv)

(v)

EBNAZ2 does not directly interact with DNA regulatory sequences but instead
mimics Notch signaling by interacting with the DNA-binding protein,
RBP-Jx, to prevent B cell differentiation. EBNA?2 is required for transforma-
tion of human B cells in vitro.

EBNA3A, 3B, 3C: encoded by genes that lie in tandem within the EBV
genome. All three proteins interact with cellular DNA-binding protein
RBP-Jx and modulate transactivation by EBNA2. EBNA3A inhibits differen-
tiation of B cells to plasma cells. EBNA3A and EBNA3C are required for
immortalization of B cells in vitro, but EBNA3B is dispensable. EBNA3A
and EBNA3C promote tumorigenesis, while EBNA3B can suppress tumori-
genesis. EBNA3C, through interaction with cyclin proteins, can disrupt cell
cycle checkpoints. EBNA3s are the primary target of the host CD8* T cell
immune response.

EBNA-LP: the initial latent cycle gene expressed following infection of B
cells. Important in transformation of B cells in vitro and enhances the ability
of EBNA2 to transactivate cellular and viral genes.

LMP1: the major oncogene of EBV since it is sufficient to transform rodent
fibroblasts in vitro and is required for generation of LCL from human B cells.
LMP1 is an integral membrane protein with a short intracellular N-terminal
tail, six membrane-spanning domains, and a long cytoplasmic C-terminal tail.
Within the intracellular tail are three carboxy-terminal activating regions
(CTAR) that interact with cellular adaptor proteins to activate multiple cel-
lular signaling pathways. In this way LMP1 mimics a constitutively active
member of the tumor necrosis factor receptor (TNFR) superfamily and acti-
vates NF-kB; the mitogen-activated protein (MAP) kinases p38, Erk, and
JNK; and PI3K/Akt through the use of the cellular adaptor proteins TRAF



32

O. M. Martinez

(vi)

(vii)

(viii)

and TRADD. LMP1 signaling induces expression of cell adhesion molecules,
anti-apoptotic proteins including bcl-2, cFLIP, A-20, and the production of
the B cell lymphoma autocrine growth factor IL-10 [11, 12]. Thus, LMP1
provides critical growth and survival signals to infected B cells. Indeed, the
ability of LMP1 to inhibit apoptosis through death receptors [13] suggests it
may play an important role in survival of B cells through the GC in the
absence of encounter with antigen by providing signals normally delivered
through T cell help. Mice expressing a transgene for LMP1 under the control
of the immunoglobulin promoter develop lymphomas at three times the fre-
quency as LMP1-negative, control mice [14], and expression of LMP1 in B
cells of mice that are depleted of T cells leads to lymphomagenesis [15].
LMP2A: expressed in the membrane of infected B cells and contains immu-
noreceptor tyrosine-based activation motifs (ITAM) similar to the BCR. Like
LMP1, LMP2A is aggregated in the membrane and constitutively signals.
LMP2A sequesters key tyrosine kinases, including Syk, from the BCR and
thus inhibits BCR-mediated cell activation, thereby inhibiting entry into the
Iytic phase of infection. However, LMP2A supplies the tonic signals nor-
mally provided by the BCR for cell survival and can drive cellular prolifera-
tion and production of the growth factor IL-10.

LMP2B: the second isoform of LMP2 and is controlled by a separate pro-
moter from LMP2A. Neither LMP2A nor LMP2B is essential for B cell
transformation in vitro. LMP2B has been one of the most enigmatic of the
EBYV latent cycle proteins. Recent studies suggest the LMP2B can physically
associate with LMP2A [16] and negatively regulates the ability of LMP2A to
inhibit switching from the latent to the Iytic cycle [17].

EBER: EBERSs 1 and 2 are small polyadenylated, non-coding RNAs expressed
in each of the three forms of latency. Commonly used as targets for in situ
hybridization to establish the presence of EBV in clinical specimens.
Abundant in EBV-transformed cells, contribute to oncogenesis, and can mod-
ulate the immune response. They have been reported to inhibit apoptosis [18],
induce IL-10 production in Burkitt lymphoma cells [19], promote cell cycle
transition [20], and activate the PI3K/Akt signaling pathway [21].

EBV Genetics and Oncogenic Mechanisms

PTLD

PTLD represents a heterogeneous group of disorders, the majority of which are B
cell proliferations associated with EBV. Within the B cell proliferations, various
malignant subtypes have been defined and will be discussed in another chapter.
PTLD tumors can arise during primary infection with EBV or as a result of viral
reactivation. Further, EBV-associated PTLD lymphomas can be polyclonal or
monoclonal, with polyclonal tumors arising more often in the early post-transplant
period, while tumors that occur more than 1 year post-transplant tend to be of the
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monoclonal variety but are more biologically heterogeneous. Thus, the factors con-
tributing to the pathogenesis of PTLD are multiple and complex and include an
immunosuppressed host, a virus with the ability to confer autonomous growth on
infected cells and to invoke clever strategies of immune evasion, and the direct
effects of immunosuppressive drugs on virally infected or transformed cells — all in
the setting of alloreactivity. Despite these common factors, most transplant recipi-
ents do not develop PTLD. How then does PTLD arise?

Transplant recipients generally maintain higher EBV loads than healthy indi-
viduals, have increased numbers of latently infected memory B cells, and have
increased frequency of viral reactivation [22]. The elevated viral loads and lytic
replication could lead to more viral infection events in naive B cells raising the
number of cells that initially express the latency III growth program. If these cells
cannot exit the cell cycle or fail to successfully progress through the differentiation
program, then lymphomas could arise. Similarly, infection of bystander GC B cells
or memory B cells could lead to aberrant expression of the growth program, without
the ability to differentiate, and subsequent clonal expansion. Alternately, latently
infected GC B cells or memory B cells could inappropriately turn on the growth
program, perhaps due to accumulated mutations or as yet unidentified signals [10].
Coupled with the impaired T cell response, the autonomous growth properties of
EBV* lymphoblasts that result in each of these scenarios could culminate in
PTLD. In support of this, analysis of immunoglobulin gene sequences shows that
PTLD tumors can originate from naive B cells, GC cells, or memory cells. Extensive
molecular and phenotypic studies of EBV* monoclonal PTLD indicate that the
majority appears to be GC-experienced cells that reflect different stages of B cell
differentiation [23]. The high rate of proliferation in these cells could lead to addi-
tional mutations that further drive oncogenesis, in some cases perhaps independent
of EBV. Sporadic alterations in c-Myc [24], p53 [25] and other oncogenes have
been described in PTLD lesions; however, it is unclear whether they contribute to
enhanced tumor cell growth [26]. Monoclonal forms of PTLD tend to carry a higher
frequency of mutations in tumor suppressor genes and altered proto-oncogene
expression.

A variety of other factors could influence the development and progression of
PTLD-associated B cell lymphomas including viral determinants that drive tumor
growth and survival, viral mechanisms of immune evasion or subversion, and EBV
genomic diversity and microRNA (miRNA). The following section will highlight
some specific examples pertinent to each of these categories.

Viral Determinants That Drive Growth and Survival

of PTLD-Associated B Cell Lymphomas

EBYV has evolved to effectively co-opt several cellular signaling pathways within
the host B cell to promote growth and survival of infected cells. The cellular cyto-
kines IL-6 and IL-10 are both well-described autocrine growth factors in EBV* B
cell lymphomas [12, 27]. In addition, elevated levels of IL-6 and IL-10 are found in
the circulation of patients with PTLD [28, 29]. In the case of IL-10, it has been
definitively shown that the EBV-encoded protein, LMP1, activates the cellular
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mitogen-activated protein kinase p38 and the PI3K/Akt pathway to induce produc-
tion of IL-10 [11]. The latent cycle protein, LMP2A, acts as a constitutively active
mimic of the BCR to deliver tonic signals to EBV-infected B cells through activa-
tion of the Syk pathway. Furthermore, LMP2A can provide signals for survival and
differentiation of B cells in the absence of BCR signaling through constitutive acti-
vation of the ERK/MAPK pathway [30, 31]. Other cell signaling pathways includ-
ing NF-kB are constitutively active in EBV* B cell lymphomas in PTLD. Finally,
the EBNA3A and EBNA3C proteins function to promote cell cycle progression in
B cells. Together, these virally induced mechanisms likely support ongoing cell
survival and proliferation.

Viral Mechanisms of Inmune Evasion or Subversion

and the Tumor Microenvironment

EBV-encoded proteins that can counter apoptotic signals are a common theme in
viral subversion strategies. LMP1 can actively block apoptotic signals delivered
through the Fas/Fas ligand and TRAIL death receptor pathways. This function of
LMP1 could help ensure survival of infected cells through the process of B cell dif-
ferentiation and could also prevent elimination of EBV* lymphoblasts by viral-
specific CTL. LMP1 is also able to block apoptotic signals in EB V-infected B cells
through upregulation of a variety of survival proteins including bcl-2, A20, mcl-1,
and bfl-1. The EBV lytic cycle gene, BHRF1, encodes a viral homolog of bcl-2 that
can inhibit apoptosis induced by multiple stimuli including anti-Fas antibodies and
TNF-a. EBNA1 can block apoptosis induced by p53 expression which may be par-
ticularly relevant in Burkitt lymphoma where EBNAI is the sole latent cycle protein
expressed [32]. A second EBV nuclear antigen, EBNA2, interferes with apoptosis
induced by some stimuli through the intrinsic pathway by sequestering Nur77 in the
nucleus and preventing its translocation to the cytoplasm where it can induce cyto-
chrome C release from the mitochondria [33].

Immunomodulatory cytokines or their receptors, either encoded by EBV or
induced by EBYV, are also an important tactic utilized by the virus to evade host
immunity. The lytic cycle gene BCRF1 encodes viral IL-10 (vIL-10), a functional
homolog of cellular IL-10. vIL-10 is expressed early following infection of B
cells by EBV and, because of its immunosuppressive properties, may facilitate
transformation by impairing T cell and macrophage responses. In particular,
vIL-10 can inhibit production of IFN-y by T cells and production of IL-12 by
monocytes. As discussed earlier, LMP1 induces cellular IL-10, which acts as an
autocrine growth factor for EBV* B cell lymphomas. Cellular IL-10 can also have
potent inhibitory effects on host T cells and monocytes during viral latency as in
PTLD-associated lymphomas. The lytic cycle EBV gene, BARFI, encodes a
functional, soluble receptor for colony-stimulating factor 1 (CSF-1) that can inter-
fere with the ability of CSF-1 to augment monocyte/macrophage proliferation and
produce IL-12. Finally, EBV infection of B cells induces expression of a cellular
protein, EB13, that is a functional homolog of the IL-12 p40 subunit. Thus, it has
been suggested that EB13 can antagonize IL-12 activity [34]. EB13 can also pair
with p28, an IL-12p35-related protein, to form the cytokine IL-27. IL-27 is a
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complex cytokine with diverse pro- and anti-inflammatory properties, but strong
evidence exists to indicate that IL-27 can inhibit a variety of effector functions by
T cells [35].

Other immunomodulatory pathways that could alter the tumor microenviron-
ment have been described. LMP1 has been shown to upregulate PD-L1 through an
NF-kB-dependent pathway [36, 37]. The expression of PD-L1/2 on B cell lympho-
mas and identification of amplification of 9p24.1 using comparative genomic
hybridization leading to overexpression of PD-L.1/2 on EBV* PTLD clinical speci-
mens [38] indicate that immunomodulation of PD-1* T cells in the tumor microen-
vironment is plausible [38].

Clearly, there are multiple avenues by which EBV can modulate host immunity
that could impact on the development and progression of PTLD.

EBV microRNAs and Host Cell microRNAs

In 2004, EBV was the first virus shown to encode microRNA (miRNA), a family of
small non-coding single-stranded RNA of ~22 nucleotides that are post-
transcriptional regulators of gene expression predominantly via complementary
base pairing with mRNA transcripts. Since that time, more than 40 EBV miRNAs
have been identified and localized within the BART and BHRF1 clusters of the
EBYV genome. EBV miRNAs are expressed in the lytic and the latent cycle of infec-
tion and can modulate a number of processes relevant to oncogenesis and viral
persistence. For example, EBV miRNA can regulate expression of EBV latent cycle
genes, inhibit transition to the lytic phase, inhibit cellular apoptosis, inhibit tumor
suppressor genes, and modulate the host innate and adaptive immune responses
[39]. In addition to the expression of virally encoded miRNA, EBV infection can
markedly alter the cellular miRNA profile and disrupt host cell homeostasis. The
latent cycle gene LMP1, in particular, has been shown to alter the expression of
numerous host cell miRNAs important in processes ranging from production of
cytokines [40], activation of signal transduction pathways, to the immunogenicity
of the infected cell. Finally, the viral and host cell miRNA can be transported as
cargo in exosomes from the EBV-infected cell to other cells, thereby potentially
modulating the tumor microenvironment.

EBV Genomic Diversity

There has been ongoing interest in understanding the extent of EBV genome diver-
sity in health and disease with the possibility of identifying specific variants linked
to pathogenesis. Targeted sequencing of the cytoplasmic domain of LMP1 identi-
fied gain-of-function mutations at amino acids 212 and 366 that were commonly
present in EBV isolated from B cell lines derived from patients with EBV+ PTLD
[41]. These mutations were shown to elicit sustained ERK MAPK activation and
cFOS induction suggesting another potential pathway of signal transduction dys-
regulation that may contribute to oncogenesis. More broadly, early classification
schemes based on genomic sequences of EBNA2, EBNA3s [42], and LMP1 [43]
were established, but it has been difficult to demonstrate definitive links between
viral subtypes and EBV-driven tumorigenesis.
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The advent of next-generation sequencing approaches has rapidly expanded the
number of whole genome sequences available for EBV including sequences from
FFPE sections of PTLD lesions [44] as well as B cell lines established from PTLD
patients [45, 46]. It is likely that additional PTLD-derived whole-genome EBV
sequences will become available and, coupled with computational analysis, may
reveal PTLD-associated variants of interest that can be exploited as biomarkers for
increased risk of PTLD and potential targets of cellular immunotherapy.

Conclusion

EBYV is a highly successful virus that has developed effective strategies to persist in
memory B cells of healthy individuals with minimal clinical consequences.
However, disruption of the delicate balance between EBV and anti-viral immunity,
as in transplant recipients, can result in the development of EBV* B cell lympho-
mas. Host-viral interactions play an important role in the development of EBV-
associated PTLD. Elucidating the underlying host-viral mechanisms in the
pathogenesis of PTLD could identify new therapeutic opportunities for the treat-
ment of EBV-associated PTLD.
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Host Genetic Mutations and Expression 4
Analyses in PTLD

Charlotte Lees and Maher K. Gandhi

Introduction

In 50-80% of cases, PTLD develop in association with the oncogenic virus EBV
[1]. However, the purpose of this chapter is to examine the host genetic and epigen-
etic mutations of cellular genes in PTLD as well as gene expression profiling, as
opposed to the role of EBV in the malignant process which will be covered in other
chapters. The majority of EBV-positive and EBV-negative PTLD are of B cell ori-
gin, arising from a range of B cells that accumulate genetic mutations. The nature of
the B cells is heterogenous. Some cases of PTLD originate from antigen-experienced
B cells, with mutations in the variable regions of the immunoglobulin genes (IGV)
indicating that they have undergone a germinal centre reaction [2]. Others, however,
appear to originate from naive B cells, as they do not demonstrate mutated immuno-
globulin heavy chain (IgH) genes [3]. There is also evidence in PTLD of an atypical
post-germinal B cell origin, with random and inactivating mutations of IgH
genes [3].

EBV-negative PTLD appear to be clinically, morphologically and genetically
distinct from EBV-positive PTLD. They classically present late (defined as
>12 months post-transplant) and are more commonly of the monomorphic type, i.e.
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representing lymphoma types seen in immunocompetent individuals [4]. There is
no definitive evidence of an inferior prognosis to EBV-positive PTLD [4].
Immunohistochemically, EBV-negative PTLD demonstrate higher expression of
BCL6 and lower expression of MUM1 compared to EBV-positive cases [5].

Genetic mutations seen in PTLD include defects in DNA mismatch repair mech-
anisms, aberrant somatic hypermutation and mutations of proto-oncogenes. Other
frequently observed abnormalities include dysregulation of transcriptional control
including aberrant hypermethylation and altered microRNA expression. The molec-
ular features of different monomorphic PTLD histological subtypes are distinct
from each other. However, the genetic aberrations observed in specific monomor-
phic PTLD subtypes overlap with their respective histological counterparts seen in
immunocompetent patients (Table 4.1) [6-8].

Consistent with the known transforming capability of the virus, EBV-positive
PTLD harbour some different genetic features to EBV-negative PTLD (Table 4.2).
EBV-positive PTLD express viral latency genes such as EBV latent membrane pro-
tein (LMP) and EBV nuclear antigen (EBNA) genes which have well characterised
oncogenic properties; these will be discussed in depth in other chapters. Further
differences are demonstrated by analysis of copy number alterations (CNA) in post-
transplant DLBCL; only one recurrent imbalance was found to be shared by EBV-
positive and EBV-negative post-transplant DLBCL, gain of 12q21 [6]. In contrast,
EBV-negative post-transplant DLBCL shared 11 recurrent CNA with
immunocompetent-DLBCL including gain of 3/3q(FOXPI) and loss of
6q23(TNFAIP3) and 9p21(CDKN2A) [6]. FOXPI, the most significantly upregu-
lated gene in EBV-negative post-transplant DLBCL and also commonly overex-
pressed in immunocompetent-DLBCL, encodes an oncogenic transcription factor
that represses tumour suppressors such as SIPR2 [9]. Interestingly, FOXP1 expres-
sion in EBV-positive post-transplant DLBCL appears to be low suggesting that it is
not an important pathway in its pathogenesis. Loss of the tumour suppressor gene
TNFAIP3 leads to increased NF-kB signalling and subsequent evasion of apoptosis
[10]. CDKN2A encodes the tumour suppressors p16 and p14, which both have arole
in regulating the cell cycle.

The most common genetic aberration seen in EBV-positive post-transplant
DLBCL was gain of 9p24.1 (24% cases), with transcriptomic data indicating
PDCDILG2(PD-L2) to be the target of this alteration [6]. PD-L2 (programmed
death ligand 2) along with PD-L1 engages their receptor PD-1 to deliver co-
inhibitory signals that modulate effector T cell function. Interestingly the viral
latency gene LMP1 has been shown to upregulate PD-L1 expression, via the JAK-
STAT and AP-1 pathways, although LMP1’s effect on PD-L2 is not known [11]. As
this data is only from one study, further large-scale cohorts profiled by modern
high-throughput technologies are required to further clarify the genetic differences
between EB V-positive and EBV-negative PTLD.
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Table 4.1 The differential genetic features commonly seen in the PTLD subtypes [7]

PTLD type Genetic features

Monomorphic | The majority of cases display clonally rearranged immunoglobulin (Ig)
PTLD genes, which cause malignant transformation by translocation of proto-
oncogenes into the Ig loci. Most also display somatically mutated variable
regions of the immunoglobulin genes (IGV), known as somatic
hypermutation

Proto-oncogene mutations are common, e.g. BCL6 somatic hypermutation
(but not BCL6 translocation) and chromosomal translocations between
¢-MYC and Ig genes may occur

Chromosomal abnormalities are frequent, with varying recurrent lesions
reported

Dysregulation of transcriptional control is seen, including aberrant promoter
hypermethylation of genes such as the DNA repair gene MGMT
Post-transplant DLBCL Mutations of proto-oncogenes as
found in immunocompetent-
DLBCL are often found. These
may include RAS, TP53 and
c-MYC

EBV-negative post-transplant
DLBCL frequently displays loss
of 6q23.3(TNFAIP3) and
9p21(CDKN2A) and gain of
chromosome 3/3q(FOXP1)

Post-transplant Burkitt lymphoma Ig/MYC translocations are very
common

Post-transplant plasmablastic lymphoma |1g/MYC translocations are
common

T cell PTLD Clonal T cell receptor gene

rearrangements are seen.
Chromosomal abnormalities are
akin to those found in
immunocompetent T cell
lymphomas

Polymorphic Clonal rearrangement of Ig genes are present, but with less predominant
PTLD clones than monomorphic PTLD. Somatic hypermutation of IGV is seen in
around 75% cases

Somatic hypermutation of BCL6 occurs in around 50% of cases
Chromosomal abnormalities are less common than in monomorphic PTLD

PTLD are subclassified into those that fulfil definitions of immunocompetent lymphoma types
(monomorphic PTLD) and those that do not (polymorphic PTLD). PTLD develop from a T or,
more commonly, B cell that accumulates genetic mutations, often in an accelerated fashion due to
defects in the DNA mismatch repair system, termed the ‘mutator phenotype’. Specific genetic
mutations that occur in the different subtypes include aberrant somatic hypermutations and muta-
tions of proto-oncogenes such as MYC. There is also evidence of dysregulation of transcriptional
control including aberrant hypermethylation and altered microRNA expression
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Table 4.2 The distinct genetic and transcriptomic features of EBV-positive versus EBV-negative
PTLD, which are in keeping with the known oncogenic properties of the virus

PTLD type | Genetic/transcriptomic features

EBV- Oncogenic viral latency genes are expressed, e.g. EBV latent membrane protein
positive (LMP) and EBV nuclear antigen (EBNA) genes
PTLD EBV-positive post-transplant DLBCL upregulates genes associated with immune

tolerance, e.g. CD274(PD-L1), VSIG4 and IDO1

EBV-positive post-transplant DLBCL upregulates genes involved in the innate
antiviral immune response including the interferon pathway, e.g. IFIT2-3,
cytokines like CCL4, interleukin receptor IL-1RB and NK cell marker CD94

EBV- EB V-negative post-transplant DLBCL frequently displays recurrent chromosomal
negative abnormalities as found in immunocompetent-DLBCL including:
PTLD Loss of 6¢g23.3(TNFAIP3) and 9p21(CDKNZ2A), tumour suppressor genes with

roles in apoptosis and cell cycle regulation, respectively
Gain of chromosome 3/3g(FOXP1) which encodes an oncogenic transcription
factor that represses tumour suppressors such as STPR2

EBV-positive PTLD upregulate genes involved in immune tolerance and the innate antiviral
immune response. EBV-negative PTLD display recurrent chromosomal abnormalities as seen in
their immunocompetent counterparts

The Mutator Phenotype

PTLD exhibit defects in DNA mismatch repair mechanisms which accelerate accu-
mulation of mutations, termed the ‘mutator phenotype’, that are uncommonly seen
in immunocompetent hosts. Genes with high mutational frequencies include those
involved in apoptosis such as BAX and CASPASE 5 as well as DNA repair gene
RADS50 [12]. In one study 8.1% of PTLD cases were microsatellite instability-high,
regardless of EBV status [12]. Why this mutator phenotype is more common in
immunodeficiency-related lymphoma compared to immunocompetent hosts is
unclear. One theory involves neoantigens, tumour-specific peptide antigens pro-
duced as the product of gene mutation, which are displayed via MHC molecules on
the cell surface of the mutator phenotype. In immunocompetent hosts, T cells would
recognise and destroy these immunogenic cells. Post-transplant immunodeficient
hosts however are unable to mount an effective immune response against these cells.

Gene Expression Profiling

The distinct genetic features of EBV-positive and EBV-negative PTLD already
discussed are mirrored by differential gene expression profiles. It has been dem-
onstrated that in a cohort of post-transplant DLBCL and immunocompetent-
DLBCL, samples clustered by EBV status not immune status [13]. As expected,
expression of viral genes distinguished EBV-positive from EBV-negative post-
transplant DLBCL [13, 14]. In one study it was noted that very few genes were
differentially expressed between EB V-negative post-transplant DLBCL and EB V-
negative immunocompetent-DLBCL [13]. Genes upregulated in EBV-negative
post-transplant DLBCL were related to B cell development. Genes involved in T
cell signalling were however found to be downregulated in EBV-negative
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post-transplant DLBCL compared to immunocompetent-DLBCL, likely due to
immunosuppression [13].

Despite immunosuppression, EBV-positive post-transplant DLBCL demon-
strated increased expression of genes involved in the innate immune response, likely
directed against EBV [13, 14]. These included proteins from the interferon pathway
such as IFIT2-3, cytokines like CCL4, interleukin receptor IL-1RB and the NK cell
marker CD94. EBV-positive post-transplant DLBCL also displayed upregulation of
genes associated with immune tolerance, such as CD274(PD-L1), VSIG4 and IDO1
[13]. We have already described the action of PD-L1 to inhibit T cell activity and
that it is upregulated by EBV [11]. The B7 family-related protein VSIG4 suppresses
T cell proliferation as well as the production of IL-2 [15]. IDOI (indoleamine
2,3-dioxygenase 1) also plays a critical role in immune tolerance by suppressing T
cell proliferation and activating suppressive T regulatory cells [16]. It has been sug-
gested that the additional immunosuppressive effect of EBV could account for the
earlier development of EBV-positive PTLD.

Host Polymorphisms

It is known that host polymorphisms involving /FN-gamma, IL-10 and TGF-beta
predispose to PTLD. Many of these polymorphisms relate to the interaction of
malignant cells with their surrounding environment, termed the tumour microenvi-
ronment. Cytokines such as IL-10 and IL-6 have been shown to be elevated in
PTLD, irrespective of EBV status, and the levels correlate with disease progression
[17]. Moreover, polymorphisms in /L-10 and TGF-beta promoters have been linked
to development of EBV-positive PTLD [18].

Variation in the highly polymorphic HLA loci has also been linked to PTLD
development, with suggestions that HLA genes or others at that loci may predispose
or protect from PTLD [19-22], although this is contentious. The theory is that HLA
molecule specificity may affect the ability of T cells to detect EBV-infected or
malignant cells; this may be exacerbated by immunosuppression. For example, in
one study of 106 PTLD patients, EBV-negative patients with HLA-B40 were asso-
ciated with a higher risk of PTLD [22]. Moreover, both donor and recipient HLA-
A26 were linked with PTLD development in a study of 110 PTLD patients, whereas
another variant seemed to have protective value attributed to a ‘hyperactive immune
system’ [20]. However, not all studies have accounted for multiple hypothesis test-
ing, which considerably confounds interpretation. A statistically rigorously con-
ducted study of 97 patients found no evidence that HLA Class I molecules were
associated with developing EB V-positive PTLD [23].

Aberrant Somatic Hypermutation
Somatic hypermutation (SHM) is a mechanism that enables diversification of the B

cell receptor (BCR) so it can recognise novel antigens. It is a process of mutation
involving the IGV genes that occurs in the germinal centre. Aberrant SHM is
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implicated in around half of DLBCL cases in immunocompetent patients, targeting
various loci including proto-oncogenes PIMI, PAXS5, RhoH/TTF and c-MYC and
key regulators of B cell differentiation such as MYC, BCL2, BCL6 and CCND1 [24].
In PTLD, aberrant SHM has been demonstrated in donor as well as recipient B cells
and in both EBV-positive and EBV-negative cases [25, 26]. Aberrant SHM is seen
far more commonly in monomorphic PTLD compared to polymorphic PTLD; for
example, it is seen in around 40% of post-transplant DLBCL [2, 25]. Up to half of
PTLD originate from B cells lacking in a functional BCR as a consequence of aber-
rant SHM [27]. Usually a non-functional BCR would lead to apoptosis of the cell in
the germinal centre transit; hence development of PTLD suggests evasion of this
process as occurs with a transforming virus such as EBV [3].

Proto-oncogenes
c-MYC

Genetic alterations in ¢c-MYC are best explained by the paradigm of Burkitt lym-
phoma (BL), although they have also been demonstrated in post-transplant DLBCL
and post-transplant plasmablastic lymphoma. As in BL in the immunocompetent,
post-transplant BL displays chromosomal breaks at 8q24, juxtaposing c-MYC with
immunoglobulin (Ig) enhancer elements and causing c-MYC overexpression [7, 8].
The ¢-MYC proto-oncogene upregulates genes for cell growth and downregulates
apoptotic genes, culminating in cell proliferation.

Unlike PTLD which occur in an immunosuppressed environment, BL in the
immunocompetent should be detected and destroyed by cytotoxic T cells. There are
many facets to the immune escape of BL, and it is thought that c-MYC plays an
important role via differential expression of genes involved in the nuclear factor
kappa beta (NF-kB) and interferon pathways [28]. It has been shown that STAT1, a
vital component of the type I and II interferon responses, is inhibited both directly
and indirectly by c-MYC [28]. Moreover, expression of microRNAs (see microRNA
section) involved in c-MYC signalling is affected by EBV infection [29].

BCL6

BCLG6 is a repressor of transcription and is key to the formation and survival of
germinal centres. Translocation of the BCL6 locus at 3q27 occurs in around 40% of
DLBCL in the immunocompetent but is rarely seen in PTLD [30, 31]. Instead
40-50% PTLD demonstrate BCL6 mutations in the same non-coding region of the
gene; in one study 43% of polymorphic PTLD and 90% of non-Hodgkin lymphoma
or myeloma-type PTLD demonstrated BCL6 mutations and/or deletions, but none
of the plasmacytic hyperplasia cases [32]. It is hypothesised that this non-coding
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region contains a regulatory element, although it is also not clear whether BCL6
mutation is itself a trigger for malignancy or a general marker of genetic instability.
As mutations were not seen in plasmacytic hyperplasia, BCL6 has been proposed as
a marker of malignancy versus hyperplasia and hence a predictor of response to
reduction in immunosuppression. This conclusion is controversial, however, as 30%
of normal germinal centre B cells have mutated BCL6 [33].

TP53

Notably, the pan-cancer tumour suppressor gene 7P53 (also known as p53) is only
occasionally mutated in PTLD, seen in 2 of 28 specimens in one study [34]. TP53
acts in a complex with p21, a cyclin kinase inhibitor, liberating Bax to stimulate
apoptosis; this process is interrupted by 7P53 missense mutations [35].

Transcriptional Regulation

Mechanisms that regulate gene expression include epigenetic changes (i.e. that do
not involve DNA alterations) such as methylation, acetylation and histone modifica-
tions. These particularly affect silencing of genes that are involved in regulating the
cell cycle, apoptosis and angiogenesis that serve as tumour suppressors, which are
integral to tumour development. Within the context of PTLD, the best studied epi-
genetic aberration is DNA methylation.

Aberrant DNA Methylation

Aberrant hypermethylation of CpG islands in tumour suppressor gene promoter
regions can lead to their inactivation and has been implicated in post-transplant
lymphomagenesis. In one study 57% of PTLD samples demonstrated aberrant
hypermethylation of the DNA repair gene O%-methylguanine-DNA methyltrans-
ferase (MGMT), 72% of the pro-apoptotic death-associated protein kinase (DAP-
K) gene and 21% of the cell cycle control gene p73 [36]. MGMT is a dealkylating
enzyme that repairs DNA by removing methyl groups from the mutagenic O°
position of guanine; MGMT inactivation promotes lymphomagenesis in knock-
out mice [37]. Loss of MGMT is thought to promote genetic instability and
development of further mutations such as in p53 [38]. DAP-K is a serine/threo-
nine kinase integral to gamma interferon-induced apoptosis. DAP-K is also
upregulated following c-MYC activation, thought to be a safeguard against initial
tumorigenesis by utilising p53 towards apoptosis [39]. The p73 gene is in the
same family of transcription factors as p53 and functions to suppress growth and
induce apoptosis.
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MicroRNA (miRNA)

A miRNA is a small non-coding RNA, around 22 nucleotides long, that binds in a
sequence-specific manner typically but not exclusively to the 3’UTR of a target
mRNA causing translational silencing and/or transcriptome degradation. MiRNAs
regulate multiple processes including cell proliferation, differentiation and death. It
is therefore unsurprising that miRNA expression profiles differ in malignant versus
non-malignant tissues [40]. In malignancies associated with oncogenic viruses such
as EBV, both viral and cellular miRNAs affect viral replication and the subsequent
malignant process [41].

One study examined the microRNAomes of primary CNS (pCNS) PTLD (89%
EBV positivity) as well as both EBV-positive and EBV-negative systemic PTLD
[29]. Analysis of viral and cellular microRNA expression patterns revealed three
major clusters associated with EBV status (Fig. 4.1): cluster I contained all the EB V-
negative PTLD cases, and cluster I and III consisted of EB V-associated lymphomas.
Regarding EBV-positive PTLD, the viral miRNA cluster BHRF1, comprising ebv-
miR-BHRFI1-1 to 3, was expressed in most cluster II (5/6) and cluster III (5/9) cases.
Expression of the BHRF1 cluster is thought to potentiate viral persistence in the host
via downregulation of viral antigen production and consequent evasion of the
immune system. In one study cells infected by an EBV virus engineered to lack the
BHRF1 cluster had markedly slower growth than those infected by EBV wild type
[42]. All cluster IIT samples also expressed many of the BamHI-A rightward tran-
script (BART) miRNAs, a group of miRNAs which have also been shown to play a
role in viral replication [43]. When comparing pCNS and systemic PTLD, it was
found that pCNS PTLD expressed lower hsa-miR-199a-5p/3p and hsa-miR-143/145
than systemic PTLD. Decreased expression of hsa-miR-143 has been found in other
B cell malignancies [44]. One of its gene targets is ERK5 MAPK, with downstream
effects on c-MYC that are thought to increase cell proliferation [44].

Conclusion

Much of the previous research on the genetics of PTLD has focussed on the role of
EBV. Aside from the well-documented viral factors, there are multiple host genetic
changes that occur to trigger lymphomagenesis. EBV-positive and EBV-negative
PTLD display distinct genomic and transcriptomic landscapes, with the potential
for disparate tailored treatments. EBV-negative PTLD share many genetic features
with their respective immunocompetent lymphoma subtypes. These similarities
suggest that EBV-negative PTLD is less likely to be driven by another unknown
virus. Larger studies using high-throughput technologies are needed to clearly elu-
cidate the biological differences between EB V-positive and EB V-negative PTLD to
inform future therapeutic strategies.
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Fig.4.1 Expression profile of EBV-specific microRNAs in primary central nervous system PTLD
and systemic PTLD samples. Blue denotes minimal and red indicates high microRNA expression.
Unsupervised nonhierarchical clustering defines three groupings or ‘clusters’ termed I-III from
left to right within the studied PTLD samples. Cluster I includes EB V-negative PTLDs, cluster 11
consists of PTLD samples that display a globally weak expression of viral microRNAs, and cluster
IIT includes those with a globally strong expression of these genetic elements. Some PTLD sam-
ples in groups II and III exhibit a restricted expression pattern of the transforming viral BHRF1
microRNA cluster. EBV Epstein—Barr virus, PTLD post-transplant lymphoproliferative disorder.
(From Fink et al. [29]. Reproduced with kind permission from the American Journal of
Transplantation)
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Innate Immunity

Most data on innate responses to EBV are derived from studies performed on blood
samples from young adults with infectious mononucleosis (IM), a self-limiting
EBV-triggered symptomatic disease, or from EBV seropositive healthy subjects
during EBV established infection entailing virus latency and episodic viral reactiva-
tions. Innate immune cells, including monocytes/macrophages, plasmacytoid den-
dritic cells (pDC), and conventional (c)DC and NK cells, provide the first,
non-specific line of defense against EBV infection [1, 2]. A memory-like function
for innate effectors (e.g., NK cells and monocytes/macrophages), known as trained
immunity, was described to occur upon secondary encounters with pathogens [3, 4].
This confers enhanced immunity to secondary infections and may be relevant to
EBYV infection as well. Innate cells through their germline-encoded pattern recogni-
tion receptors (PRRs), including Toll-like receptors (TLRs), sense pathogen-
associated molecular patterns (PAMPs), and in response they trigger the induction
of MyD88-dependent phosphorylation of MAPKs and activation of NF-kB and
IRFs [5]. As a result, inflammatory cytokines, chemokines, and cytotoxic molecules
are directly released and contribute to pathogen neutralization and lysis of pathogen-
infected cells. Subsequently these inflammatory mediators promote and shape the
generation of potent pathogen-specific CD8" and CD4* T cell adaptive immunity.
EBYV can be sensed mainly by TLR9 and TLR3 expressed by innate cells, although
other TLRs were recently identified to play a role in EBV recognition.
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TLR9 expressed by monocytes and plasmacytoid DC (pDC) senses EBV-derived
unmethylated CpG dsDNA motifs and promote production of type-1 interferon
(IFN)-a/p and transforming growth factor-f (TGF-f) as well as release of the dan-
ger signal molecule HMGBI [6]. All these mediators contribute to the immediate
host defensive inflammatory responses leading to inhibition of EBV reactivation
and subsequent lytic replication, as well as priming and activating adaptive immu-
nity. In addition, B cells, who are infected by EBV and thus may function as innate
immune cells, can sense EBV and respond to TLR9 stimulation [7]. Conversely, the
virus can down-modulate TLRO9-triggered signaling in B cells and thus protects
itself from innate control [8]. More recent data demonstrated that EBV can directly
infect primary human monocytes and subsequently may specifically induce activa-
tion of the inflammasome and caspase-dependent IL-1f production [9].

TLR3 expressed by macrophages and conventional (c)DCs may recognize non-
coding EBV small interfering RNA (siRNA) and EBERs. These RNA species may
be released by EB V-infected cells as exosomes [10] and may be detected free in the
sera of patients with active EBV diseases or in the EBV* tumor tissue [11]. These
may trigger TLR3 expressed by macrophages and cDCs to upregulate their Ag
cross-presentation capability and release type-1 interferons and inflammatory cyto-
kines such as IL-12p70 and IL-6, leading to further activation of innate and adaptive
immune cells [12]. In addition, myeloid antigen-presenting cells via EBV-TLR2
triggering may result in MCP-1 release that may further upregulate TLR2 expres-
sion on myeloid cells [13].

NK cell contribution to the innate immune control against EBV is quite signifi-
cant during primary infection, whether symptomatic IM or asymptomatic infection
[14, 15]. NK cells become activated directly following NK cell-TLR3 ligation by (i)
small EBV RNA molecules; (ii) pro-inflammatory cytokines IL-12p70 and IL-18
secreted by myeloid innate cells; and (iii) IFN-y secreted either by CD4* and CD8*
T cells or by NK cell themselves. As a consequence, the CD56"" NK cell subset
produces elevated levels of cytokines (IFN-y/TNF-a) that interfere with EBV infec-
tivity, while CD56%™ subset upregulates activating cytotoxic molecules (NKp30,
NKp46, NKG2D) and releases perforin and granzyme B that leads to increased lysis
of EBV-infected cells. Moreover, tissue-resident (tonsillar) NK cells were shown to
be more effective at controlling B cell transformation than blood NK cells, a process
depending on IFN-y release in response to IL-12p70 stimulation [16].

Altogether, the magnitude of the innate responses and the combination of effec-
tor mediators released at one time may directly correlate with the immunopatho-
logic and clinical manifestations caused by active EBV infection [17, 18].

Adaptive Immunity

EBV-specific T cell responses in healthy individuals reflect EBV life cycle that
entails expression of both latent and lytic viral proteins. Both provide good Ag
sources for priming effectors of adaptive immunity that control primary EBV infec-
tion and for memory generation and maintenance to survey EBV latent state and its
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Iytic replication during established infection. There are six EBV nuclear Ag
(EBNAL, 2, 3A, 3B, 3C, LP) and three EBV membrane proteins (LMP1, 2A, 2B)
expressed by infected B lymphocytes within lymphoid tissues (tonsils and lymph
nodes). In addition, there are numerous EBV lytic Ag. The immediate early (IE)
genes (n = 2) are critical for inducing the switch from latency to EBV production,
whereas the early (E) (n > 30) and late (L) (n > 30) genes contribute to viral replica-
tion and may be expressed in both B cells and epithelial cells of the nasopharynx
[19, 20]. The different locations and sources of EBV Ags impact the EBV Ag-specific
CD4* and CD8" T cell responses in terms of their phenotypic profiles, function, and
trafficking capabilities. More importantly, monitoring of EBV-specific CD4* and
CD8" T cells in the peripheral circulation by flow cytometry using fluorochrome-
tagged EBV Ag-loaded HLA tetramers in conjunction with fluorochrome-tagged
mAbs allows for an accurate assessment of Ag-specific T cell phenotype, differen-
tiation state, and function at any given time.

T Cell Responses During Primary EBV Infection

During infectious mononucleosis (IM), literature describes a significant expansion
of EBV lytic-specific type-1 CD8* T cells (IFN-y/GzB/Perf), whose frequencies
may represent up to 50% of the expanded CD8* T cell repertoire in the peripheral
circulation of patients [21, 22]. The immunodominance hierarchy of these
Ag-specific CD8* T cells consists of IE>E>L and most likely reflected EBV antigen
availability and differential accessibility to the HLA class I processing pathway for
CD8" T cell priming [23]. EBV-latent-specific CD8* T cell responses were also
detected, but at significant lower levels, with individual epitope specificities directed
mostly against immunodominant EBNA3A, 3B, and 3C epitopes and the subdomi-
nant LMP2A epitope and with frequencies representing approximately 5% of the
peripheral CD8" T cell population [23, 24]. EBNA1 CD8" T cell responses may not
be detected, since the glycine/alanine repeat domain within EBNA1 protects it from
the MHC class I processing pathway [25]. In addition, circulating EBV-specific
CD8" T cells during IM are phenotypically activated (CD38*, CD69*, HLA-DR"),
proliferating (Ki67*), in an effector memory (CD45RO*CD62L") (EM) phase. They
also express CXCR3* and were highly functionally (IFN-y*) active [21, 26, 27].
Moreover, the CD8* T cell responses to some of the immunodominant epitopes
involve highly conserved T cell receptor (TCR) usage, with possible consequences
for cross-reactive recognition of other target antigen structures.

Upon IM resolution, EBV-specific CD8* T cell frequencies decline, and their
phenotype and function display resting profiles [28]. Interestingly, EBV-latent- but
not EBV-lytic-specific CD8* T cells gain CD45RO*CD62L* expression, indicative
of central memory (CM) phenotypes. These may be recruited to the B cell follicles
of the tonsils, to control local EBV latent B cell transformation. EB V-Iytic-specific
CD8* T cells remain in the EM phase or re-express CD45RA and are poorly repre-
sented in the tonsils, consistent with the continued high-level shedding of virus in
saliva [28].

EBV-specific CD4* T cell responses during IM are minimal compared to CD8* T
cell responses, are dominated by latent-specific responses over lytic-specific
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responses, and present also activated phenotypes [29]. During IM resolution, the %
of EBV-specific CD4* T cell responses diminish as well. Interestingly, EBNA1-
specific CD4* T cell responses could be detected in peripheral circulation at later
times. EBNA1-specific CD4* T cells are fully functional and can recognize and lyse
EBNAT1* lymphoma cells in vitro [30]. This is important since EBNA1-specific
CD8" T cell responses are minimal due to poor accessibility of EBNA1 to be pro-
cessed and presented via MHC class I pathway.

There are few studies that monitored healthy children or young adults undergo-
ing asymptomatic primary EBV infection. These individuals presented with ele-
vated activated EBV-specific CD8* and CD4* T cells, similar to those from IM
cases, but at much lower level of expansion and activation as those from IM
patients [31].

Memory T Cell Responses During Established Infection

EBV-specific CD8* T cell memory responses could be easily detected in peripheral
circulation of EBV-positive individuals and are directed against same lytic Ag and
latent Ag specificities as seen in IM patients, but here EB V-lytic-specific CD8* T
cells do not exceed on average more than 2% of the total CD8* T cells. The levels of
latent Ag-specific CD8* T cells are even smaller, up to 1% of the total CD8* T cells
[32]. EBV-latent-specific responses are directed primarily to EBNA3A/C and
LMP2a, and the epitope choices for each Ag are HLA allele specific. In most healthy
individuals, over time, EBV appears to establish a stable balance with the host’s
immune response, although occasional fluctuations in the size and function of the
EBV-specific CD8* T cell compartment are seen, possibly due to subclinical occa-
sional EBV lytic and latent reactivation [33].

EBV Ag-specific memory CD4* T cell phenotype and size differ significantly
from those of EBV Ag-specific memory CD8* T cell in the circulation of healthy
EBV-positive individuals [34]. While the memory CD8* T cell repertoire against
EBYV lytic and EBV latent Ags is broad and encompasses immunodominant and
subdominant responses [23], the memory CD4* T cell repertoire is more focused
and dominated by EBNA1-specific responses [35], due to its accessibility to the
MHC-II pathway within the infected cell itself via autophagy [36]. EBV-specific
CD4* T cell responses directed against other lytic and latent Ag specificities have
been also reported and are minimally represented in circulation. Of note, in addition
to their principal helper role (e.g., co-stimulatory molecules and cytokine produc-
tion), EBV-specific memory CD4* T cells still can recognize and kill infected B
cells or established EBV* tumors [30].

EBV Evasion from Innate and Adaptive Immunity

EBV exploits innate immune control through multiple mechanisms [37]. Several
EBYV gene products (e.g., BCRF1 or vIL-10, BNLF2, BGLF5, LMP1) may interfere
with MHC class I peptide loading and presentation or may trigger down-modulation
of TLR expression, resulting in downstream intracellular signaling inhibition of
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NFkB and IRFs, with subsequent decreased transcription and expression of pro-
inflammatory cytokines and chemokines and diminished cell proliferation [8, 38,
39]. The untranslated EBERs and siRNAs released from EBV-infected cells may
also contribute to EBV immune evasion through multiple mechanisms by concomi-
tantly conveying subtle inhibitory signals that are sensed by regulatory networks,
allowing EBV to protect itself from host immunity [39, 40]. In addition, EBV may
confer EBV-infected cell resistance to cell death signals by allowing the upregula-
tion of several anti-apoptotic genes (including bcl-2, bfl-1, mcl-1, A20, and cIAP2)
or by activation of the Ras/PI3K/Akt signaling axis in B cells [41, 42].

EBYV evasion from adaptive immunity was also described and may interfere at
several levels. It may reduce immunogenicity of antigen-presenting cells (APC) by
hindering MHC class I and II loading with EBV peptides or by down-modulating
MHC expression. It can also diminish the ability of APC to secrete anti-viral type-1
pro-inflammatory cytokines such as IL-12p70 while enhancing production of anti-
inflammatory cytokines IL-10 and TGFp and therefore rendering the microenviron-
ment tolerogenic.

All these events allow EBV to establish latency or to undergo lytic reactivations
and thus to survive, co-exist, and persist with the host rather than be eliminated by
host immunity. In addition, these events may contribute to EBV-associated malig-
nancies due to the failure of the immune system to eliminate EB V-transformed cells.

Immune Responses to EBV Infection in Immunocompromised
Solid Organ Transplantation Recipients

While EBV infection in healthy individuals is dominated by its latent phase with
protracted viral antigen exposure, and interrupted by occasional EBV reactivation,
both well controlled by a functional type-1 innate and adaptive immunity, EBV
infection after organ transplantation may become at times uncontrolled due to the
iatrogenic immunosuppression burden on host immunity. In addition, EBV evasion
mechanisms may become prevalent in individuals with impaired cellular immunity
and can easily tip the balance toward favoring EBV-triggered B cell oncogenesis
and development of post-transplant lymphoproliferative disorders (PTLD) [43].
The vast majority of patients undergoing transplantation are EBV positive, dis-
play memory responses to EBV, and are at low risk of PTLD. For those patients who
EBYV seroconvert post-transplant in the presence of high levels of immunosuppres-
sive drugs, or for those with less mature immunity (e.g., mixed type 1/type 2), EBV
can easily switch its latency phenotypes from the expected, benign latency 0/1 (no
Ag or EBNAT expression) to the dangerous latency III (EBNA1-6, LMP1, LMP2a
and LMP2b) or latency II (EBNA1, LMP1, and LMP2a) [44]. These latency pheno-
types are indicative of the stages where B cell lymphoproliferation occurred, where
EBYV latent Ag-specific immune control failed, and whether the immunodominance
hierarchy of these responses is perturbed or not [45]. Impaired immunity against
EBYV lytic Ags can also develop to allow EBV to undergo frequent productive reac-
tivations, translated in part by increased immune evasion and accumulation of high
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EBYV loads in peripheral circulation. Together, these concur to the development of
progressive immune functional exhaustion of innate and adaptive immune responses
and to an increased risk for EBV* PTLD.

Specifically, EBV-negative pediatric patients receiving an EBV-positive trans-
plant are at highest risk of developing chronic high EBV load (HVL) carrier status
and PTLD [46, 47]. Indeed, clinically asymptomatic chronic HVL status in pediat-
ric transplant carriers, specifically heart recipients, was proven not to be a benign
state, but a strong predictor for PTLD [48]. Understanding the defects in innate and
adaptive immune control against EBV after transplantation and identifying the con-
comitant occurrence of immune regulatory and exhausted networks paralleled by
EBYV immune evasion mechanisms are important elements in predicting the risk of
EBV-associated PTLD and in determining how to harness immunity for therapy of
this complication [49].

Perturbations of Innate Immunity

A longitudinal study conducted on peripheral blood mononuclear cell (PBMC)
samples from 45 adult kidney recipients during the first 24 months post-transplant
showed impaired inflammatory cytokine secretion by CD14*CD16* monocytes in
response to EBV peptide stimulation and retrospectively identified patients at
increased risk of infectious complications [50]. In another longitudinal study, sig-
nificant elevated levels of IL-10 and IL-6 were detected in plasma of 38 adult trans-
plant recipients undergoing treatment for PTLD. Interestingly, IL-6 levels, but not
IL-10, correlated with disease progression, highlighting the role of IL-6 as a B cell
growth factor to enhance B cell proliferation, a phenomenon seen with PTLD [51,
52]. In a model of lymphoproliferative disease using humanized NOD-SCID mice,
Lim et al. showed that EBV-stimulated pDCs produced IFN-a that promoted activa-
tion of NK cells and of IFN-y producing CD3"T cells, a phenomenon dependent on
cell-to-cell contact, in part mediated by TLR-9 signaling. When pDC function was
preserved, mice EBV-related mortality was delayed, whereas when pDC were
impaired, EBV-driven mortality was significantly increased, highlighting the impor-
tance of pro-inflammatory IFN-a for PTLD control [53]. All these suggest that per-
turbations in the pro-inflammatory/anti-inflammatory milieu may be permissive for
impaired EBV antigen presentation and T cell immune control, leading to increased
risk for complications.

The importance of NK cells in EBV control after organ transplantation was
emphasized by several groups. A cohort of pediatric liver transplant recipients dis-
played a significant decrease in the percentage of circulating NK cells immediately
post-transplant, while the expression of NK natural cytotoxicity triggering receptor
NKp30 was significantly increased. NKp46 and NKG2D levels remained stable
through follow-up [54]. In a cohort of six pediatric heart transplant recipients with
PTLD, our group has identified decreased circulating CD56" " and CD56%"CD16*
NK cell subset levels that downregulated NKp46 and NKG2D and significantly
upregulated inhibitory molecule PD-1. These phenotypic changes were paralleled
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by NK functional impairment, resembling cellular exhaustion. Interfering with
PD-1/PD-L1 pathway resulted in increased NK cytotoxic function [55]. A decrease
in NK cell number accompanied by a reversed CD4:CD8 ratio with increased CD8*
T cells was shown to predispose to recalcitrant EBV-PTLD in 14 pediatric PTLD
cases [56].

Defects in T Cell Immune Responses

To assess the functional polarization and potency of EBV-specific memory T cells
after transplantation, our group has investigated a cohort of adult kidney transplant
recipients. We reported that patients exhibited similar circulating EBV-specific
CD8" T cell frequencies and EBV-epitope specificities as compared to those of
healthy controls. In contrast, they displayed significantly elevated EM phenotypes,
decreased IFN-y production, and elevated IL-10 in response to EBV peptide stimu-
lation in vitro. These cells suppressed noncognate CD4* T cell proliferation via
cell-cell contact, suggesting their induced Trl polarization. These changes were
induced at least in part by chronic immunosuppression that altered cDC phenotype
and function, in a NFkB-dependent manner [57-59]. Moreover, our results sug-
gested that even in EBV-positive, stable immunosuppressed transplant patients,
regulatory pathways in the myeloid compartment are elevated and trigger alterna-
tive activation (re-programing) of EBV-specific CD8+ T cells with potential clinical
consequences for certain patients that carry genetic or epigenetic alterations.

T Cell Responses During Primary EBV Infection After Transplantation
Given that EBV-negative patients receiving an EBV-positive organ are at higher risk
of EBV complications post-transplantation, the issue of EBV seroconversion after
solid organ transplantation was investigated by several groups. Longitudinal moni-
toring of EBV-specific T cell response in an adult EBV seronegative recipient fol-
lowing cardiac transplantation determined that effective EBV-specific immune
response can be initiated quickly after primary EBV infection post-transplantation
[60]. EBV-specific CD8" T cell frequency and IFN-y production increased upon
each subsequent viral reactivation. Falco et al. have investigated circulating EB V-
lytic- and EBV-latent-specific CD8* T cells in a cohort of EBV-negative pediatric
liver transplant recipients after EBV seroconversion [61]. These immune cells were
easily detected in a few weeks post-EBV seroconversion and displayed activated/
EM phenotype. These studies support that an EBV-specific T cell response capable
of adequate control of a primary EBV infection and of subsequent viral reactiva-
tions can develop in EBV-seronegative adult and pediatric transplant recipients in
the presence of severe immunosuppression. However, IL-10 production by CD8* T
cells was not measured in these studies.

Memory T Cell Responses and EBV Load After Transplantation
EBYV pediatric patients that develop chronic high EBV load in peripheral circula-
tion have a 45% risk for PTLD [48]. To address this clinical observation, our group
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has focused on analyzing EBV CD8* T cell immunity in a cohort of EBV asymp-
tomatic pediatric heart transplant recipients. As compared to the EBV asymptom-
atic adult kidney recipients, pediatric recipients displayed a subverted EB V-specific
CD8* T cell immunity from the Tr1 (IFN-y/IL-10) seen in adult kidney recipients
to a mixed “Type-0" (IFN-y/IL-5/IL-10) polarization in pediatric heart transplant
recipients [62]. Pediatric patients that carried an EBV load (either low viral load,
LVL, or high viral load, HVL) displayed significant increased levels of EBV-lytic-
specific CD8* T cells over EB V-latent-specific CD8* T cells, with activated pheno-
types (CD38* and EM). Moreover, EBV-specific CD8* T cells from HVL patients
concomitantly displayed exhausted phenotypes (PD-1*CD127-) and function (low
IFN-y), unlike LVL patients whose EBV-specific CD8" T cells were functional
(high IFN-v) and lacked phenotypic features of exhaustion [62]. Moreover, approx-
imately 1/3 of LVL patients displayed EBV-specific CD8* T cells that co-expressed
CXCRS, a chemokine receptor that may localize them in CXCL13-rich areas, and
IL-7Ra that may confer a potential for self-renewal. These findings provide a
potential mechanistic explanation for differences in outcomes between LVL and
HVL carriers in this cohort [63] . Anti-viral CXCR5"CD8* T cells, termed follicu-
lar cytotoxic T (Tgc) cells, were previously described during persistent viral infec-
tions [64]. They seem to co-localize with B cells in the B cell follicles and have a
significant role in viral control; and therefore may represent valuable therapeutic
targets to explore, specifically since B lymphocytes in the follicles are the reser-
voire of EBV. We have also evaluated global and EB V-specific CD4* T cell immu-
nity in this cohort and identified a selective CD4* T cell immunosuppression in
HVL patients [65]. While these heterogeneous states of EBV-specific T cells have
been identified in different categories of EBV load transplant carriers, the complex
molecular and cellular mechanisms contributing to such diverse outcomes after
transplantation still need further elucidation.

Memory T Cell Responses During PTLD

T cell immune monitoring of patients undergoing PTLD is of great interest as it may
provide mechanistic understanding of the immunopathogenesis of this heteroge-
neous entity. Hinrichs et al. studied lymphocyte subsets of 38 adult transplant recip-
ients with PTLD. They identified HLA-DR*CD8* T cells significantly elevated in
PTLD cases that correlated with impaired cytotoxic T lymphocytes in PTLD [51].
Smets et al. reported that while the numbers of EBV-specific CD8" T cells were
maintained, CD4* T cell levels were lower in a cohort of pediatric transplant recipi-
ents with PTLD. The overall capacity of T cells to secrete IFN-y in response to EBV
peptides was progressively lost and coincided with the significant increase in circu-
lating EBV load. Therefore, the ratio between IFN-y and EBV load may be used as
a marker for PTLD risk [66]. In contrast, in a cohort of 16 patients with PTLD, there
were no changes in the numbers of EBV-specific CD4* and CD8* T cells or levels
of IFN-y when compared to control groups. EBV-specific T cells tended to be lower
in early PTLD compared with late PTLD cases, and CD4* and CD8* EBV-specific
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T cells increased in most patients treated with rituximab [67]. Interestingly, in a
separate study, peripheral blood lymphocytes from two PTLD patients stimulated
with an EBV peptide mix resulted in decreased polyfunctional EBV-specific T cells,
expressing TNF-o and CD107 release but no IFN-y production [68]. While these
results obtained on peripheral blood from patients with PTLD generated by differ-
ent groups are somewhat contradictory, this is expectable, due to the (i) heterogene-
ity of PTLD (early vs late; monomorphic vs polymorphic, etc.), (ii) timing of the
samples (at diagnosis; before or after treatment), and (iii) differences in technical
approaches.

Due to the possible contribution of PD-1/PD-L1 pathway to the failed EBV-
specific T cell and NK cell immune control during PTLD [55, 62], this pathway may
be considered a tempting target for PTLD treatment. However, this therapeutic
approach for transplant patients with PTLD may represent a double-edged sword.
On the one hand, exhausted EBV-specific T cells may be unleashed functional
against the EBV* PTLD; on the other hand, allo-reactive T cells may become revig-
orated as well and may inflict graft injury and graft loss. Therefore, personalized
immune monitoring to assess the presence of EBV-specific vs allo-specific CD8* T
cells with phenotypes of Tbet®PD-1 exhausted progeny (rescuable by checkpoint
inhibitor blockade) and Eomes™PD-1" terminally exhausted progenitors (non-
responsive to checkpoint inhibitor blockade) may identify significantly variability
between patients and may indicate those patients likely to benefit from this treat-
ment [69]. In addition, the same PD-1/PD-L1 checkpoint inhibitor blockade may
also target EB V-specific CXCR5*CD8* Tgc cells when present. These may respond
with a proliferative burst of functional cells and replenish the exhausted EBV-
specific CXCR5-CDS8* T cells. Alternatively, EBV-specific CXCR5-CD8* T cells
may be turned into EBV-specific CXCR5*CD8" T cells-like by (i) culturing them
in a Trc-inducing cytokine milieu; (ii) using vectors to generate CXCR5* CAR T
cells; or (iii) expressing Trc-promoting transcription factors [64]. In addition, moni-
toring for the recently described soluble PD-L.1 decoy that hinders the success of
PD-1/PD-L1 checkpoint inhibitor blockade therapeutic approach in some patients
may also prove of value [70].

In conclusion, the dominant expression of regulatory cytokines (IL-10, IL-6) and
of inhibitory molecules (PD-1) triggered by chronic immunosuppression and the
multiple EBV evasion mechanisms encountered after transplantation and during
PTLD [43, 71, 72] together contribute to the attenuation of anti-viral innate and
adaptive immune control and allow for autocrine growth of EBV in its target cells.
Unfortunately, till date there is no consensus on what marker or combination of
markers may be of value to monitor in order to predict EBV complications/PTLD
after transplantation. However, accumulation of improved technologies, of person-
alized monitoring and diagnosis, coupled with the prospect of novel immunothera-
pies that may target the complex and heterogeneous mechanistic interplay between
EBV biology and human immune responses to EBV after organ transplantation,
may soon allow for significant improved PTLD outcomes.
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Technical Aspects of Epstein-Barr Viral 6
Load Assays

Jutta K. Preiksaitis and Catherine Burton

Introduction

Quantitative measurement of Epstein-Barr virus (EBV) DNA in peripheral blood,
most often using assays employing nucleic acid amplification technology, has sig-
nificantly impacted the management of both solid organ (SOT) and hematopoietic
stem cell (HSCT) recipients at high risk for or with post-transplant lymphoprolif-
erative disorders (PTLDs). Since the introduction of these assays two and a half
decades ago, our understanding of the biology of acute and persistent EBV infection
and its pathophysiologic role in the development of EBV-positive (+) PTLD has
increased significantly [1, 2]. In addition, technologic advancements have made
EBYV viral load (VL) assays more sensitive and precise, and the development of a
World Health Organization (WHO) International Standard (IS) has impacted result
harmonization among assays [3]. Peripheral blood EBV VL assays have been exten-
sively used by transplant clinicians for surveillance of patients at high risk for PTLD
as part of preemptive programs for PTLD prevention, for PTLD and EBV disease
diagnosis in symptomatic patients, and to monitor response to PTLD therapy [4].
They have also been used for safety monitoring in clinical trials of new immunosup-
pressive agents [5] and for tailoring immunosuppression in individual patients [6,
7]. However, result interpretation and the optimal matrix for testing (plasma vs
peripheral blood mononuclear cells (PBMC) vs whole blood (WB)) remain
uncertain.
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This chapter summarizes current knowledge regarding EBV cell tropism, EBV
DNA dynamics, and the biologic forms of EBV DNA in the cellular and acellular
fractions of peripheral blood during acute and persistent EBV infection and in
EBV+PTLD. We highlight how this information influences choice of testing matrix,
EBV DNA assay design, and result interpretation when using quantitative EBV
DNA assays in specific clinical settings. The current status of result harmonization
among assays is reviewed along with the impact of standards and calibrators, nucleic
acid extraction methods, target and probe design, and other factors. Testing of non-
peripheral blood samples and possible future enhancements to EBV VL measure-
ment are also discussed.

What Are We Measuring When Quantifying EBV DNA
in Peripheral Blood? Biological Form and Cell Tropism

How Are Biological Forms of EBV DNA and Cell Tropism Assessed?

The phenotype of EBV-infected cells has most commonly been studied by sorting
cell subsets based on surface markers using fluorescence-activated cell sorting
(FACS) followed by detection of EBV DNA in each subset [8]. More recently, some
investigators have used ImmunoFISH techniques with infected cells detected by
either flow cytometry [9] or cell counting on slides by fluorescent microscopy [10].
EBV DNA in latently infected cells exists in an extrachromosal episome (~170 kb)
with a nucleosome structure similar to that of the host genome [11]. In addition,
integration of subgenomic fragments of EBV into specific sites of the cancer
genome has been observed in a subset of malignant cells in some EBV-associated
malignancies [11]. Lytically infected cells also contain concatemeric DNA mole-
cules as well as monomeric EBV DNA encapsidated in virions. EBV DNA in viri-
ons is free of nucleosomes. EBV-infected cells may have long half-lives depending
on their rate of generation, homeostatic cell division, and cell death as well as
immune-mediated killing (see Section “EBV VL Kinetics: Implications for
Monitoring Algorithms™).

EBV DNA in plasma could exist as naked free DNA released by apoptosis or
necrosis of EBV-infected cells, encapsidated in virions or in exosomes. Naked
EBV DNA in plasma has a very short half-life of ~2 hours [12], making dynamic
changes in its measurement more rapidly responsive to treatment interventions
than changes in cellular EBV DNA. Two primary techniques have been used to
determine whether EBV DNA in plasma is encapsidated virion DNA or is “naked”
EBYV DNA released from cells. The first exploits the property that virions, but not
free DNA, will be protected from DNase digestion; the second examines the pro-
portion of EBV DNA in pellets versus supernatant after pelleting virions by ultra-
centrifugation [13]. The distribution of EBV DNA fragment sizes in plasma has
historically been estimated using quantitative polymerase chain reaction (PCR)
using different sized amplicons [13].
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Circulating cell-free DNA (ccf DNA) is present at low levels in all human plasma
and is composed of mono-nucleosomal DNA fragments originating from apoptotic
and necrotic normal hematopoietic cells; ccf DNA levels rise in inflammatory states.
During apoptosis, DNA is fragmented by caspase-activated DNase resulting in frag-
ment lengths that are multiples of nucleosomal intervals (166 bps) forming a char-
acteristic ladder on sizing gels. DNA fragment length is impacted by cause of cell
death (necrosis longer fragments than apoptosis [14]) and varies by cell source
resulting in a “nucleosome footprint” pattern that allows identification of very small
amounts of non-hematopoietic tumor cell DNA in the background of normal DNA
in plasma [15, 16]. Recently, target-capture deep sequencing to both count and pro-
file EBV DNA fragment lengths in plasma has been used to study their origin,
exploiting the non-nucleosomal profile that would be observed in EBV DNA origi-
nating from virions/lytically infected cells versus the nucleosomal pattern of latently
infected cells [17].

Biologic Form of EBV DNA and EBV-Infected Cell Type Varies
with Host Imnmune Status and Clinical Context

The number and type of cells either lytically or latently EBV infected in peripheral
blood and the presence and biologic form of EBV DNA in plasma (naked vs. encap-
sidated in virions) vary and depend on clinical context. Because data in transplant
populations are limited, we also extrapolate and glean important information from
studies in immunocompetent hosts and other immunocompromised populations
such as HIV-infected subjects; these data are summarized below and in Table 6.1.

Table 6.1 What biologic forms of Epstein- Barr virus (EBV) DNA are we measuring in the whole
blood of immunocompetent subjects and immunocompromised patients?

Clinical setting EBV DNA in plasma ‘ EBV-infected cells

Immunocompetent

Asymptomatic Very small fragments of Predominantly:* resting memory B cell
seropositive naked ccf** EBV DNA IgG genes hypermutated, class-switched

subjects with
remote infection

(predominantly <110 bp)
Not encapsidated in
virions

May originate from
apoptotic lytically infected
cells in tissues [17]

Rarely detected and when
present only transient [17,
26]

Increased detection during
critical illness and sepsis
[26]

(CD10+, CD20+, CD3—, CD23—, CD80—,
Ki67—, CD27+ IgD— CD5-) [18-21]; 2-5
genomes/cell (episomal form) [20]; latency
0[22, 23]

Fewer: other memory B cells CD27+ IgD+
IgM+ or CD27— IgA+ [24, 25]
Individual-specific stable “set point” VL
[66, 153, 198] (estimates: in US
5-3000/107 B cells [1], in UK median
79/10° PBMC infected) [181]

(continued)
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Table 6.1 (continued)

Clinical setting

EBV DNA in plasma

EBV-infected cells

Primary infection

ccf naked EBV DNA, not

Predominantly: as above* [22]

symptomatic further characterized Fewer: other memory B cells CD27+

subjects with Presence of EBV DNA IgD+ [25]

infectious encapsidated in virions EBV-infected T cells in EBV-2-infected

mononucleosis uncertain [30] African infants [28]

(IM) and Almost always detected at

asymptomatic symptom onset; duration

subjects 15-31 days [29-33]

EBV-HLH Not available As in seropositive healthy adult plus EBV
Always detected (numbers | infection of activated CD8 T cell [39]
studied small) [32]

CAEBV ccf naked EBV DNA, not | As in seropositive healthy adult plus EBV
further characterized infects a lymphoid progenitor cell with
Not encapsidated in clonal evolution of a specific cell lineage
virions [38] or multiple lineages detectable in
Detected in 86% of peripheral blood, predominantly T cell
patients [37, 38] (CD4 or CD8) or NK cell in Japan [35,

38], B cell (CD20+ or CD20—) in North
America [36]

EBV-associated Very small fragments of Not available

malignancy naked EBV DNA, 87%
fragments<181 bp, unique
fragment length peak
(150 bp in NPC)
Not encapsidated in
virions [13, 17, 41]
Tumor marker in this matrix

HIV-infected patients

Children with
primary infection
Adults with

Not available
Infants: detected
>3 months in most infants

Children with primary EBV infection: B
cells (not further phenotyped) plus small
number of CD4 and CD8 T cells [52]

persistent high load/ | [34] Adults: B cells (not further phenotyped),

set point Adults: variably detected | EBV also detected in plasmablasts and
with prevalence plasma cells, monocyte cells not carrying
significantly lower than in | B, T, or monocyte markers in some
WB [51] patients [10]

EBV+ lymphoma ccf naked EBV DNA, not | Not available

further characterized [30]

Transplant recipients

SOT early <1 year
post-transplant

ccf naked EBV DNA, not
further characterized [30]
Pediatric primary
infection: always detected,
duration may be >1 year
[67,75]

Adults seropositive
pre-transplant: variably
detected, prevalence
proportional to
quantitative levels in WB
or PBMC [60, 66, 68]

Adult population (presumably seropositive
pre-Tx): as in seropositive healthy adult*
(18]

Pediatric population experiencing primary
EBYV infection has not been studied during
this phase
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Table 6.1 (continued)

Clinical setting

EBV DNA in plasma

EBV-infected cells

SOT >1 year
post-transplant with
persistent viral
load/high set point

Not available

Rarely detected and when
present only transiently;
prevalence proportional to
quantitative levels in WB
or PBMC [8, 42,47, 5]

Pediatric with persistent low viral load: as
in healthy seropositive adult
(disproportionately IgM+) [42, 43]
Pediatric with persistent high viral load:
As in low load recipient plus up to 30%
of infected cells highly atypical
predominantly Ig null cells with 30-60
genome copies/cell (CD19+, CD5—,
CD10—, CD27- CD23— CD38— and
CD69— with variable expression of
CD20 and CD40, often HLA class I and
class II negative); may be transient and
fall with decreasing viral load [43, 45]
Predominantly CD20+ IgM+,
IgD+CD27+ memory B cells, with~
16.7 genome copies/cell [9]
Some patients also have EBV-infected T
cells and monocytes and EBV-infected
cells lacking B, T, and monocyte
markers [10, 47]

HSCT with early Not available Isotype-switched memory B cells
high-level Variably detected, (CD19+CD27+) of donor origin (median
reactivation prevalence proportional to | 19 genome copies/cell); significant
quantitative levels in WB proportion proliferating (Ki67+) rather
or PBMC [74] than resting and express a plasmablastic
(CD24— CD38") phenotype and have
latency III EBV gene expression [50]
EBV+ PTLD ccf naked EBV DNA, not | Not available (patients not studied

further characterized
Almost always positive
(exception CNS PTLD and
EBV+ mucocutaneous
ulcer) [48, 49, 68, 82]

immediately before or at the time of PTLD
diagnosis)

Abbreviations: CAEBV chronic active EBV infection, ccf circulating cell free, HLH hemophago-
cytic lymphohistiocytosis, NPC nasopharyngeal carcinoma

Immunocompetent Patients

Asymptomatic EBV Seropositive with Remote Infection When ultra-sensitive
assays are used, EBV DNA can be found in the peripheral blood of all EBV-
seropositive patients, predominately in long-lived resting B cells with the pheno-
typic hallmark of classical antigen-selected memory B cells (CD10+, CD20+,
CD3—, CD23—, CD80—, Ki67—, CD27+ IgD— CD5-); Ig genes are hypermutated
and class switched [18-21]. They are latently infected, express no EBV proteins
(latency 0) [22, 23], and contain two to five genomes/cell [20]. Some investigators
have also observed EBV DNA in a smaller number of CD27+, IgD+ IgM+, and
CD27- IgA+ memory B cells, suggesting EBV can enter memory B cells without
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germinal center transit [24, 25]. The number of infected cells among individuals
varies significantly from 5 to 3000 /10" memory B cells, but each individual appears
to have a unique relatively stable “set point” with respect to infected cell number. It
is estimated that only ~1% of the systemic EBV VL in an individual is in peripheral
blood [1].

EBYV DNA is highly cell associated in healthy adult patients almost all of whom
are EBV seropositive and is only rarely detected in plasma (0.6-5.5%); when
detected it is usually transiently present (<4 weeks) [17, 26]. EBV detection preva-
lence increases significantly relative to similarly aged immunocompetent subjects
in the setting of critical illness with rates higher in WB vs plasma as follows (15/127
(11.8%) vs. 3/55 (5.4%)); even higher rates are observed in immunocompetent criti-
cally ill patients with sepsis (275/522 (52.7%) vs. 75/235 (31.9%) [26].

Children and Adults with Primary EBV Infection (Symptomatic or
Asymptomatic) The limited available data comes from studies of adolescents and
young adults presenting with symptoms of infectious mononucleosis (IM). As in
EBV-seropositive patients with remote infection, EBV DNA is found in a latent
form in memory B cells (CD27+ IgD—) exclusively [22] or predominantly, with
some CD27+, IgD+ cells also infected [25]. However, in IM, up to 50% of all mem-
ory B cells can carry EBV DNA [22]. Whether infectious virions are being pro-
duced is uncertain; limiting dilution RT-PCR studies of IM peripheral blood
demonstrated the presence of a very low frequency of cells expressing lytic cycle
gene BZLF in only two of five IM patients [22, 23].

Non-B cells can be infected during primary EBV infection, even in immunocom-
petent hosts. A recent study of the tonsils of IM patients suggests that approximately
9% of EBV-infected cells in this tissue express T cell antigens [27]. In a Kenyan
study of HIV-uninfected mother/infant pairs, Coleman et al. observed that young
infants infected with EBV-2 had EBV DNA in T cells while those infected with
EBV-1 did not. Interestingly, T cell EBV infection was not observed in the EBV-2-
infected mothers [28].

Using real-time PCR assays, EBV DNA is detected in plasma in almost all
symptomatic adult and pediatric patients with IM at lower levels and for a signifi-
cantly shorter period (<30 days from symptom onset) than in PBMCs [29-33].
Using a DNase assay to study the plasma of 20 IM patients, Ryan et al. [34] found
60% had only naked EBV DNA present. The remainder had incomplete degradation
of the control p-globulin DNA as well as EBVY DNA making the interpretation of
results as demonstrating the presence of virion-associated EBV DNA uncertain (see
discussion of this confounder by Chan et al. [13]). These results have not been vali-
dated by others. While the plasma of asymptomatic adults with primary EBV infec-
tion has not been studied, Slyker et al. studied EBV infection in Kenyan infants and
found that 55% of EB V-infected, HIV-uninfected infants and 83.6% of HIV-infected
EBV-infected infants had EBV DNA detected in plasma; EBV DNA remained
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detectable in the plasma for >3 months in 62% of the HIV-infected infants but not
in any of the HIV-uninfected infants [34].

Chronic Active EBV Infection (CAEBV)/Hemophagocytic Lymphohistiocytosis
(HLH) This rare disorder appears to be a pre-malignant condition initiated by
infection of a lymphoid progenitor cell from which malignant cells evolve by
acquiring DDX3X and other driver mutations leading to monoclonal and less often
oligoclonal evolution of EBV-infected T, NK, or B cells [35]. Patients exhibit per-
sistent/recurrent IM-like symptoms as well as atypical symptoms and a high predi-
lection for progression to lymphoma or leukemia; B cell depletion and
hypogammaglobulinemia have been described in B cell CAEBV [36, 37]. EBV
DNA in the form of naked EBV DNA, not encapsidated in virions, was detected in
the plasma of 95/108 (86%) patients in a T/NK CAEBYV cohort [37, 38]. In EBV-
associated HLH, a hyper-inflammatory syndrome characterized by uncontrolled
activation of T cells as well as macrophages, the EB V-infected cell appears to be an
activated CD8 T cell [39]. EBV-associated HLH has been described in the trans-
plant setting [40].

EBV-Associated Malignancies in Immunocompetent Patients EBV DNA detec-
tion in plasma appears to be preferred when compared to its detection in WB as a
tumor marker. It has been evaluated as a screening tool for malignancy, as a prog-
nostic marker, and to monitor response to therapy in settings such as NPC, diffuse
large B cell lymphoma, extranodal T/NK lymphoma, and Hodgkin lymphoma [41].
In these settings, plasma EBV DNA appears to be naked DNA, not virion-associated,
and fragments are very short (majority <180 bp) [13]. Recent studies using target
capture sequencing and fragment length profiling of EBV DNA in plasma have
demonstrated that NPC patients have a characteristic 150 bp peak unique to tumor
cells and a nucleosome-bound fingerprint pattern suggesting latently infected cells
as the source of plasma EBV DNA [17]. The size of the fragment length peak pro-
posed as a tumor marker of NPC cells of epithelial origin cannot be extrapolated to
PTLD which is of hematopoietic origin. However, this approach could be explored
to determine whether EB V-associated smooth muscle tumors that occur after trans-
plant also have a characteristic fragment length predominance.

Immunosuppressed Patients

Pediatric and adult SOT: Most studies examining the phenotype of infected cells in
transplant recipients have studied patients with persistent VL elevation, usually later
than 1 year after transplant, sometimes without reference to pre-transplant EBV
serostatus (Table 6.1). While little is known about the type of cells infected in early
primary EBV infection post-transplant, studies of adult kidney recipients and pedi-
atric allograft recipients with persistent EBV VL, most of whom had experienced
primary EBV infection with or without PTLD, suggest EBV is present primarily in
resting memory B cells as in immunocompetent adults [18, 42, 43]. Schauer et al.
[43] found that in pediatric SOT >1 year post-transplant with low persistent VLs,
infected memory B cells contained one to two genomes/infected cells that were
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disproportionately IgM+. In contrast, high EBV VL load carriers have a mixed pop-
ulation of EBV infected cells including the cell type found in low load carriers and
EBV-infected cells containing 30-60 genome copies/cell which disproportionately
contributed to total VL [43]. While the significance of this finding is not totally
clear, the genome copy number/cell is known to reflect the number of replication
cycles the EBV-infected cell has undergone [44]. These highly atypical cells were
predominantly Ig-null. Surface immunoglobulin (sIg), when expressed, was dispro-
portionately IgA+. These atypical cells appear transient, decreasing in number as
VL falls in serially followed patients [45]. The observations related to these atypical
high copy number cells have not been confirmed by others. As non-EBV-infected
cells of this type are also found in pediatric transplant patients with undetectable
VL, they are not solely the result of EBV infection [45]. Despite these observations,
several investigators have found a reasonable correlation between total VL. mea-
sured directly in peripheral blood of patients with persistent high loads and the
number of EBV-infected cells detected by in situ hybridization [9, 10, 46]. An
ImmunoFISH study of the peripheral blood of four pediatric Japanese liver trans-
plant recipients with elevated VL found that the EBV-infected cells were predomi-
nantly CD20+ IgM+, IgD+CD27+ memory B cells, with an estimated 16.7 genome
copies/cell [9]; this cell subset is usually only a minor infected population in the
immunocompetent host [25].

Most investigators have found that in adult and pediatric SOT patients with ele-
vated persistent VL, EBV infection is restricted to B cells. However, Greijer et al.
[47] found EBV DNA in T cells and monocytes in two of six SOT recipients, and
Calattini et al. [10] found EBV DNA in cells lacking B, T, and monocyte markers in
two of three transplant recipients. The phenotype of EB V-infected cells in the blood
of SOT patients at the time of or immediately prior to PTLD diagnosis has not been
studied; whether they have circulating cells with any unique phenotypic features is
unknown.

Most SOT transplant patients with chronic elevated EBV load studied late after
transplant do not have detectable EBV DNA in plasma. When present, it is gener-
ally found in patients with higher VL in PMBC, is present in small amounts, and is
transient [8, 42, 47]. EBV DNA is known to be present in the plasma of almost all
cases of EBV+ PTLD in adult transplant patients, although it is not detected in
EBV-negative PTLD and may miss EBV+ CNS disease and EBV+ mucocutaneous
ulcers [48, 49]. Ryan et al. [30] studied the plasma of two transplant patients with-
out PTLD and five with PTLD using a DNase 1 assay and found EBV DNA to be
free DNA, not virion-associated in six, with uninterpretable results because of
incomplete digestion of control DNA in one PTLD patient.

HSCT Recipients Burns et al. [50] recently studied the cellular tropism of EBV in
HSCT recipients with high EBV load detected by WB monitoring within 3 months
of transplant. They found that EBV resides almost exclusively in supranormal num-
bers of isotype-switched memory B cells (CD19+CD27+) of donor origin, prior to
a time when memory B cell reconstitution is expected to occur, suggesting the
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appearance of these cells is EBV-driven. Moreover, the EBV infection is latent
(median, 19 genome copies/cell), but a significant proportion of infected cells are
proliferating rather than resting and express a plasmablastic (CD24— CD38") phe-
notype and have latency III EBV gene expression.

HIV-Infected Patients Adult EBV-infected HIV positive patients frequently have
persistent high levels of EBV DNA detected in whole blood (65.5%) even on
HAART therapy; detection in plasma is less frequent (4.8%) [51]. In addition to
infected B cells, non-B cells of variable phenotype may be infected [10, 52]
(Table 6.1). Using a DNase assay, Ryan et al. [30] found the EBV DNA in the
plasma of 11 HIV-related lymphoma patients was free DNA, not encapsidated in
virions in 10; in one results are uninterpretable because of failure to digest con-
trol DNA.

Conclusions Re: Biologic Form of EBV in Plasma and Phenotype of EBV-
Infected Cells in WB

There is no clear evidence that the EBV DNA in plasma is encapsidated in virions
at any time during acute or persistent infection or in EBV-associated malignancies
in either immunocompetent or immunocompromised hosts. EBV DNA in plasma
likely exists as fragmented free DNA, released predominantly from latently or lyti-
cally infected cells outside the circulation. Fragment length profiling of EBV DNA
in plasma during different phases of infection and malignancy may be a useful tool
to confirm this. EBV DNA appears in plasma only during a specific period during
the course of primary EBV infection and only rarely after viral “set point” is reached
in a stable patient. Whether the presence of EBV DNA in plasma could be used as a
surrogate marker of immune control of EBV is unknown.

EBYV DNA in the peripheral blood of transplant patients exists as complex mix-
tures of forms in the cellular and plasma fractions that may vary during stages of
acute and persistent infection, inter-current illness, as well as evolving malignancy.
There is evidence that EBV DNA may be found surprisingly often in atypical B
cells as well as non-B cells in the peripheral blood, particularly in the immunocom-
promised host. In transplant patients with persistent viral elevated load detectable in
WAB, it may be important to differentiate patients who have only an altered viral set
point from patients who carry clonally abnormal B, T, or NK EBV-infected cells in
their circulation as is seen in CAEBV in the immunocompetent host.

Choosing Peripheral Blood Specimen Type and Reporting Units

Although there is general consensus that peripheral blood is the preferred sampling
site for EBV VL assessments in transplant patients, the optimal sample type remains
unresolved. Cellular specimen types including WB, leukocytes, PBMC, and iso-
lated B cells (BC), as well as acellular fractions (plasma and serum), have been
evaluated [47—49, 53—69]. In both SOT and HSCT recipients, high correlations have
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been observed between quantitative EBV DNA measurements in different cellular
specimen types (WB, PBMC, isolated B cells) when using the same assay [56, 61,
70, 71]. Moreover, normalization of results in cellular sample types to cell number
or genomic DNA using either total DNA or housekeeping genes did not signifi-
cantly change this correlation or alter dynamic trending in serially followed patients
compared to the simpler method of reporting the results/volume (ml) [53, 56, 61].
However, the presence of severe lymphocytosis or leukopenia should be reviewed in
interpreting dynamic changes in results [53, 72]. Because of reduced processing
steps and lower blood volumes required, WB has become the preferred cellular
specimen with VL reported in IU/ml, without normalization. Approximate conver-
sion factors among historical reporting units are summarized in Table 6.2.

Serum is sometimes used as an alternative to plasma [49, 58-60, 64]. Although
these acellular sample types have not been directly compared for EBV DNA detec-
tion, levels of genomic cell-free DNA in serum are known to be significantly higher
than in plasma because white blood cells lyse during clotting [73]. On a theoretical
basis, to avoid plasma contamination from EBV DNA in circulating cells, particu-
larly when cellular VL is high, plasma is preferred over serum as the non-cellular
fraction of choice.

Although, generally, EBV DNA becomes detectable in plasma or serum as EBV
VL rises in matched WB or PBMC samples and a linear correlation exists for results
in the two matrices [47, 56, 64], the correlation coefficient between quantitative
EBV VL measured in WB or lymphocytes versus plasma is relatively low [54, 56,
60, 63, 64, 74]. When detection is discordant, the pattern most commonly observed
is EBV DNA detection in WB or PBMC, while plasma is negative, particularly
when VL in cellular sample types is low. Quantitative differences between WB and
plasma may be >2 log, copies/ml; differences appear smaller in symptomatic than
asymptomatic patients [75]. However, extreme quantitative discordance in both
directions has been described, particularly in the HSCT setting [47]. The relatively
poor quantitative correlation between WB and plasma is not unexpected. Most

Table 6.2 Approximate conversion factors for historical reporting units of EBV viral load relative
to copies/ml of whole blood

Conversion

Units Assumption factor
1U/ml Assay calibrated to WHO IS for EBV DNA Assay specific
Copies/10° 1
PBMC*
Copies /10° 10
PMBC
Copies/10'B 3-15% of PBMC, age dependent 667-3333
cells
Copies/pg 16—135 pg /whole blood, white cell count dependent, 2x10° | 1.5-12.5
DNA PBMC/ml of whole blood
Copies/ml Cell counts including B lymphocyte counts are stable over 15-20

time, 1.5-2.0x10° PBMC /ml of whole blood

*PBMC peripheral blood mononuclear cells
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studies comparing peripheral blood fractions were cross-sectional single-center
studies of samples submitted to the laboratory and pooled for analyses. Transplant
populations studied were in various stages of EBV infection and malignancy and
included asymptomatic subjects experiencing primary infection or reactivation
infection with or without inter-current illness as well as those diagnosed and being
treated for PTLD; asymptomatic patients with persistent high VL are also often
included. The biologic forms present and distribution of EBV DNA in the cellular
component vs plasma differs over time in individual patients and in different clini-
cal settings, likely explaining these observations. Available studies of longitudinally
monitored patients comparing contemporaneous results in different sample types
have limitations that make it difficult to determine the preferred sample type in spe-
cific clinical settings. These limitations include small patient numbers and few or no
PTLD cases studied [56, 57, 60, 66, 74], monitoring of groups at very low risk of
PTLD (seropositive adult SOT recipients) [60, 66], or sampling not starting at the
time of transplant in patients in whom PTLD was documented [56].

Choice of Peripheral Blood Specimen Type
in Transplant Recipients

The choice of specimen type may depend on the purpose for EBV DNA measure-
ment; one size may not fit all settings. If the goal is to detect EBV infection/reactiva-
tion as early as possible in transplant populations at high risk for developing PTLD,
with the goal of intervening to re-establish control of the infection assuming this
will lower future PTLD risk, then the more sensitive WB sample may be preferred.
EBYV VL is most often significantly higher, usually by more than a log,, in cellular
peripheral blood fractions than in acellular fractions [54, 55, 60, 64, 66, 74] and
higher during primary infection than reactivation infection in both fractions after
SOT [60, 76, 77]. Earlier temporal detection after transplant has been documented
in WB compared to plasma in HSCT recipients [74] and seropositive lung trans-
plant recipients [60]. In the small number of EBV-mismatched SOT for whom lon-
gitudinal contemporaneous monitoring in both specimen types was reported, EBV
DNA was first detected in WB in only three of ten patients studied [57, 60, 67]. In a
recent study of EBV-mismatched pediatric liver transplant recipients, all first detec-
tion of EBV DNAemia in WB was concordant with its detection in serum [75]. In
HSCT recipients plasma monitoring alone has been used successfully in preemptive
programs for PTLD prevention [78, 79]. Some investigators found results of testing
in both WB and plasma/serum may be additive and increasing levels of EBV DNA
in plasma/serum but not WB occur just before PTLD diagnosis; patient numbers
however are small [56, 64]. Using an assay not calibrated to the WHO IS, Ruf et al.
found 20,000 genome copies/ml of WB and 1000 genome copies in plasma had
optimal sensitivity and specificity for PTLD prediction [56]. Using these values
they found that the sensitivity, specificity, negative predictive value (NPV), and
positive predictive value (PPV) were 100%, 87%, 19%, and 100% for WB;
88%,98%, 54%, and 100% for plasma; and 100%, 94%, 50%, and 100% when WB
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and plasma values were combined for predicting PTLD in pediatric SOT and HSCT
patients; this is not true in adult SOT populations where >50% of PTLD after the
first year is EBV negative [48, 80]. Although either specimen type could be used in
preemptive PTLD prevention programs, monitoring both would be optimal although
associated with increased cost and more complex laboratory logistics. If the goal of
EBYV DNA testing is early EBV+PTLD diagnosis, treatment monitoring, or predic-
tion of relapse, plasma may be the preferred specimen type, although this requires
further validation. This would be in keeping with role of EBV DNA detection in
these settings as a tumor marker in a naked cell-free form with a very short half-life.

The advocacy for WB over plasma as the preferred sample type in the transplant
setting dates back to early studies that failed to detect EBV DNA in the plasma of a
significant number of PTLD cases, despite detection in WB samples cases [58, 59].
However, these studies were performed using less sensitive pre- real-time PCR
technology with large amplicons and older nucleic acid extraction methods that may
have failed to identify the small EBV DNA fragments in plasma [81]. Studies using
RT-PCR found detectable plasma EBV DNA in almost all cases of EBV+PTLD
with the exception of CNS PTLD and EBV+ mucocutaneous ulcer [48, 49, 68, 82].
EBV DNA detection in plasma is also a more specific marker of EBV disease,
including PTLD than WB or PBMC detection, when used as a diagnostic test in
patients with signs or symptoms of PTLD [48, 54, 56, 68] and also discriminates
EBV+PTLD from EBV- negative PTLD better [48, 68].

In the HSCT population, Kalra et al. [83] reported that persistently detectable
EBV DNAemia in WB after rituximab treatment of PTLD in HSCT recipients had
a71% PPV and a 100% NPV for progression/relapse, though most of the PTLD in
that study was not biopsy-proven. Similarly, in a multicenter study of 144 cases of
rituximab-treated PTLD in HSCT recipients, Styczynski et al. [84] observed that
persistent or increasing EBV DNAemia, from WB or plasma samples (in equal
frequency with results pooled for analyses), after 1-2 weeks of therapy was a pre-
dictor of poor response and increased mortality. However, in both SOT and HSCT
populations, the bulk of data suggest that plasma may be preferred over samples
with cellular fractions for monitoring response to therapy and predicting relapse as
VL correlations with clinical response appear better [48, 56, 68, 85-87].

The high prevalence of EBV DNA detection after transplant, particularly in WB
in low-risk asymptomatic adult patients who are seropositive pre-transplant, raises
questions regarding the cost- benefit and risks associated with routine screening of
this patient group using either WB or plasma [80, 88]. EBV DNA detection in WB
appears to increase with time after transplant and to be a poor marker of future
PTLD risk in this low-risk setting [76]. Elevated and often sustained elevation in
EBYV loads in WB has been observed in many of these patients although peak loads
are usually lower than those observed in primary infection and many EBV+ PTLD
cases. Investigators have detected EBV DNA in 67-72% of adult liver [89, 90],
31-29% of adult kidney [76, 91], and 13-42% (assay dependent) [48] of adult lung
transplant recipients almost all of whom were EBV-seropositive pre-transplant.
EBYV DNA prevalence appears to be lower when plasma is monitored as illustrated
by the 13% prevalence in a longitudinal study of adult liver transplant patients [62].
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In a recent cross-sectional study of 808 transplant patients without either EBV dis-
ease or PTLD, Kanakry et al. [68] detected EBV DNA in 24% and 7% when testing
PBMC and plasma, respectively. Data regarding the prevalence of EBV DNA detec-
tion in the peripheral blood of EBV-seropositive pediatric transplant recipients are
more limited. In two cohort studies of pediatric kidney transplant patients, EBV
DNA was detected in WB above a “significant level (3,000 copies/ml)” in 19.9%
[92] and at any level in 44.4% [77]. Children with non-intestinal transplants sero-
positive pre-transplant are at lower risk of PTLD than those who are seronegative,
although the difference may be less marked in pediatric populations than in their
adult counterparts [92, 93].

Result Harmonization
Calibration Standards, Traceability, and Commutability

Currently, most clinical laboratories use real-time PCR amplification and detection
methods (RT-PCR) for the measurement of EBV DNA in peripheral blood after
nucleic acid extraction [94]. RT-PCR assays, used extensively in the last decade, are
more precise and less prone to effects of inhibitors and have a broader linear range
(6-7 orders of magnitude) compared to earlier generations of competitive endpoint
PCR assays, factors that should be considered when reviewing older literature
reporting EBV VL results [94].

Even when RT-PCR assays are used, there can be extreme variability in results
reported when the same sample is tested using different assays. In 2009, Preiksaitis
et al. [95] found the variation of reported results on individual positive samples
ranged from a minimum of 2.3 log |, to a maximum of 4.1 log ,, with only 47% of
all results falling within +0.5 log,, of the expected results when 28 international
transplant center laboratories tested a panel of 12 EBV DNA samples. Inter-
laboratory variation was significantly higher than intra-laboratory variation suggest-
ing that the use of an International Standard (IS) for calibration might improve
result harmonization. This variability was concordant with observations in the
period prior to 2011 using laboratory developed test (LDT) and commercial assays
in both the transplant and NPC settings and was observed regardless of peripheral
blood matrix tested, plasma [96, 97], PBMC [98], and WB [99-102]. It is not clear
how much result variability using RT-PCR assays is achievable or clinically accept-
able, but variation of £0.5 log,, is often used, extrapolated from data in HIV [103].

In October 2011 the WHO Expert Committee on Biological Standardization
approved a lyophilized whole virus preparation of the EBV B95-8 strain produced
by the National Institutes for Biological Standards and Control (UK) as the first
WHO IS for EBV DNA to be used in all nucleic acid testing as a calibrator [3]. The
preparation was assigned a potency value in international units (IU), a consensus
value not precisely related to genome copies. [S-calibrated assays report results in
IU/ml rather than copies or genome copies/ml; the conversion factor from copies to
IU will be specific for each assay. In order to improve result agreement, an IS must
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be “commutable,” a concept derived from clinical chemistry which is defined as
“the equivalence of the mathematical relationships between the results of different
measurement procedures for a reference material and for representative samples
from health and diseased individuals” [104]. Commutability of a reference material
is both assay and matrix specific [104—106], and when the IS is used and is non-
commutable for the assays being tested, result agreement between assays can
become worse [107]. The IS may be commutable for assays measuring EBV DNA
in WB but not when the same assays are used in plasma [108]. Assays may demon-
strate excellent result harmonization when proficiency panels created using whole
virus preparations are tested but still show significant result variation when testing
clinical samples, perhaps because the biologic form of EBV DNA in the tested
samples is different [107, 108]. Therefore, to definitively determine the impact of
WHO IS calibration on result harmonization among assays, clinical samples must
be studied.

Laboratories have been slowly introducing EBV VL assays calibrated to the
IS. When testing the 2013 College of American Pathologists (CAP) EBV DNA
proficiency panel, only 9.4% of 319 laboratories reported results in IU [109], and in
asurvey of 71 transplant programs in 15 European countries in 2013, only 57.1% of
virologists supporting these programs were aware of and had accessed information
regarding the IS [110]. Most information regarding the impact of the WHO IS on
result agreement comes from analysis of EBV DNA testing results of national or
international proficiency panels that do not include clinical samples [109, 111, 112].
These studies all concluded that use of the IS for assay calibration significantly
reduced result variability, with >80% results reported by multiple laboratories fall-
ing within +0.5 log,, [U/ml, for WB and plasma samples [111, 112]. However, when
four US laboratories participating in a clinical trial reported results for the WHO IS
serially diluted in plasma, only 62% of values for dilutions above 4 log ,, were
within £0.5 log, IU/ml of expected values [113]. Data using clinical samples tested
using assays calibrated to the WHO IS are limited and provide variable results, with
studies often demonstrating excellent result agreement when only two assays are
compared and others showing significant variability between specific assay pairs
when a larger number of assays were studied [107, 117-120]. Other potential
sources of variation summarized in Table 6.3 likely contribute to ongoing subopti-
mal result harmonization. Based on impact validation available to date, use of WHO
IS-calibrated EBV DNA assays may have improved result harmonization and
should be widely adopted to eliminate this source of variability at a global level.

Assays typically use secondary or tertiary standards often from commercial
sources, rather than the primary WHO IS material for calibration. Variable results
with different magnitudes of bias compared to nominal assigned values have been
observed when commercial secondary CMV standards were tested by different
RT-PCR and digital PCR assays, highlighting that these secondary or tertiary stan-
dards must also not only be traceable to the WHO material but also be commutable.
Similar issues may be at play for EBV, and until the impact of the WHO IS and
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Table 6.3 Factors that may need to be addressed to reduce variability of quantitative results of
EBV DNA measurement using real-time RT-PCR assays

Calibration
Use of secondary and tertiary calibrators traceable to the WHO IS for EBV DNA is
recommended

Commutability should be demonstrated for each assay/standard system

Method for nucleic acid extraction
If plasma tested, cell —stabilizing collection tubes that prevent contamination of plasma with
cellular DNA may be warranted to increase purity and yield
Methods that reduce further fragmentation of DNA during the extraction process
Methods that improve isolation of small fragments <100 bp that may be significant
component of plasma cell free EBV DNA

Primer and probe design

Target conserved sequence regions

Use of small amplicons <100 bp is recommended to allow quantitation of small fragments
of cell —free EBV DNA likely present in plasma
Use of two gene sequences as targets may be beneficial
Other
Use of specific reagents
Probe chemistry

Instrument and software
Automated versus manual pipetting
General

Automation and standardization of all steps in the measurement procedure

Use of commercial versus laboratory developed tests would reduce number of assays used.
Reduction in overall number of assays available would make global result harmonization
easier

traceable commutable secondary standards on result harmonization among a wider
array of assays is validated using clinical samples, inter-institutional result compari-
son requires formal cross-referencing of measurement results obtained from testing
of the same clinical samples between institutions. In the interim, patients should be
monitored using the same sample type and the same assay in a single laboratory.
The precision of RT-PCR assays should be considered when interpreting results,
recognizing that poorest precision occurs at low VLs. Changes in values should dif-
fer by at least threefold (0.5 log;y) and as much as fivefold (0.7 log ,y) near the
assay’s limit of detection to be considered biologically important changes [103, 114].

Digital PCR (dPCR) has been proposed as alternate and perhaps better reference
technology for EBV VL measurement as it provides absolute quantification without
need for a standard curve [114]. This technology is more precise when quantifying
low copy numbers. Other advantages and disadvantages of dPCR relative to RT-PCR
have been reviewed [114]. Although it removes the calibrator as a source of result
variability, dPCR does require nucleic acid extraction and design of primers and
probes which may contribute to variability.
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Nucleic Acid Extraction

Nucleic acid extraction procedures are a known source of variation in VL measure-
ment with impact depending on the number and type of extraction systems and PCR
systems studied [70, 81, 100, 115, 116]. An understanding of EBV DNA fragment
length profiles, in plasma and WB, is important to inform the choice of DNA extrac-
tion system. As we have no information regarding EBV DNA fragment length pro-
files in the plasma and WB of transplant patients, we extrapolate from studies of
plasma EBV DNA in NPC population-based screening, where EBV DNA frag-
ments appear to be very short, often <110 bp [13, 17]. Cook et al. [81] recently
studied the extraction yields of 11 commercial extraction methods commonly used
in viral diagnostic laboratories and 4 new methods designed to isolate the shorter
fragments of ccf DNA. Not only were a wide range of extraction yields observed
across methods, but yields were especially inconsistent and poorer (<20%) for
50-100 bp fragments, even with two of the ccf extraction methods. If similar very
short EBV DNA fragments (<110 bp) are also seen in plasma in the transplant set-
ting, the specific extraction system yield of these very short fragments could signifi-
cantly impact quantitation and result variability among systems. The DNA fragments
in the cellular compartment of WB are likely predominantly episomal in origin and
may be significantly longer. WB extraction systems are therefore challenged to
extract longer fragments from the cellular fraction along with very small fragments
from the plasma compartment. How well they do this is uncertain.

Gene Targets

Since most testing will occur in the setting of transplant PTLD prevention, diagno-
sis, and monitoring and in NPC screening (in some geographic locations), if possi-
ble, a single clinical assay that could be used in both clinical settings should be our
goal [117]. Because of the impact of target amplicon size on both the sensitivity of
the assay and measurement of VL, participants in a 2015 National Cancer Institute
(NCI USA) workshop on harmonization of EBV testing for NPC recommended that
the amplicon size for plasma EBV DNA assays should be <100 bp [117].

Advantages and disadvantages of targeting a multi-copy versus a single-copy
gene in specific clinical situations should also be considered. Historically, in the
NPC setting, plasma assays have amplified the BamHI-W (Bam W) fragment, a
sequence found in the EBV nuclear antigen leader protein (EBNA-LP) region of the
genome which has a variable tandem reiteration frequency of 5—11 copies in clinical
isolates; the WHO IS has 11 copies. Assays using these targets have greater sensitiv-
ity than single-copy PCR target but may have more imprecision in quantifying EBV
DNA [118, 119]. Although a “more sensitive” assay may be useful for plasma EBV
DNA detection, it could prove too sensitive when WB testing is performed if it
detects viral latency in healthy seropositive immunocompetent subjects with high
viral set points. Current commercial WB assays have levels of detection (LOD) in
the range of 1.6-2.5 log;, IU/ml and levels of quantitation (LOQ) in the range of
2.2-3.0 logo IU/ml [120].
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Theoretically, assays targeting highly conserved single-copy EBV genes should
have comparable sensitivity and quantitation. However, Ryan et al. [121] and Tsai
et al. [48] observed better performance with an EBNA-1 targeted assay with respect
to sensitivity or quantitation compared to other single-gene targeted assays.
However, it is difficult to attribute the sensitivity differences to gene targets alone as
differences in amplification efficiency, amplicon size, calibrators, and polymor-
phisms in specific genes among clinical isolates may all have contributed.

Since 2013, EBV whole-genome sequences (WGS) available in GenBank have
increased from <10 strains to more than 200, significantly increasing information
regarding genome heterogeneity [122]. Historically, EBV strains are divided into
two major groups that vary geographically, type 1 (type A) and type 2 (type B),
based predominantly on polymorphisms in the EBNA-2 and EBNA-3 genes [123—
125]. The EBV B95-8 WHO IS a type 1 isolate. Recent EBV WGS data analysis
found large numbers of single nucleotide polymorphisms (SNPs) [124, 125], which
were more common in latent than viral lytic genes [123, 126]. Although definitive
links between specific gene polymorphisms and risk of EBV disease or EBV-
associated cancer risk have not been definitively established, several variants are
being further studied in this regard [122]. Mutations in lytic EBV genes, such as
thymidine kinase, protein kinase, and DNA polymerase, have not been definitively
demonstrated. However, these genes are involved in the mechanism of action of
drugs with anti-EBV activity such as acyclovir and ganciclovir used frequently after
transplant and known to induce resistance in other herpesviruses making it prudent
to avoid these genes as targets for EBV DNA assays. Manufacturers of EBV DNA
assays should regularly review EBV GenBank data to confirm that the gene
sequences targeted remain conserved among clinical isolates. An approach cur-
rently commonly used to mitigate the problem of false-negative results due to
genetic polymorphisms is to include two gene targets in the assay [117].

Toward Reducing Variability in EBV DNA Measurement Using
Real-Time RT-PCR Assays

Factors such as the use of commercial products, specific commercial reagents,
probe chemistry, automation, and robotics that have not been extensively evaluated
to date [97, 116, 127] may also contribute to result variability and are summarized
in Table 6.3. The problem of lack of quantitative nucleic result harmonization is not
unique to EBV, and we should extrapolate lessons learned from viruses such as
hepatitis B virus, hepatitis C virus, and human immunodeficiency virus infection.
Assay result harmonization has significantly improved for these other viruses
because a very few commercially produced and highly automated assays are in use
and all have been cleared or approved by regulators. International quantitative stan-
dards have also been in place for these viruses for long periods of time, allowing
continuous quality improvement in the assays [109]. While acknowledging that
some redundancy is required with respect to available tests, significantly reducing
the number of assays being used for quantitative EBV DNA testing would facilitate
global result harmonization.
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Measurements of EBV Gene Expression in Peripheral Blood

Several investigators have evaluated EBV gene expression of latent and lytic genes
in the peripheral blood of patients as alternative or adjunct biomarkers of PTLD risk
or for PTLD diagnosis in both the SOT [8, 18, 47, 128—-133] and HSCT settings [47,
50, 129, 130, 134]. Results have been variable, likely due to a combination of fac-
tors. Reverse transcriptase-PCR assays are not standardized, and assays for indi-
vidual genes may have variable sensitivity both within and among studies. Gene
expression assays are often performed on pooled cells so the prevalence and distri-
bution of specific expression patterns among individual cells in the pool are unknown
[1]. Some investigators studied adult SOT recipients likely seropositive pre-
transplant [18, 47, 50, 130, 132, 134], while others studied pediatric populations, a
significant proportion of whom are likely experiencing primary infections [8, 128,
129, 131, 133]. Studies are both cross-sectional and longitudinal with variable sam-
pling intervals post-transplant and sometimes included or were restricted to patients
with persistent elevated loads late after transplant [8, 47, 128, 129, 131]; data from
SOT and HSCT populations are sometimes pooled for analysis [130].

Initial gene expression profiling in the peripheral blood of a limited number of
adult, likely seropositive, SOT patients without PTLD suggested that lymphoblasts
were not seen, and latency 0 EBV gene expression was observed (EBER, BARTs,
and sometimes LMP2) [18]. Although this latency O pattern has also been observed
by others [8], many investigators also report less restricted latency expression pat-
terns including latency III in some patients with both gene expression levels and
latency levels varying significantly over time in individual patients [47, 128, 129,
132, 133]. Lytic gene expression has been observed with variable prevalence in
conjunction with different latency expression patterns. No specific latency pattern
has been clearly associated with quantitative EBV DNA measurement, although
expression levels of LMP2 have been correlated with levels of EBV DNAemia by
some investigators [129, 133]. No consistent peripheral blood EBV gene expression
patterns have been found that are predictive for or diagnostic of PTLD although
only small numbers of patients have been studied [47, 129, 130, 132]. Currently
there is no evidence to support any additional benefit of EBV gene expression pro-
filing over measurement of EBV DNAemia alone in transplant recipients.

Measurement of Host and Viral Micro-RNAs (miRNA)
in Peripheral Blood

miRNAs are a family of small (18-25 nt) non-coding RNAs, with sequence comple-
mentarity to mRNAs that act as negative regulators of gene expression involved in
the regulation of cellular differentiation, proliferation, and apoptosis. EBV infection
not only impacts host miRNA expression, but EBV encodes ~44 miRNAs almost
exclusively from two regions: BHRFI, expressed during latency III and lytic infec-
tion, and BART miRNAs expressed in all forms of latency. These viral miRNAs
repress expression of both host and viral genes [135]. Because miRNAs are highly



6 Technical Aspects of Epstein-Barr Viral Load Assays 83

stable and easily detected and quantified in either PBMC or plasma/serum using
either commercial miRNA microarray analysis or reverse transcriptase-PCR tech-
niques, miRNA profiling is attractive for study as a potential biomarker for
PTLD. Kawano et al. [136] identified the plasma EBV miRNAs miBART2-5p, 13,
and 15 as potentially more useful biomarkers than plasma EBV DNAemia for dif-
ferentiating active from inactive CAEBV and for monitoring response to therapy in
immunocompetent patients. Recently, investigators have also identified 215 differ-
entially regulated host and viral miRNAs in the PMBC of college-aged immuno-
competent students at presentation with IM that regressed to levels seen in
age-matched controls over the subsequent 7 months [137]. Similar studies have not
yet been performed in transplant recipients with primary EBV infection. However,
preliminary studies have identified miR- BART22 in serum as a potential biomarker
of EBV reactivation in pediatric liver transplant recipients [138] and plasma
miBART?2-5p, which targets the stress-induced immune ligand MICB to escape rec-
ognition and elimination by NK cells as possibly having a role in sustaining persis-
tent high set points in pediatric kidney transplant recipients [139]. These interesting
observations suggest further study of host and EBV miRNA profiling in peripheral
blood is warranted as an alternative or adjunct marker for PTLD or PTLD risk.

Testing of Non-peripheral Blood Sample Types

Despite very limited data to inform result interpretation, in clinical transplant prac-
tice, CSF and bronchoalveolar lavage fluid (BAL) are often tested to diagnose EBV
disease or PTLD in the CNS and lungs, respectively. EBV DNA assays have not
been validated for these matrices.

CSF

Testing for EBV VL in the CSF of transplant recipients is used to assist in the diag-
nosis of CNS PTLD or EBV encephalitis, hoping to avoid the need for invasive
biopsy procedures. Because CSF VL studies of SOT and HSCT recipients are
extremely limited, data are extrapolated from the HIV-infected population where
qualitative detection of EBV DNA in CSF is common in a wide variety of HIV
neurological diseases and has poor PPV but good NPV for diagnosis of EBV+ CNS
lymphoma [140-142]. Although assays were not calibrated to the WHO IS, quanti-
tative cut-offs in the range of 3.3—4.0 log ,, copies/ml in CSF improved both the
specificity and PPV of the result for both primary CNS lymphoma and CNS involve-
ment in systemic AIDS-related lymphoma when compared to qualitative results
alone [140, 142, 143]. In a study that included five SOT recipients, Weinberg et al.
[144] observed that patients with primary CNS lymphoma had high CSF VLs asso-
ciated with low CSF leukocyte counts. In contrast patients with high leukocyte
counts were more likely to be diagnosed with EBV encephalitis in the presence of
high VL or post-infectious complications, when VLs were low. In HSCT recipients,
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Liu et al. [145] found levels of EBV DNA were higher in CSF than in blood, in
which EBV DNA was sometimes undetectable. CSF VL was also better at predict-
ing CNS disease, and declining CSF VL correlated with clinical response.

BAL

In lung and heart-lung transplant patients, the lung is often the primary site of
PTLD. Investigators initially suggested that high quantitative levels of EBV load in
BAL fluid may be a more sensitive predictor of PTLD than EBV DNA measurement
in peripheral blood [146]. However, EBV load in BAL was not predictive of PTLD
in a larger multicenter study of pediatric lung transplant recipients [147]. Moreover,
EBYV DNA was detected in BAL fluid, often at high levels, of adult lung [148] and
other transplant recipients [149] in the absence of PTLD.

Saliva

Studies of EBV DNA in saliva use a variety of techniques for specimen collection
and assays of variable sensitivity making results difficult to compare. The most
common collection method is an oral wash or gargle [150-153], but oral swabs
[154] and chewing on cotton plugs [155] have also been used. A consistent observa-
tion is that there is more EBV DNA in the cell pellet than in the supernatant, sug-
gesting EBV DNA is predominantly cell associated in saliva, presumably in
epithelial cells [150-153, 156-158].

In adult EB V-seropositive healthy subjects with remote infection, the prevalence
of EBV DNA saliva detection varies significantly from 24% to 90% tested using
PCR technology either in cross-sectional [156, 157] or longitudinal studies [151,
153-155]. In longitudinal studies with follow-up varying from 18 weeks to
18 months, 96% to 100% of patients had detectable EBV DNA at least once [151,
153-155]. Historically, EBV-seropositive individuals have been classified as low-,
intermediate-, and high-level saliva EBV shedders. However, Hadinoto et al. found
seropositive individuals continuously shed virus in saliva and this reservoir is com-
pletely replaced approximately every 2 minutes. Although shedding levels in indi-
viduals appear stable over short periods of time, when studied over months to a year,
the level of EBV DNA shedding by a given individual varies by 3.5 to 5.5 logs
[153]. This rate of virus production in saliva could not be attributed to virus produc-
tion by B cells alone, and the authors suggested virus must be amplified by epithe-
lial cells.

Saliva excretion studies during acute primary infection are largely limited to
patients with IM. EBV DNA appears in the saliva explosively at high levels approx-
imately a week before onset of IM symptoms, peaks at 2 months after onset of ill-
ness, and remains markedly elevated over the first year after infection, levels that
may persist for as long as 3.1 years [31, 158-160], Levels then decline over time to
lower persistent levels seen in all EBV-seropositive subjects [151, 153]. In SOT
recipients not receiving anti-viral agents with anti- EBV activity, both the detection
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prevalence (83-96%) and quantity of EBV DNA in saliva increase significantly
beginning in the second month post-transplant with persistence and then decline in
the 6-12-month period [150, 161]. Saliva EBV DNA levels were higher with
increasing immunosuppression, in primary infection and in patients with PTLD,
demonstrating similar patterns to those described in peripheral blood as a predictor
of PTLD [150]. In a recent study pre-transplant EBV DNA detection in either saliva
or blood did not predict post-transplant EBV DNAemia [162].

The known in vitro effects of anti-herpesvirus drugs including IV ganciclovir, IV
acyclovir, valacyclovir and valganciclovir have been confirmed in vivo by measur-
ing saliva EBV DNA. Clearance or a significant reduction in VL is observed on
treatment even in immunocompromised hosts, but rapid rebound occurs on drug
withdrawal [150, 152, 154]. Lytic infection appears to be the major source of EBV
DNA in saliva supported by the observation that 59-62% of EBV DNA in saliva is
DNase resistant suggesting it is present in encapsidated virions [153].

Although, using older tissue culture techniques, Yao et al. [161] found a correla-
tion between virus in saliva and peripheral blood in healthy seropositive subjects
with remote infection, no correlation has been observed by others [153, 155, 156].
Patterns and quantitative levels of EBV DNA detection in saliva and peripheral
blood have not been directly compared using current NAT technology as predictors
of PTLD in transplant patients. Given the variability in sample collection and the
frequent post-transplant use of anti-virals with EBV activity, saliva is not recom-
mended as a matrix for VL surveillance in preemptive PTLD prevention programs.
EBYV VL detection in saliva may, however, prove to be a useful adjunct to serology
in clarification of pre-transplant EBV infection status in patients with passive anti-
body and as an ongoing surveillance tool for community-acquired primary infection
in children who remain EBV seronegative after the early post-transplant period, but
this requires further study.

EBV VL Kinetics: Implications for Monitoring Algorithms

PTLD guidelines in SOT and HSCT suggest that dynamic changes in peripheral
blood EBV VL may be as important as absolute quantitative levels of EBV DNA to
inform implementation of preemptive PTLD prevention strategies and to monitor
response to prevention and treatment interventions [4, 163]. Defining “abnormal”
EBYV VL kinetic patterns in transplant recipients requires an understanding of “nor-
mal” EBV VL dynamics in different fractions of peripheral blood during acute and
persistent infection in immunocompetent people of varying ages. Comparing VL
patterns in transplant versus immunocompetent populations is critical to inform
optimal monitoring algorithms, interpret responses to interventions in PTLD pre-
vention strategies, and identify possible predictors of PTLD. Since historically
serology rather than EBV DNA measurement has been used for the diagnosis of
acute EBYV infection, data regarding VL dynamics in immunocompetent hosts are
recent and limited. Primary EBV infection, assessed by EBV DNA measurements
in peripheral blood, is characterized by an incubation or “eclipse phase,” an acute
and convalescent phase during which EBV VL accelerates to a peak characterized
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Fig. 6.1 A schematic of quantitative Epstein-Barr virus (EBV) DNAemia measured in whole
blood in an immunocompetent subject experiencing primary EBV infection. Symptoms, if present,
begin 32-49 days after exposure [158, 159, 164, 165]. EBV DNA can be detected approximately
3 weeks before symptoms using very sensitive research assays [160] becoming detectable by diag-
nostic assays 7—10 days before symptom onset and rising rapidly to peak over the next 2 weeks
[158-160, 179]. EBV DNAemia then regresses in an exponential [166] or biphasic [178] pattern,
with a rapid decline over the first 2 weeks and a much slower subsequent decline. EBV DNA is
detected for a median of 17 days in adolescents and young adults [159] but may be detected for as
long as 5-6 months in infants [192]. Recurrent episodes of EBV DNAemia with or without symp-
toms can occur [31, 158, 192], documented at 60-90 days after first symptom onset in young
adults. EBV DNAemia does not approach a specific individual “set point” until approximately
1 year after symptom onset [22, 166, 180]. Reactivation events can occur after the set point is
established in both asymptomatic subjects [17] and during critical illness and sepsis [26].
LOD = lower limit of EBV DNA detection by diagnostic assay [159] [dotted line]; set point [solid
line] identified as median EBV viral load in healthy seropositive UK adults (79 copies/1 x 10°
peripheral blood mononuclear cells or approximately 158 copies/ml whole blood)

by a doubling time and then regresses, followed by an equilibrium state with an
individual “set point” marking persistent infection (Fig. 6.1). Time to first detection,
time from first detection to peak, time from peak to set point, and area under the VL
time curve (AUC) are additional parameters that might be important to study.
Although it is challenging to compare studies because of differences in VL assays
and the matrix used for testing, available data are summarized below.

Incubation or“Eclipse” Phase

Patients are asymptomatic and therefore rarely identified during the 32-49-day
incubation period prior to development of IM symptoms determined using known
or suspected expected exposure to EBV-infected saliva [158, 159, 164, 165]. In a
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prospective study of 40 EBV-seronegative university students, Dunmire et al. [160]
were able to detect very low levels of EBV DNA in WB as early as 22 days prior to
IM symptom onset in the absence of both saliva EBV DNA detection and evidence
of an adaptive immune response using a very sensitive nested PCR assay. This level
of EBV DNA would not be detected by clinical diagnostic assays; investigators
attribute the low level EBV DNA detection to relatively slow expansion of latently
infected (latency 0) B cells in tonsillar tissues with spillover of these cells into the
circulation. Lytic virus replication appears to have no role during this eclipse period
aside from the initial transmission of infectious virus by saliva from another host to
naive B cells in the oropharynx of the recipient. There is an explosive increase in
EBV DNA detection in both saliva (7 days) and peripheral blood (7-10 days) before
IM symptom onset. These observations, particularly the late onset of oral viral shed-
ding, contradict the model of acute IM proposed by Hadinoto et al. [166] who sug-
gested that the VL increase in peripheral blood results from EBV reactivation in
latently infected memory B cells that return to the oropharynx and infect new naive
B cells, a repetitive cycle that continues until a cytotoxic T lymphocyte (CTL)
response is triggered.

The most comprehensive EBV VL data during primary EBV infection in
infants is derived from two longitudinal studies in Africa where infection is almost
universal before age 2. One studied EBV DNA in PBMC of infants (14—18 months)
in Gambia over 6 months during a period of low malaria prevalence [167]. The
other compared EBV VLs in WB in Kenyan infants (serially followed from
1 month to 2 years of age) from two regions, one with high and the other with low
rates of both holoendemic malaria and Burkitt lymphoma [168]. While historical
evidence suggested that infants may be protected from EBV infection during the
first 6 months of life [169—171], mathematical modeling using data from the
Kenyan infant study has made two interesting observations regarding the incuba-
tion/eclipse phase of primary EBV infection [172]. First, detection of early de
novo EBV-specific serologic responses in the infant suggests that “infection” may
occur as early as 1-2 months of life, but EBV DNAemia is not detected until
maternal antibodies wane. The second is that the timing of EBV DNAemia is
dependent on the initial level of maternal antibody and the rate of its decay. A
recent Canadian study suggests that infant seropositive donors less than 6 months
of age do not appear to transmit EBV to seronegative recipients (i.e., only have
passive maternal antibody) and could be considered seronegative when risk strati-
fying for preemptive strategies [173].

SOT offers a unique opportunity to study the biology of primary EBV infection
as the exact timing of EBV exposure is known, in the EBV donor positive/recipient
negative scenario (EBV mismatch), and we are often monitoring VL during the
eclipse phase. In an era prior to the routine use of anti-virals for CMV prophylaxis
after SOT, the median time to EBV detection in saliva during primary donor-derived
EBYV infection after SOT was 6 weeks [150], similar to the IM incubation period.
More recent studies in EBV-mismatched SOT patients monitored serially using
RT-PCR EBV DNA assays noted later initial detection of EBV DNAemia at a
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median of 84 days with only rare detection in the first post-transplant month [173].
The use of anti-viral prophylaxis appeared to delay the onset of EBV DNAemia in
a cohort of adult kidney transplant recipients [174], but not in a similar pediatric
cohort [175]. In the SOT setting, it is not known whether duration of the eclipse
period is influenced by anti-viral therapy or by passive maternal or transfusion-
derived antibody in the recipient given the mode of transmission. The low-level
early EBV DNAemia described by Dunmire et al. [160] in IM has not been described
in SOT recipients: the LOD of clinical assays may not be sensitive enough to detect
this, even in immunocompromised hosts.

In three HSCT monitoring studies, the median time to EBV DNAemia post-
transplant was 50 days (range 19-368 days) using plasma [176], 99 days (IQR
84-119 days) using WB [50], and 34 days (range 18—60 days) using either plasma
or PBMC [54]. It may therefore be reasonable to delay the onset on post-transplant
monitoring for preemptive interventions until after the first transplant month, par-
ticularly in SOT, to minimize costs; however, from a logistics and compliance per-
spective, this may increase the complexity of implementation.

Acute and Convalescent Infection Phase

Acceleration phase and peak: Several investigators found that EBV VL in WB or
PBMC may already be falling when immunocompetent adolescents and young
adults first present with IM symptoms [22, 166, 177, 178]. However, in prospec-
tively followed seroconverting university students undergoing frequent sampling,
EBV VL continues to rise and peaks quickly within 2 weeks of symptom onset
(median 8 days) [158, 159]. Median peak loads in WB reported in studies of IM
patients were 3.0 log,, copies/ml [158], 3.9 log;, copies/ml [179], 7350 copies/10°
PBMC or ~4.2 log,, copies/ml [180], and 6280 copies/10° PBMC or ~4.1 log,, cop-
ies/ml [181]. Peak VL is similar in both IM patients and asymptomatic patients
[180, 182] supporting the concept that IM symptoms result from an exaggerated
immune response rather than a higher VL. In the Kenyan infant study, infants in
holoendemic vs. sporadic malaria areas were infected with EBV earlier in life
(mean 7.28 months). Earlier infection was associated with higher and more persis-
tent WB EBV VLs, suggesting infants infected earlier in life had poorer control of
infection [168]. Mathematical modeling of the data from this study found very short
EBV VL doubling times, 1.6 and 2.1 days in high and low malaria transmission
regions, respectively [172]. Limited study of plasma EBV DNA in IM suggests that
EBYV DNA is detectable in the plasma of most patients at symptom onset at lower
levels than in WB/PBMC and declines rapidly to undetectable levels 15-30 days
later [29, 31-33].

Although there is overlap, transplant recipients with PTLD appear to have higher
VLs measured in both plasma [68, 82] and PBMC [46, 68, 183, 184] than those
observed in immunocompetent IM patients. The majority of historical studies sug-
gest that high peak VL is a sensitive but not specific marker of EBV+ PTLD occur-
ring early, usually in the first year after transplant, with VL. most often peaking
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before the onset of symptoms (reviewed by [185]). This is the basis of preemptive
prevention strategies. Unfortunately, these studies have significant limitations. Most
transplant studies are not natural history studies, as clinicians are implementing
interventions based on available results. Almost all longitudinal studies attempting
to determine EBV DNAemia levels predictive of PTLD are single-center studies,
most often involving only pediatric SOT populations. In addition, result interpreta-
tion is complicated by the heterogeneity of the populations studied, with high- and
low-risk populations and SOT and HSCT populations often pooled for analysis. The
use of non-standardized assays and sample types precludes making recommenda-
tions regarding quantitative levels of EBV DNA that might be used as trigger points
for interventions. The small numbers of PTLD cases limit the statistical analyses
performed.

More recent studies of the association between high WB peak load and PTLD
have been conflicting in both SOT and HSCT populations. No association was
found in German pediatric kidney transplant recipients [77] or a Korean SOT popu-
lation (predominantly pediatric liver recipients) [186]. However, Colombini et al.
[92] identified peak VL as an independent predictor of PTLD, in a multivariate
analysis of a multicenter study of pediatric kidney transplant recipients. Similarly
early peak load, in univariate analysis, was a risk factor for PTLD in a single-center
study of pediatric heart transplant recipients [187]. “EBV exposure” measured as
area under the EBV viral load concentration-time curve (AUC) is an alternate
potential biomarker of PTLD risk, although in a study of pediatric kidney transplant
recipients, AUC of EBV VL during the first post-transplant year was not predictive
of symptomatic EBV infection that included PTLD [77]. Although peak load was
associated with increased PTLD risk in a HSCT cohort in the Cho et al. study [186],
in a recent multicenter UK study of 69 PTLD cases, 45% and 23% of cases had VLs
at diagnosis measured predominantly in WB that were lower than 40,0000 copies/
ml and 10,000 copies/ml, respectively, commonly used as preemptive triggers in the
HSCT setting [188]. Peak VL appears to be temporally concordant in plasma and
WB in HSCT recipients [74]. Salano et al. [189] studying a mixed population of
HSCT recipients at high and low risk for PTLD using plasma EBV DNA monitor-
ing found that neither initial positive result nor doubling time predicted clinical
features associated with high PTLD risk; these parameters also did not predict the
need for preemptive rituximab therapy.

As observed during acute infection in immunocompetent hosts, in primary EBV
infection after SOT and high-level reactivation of EBV in HSCT, the initial rise in
EBV VL is explosive [50, 54, 58, 186]. In high-risk HSCT patients, Burns et al. [50]
found the median time from first EBV DNA detection in WB to high-level DNAemia
(median load 2.2 x 10° genomes/ml) was 7 days (IQR 0-14 days). Although dou-
bling times as rapid as 56 hours have been described in the lung transplant setting
[58], the time to peak has been less well described in the SOT setting. This very
rapid initial VL rise makes the logistics of preemptive therapy challenging. Frequent
monitoring of at least weekly for at least the 4 first post-transplant months is recom-
mended in guidelines for high-risk HSCT recipients [163]. In SOT recipients, it can
be argued that any detectable peripheral EBV VL in the setting of a primary EBV
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infection should trigger review and minimization of immunosuppression when pos-
sible, to optimize opportunities for development of EBV-specific adaptive immune
responses. Weekly post-transplant monitoring during the highest risk period for
donor-derived infection (1-4 months) [173] is recommended for EBV-mismatched
SOT recipients. However, there are no data to suggest that less frequent monitoring
(i.e., biweekly or even longer intervals later in the first year after transplant) nega-
tively impacts preemptive strategies [4]. In evaluating interventions during the
acceleration phase of primary infection, reduction in doubling time or lower peak or
set point may be positive endpoints; short-term absolute quantitative reduction in
load may not be an appropriate measurement.

Regression from peak load: VL regression patterns in IM are variable among
patients and may be dependent on patient age and the “immunosuppressive environ-
ment” in which primary infection occurs. In a study of adolescents and young
adults, the median duration of WB EBV DNAemia was 17 days [159], but EBV
DNA was detected as long as 202 days in individual patients. EBV DNA in PBMC
studied by Fafi-Kremer in 20 IM patients progressively declined over 180 days with
levels approaching those in EB V-seropositive patients by 30 days [31]. Investigators
have observed that WB/PBMC viral load falls as adaptive immune responses
develop in a biphasic pattern, with a rapid decline lasting 2-6 weeks (estimated
half-life 1.5 days) followed by a more gradual decline thereafter (mean half-life
38.7 +/— 15 days) [177, 178]. After studying 24 children with IM (age 1-16 years),
Nakai et al. [178] found two-thirds were slow regressors with PBMC EBV DNAemia
still detectable at last follow-up (up to 90 days after onset of symptoms). VLs gener-
ally approach but do not achieve “set point” observed in EBV-seropositive asymp-
tomatic children and adults until approximately 1 year after IM [22, 166, 180]. EBV
sero-conversion rates due to community-acquired infection in infants and children
are high [190, 191]. Some children awaiting transplant are likely recently infected
(i.e., less than 1 year ago); this is particularly true for seropositive infants between
1 and 2 years of age. Although not been specifically studied, these children may be
at intermediate PTLD risk, falling between high-risk seronegative and lower-risk
seropositive children with remote infection. More extensive pre-transplant and wait-
list serology profiling and WB EBV VL testing may be warranted to allow better
risk stratification of children as seronegative, acutely (recently) infected, or remotely
infected to inform monitoring algorithms for preventive measures. Viral kinetic data
in infant EBV infection from a Kenyan study revealed a median duration of WB
EBV DNAemia of 6.3 months and 4.9 months for infants in holoendemic and spo-
radic malaria areas, respectively [192]. The AUC of the first episode of EBV DNA
detection, determined by both doubling time and duration, was greater in the high
malaria exposure region but was not influenced by age. Malaria is thought to
increase VLs either through promoting B cell proliferation [193], altering T cell
responses [194], and/or decreasing maternal antibody transfer [195]. Potential anal-
ogies in the transplant setting include graft-associated chronic or recurrent B cell
stimulation, even in the absence of observed acute rejection, and recurrent infection
episodes, exogenous immunosuppression, and possibly more rapid passive maternal
antibody elimination because of bleeding and transfusion.
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In the transplant setting, observations regarding EBV VL regression kinetics in
the absence of interventions are extremely limited. The half-life of the biologic form
of EBV DNA being measured, in the order of hours for ccf EBV DNA in plasma
versus weeks for latently infected cells, should be considered in interpreting
dynamic changes observed. In HSCT patients who spontaneously resolved plasma
EBV DNAemia, Solano et al. observed a median half-life of 4 days (range
0.04-123.7 days) and several patterns that included zero-order and first-order elimi-
nation kinetics as well as a biphasic “humped” pattern [189]. Unlike IM patients
and asymptomatic non-HIV-infected African infants, EBV DNA detection in plasma
in asymptomatic pediatric liver transplant recipients experiencing primary infection
was prolonged, as long as a year after first detection [67, 75]. It is very difficult to
assess the impact of interventions using viral kinetic data in the absence of a control
group not receiving the intervention or controlling for the timing of the intervention
relative to the onset of EBV DNA detection. When evaluating interventions imple-
mented during the regression phase of acute primary infection after SOT, the regres-
sion half-life or time to clearance (for diagnostic assays) may be a better measurement
of efficacy than an absolute quantitative reduction in VL. Kumar et al. [196]
observed a decline in WB VL in 90.3% of 31 SOT patients experiencing primary
EBV infection with median reductions of —0.49 log;, copies/ml and —0.87 log,,
copies/ml 14 and 30 days, respectively, after either RIS or anti-viral therapy. The
timing of the interventions relative to first EBV DNAemia or phase of infection was
not specified in this study.

Recurrent episodes of EBV DNAemia: Acute primary EBV infection may include
recurrent episodes or waves of EBV DNAemia that are not necessarily associated
with short-term adverse events in either the immunocompetent subject or transplant
recipient. In 20 IM patients, Fafi-Kremer et al. [31] observed rebound PBMC EBV
DNAemia after initial regression between day 60 and 90 after symptom onset asso-
ciated with recurrent symptoms in 20%. In Kenyan infants, patterns of WB EBV
DNAemia varied with some infants demonstrating a single peak and others having
multiple waves of detection [192]. However, a shorter time to subsequent waves that
were characterized by both a slower doubling time and shorter duration of EBV
DNAemia was seen when infection occurred at a younger age. Repeated waves of
infection were more likely in high malaria exposure regions but were less likely
with higher AUC with the first episode. Reinfection episodes could not be ruled out
as a cause of multiple waves/episodes of infection in this environment. Rebound
events after initial regression have also been observed in the SOT setting after pri-
mary infection managed by RIS or antiviral therapy [196, 197] with no apparent
adverse effects [197].

Equilibrium or Set Point VL
All EBV-seropositive patients have persistent EBV infection in peripheral blood

even though it is often below the level of detection of RT-PCR assays in specimen
types used in clinical labs in the transplant setting. This host-virus equilibrium or set
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point is estimated to take up to a year to achieve after acute infection [22, 166, 180]
and is unique to an individual and relatively stable for at least 3.5 years [66, 153,
198]. There is some stochastic variation in values around the set point over time
estimated at +25%, and this should be considered when defining clinically mean-
ingful VL kinetic outcomes if interventions in transplant patients are initiated after
set points are established [153]. Peripheral blood VL may increase with aging in
adults [199, 200] although results are not consistent [201]. Whether age-related
increases represent more EBV reactivation events or altered “set point” associated
with immunosenescence is uncertain. “Set point” VL may also be geographically
variable. Healthy children and adults in Gambia have a set point (median 850 cop-
ies/ 10° PBMC) >10-fold higher than adults in the UK (median 79 copies/10°
PBMC); some had VLs similar to those seen in UK IM patients [181]. It has been
suggested that early age of infection may raise set point; recurrent exposure to
malaria may further contribute [167]. It may be important to evaluate interventions
occurring after set point has been established separately from those occurring ear-
lier during acute primary infection after SOT as their impact may be significantly
different in these settings that likely represent very different stages of host-EBV
immune response development.

In the SOT setting, the time required to develop adaptive immune responses and
EBYV viral set point after donor-derived primary infection may be prolonged com-
pared to the immunocompetent patient because of exogenous immunosuppression.
Colombini et al. [92] observed that in the 38% of patients experiencing primary
infection after kidney transplantation who “cleared” their EBV DNAemia during a
median 5.4 years of follow-up, clearance occurred at a median of 22.1 months after
detection. Similar protracted regression was observed by Kullberg-Lindh et al. [75]
on withdrawal of all immunosuppression in pediatric liver transplant recipients with
“set point” WB VLs sometimes not observed until 2 years after initial detection,
often concordant with clearance of EBV DNAemia in serum. A significant propor-
tion of SOT recipients experiencing primary EBV infection have detectable WB
EBV DNA, sometimes at very high levels, that is sustained for many years and
appears to represent an “abnormally high” viral set point; this is observed less fre-
quently in SOT patients seropositive pre-transplant and has not been described in
the HSCT setting [8, 77, 92, 128, 175, 202-206]. The immunopathogenesis and
factors that influence setting and sustaining EBV viral set point after primary infec-
tion are unknown [207, 208]. Young age at infection, immunodeficiency, and inter-
current infections such as malaria are believed to elevate set points in African infants
[209]; warm ischemia time and high graft to recipient weight ratio have been identi-
fied as factors in pediatric liver transplant recipients [205]. High EBV set point may
be a form of neonatal tolerance also seen with other viral infections such as hepatitis
B, CMYV, and rubella acquired in utero or the early post-partum period. Examples of
variable EBV set points after donor-derived primary EBV infection in three pediat-
ric SOT recipients are illustrated in Fig. 6.2a—c.

Investigators have often defined SOT patients as having a chronic high VL phe-
notype (CHVLP) when having sustained (>50%) WB EBV VLs in the range of
5000-16,000 copies/ml for >6 months [8, 77, 92, 128, 175, 202-206]. High EBV
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viral set point may be a preferred terminology rather than CHVLP to describe this
biologic state as it is the terminology that has been used to describe a similar state
in the HIV setting [210]. However, it is not known whether 6 months after first
detection is sufficient time for equilibrium or set point to be achieved and what
specific quantitative set point, if any, is associated with increased later PTLD risk.
Although studies of pediatric heart transplant recipients suggest that patients who
are chronic high VL carriers may be at significantly increased risk of late-onset
EBV-positive PTLD [202, 203], this risk appears in part to be organ-specific with
intermediate risks observed in intestinal transplants [204] and low to negligible risk
in pediatric liver [8, 205, 206] and kidney [77, 92, 175, 208] transplant recipients.

Whether any intervention such as immune reconstitution (i.e., RIS) or prolonged
antiviral therapy can alter set point when established is not known. EB V-seropositive
immunocompetent subjects develop increases in EBV viral “set points” that are
sustained for up to 5 years after experiencing acute HIV infection; increases are
proportional relative to their pre-HIV infection set points. These increased set points
remain unchanged despite immune reconstitution by highly active anti-retroviral
HIV therapy suggesting the increased set point is due to immune activation rather
than immunodeficiency [210-212]. Similarly, Kullberg-Lindh et al. continued to
see elevated “‘set point” loads even when immunosuppression was withdrawn in
pediatric liver transplant patients experiencing primary EBV infection early after
transplant [75]. Hoshino et al. [213] studied EBV-seropositive subjects receiving
1 year of valacyclovir prophylaxis for HSV infection and found a small but appre-
ciable decrease in EBV set point when compared to a control group where no effect
was seen. The authors estimated it would take 6 years of therapy to eliminate 99%
of the systemic EBV load and 11.3 years to clear it if re-infection did not occur. This
anti-viral effect has not been studied or confirmed by others.

Periodically EBV DNAemia can be detected using clinical assays even in asymp-
tomatic seropositive subjects with remote infection; detection most often lasts
<4 weeks in plasma [17, 26] and is detected at a higher rate in WB than plasma
when contemporaneously samples are collected from the same patient [26]. Critical
illness and sepsis appear to precipitate reactivation events in immunocompetent
seropositive patients [26]. The duration of these “set point” disturbances is unknown.
In acute malaria a five- to sixfold increase in PBMC EBV VL was observed that
persists for at least 4-6 weeks [181]. Whether similar EBV dynamics occur in
patients with other acute infections in either the transplant or non-transplant setting
is not known.

Future Prospects for EBV VL Testing

Quantitative EBV DNA measurement in peripheral blood has a potentially signifi-
cant role to play in PTLD prevention and management (see Chaps. 11 and 18).
Calibration of assays to the WHO IS and, potentially, the use of dPCR have been
important first steps toward result harmonization among EBV DNA assays. It is
important that test manufacturers, national regulators, clinical virologists, transplant
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physicians, and oncologists work collaboratively to continue to improve result har-
monization through optimization of the commutability of secondary calibrators,
nucleic acid extraction procedures, target design, and other factors that contribute to
ongoing result variability. Clinical trials will be required to both validate result har-
monization and evaluate the benefit of these assays in specific clinical settings. We
must understand what we are measuring. This includes the biologic forms of EBV
DNA and host and viral EBV miRNAs in plasma and the cellular blood fraction as
well as the phenotype of infected cells and how these change during primary and
reactivation infection after transplant and throughout the subsequent stages of
PTLD development. This information is critical for assay improvement and identi-
fication of new biomarkers. New tools such as target-capture deep sequencing for
EBV DNA fragment length profiling [17] in plasma and ImmunoFISH assays [9]
that might allow analysis of EBV-infected cells at a single-cell level are potentially
useful in that regard.

A high priority for research would be a multicenter trial comparing EBV DNA
measurements in both plasma and WB to more definitively determine the optimal
specimen type to use in specific clinical settings after transplant. Analyzing EBV
DNA kinetics in both WB and plasma, including mathematical modeling of these
dynamics [172], would increase our understanding of the biology of EBV transmis-
sion and infection in the transplant setting and also improve the definition of “abnor-
mal” relative to natural community-acquired infection in the immunocompetent
host. When EBV DNA dynamics in peripheral blood are used as surrogate markers
of response to clinical interventions for prevention and treatment of PTLD, model-
ing of EBV VL data after transplant could also inform identification of VL param-
eters that could be used as better clinically relevant outcome measures.
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Vikas R. Dharnidharka

Introduction

This chapter is devoted to a detailed discussion of (1) the incidence of PTLD by
solid organ system and over time; (2) the time to PTLD; (3) the different risk factors
involved; (4) the risk for solid organ allograft loss after PTLD; (5) mortality rates
after PTLD; and (6) results of re-transplantation if PTLD occurred in a prior trans-
plant. The equivalent epidemiologic aspects of PTLD after hematopoietic stem cell
transplant (HSCT) are discussed in Chap. 12. The prognostic factors for outcomes,
after PTLD has been diagnosed, are covered in Chap. 8.

Note that PTLDs after solid organ transplant include several different conditions
[1, 2]. Hodgkin lymphoma (HL) and non-Hodgkin lymphoma (NHL) are consid-
ered as PTLDs by the World Health Organization (WHO) classification [3, 4], but
transplant registries serve as the source of most large-scale epidemiologic informa-
tion on PTLDs. Some transplant registries restrict their reporting to only lympho-
mas [5, 6] or only NHLs [7, 8]. Transplant registries also consider indolent
lymphomas (small B cell lymphomas such as follicular lymphomas or small lym-
phocytic lymphomas and marginal zone lymphomas) as PTLDs, but not plasma cell
neoplasms (multiple myeloma and plasmacytoma). The WHO classification does
the opposite, including plasma cell neoplasms under monomorphic PTLD, but does
not include indolent lymphomas [3, 4]. Also, registries can have incomplete report-
ing, so some groups have attempted to merge different national registries to capture
more PTLD cases [9, 10].
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Incidence of PTLD

Large registry data show that lymphoma (a subgroup of PTLD) incidence in trans-
plant recipients, as compared to the general population, is several-fold elevated, as
shown in Table 7.1 [7, 16]. The degree of elevation in incidence varies by recipient
age. Within the Australia-New Zealand database (ANZDATA) registry of kidney
transplants, recipients under 35 years old had a 23—-37-fold higher incidence of lym-
phoma. The risk dropped with each 10-year older age group, yet the above 55-year-
old recipients still experienced a sixfold increase in incidence over the general
population [16]. From the Germany-based multi-national Collaborative Transplant
Study (CTS) registry data across multiple different organ transplants, recipients
under 10 years age experienced a 200—1200-fold increased incidence [7]; recipients
above 60 years age experienced 7—-16-fold increases in incidence over the general
population. Compared to HIV-infected patients, the increase in lymphoma risk in
transplant recipients appears to be of same magnitude [17]. Table 7.1 depicts the
relative increase in standardized incidence ratios separated out for different sub-
types of PTLDs, but not separated out by age groups.

Since PTLD can occur at any time post-transplant and the cumulative incidence
goes up over time post-transplant [18], the appropriate unit of measurement should
be incidence density, not incidence per patient. Incidence density takes into account
those patients whose allografts survive longer, thus increasing their chance of devel-
oping PTLD. This is a simple concept, yet rarely followed in early PTLD publica-
tions, most of which list PTLD incidence on a per patient percentage. In the Organ
Procurement and Transplantation Network database in the USA, the incidence den-
sity for PTLD ranged from 1.58 per 1000 person-years (kidney) to 2.24 (heart), 2.44

Table 7.1 Relative risk, as standardized incidence ratios (SIRs), for different types of post-
transplant lymphoproliferative disorders, as compared to general population

Grulich Engels Cheung Engels Clarke Morton
etal. etal. etal. et al. etal. etal.
(2007) (2011) (2012) (2013) (2013) (2014)

PTLD type [5] [11] [12] [13] [14] [15]

Non-Hodgkin 5.5, 6.0, 7.5 15.8 6.2

lymphoma 9.9, 8.9

Hodgkin 3.58 3.6

lymphoma

Plasma cell 1.8 1.8

neoplasms

Multiple 2.7,2.17, 1.4

myeloma 3.8

Plasmacytoma 7.1

Adapted from Ref. [1]
The Grulich et al. meta-analysis displayed SIRs from several studies. All the values shown in this
table were statistically significant
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Table 7.2 Reported incidence density or cumulative incidence of PTLD by organ system and
recipient age

Organ | Recipient age 1 year |3 years 5 years >5 years

Kidney' | Adult [25-27] 0.46% | 0.87% 1.18% 2.1% (10 years)
Pediatric [28] 1.03% |2.31% Not stated

Liver | Adult [29] 1.1% |3% 4% 4.7% (15 years)
Pediatric [30] 6%

Heart> | Adult (ISHLT 2015 data) [31] 0.50% | Not stated | 1.1% 1.8 (10 years)
Children (ISHLT 2008 data) 1.6% | Not stated | 4.5% 9.2% (10 years)

Lung® | Adult OSHLT 2008 data) 1.6% | Not stated | 2.1% 5.6% (10 years)
Children (ISHLT 2014 data) [32] | 5.3% 10.7% 9.2 (at 7 years)

Footnotes:

'Adult kidney data are from USRDS and French PTLD registry. Pediatric kidney data are from
NAPRTCS registry from 2012 to 2017 (malignancy rates, most of which are PTLD)

’Heart and lung data from the International Society for Heart and Lung Transplantation (ISHLT)
are based on recipient survival till that time point

(liver), and 5.72 (lung) [19]. In the UK, incidence density for NHL after kidney
transplant was 2.6 per 1000 person-years [20]. A very high incidence density of
1800 per 100,000 patient-years of follow-up was reported in the pediatric liver
transplant population in the 1980s—1990s by McDiarmid et al. [21]. Dharnidharka
et al. have shown era trends in PTLD incidence density from a multicenter pediatric
kidney transplant registry [22]. In the period 1987-1992, the incidence density was
320 per 100,000 patient-years [23]; this doubled to 603 per 100,000 patient-years in
the time period 1993—-1998 [24]. An alternative method of displaying incidence den-
sity is rate per patient per fixed time post-transplant, e.g., rate of PTLD by 1, 3, or 5
years post-transplant, as shown in Table 7.2. In the French PTLD registry, cumula-
tive incidence was 1% by 5 years and 2.1% by 10 years [25]. The most recent
national registry data from the USA show a 5-year cumulative incidence ranging
from 0.7% to 9%, based on recipient EBV serostatus and type of organ transplant
[33]. Cumulative incidence implies a “fixed” cohort with no losses to follow-up, a
situation that is rare in transplantation, so incidence density, where losses are accept-
able, is preferable.

When analyzing PTLD incidence by the more common per patient incidence, a
clear trend could be seen. Initially PTLD cases were stray and anecdotal through the
1950s—1970s. This was also a time period of two-drug immunosuppression (azathio-
prine and prednisone) and relatively poor graft survival. After the introduction of
cyclosporine A in 1983, graft survival improved dramatically, but the frequency of
PTLD reports started rising [34-37]. The pediatric kidney transplant population
showed a steady increase in per patient incidence from <1% to 2.2% to 6% from the
early 1990s to the early 2000s [23, 38, 39]. These rises coincided with the advent of
more potent immunosuppressive agents and more intense regimens, frequently incor-
porating an induction antibody with three-drug maintenance immunosuppression.
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In contrast, in the same time period, the pediatric liver transplant population showed
reductions in per patient incidence from 10% to 5% with the use of multiple inter-
ventions [40]. It is also possible that some of the increase could be better physician
awareness and recognition of PTLD and better reporting. One recent study sug-
gested a decrease in PTLD incidence in patients transplanted in 2007-2009 versus
2000-2003 [41].

Time to PTLD

The time to PTLD varies greatly by series, era, and organ system. In general, time
to PTLD has shortened in more recent eras with more potent immunosuppression
[23, 35, 37]. Early PTLDs tend to be B cell lineage proliferations and EBV positive,
while late PTLDs have higher proportions of non-B cell proliferations and EB V-
negative PTLDs, albeit still a minority [29, 42]. The incidence of EBV-negative
PTLD may be increasing, both as a proportion and in absolute incidence [43]. Series
with predominantly adult populations [26, 44, 45] show longer median times to
PTLD (25-72 months) and two spikes (early and late) of incidence (Fig. 7.1a), ver-
sus series with significant pediatric populations [27, 46-48], where the median
times are shorter, ranging from 5.5 to 25 months.
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Fig. 7.1 Panel (a) Cumulative 5-year incidence of non-Hodgkin lymphoma by organ system,
Collaborative Transplant Study [7], reproduced with permission. Panel (b) Incidence of PTLD by
organ system, UNOS/OPTN data [38]
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PTLD incidence % by organ (UNOS)
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3 Liver = 375/39,974
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Fig. 7.1 (continued)

Risk Factors for PTLD

There are many different risk factors for PTLD development that have been
described in the medical literature. Briefly, these risk factors can be grouped under
the following headings:

(a) Infectious related: Epstein-Barr virus and other infectious agents
(b) Host related

(c) Primary disease related

(d) Graft organ related

(e) Immunosuppression related

Infectious Related Risk Factors

One of the seminal events in PTLD pathogenesis was the epidemiologic linkage of
PTLD risk to Epstein-Barr virus (EBV) serostatus in donor and recipient. Focus on
EBYV had come from the knowledge that some cases of PTLD resembled lympho-
mas, of which Burkitt’s lymphoma was already linked to EBV. The linkage of EBV
to post-transplant lymphoproliferative disease was established in the late 1970s [49,
50] and early 1980s [51, 52]. Walker et al. demonstrated that an EBV-seronegative
adult recipient of a heart or lung allograft was at 24-fold higher risk for subsequent
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Table 7.3 Epstein-Barr virus-associated risk ratios for PTLD or NHL development

Study Risk ratio Organ Age group
Walker et al. [53] 24 Heart-lung Adult
Cockfield et al. [54] 33 Kidney Adult
Mendoza et al. [55] 12.84 Heart Pediatric
Katz et al. [56] 3.94 Heart Pediatric
Caillard et al. [26] 3.01 Kidney Adult
Faull et al. [37] 3.1 Kidney Adult and pediatric
Kirk et al. [57] 5.28 Kidney Adult and pediatric
Funch et al. [58] 7.05 Kidney Adult and pediatric
Allen et al. [59] 4.5 Several Pediatric
McDonald et al. [39] 7.7 Kidney Pediatric
Opelz et al. [60] 3.6 Heart Adult and pediatric
Opelz et al. [60] 4.2-9.0 (by age group) Kidney Adult and pediatric
Sampaio et al. [41] 17.4 (deceased donor) Kidney Adult

6.9 (living donor)
Dharnidharka et al. [61] 3.58 Kidney Adult and pediatric
Dharnidharka et al. [40] 1.48 Liver Adult and pediatric
Dharnidharka et al. [62] 4.04 Heart Adult and pediatric

PTLD development [53]. This finding has since been borne out by multiple other
investigators in other organ type transplants and across age groups (Table 7.3). In
fact, not only has this finding stood the test of time; the magnitude of risk conveyed
(ranging from 3- to 33-fold in most cases) exceeds by far the magnitude of risk
conveyed by any immunosuppressive agent risk factors. The reason for this strong
epidemiological relationship between EBV and PTLD will become clear in Chap. 3
about the biology of EBV and pathogenesis of PTLD. EBV-positive PTLDs tend to
show an early incidence spike in the first year, while EBV-negative PTLDs have a
steady incidence over each year [20].

Beyond EBYV, other viruses may play a role in PTLD pathogenesis. CMV co-
infection or mismatch increased the risk 6-7-fold in some early studies [63, 64],
but not in more recent studies [57]. A few cases of PTLD are not EBV tumor posi-
tive, and CMV co-infection cannot be documented. In these cases, it is possible
that a heretofore undetected virus may play a role, though an unbiased study of
PTLD tissue DNA virus genomes did not reveal any overrepresentation of other
viruses [65].

With the development of peripheral blood PCR assays to measure Epstein-Barr
DNAemia, the development of EB DNAemia post-transplant can also be considered
a risk factor for PTLD development. This discussion is handled in great depth by
Preiksaitis in Chap. 6 and hence not discussed further here.

Some PTLD types (CNS PTLD, EBV-negative PTLD, or non-B cell lineage
PTLD) have different epidemiologic patterns than EBV-positive B cell PTLDs.
Central nervous system localization occurs in 7-15% of PTLDs, and these have a
later median time to presentation, but the majority are EBV positive [66—68].
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Belatacept de novo use in EBV-seronaive transplant recipients was associated with
high rates of PTLD overall, and in particular, of CNS PTLD [69].

EBV-negative PTLD comprised 33% in one series of 176 PTLDs at the University
of Pennsylvania, with an increasing proportion up to 48% in more recent years [43].
The median time to presentation was later for EBV-negative PTLD and was less
likely to involve the allograft and more likely monomorphic. T/NK cell PTLDs
comprise 5-15% of all PTLDs, have a later median time to presentation, and are
EBYV positive in only 33% [70]. A meta-analysis of T cell PTLDs showed median
time to presentation 72 months (versus 48 months for PTLDs in general) and median
overall survival time only 6 months versus 11 months for monomorphic B cell
PTLDs [71].

Host-Related Risk Factors

In data from several large registries such as the United Network for Organ Sharing/
Organ Procurement and Transplantation Network (UNOS/OPTN) and North
American Pediatric Renal Transplant Cooperative Studies (NAPRTCS), younger
recipient age <18 years, male sex, and Caucasian race were all higher-risk factors
for PTLD development individually and synergistically [38]. Hall et al. confirmed
that white transplant recipients are at higher risk than black or Hispanic recipients
[72]. At the other end of the age spectrum, transplant recipients above 50 or 60 years
are also at higher risk for PTLD [7, 26, 47]. These host risk factors remain indepen-
dently significant even after more complete reporting of donor and recipient EBV
serology in the national OPTN database [57].

Caillard et al., utilizing data from the US-based United States Renal Data
System (USRDS) registry, showed that pre-transplant malignancy and fewer HLA
matches are also associated with higher PTLD rates [27], though one study of
lung transplants showed the opposite [73]. HLA matching and specific alleles
have been the subject of several studies; B mismatch, A3 allele, or Bw22 allele
has all been associated with higher PTLD risk [74—76]. Most PTLDs after SOT
are of recipient origin [77], but some studies have shown high proportion of donor
origin also [78].

Primary Disease-Related Factors

Within the liver transplant population, some single-center series have documented
certain primary liver diseases to be associated with higher risk for subsequent
PTLD. These diseases include hepatitis C [79] or associated cirrhosis [47], alco-
holic cirrhosis [47], autoimmune hepatitis [80], Langerhans cell histiocytosis [81],
or fulminant hepatitis [29]. However, these diseases are also among the most com-
mon reasons to receive a liver transplant; hence they may have been overrepresented
in individual series.
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Graft Organ-Related Risk Factors

Data from the multinational CTS and the US-based OPTN/UNOS/USRDS have
demonstrated differences in PTLD frequency by organ system. In general, intestinal
transplants [82, 83] and thoracic organ transplants are associated with higher fre-
quencies of PTLD, followed by liver transplants, and the lowest frequency has been
in kidney transplants. From the most recent International Intestinal Transplant
Registry (ITTR) report for 2003 (www.intestinaltransplant.org), the incidence of
PTLD in adults was 3.3% and in children was 13.3%. Table 7.2 depicts recent inci-
dence density or cumulative incidence data for either PTLD by organ system and
recipient age at transplant. Figure 7.1 shows (A) cumulative incidence of non-
Hodgkin lymphoma by organ system from the CTS or (B) incidence of PTLD by
organ system from UNOS/OPTN data.

Immunosuppression-Related Risk Factors

PTLD was very rare in the era of two-drug immunosuppression with azathioprine
and oral steroids. With the advent of more potent immunosuppression such as cyclo-
sporine A, reports of PTLD started increasing [34] and then exploded in the
mid-1990s with the emergence of multiple newer agents (tacrolimus, mycopheno-
late mofetil, OKT3, anti-thymocyte antibodies, IL-2R antibodies). Swinnen’s semi-
nal paper brought attention to the increased risk with OKT3 use [84]. Many
investigators have thus focused attention on the differential risk for PTLD with indi-
vidual agents. While this type of study is attractive, since immunosuppression is a
modifiable risk factor, the reader should understand that cumulative totality of
immunosuppression is probably the real measure of risk [18, 85]. Yet measuring
totality of immunosuppression has been almost impossible so far, hence the atten-
tion to each agent.

In this regard, for most of the agents mentioned above, there are several retro-
spective studies that demonstrate higher PTLD risk with that agent and at least one
study with each agent that does not demonstrate such increase in risk. Almost all
prospective studies show no increase in PTLD risk with any agent. These prospec-
tive studies tend to have short follow-up time, patient selection biases, and more
standardized follow-up than general practice. The reader is advised to look at the
weight of the published literature, in both quality and quantity, as opposed to any
individual study. The magnitude of risk with an immunosuppressive agent, in almost
all cases, is much lower than the risk from EBV seromismatch.

Thus, some studies show higher risk of PTLD or NHL with (A) cyclosporine A
[37, 86, 87] or not [88]; (B) OKT3 [7, 29, 62, 84, 89] or not [26, 56]; (C) equine
anti-thymocyte polyclonal antibody [27, 89]; (D) rabbit anti-thymocyte polyclonal
antibody [7, 27, 57] or not [27, 90-92]; (E) 1I-2R antibodies [93] or not [7, 27, 94];
(F) tacrolimus [21, 27, 88, 95] or not [24]; and (G) alemtuzumab [61, 92] or not
[57]. A meta-analysis comparison of cyclosporine to tacrolimus from prospective
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trials revealed no significant difference in lymphoma/PTLD rates [96].
Mycophenolate mofetil was reported to increase risk for PTLD in one study [97] but
not in several other studies [58, 94, 98, 99], while high-dose steroids for acute rejec-
tion have been implicated in one study [29]. Azathioprine use was never previously
considered as a risk factor for PTLD in the era of two-drug immunosuppression, but
some recent studies suggest that azathioprine use (versus mycophenolate) increases
PTLD risk [94], not replicated in other studies [27]. Such findings should therefore
be interpreted with caution. Sirolimus is unique in that in vitro studies have sug-
gested a protective effect from PTLD [100, 101], which seemed borne out by a
clinical retrospective registry study [102]. However, more recent studies of the same
database suggested the opposite [57, 61, 103]; the original registration trials showed
higher PTLD rates with increasing sirolimus dose [104], and sirolimus was part of
a protocol that was associated with a high PTLD frequency [39], so the issue may
not be as clear-cut.

Among the newer biologic agents, alemtuzumab was not initially associated
with an increased risk for PTLD, in an OPTN registry data analysis [57], but a
later OPTN analysis showed higher risk [61]. As previously mentioned, belata-
cept showed high PTLD rates in the more and less intense arms in EBV-seronaive
transplant recipients [69], leading to a black box warning to not use this drug in
this specific population. Other newer biologic agents seem to share this PTLD
risk. Trials of the Janus kinase inhibitor tofacitinib had to undergo a protocol
modification due to high PTLD rates in the more intense arm [105]. In a small
study of efalizumab, the arm receiving the highest dose of this agent and full-
dose CsA experienced three PTLD cases in ten subjects, a concerning num-
ber [106].

Mortality After PTLD

In general, PTLD has been a significant cause of added mortality after transplanta-
tion [62], though at least one study suggested no increase in mortality risk [56]. The
mortality rates need to be interpreted in light of the varying baseline mortality by
organ system (e.g., kidney transplant recipients have lower mortality rates than
heart/lung transplant recipients). Similar to incidence rates, mortality rate should
ideally be expressed as a cumulative incidence over time as opposed to per PTLD
percentage. The 1-year survival rates after PTLD range from 51% to 73% [7, 26, 29,
37], while 5-year survival rates are lower at 39-61% [7, 26, 29, 43, 46]. Older eras
and series showed higher mortality rates [37], with improvement in each subsequent
decade [10]. Children also did better than elderly adults [37]. A mid-1990s study of
PTLD after pediatric kidney transplantation reported a 48% mortality [107],
whereas a recent repeat study showed only 13% mortality and 5-year cumulative
survival at 87.8% [108]. Higher grades of PTLD, late-onset PTLD, and central ner-
vous system involvement are generally associated with higher mortality [26,
66, 109].
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Risk for Graft Impairment and Graft Loss After PTLD

Does PTLD itself elevate the risk for earlier graft loss, independent of its effect on
patient survival? Reduction of immunosuppression is typically the first strategy
employed after PTLD diagnosis and can be associated with a higher risk of rejection
episodes, 38% in Swinnen’s prospective study of immunosuppression reduction,
and sequential therapies before the advent of rituximab [110]. For thoracic organs,
rejection can also be graft threatening or life-threatening. In a multicenter pediatric
heart transplant study, death from graft loss was as frequent as death from PTLD. In
kidney transplants, the availability of dialysis means that most clinicians might be
willing to lower immunosuppression considerably and accept a risk of losing the
graft. In pediatric kidney transplants, PTLD was highly significant as a predictor of
worse graft survival (hazard ratio 4.3, 95% CI 3.4-4.5) after adjustment for other
factors [108]. Trappe et al. have reported that patients treated with reduction of
immunosuppression + chemotherapy + rituximab had a non-inferior graft function
compared with untreated controls [111]. In particular, the negative impact of reduc-
tion of immunosuppression on the renal graft function was fully compensated by the
immunosuppressive effect of the CHOP regimen of chemotherapy (see Chap. 10 for
more details of this regimen). The immunosuppressive effect of single-agent ritux-
imab only partially compensated for the negative impact of reduction of immuno-
suppression on the graft function.

Re-transplantation After PTLD in Prior Transplant

In an UNOS/OPTN series, 69 re-transplants were recorded after PTLD [112]. Time
from PTLD to re-transplant was <1 year in 24.6%, 1-3 years in 37.7%, 3-5 years in
17.4%, and 5-10 years in 20.3%. A variety of immunosuppression agents have been
used in the re-transplant, and no recurrence of PTLD was reported in the re-
transplants. In a more recent French series, 52 patients received 55 re-transplants
after a PTLD occurrence. The time from PTLD to re-transplant was 100 months +
44 months (range 28-224). One patient developed PTLD in a re-transplant.

Take-Home Messages

1. The incidence of PTLD varies with several host-, transplant-, and
immunosuppression-related risk factors; highest risk is seen in EB V-seronegative
very young or very old recipients receiving intestinal/thoracic organs and a high
overall level of immunosuppression.

2. Epstein-Barr virus infection, especially primary infection acquired through the

allograft, is the single most important risk factor.

PTLD is a significant cause of earlier graft loss and added mortality.

4. Fortunately, recurrence of PTLD in a re-transplant after prior transplant compli-
cated by PTLD is very rare.

(O8]
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Introduction

The Epstein-Barr virus (EBV) is associated with the majority of cases of post-
transplant lymphoproliferative disorder (PTLD). This condition encompasses a
spectrum of clinical entities in the post-transplant period. These syndromes range
from the manifestations of non-destructive lesions, including infectious
mononucleosis-like pathologies, to true malignancies [1]. While these manifesta-
tions of PTLD are often conveniently classified into discreet entities, in reality they
often represent a spectrum of illnesses where more benign entities may be followed
by more serious syndromes. The heterogeneous nature of PTLD makes generaliza-
tion problematic. This notwithstanding, one can recognize two primary modes of
presentation of PTLD in the solid organ transplant recipient, namely, early-onset
PTLD and later-onset PTLD. Although the time demarcation between these entities
is somewhat arbitrary, the former occurs within the first 1-2 years, while the latter
occurs after the first 1-2 years [2].
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Severe Infectious Mononucleosis, Clinical Categories,
and Sites of PTLD

Severe Infectious Mononucleosis Infectious mononucleosis is the prototype of
primary EBV infection [3, 4]. The clinical spectrum of infection ranges from
asymptomatic infection to severe, sometimes fatal disease in immunocompromised
patients. Infectious mononucleosis is typically characterized by fever, exudative
pharyngitis, lymphadenopathy, hepatosplenomegaly, and atypical lymphocytosis.
In symptomatic individuals, adenotonsillar disease is often a prominent feature
(Fig. 8.1). The features of severe infectious mononucleosis may be seen in some
cases of acutely symptomatic PTLD. In complicated cases or the more severe cases
in the immunocompromised host, patients may develop hepatitis, upper airway
obstruction due to enlarged adenotonsillar tissue, pneumonitis, encephalitis, aseptic
meningitis, splenic rupture, decreased blood cellular elements, disseminated intra-
vascular coagulation and hemophagocytic syndrome, bacterial superinfection, and
renal, cardiac, and other complications [3, 4]. In the transplant setting, certain fea-
tures (e.g., hepatitis) may be accentuated or represent diagnostic dilemmas as this
relates to the role that the virus is having versus non-EB V-related complications of
transplantation.

PTLD Presenting Early After Organ Transplantation PTLD presenting within
the first 1-2 years after transplantation may be characterized by marked constitu-
tional symptoms and rapid enlargement of lymphoreticular tissue. The vast majority
of these lesions during this time are EB V-positive. Although less commonly seen in
recent years, this entity is characterized by rapidly progressive disease of a dissemi-
nated nature and a systemic sepsis-like syndrome as a result of a cytokine storm.
The clinical picture includes some features that are consistent with severe EBV
disease [5], as outlined above (e.g., hemophagocytosis and disseminated
intravascular coagulation). In some patients, the diagnosis of PTLD is unfortunately

Fig. 8.1 Exudative
tonsillopharyngitis in
infectious mononucleosis.
(Footnote: Reproduced
with permission, Slide
Library, Hospital for Sick
Children, Toronto)
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made at autopsy due to difficulty in diagnosis [6, 7]. Mass lesions may not be pres-
ent; pyrexia is present and the disease may be extranodal. It can be difficult to sepa-
rate this entity from patients who have overwhelming sepsis and multiorgan failure.
The above notwithstanding, some cases of early PTLD may present in less aggres-
sive forms with nodal involvement and less constitutional symptomatology. In the
adult patient, this presentation is the most frequent presentation of the early-
onset PTLD.

PTLD Presenting Late After Organ Transplantation PTLD that presents after the
first 1-2 years after transplantation is likely to be more anatomically defined, has
few systemic symptoms, and is less rapidly progressive. This form of PTLD is now
the form that is frequently seen in most centers, as the early-onset, rapidly progres-
sive form is less frequently seen in recent years [8, 9]. Proportionately more cases
of EBV-negative PTLD occur in the late-onset category in contrast to the early-
onset category. One possible explanation is that in recent years, the enhanced sur-
veillance for EBV after transplantation has enabled the early recognition of
upregulation of EBV activity prior to the development of PTLD, allowing for early
intervention, including reduction in immunosuppression.

PTLD Occurring After Hematopoietic Stem Cell Transplantation This is
addressed elsewhere in this book and will only be briefly mentioned here for context
and contrast. In the HSCT patients, PTLD usually affects recipients of allogeneic
grafts. Among affected patients, very few cases of PTLD occur after the first year in
the absence of chronic graft versus host disease. This is due to the fact that immune
restoration occurs as engraftment takes place with advancing time after HSCT. This
is in contrast to solid organ transplant recipients who require varying degrees of
ongoing immunosuppression to prevent organ rejection. The occurrence of PTLD at
a relatively early stage after HSCT poses a challenge with a tendency for fulminant
multi-system disease in some patients. While HSCT patients may experience the
full spectrum of PTLD seen in solid organ transplantations, it occurs significantly
less frequently after hematopoietic stem cell transplantation (HSCT) compared with
solid organ transplantation. Among HSCT recipients, PTLD lesions are usually of
donor origin in contrast to recipient origin in the majority of solid organ transplant
recipients [10-12].

Sites of PTLD Lesions The dominant presenting signs and symptoms of PTLD are
related to the organs affected and the sites of PTLD lesions. In contrast to lympho-
mas in immunocompetent patients, PTLD is associated with a very high incidence
of extranodal involvement, with published rates of 60-90%. Virtually no site is
exempt from PTLD involvement, and a high index of suspicion is required when
assessing lesions in any location in the body of patients after transplantation. In this
regard, PTLD has been documented at the following sites: bone, bone marrow,
small bowel, large bowel, stomach, central nervous system, diaphragm, kidneys,
liver, lung, lymph nodes, orbits, ovary, paraspinal tissues, salivary glands, paranasal
sinuses, skin, soft palate, spleen, stomach, testes, tonsils, and uterus. In addition,
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EBV-positive (+) mucocutaneous ulcers involving the oropharyngeal mucosa, skin,
or gastrointestinal tract may occur and have been added to the WHO classification
system [1, 13].

The vast majority of cases involve the organs of the reticuloendothelial systems
and the transplanted organs. With respect to the transplanted organs, the heart is the
only organ that is not usually the primary site of PTLD. Data from a recent review
of PTLD cases in children over a 15-year period at The Hospital for Sick Children
in Toronto revealed that the sites most frequently affected at the diagnosis of PTLD
were tonsillar/adenoidal (34%), gastrointestinal (GI) tract (32%), lymph node (LN)
11%), and multisite (11%) [14]. Among adult patients, Caillard et al. described a
temporal sequence of sites of PTLD among renal transplant recipients, with disease
localized to the graft occurring within the first 2 years, primary CNS lymphoma
(PCNSL) occurring between years 2 and 7, and gastrointestinal disease occurring
between years 6 and 10 and being the predominant site of late disease [15], the latter
supporting the observation of the relatively high frequency of involvement of the GI
tract in cases of PTLD [16-18].

With respect to GI tract disease, the nature of organ involvement may include
isolated solitary or multisite lesions or disease that is part of a more disseminated
process. Easily resectable intestinal lesions that are solitary are associated with bet-
ter outcomes compared with disease that is either multisite or part of a more gener-
alized PTLD process. Patients with GI PTLD may present with a variety of
gastrointestinal manifestations, including vomiting, diarrhea, evidence of protein-
losing enteropathy, intussusception, bleeding, and in some cases evidence of bowel
perforation. The latter is also a known complication during the treatment phase of
intestinal PTLD during which necrosis of transmural lesions can occur.

Patients with head and neck PTLD disease may present with a spectrum of find-
ings including asymptomatic adenotonsillar hypertrophy, tonsillitis, palatal ulcer-
ative lesions, cervical lymphadenopathy, and disease of the paranasal sinuses
[19-24]. The latter has been documented to be one of the manifestations of PTLD
in patients who have undergone lung transplantation [24]. Among these findings,
enlarged adenoids and tonsils represent the most frequent presentation of head and
neck PTLD (Fig. 8.2). In one series, adenotonsillar biopsies yielded PTLD in
approximately 40% of children who were referred to the otolaryngology service for
assessment to rule out PTLD following initial screening by clinicians [19].

Pulmonary involvement is most frequently seen in heart and lung transplant
patients. In most cases it is characterized by solitary or multiple pulmonary nodules
or an infiltrative process [7, 15, 25, 26]. In addition, there may be pulmonary dys-
function in the lung allograft. In the latter situation, clearly discernible lesions might
not be apparent in the setting of diffuse consolidation on chest X-rays.

Liver involvement usually occurs in liver transplant recipients where there may
be evidence of diffuse hepatitis or nodular disease. Non-liver transplant recipients
may also have liver involvement as a component of multi-system disease.

Among renal transplant recipients, PTLD may involve the allograft or distant
sites. This influences the nature of the presenting signs and symptoms. When PTLD



8 Clinical Features and Diagnostic Considerations 133

Fig. 8.2 Older child after liver transplantation. CT reveals left tonsillar nodal mass and mediasti-
nal adenopathy. (Courtesy of Dr. David Manson, Hospital for Sick Children, Toronto)

affects the renal graft, a significant proportion of patients may present with renal
dysfunction [15]. However, when alterations in renal function occur presumably
due to PTLD affecting the kidneys, other cause of renal dysfunction after transplant
should be considered in the differential diagnosis. These conditions include rejec-
tion and BK polyoma virus nephropathy.

Patients may also present with skin nodules. These should be differentiated from
non-PTLD malignancies, including donor-derived malignancies in adult patients.
Rarely, EBV-associated smooth muscle tumors have been described [27].

Central nervous system (CNS) disease is usually seen in the setting of extensive
multi-system disease. However, solitary CNS disease may occur, which is an impor-
tant consideration in the diagnostic evaluation of transplant patients with sustained
elevations of EBV loads. In this regard, patients with CNS lesions might not have
symptoms or signs referable to the CNS during the early stages of disease. The time
to primary CNS PTLD may be less than 2 years and exceed 10 years post-transplant
[15, 28, 29]. When symptomatic, patients may present with evidence of intracranial
pathology with headaches, seizures, and focal neurologic deficits. Generally,
patients presenting with CNS PTLD tend to have poorer prognoses [8, 15, 25].

As indicated above, several other sites may be affected by PTLD. Their clinical
importance may relate to the fact that their involvement may be indicative of dissemi-
nated disease and/or may be suggestive of poorer outcomes. For example, as is the case
with CNS PTLD, bone marrow involvement is regarded as a poor prognostic indicator.

Histopathologic Correlates

The histopathologic examination of suspected PTLD lesions is crucial for the diag-
nosis of PTLD [1, 30, 31]. A detailed description is provided in Chap. 2; PTLD
lesions presenting early after transplantation are generally EBV-associated.
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Non-destructive lesions of the plasmacytic and infectious mononucleosis types tend
to occur at a younger age than other forms of PTLD and are thus more likely to be
seen in children than adults [1]. These lesions tend to occur in primary EBV where
infection occurs in the setting of no previous exposure to the virus.

The histology of PTLD lesions presenting late after transplantation is highly
variable. In children and adults experiencing late-onset primary EBV infection,
“non-destructive PTLD” and/or other forms of PTLD may still be observed. With
increasing time from transplantation, a greater proportion of lesions are monomor-
phic, and many are EBV-negative, notably in adults. These lesions may resemble
non-Hodgkin lymphomas, Hodgkin lymphoma, or malignancies with plasma cell
predominance. Their clinical behaviors are variable and may be different from the
histologically equivalent lesions in non-transplant recipients. Monomorphic lesions
are clonal proliferations, and genetic abnormalities and structural chromosomal
changes are much more prevalent than in polymorphic lesions.

Diagnostic Evaluation

Early diagnosis of PTLD is essential in order to maximize favorable outcomes. The
initial diagnostic evaluation of patients with suspected PTLD is influenced by the
appropriate historical information, as this relates to symptoms as well as back-
ground patient information and the physical examination findings. The diagnostic
workup is guided by the presenting symptoms and signs as outlined above and in
Table 8.1, taking into account the differential diagnosis. Therefore, clinicians need
to be aware of the conditions that must be differentiated from PTLD in order that
these alternative diagnoses are not missed and are managed appropriately.

Table 8.1 Pres§nting Symptoms/complaints Signs
syglptoms.and signs - Swollen lymph glands Lymphadenopathy
patlf:nts ‘.Vlth lymphoprolif- Weight loss Hepatosplenomegaly
erative disorder ;
Fever or night sweats Subcutaneous nodules
Sore throat Tonsillar enlargement
Malaise and lethargy Tonsillar inflammation
Chronic sinus congestion and Signs of bowel perforation
discomfort
Anorexia, nausea, and Focal neurologic signs
vomiting
Abdominal pain

Gastrointestinal bleeding

Symptoms of bowel
perforation

Cough and shortness of breath
Headache
Focal neurologic deficits
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Background Information on Patients

Clinical information that should be recorded includes the patient’s age, the underly-
ing disease resulting in transplantation, the date(s) and type(s) of transplant received,
and the date of onset of symptoms. It is also necessary to obtain other information
that will assist in determining the risk of PTLD or guide the subsequent manage-
ment of the patient [32, 33]. This is covered in detail in Chap. 10. The donor and
recipient EBV serostatus is important given the fact that the primary risk factor for
PTLD in the SOT patient is primary EBV infection [32, 33]. Pediatric patients are
more likely to have primary EBV infection after transplantation, due to the fact the
majority are EBV-seronegative at transplantation compared with their adult coun-
terparts. Additional data include the types of organ transplanted and the dose and
types of immunosuppression used. In this regard, the risk of PTLD depends on the
types of organ transplanted. Patients who have received specific anti-T cell therapies
may be at an increased risk of PTLD [33], although in recent years, clinical experi-
ences are less convincing. The types and doses of antiviral agents used and the
CMYV donor and recipient serostatus are relevant, given the possibility that CMV
infection/disease may be a risk factor 32-33],

Initial Clinical Examination

In keeping with regular clinical practice, a thorough physical examination is required
to detect the manifestations of PTLD, which may be quite nonspecific (Table 8.1).
The general physical examination might elicit evidence of pallor or signs referable
to the site(s) of organs affected by PTLD. Given the predilection for the reticuloen-
dothelial system to be involved, the clinical examination should include a meticu-
lous assessment for lymphadenopathy. In selected cases, clinicians may choose to
supplement clinical examinations with chest radiographs and abdominal ultra-
sounds as they screen for lymphadenopathy. The clinical examination should
include periodic assessments by an otolaryngologist in high-risk cases, given the
frequency with which the adenotonsillar tissues are involved, notably in the setting
of primacy EBV infection.

Diagnostic and Screening Tests

The diagnostic tests that are performed for PTLD can be group into four main cat-
egories (Table 8.2). These are (1) general tests; (2) non-EB V-specific tests; (3) EB V-
specific tests; and (4) histopathology. Given the importance of early diagnosis, the
development of screening tests has been the subject of research for many years.
Such screening is aimed at detecting subclinical PTLD or more overt PTLD in its
earliest stages. There are data to suggest that in some patients, a definite subclinical
phase of PTLD exists [34]. This is based on examination of liver biopsy samples
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Table 8.2 Diagnostic evaluation of patients with symptoms or signs consistent with PTLD

General tests Selective diagnostic tests EB V-specific

CBC, WBC Evaluation for specific infectious EBYV serologies (anti-EA,

differential agents based on clinical EBNA, and VCA)

presentation

Liver function tests Lumbar puncture EBYV viral load in peripheral
blood/blood compartments

Renal function tests Bone scan EBYV status of lesions (PCR, in
situ hybridization)

Serum electrolytes, Bone marrow biopsy Excision or core needle biopsy

calcium of lesions for histopathology

Lactate Brain CT/MRI

dehydrogenase

Uric acid Gastrointestinal endoscopy

Serum PET scan

immunoglobulins

Stools for occult

blood

Chest radiographs

CT scan of chest/

abdomen/pelvis

obtained prior to the diagnosis of PTLD. Examination of such samples have indi-
cated the presence of EBV by PCR or EBER staining in 70% of patients who went
on to develop PTLD compared with 10% of those who did not develop PTLD [34].
In addition, the histopathological examination of enlarged adenoidal tissue may
indicate evidence of occult PTLD in asymptomatic individuals. In order to assist in
the early diagnosis of PTLD, viral load surveillance is employed in most centers.
This utility of viral load testing is discussed below and further elucidated in Chap. 6.

Tests are performed to rule out other diagnoses, as appropriate. This takes into
account the likely differential diagnosis (see section “Differential Diagnoses”).
Specific tests are performed to establish the histologic diagnosis of PTLD and to
characterize PTLD lesions, including the presence or absence of EBV in biopsy tis-
sue. General tests are performed to determine the presence or absence of complica-
tions of PTLD or related conditions. Depending on the nature of the tests, these are
performed concurrently or sequentially.

General Tests and Non-EBV-Specific Tests

Blood Tests Initial tests include a complete blood count with white blood cell dif-
ferential. In some patients with PTLD, there may be evidence of anemia which is
usually normochromic, normocytic. In patients with gastrointestinal tract PTLD
and occult bleeding over a prolonged period of time, there may be evidence of iron
deficiency anemia with hypochromia and microcytosis. The source of bleeding can
be determined by performing additional testing, namely, examination of the stools
for occult blood. The blood elements may be depressed with evidence of leucope-
nia, atypical lymphocytosis, and thrombocytopenia. Thrombocytopenia and neutro-
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penia have been shown to be associated with poorer outcomes, although the precise
mechanism underlying this association is unclear [8, 9].

Depending on the location of PTLD lesions, there may be evidence of distur-
bance in serum electrolytes, liver, and renal function tests. Elevations in serum uric
acid and lactate dehydrogenase may occur. Serum immunoglobulin levels may be
elevated as part of an acute phase reaction. However, serum IgE levels have been
observed to be elevated in some cases of PTLD [35]. Serum IgE levels may be ele-
vated in the setting of a TH2 response profile which is thought be seen in patients
with PTLD. The presence of elevated serum IgE may function as a proxy assay for
TH2 activity. However, the relationship between PTLD and serum IgE levels has
been found to be inconsistent. The presence of monoclonal or oligoclonal gam-
mopathy has been shown to precede the detection of overt PTLD, but the specificity
of this maker is poor [36].

Adjunctive tests that might predict PTLD risk or indicate the presence of PTLD
have been investigated. Potential biomarkers studied include serum IL-6 [37], serum/
plasma free light chains [38, 39], serum sCD30 [40], serum CXCL13 [41], and host
genetic factors including HLA type [42] and polymorphisms in cytokine genes [43]
but require further validation. How these markers relate to each other and to EBV
viral load in predicting PTLD risk is the subject of current and future research. To
date none of these markers should be definitively used for detection and follow-up.

Evaluation for the presence of cytomegalovirus is usually performed in patients
with suspected PTLD. Diagnostic tests would include CMV quantitative PCR on
blood as well as the examination of biopsy tissue for viral inclusions, PCR testing
and immunohistochemistry for CMV. Cytomegalovirus may contribute to the net
state of immunosuppression and is regarded by some experts to be a risk factor for
PTLD. However, analyses of the impact of CMV disease or CMV mismatch have
yielded conflicting results [44, 45]. HHV6 may also be an indirect co-factor for
PTLD due to the potential for interaction with CMV [46].

Radiographic Imaging Imaging is essential in the evaluation of PTLD. Most cen-
ters employ a total body CT scan (head to pelvis) as part of the initial assessment.
Beyond this, the choice of tests depends largely on the location of suspected lesions
and the historical sequence of prior recent radiographic testing. Many experts rec-
ommend that a head CT or MRI be included as part of the initial workup. This is due
to the fact that the presence of central nervous system lesions will influence treatment
and such lesions may be solitary and may not be associated with disease in extra-
cranial locations. CNS lesions often tend to fail therapy and are associated with high
relapse rates, based on the fact that the CNS is a site that is relatively immunologi-
cally privileged.

Given the frequency of adenotonsillar involvement in PTLD, CT scanning of the
neck may help to define the extent of involvement or detect subtle early changes that
necessitate biopsy to rule out PTLD. Figure 8.2 shows the CT findings in a patient
who was subsequently shown to have PTLD involving the adenoids. In some
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patients, adenotonsillar involvement is the only site of PTLD. It is likely that at least
a proportion of these asymptomatic cases with adenotonsillar involvement resolve
spontaneously as immunosuppression is minimized and stabilized beyond the early
months after organ transplantation.

Pulmonary lesions that are visible on chest radiographs may require high-
resolution CT scanning for better delineation prior to biopsy (Fig. 8.3). Furthermore,
CT of the chest may reveal mediastinal adenopathy and small pulmonary nodules
that are not visible on the plain chest radiograph. Suspected intra-abdominal lesions
may be evaluated with ultrasonography and CT scanning. This is in addition to
other modalities of assessment, including GI endoscopy in the case of intestinal
hemorrhage. Figure 8.4 shows peripancreatic and retroperitoneal node involvement
in a patient with PTLD. Such findings are not specific for PTLD, and other causes
of lymphadenopathy should be considered in the differential diagnosis.

PET-CT (positron emission tomography-computerized tomography) has emerged
to be a useful test in the evaluation of PTLD [47, 48]. PET is a diagnostic scanning
method that directly measures metabolic, physiological, and biochemical functions

Fig. 8.3 CT (a) reveals multiple pulmonary parenchymal nodules and small mediastinal lymph
nodes. (b) Biopsy of the parenchymal nodules confirmed PTLD. (Courtesy of Dr. David Manson,
Hospital for Sick Children, Toronto)
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Fig. 8.4 Abdominal US of PTLD lesions: older child after HSCT and liver transplantation with
elevated EBYV titers. Multiple images show peri-pancreatic and retroperitoneal lymphadenopathy.
(Courtesy of Dr. David Manson, Hospital for Sick Children, Toronto)

of the human body. A PET scan uses a small dose of a radionuclide combined with
glucose (fluoro-2-deoxy-D-glucose, FDG) [47, 48]. The radionucleotide enables
glucose metabolism to be traced, and it emits positrons, which are then detected by
a scanner. Since certain tumors or lesions are known to grow at a fast rate compared
to healthy tissue, the former cells will use up more of the glucose that is coupled
with the radionuclide attached. The PET scan computer uses the measurements of
glucose consumed to produce a color-coded picture. PET-CT utilizes a PET scanner
with a computed tomography scanner in an integrated system, such that the CT
provides accurate localization of lesions and the PET scan assists in interpretation
of the suspected PTLD lesions. It has also proved to be of value in assessing the
extent of remission after treatment (Fig. 8.5a, b). In the case of FDG-avid lympho-
mas, 18F-FDG-PET-CT has become the standard to assess treatment response [18,
49, 50]. Data in PTLD patients are limited and are largely confined to reports from
single centers, where PET-CT has been used in diagnosis and more selectively in the
follow-up of PTLD. However, a report from a registry of adult PTLD cases reported
that end of treatment PET-CT had a 92% negative predictive value for disease
relapse [51]. A major disadvantage is the amount of radiation delivered by PET-CT,
which makes it difficult to make all-encompassing recommendations for all patients.
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Fig. 8.5 Pretreatment PET-CT (a) reveals FDG-avid right paratracheal lymph node in a teenager
after lung transplantation. Posttreatment study (b) reveals resolution of the FDG avidity and dimi-
nution of the node. (Courtesy of Dr. David Manson, Hospital for Sick Children, Toronto)

Once the diagnosis of PTLD has been determined, or is highly suspected, addi-
tional diagnostic tests may be performed to assist in defining the extent of disease.
These investigations may include but are not limited to a bone scan, a bone marrow
biopsy, and a lumbar puncture to assist in ruling out bone, bone marrow, and CNS
disease, respectively.

EBV-Specific Tests

EBYV Serology Inimmunocompetent patients, primary EBV infection can be deter-
mined by measuring EBV antiviral capsid antigen IgM and IgG antibodies, anti-
early antigen (EA), and anti-Epstein-Barr nuclear antigen. Persistence of anti-EA
antibodies has been previously shown to be more likely in PTLD patients [52], and
patients who are known to be seropositive before transplantation may have falling
anti-EBNA-1 titers in the setting of elevated EBV loads and the presence of PTLD
[53]. However, experience has shown that serology is unreliable as a diagnostic tool
for either PTLD or primary EBV infection in immunocompromised patients. These
patients show a marked delay in their humoral response to EBV antigens, and many
fail to develop immunoglobulin (Ig) M antibodies altogether. Another important
drawback is that these patients may have received blood or blood products with the
passive transfer of antibodies that render EBV IgG antibody assays difficult to inter-
pret. In the above context, the most important role of EBV serology in the setting of
transplantation is the categorization of serostatus of donors and recipients in order
to determine the likely risk of PTLD.

Detection of EBV Nucleic Acids or Protein in Tissue It has been determined that
85-90% of PTLD lesions are EBV-positive. In situ analysis of biopsy specimens by
polymerase chain reaction, viral antigen [54], and EBV-encoded small nuclear RNA
(EBER) [54, 55] are of value in the diagnosis of EBV-associated PTLD. These
modalities establish the presence or absence of EBV in the PTLD lesions.
Polymerase chain reaction detection of EBV DNA in tissue is more useful in ruling
out the presence of EBV in lesions than in indicating its presence as it is difficult to
determine if the DNA is originating in the specific tissue as opposed to being depos-
ited in the tissue by passenger lymphocytes. Immunohistochemistry staining may
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indicate the presence of viral genes, such as LMP-1. In situ hybridization for EBER
labels EBV-encoded early RNA transcripts in infected cells. This is a rapid and reli-
able approach that is performed in most transplant centers.

Viral Load Determination in the Peripheral Blood Technical aspects of the mea-
surement of Epstein-Barr virus load are addressed in detail in Chap. 6. This test was
first shown to be of value in the surveillance for PTLD as a result of work by Rocchi
et al. [56], who indicated a relationship between PTLD and the number of EBV-
infected cells in the peripheral blood. In 1994, Riddler et al. [57] and Savoie et al.
[58] independently reported that an abnormally elevated EBV DNAemia correlated
with PTLD development. Data from the Riddler et al. study indicated that using
semi-quantitative polymerase chain reaction (PCR), patients with PTLD had a viral
load greater than 5000 EBV genome copies/10° PBMC [57]. Other studies con-
firmed this relationship between viral loads and PTLD [59-64]. An association
between PTLD and EBV detection in plasma has also been reported along with an
increased specificity of plasma viral load in the diagnosis of EBV-positive PTLD
[65]. These studies have advocated for the establishment of a threshold value for
EBYV DNAemia to distinguish patients at high risk for PTLD from those at low risk.
The characteristics of this test as a diagnostic indicator of the presence of PTLD
indicate that it is more useful in ruling out PTLD than in indicating its presence, in
keeping with a low positive predictive value and a high negative predictive value.

Serial measurements of EBV load are more useful than single values. The addi-
tion of complimentary tests might increase the overall utility of viral load in the
diagnostic evaluation of PTLD. In the future, these tests might include EBV-specific
cytotoxic T lymphocyte measurements with or without the integration of cytokine/
chemokine or viral gene expression profiling, using quantitative real-time reverse
transcription-PCR and/or microarray technology.

Patients with asymptomatic sustained high loads (chronic high load carriers)
require monitoring, as a proportion of these patients’ clinical course evolves into
PTLD. In this situation, the risk is represented by the sustained load as opposed to
a specific quantifiable viral load threshold. Pediatric heart transplant recipients fol-
lowed by intestinal recipients are more likely than their liver and kidney counter-
parts to develop PTLD in the setting of chronic high viral load carriage [66—68].
Data from prospective studies are needed to confirm these observations. In HSCT
patients chronic high viral load carriage is not a frequent occurrence in the absence
of chronic graft versus host disease with the resulting need for ongoing
immunosuppression.

Histopathology

The pathologic examination of biopsy material is the gold standard for the diagnosis
of PTLD. This is discussed in detail in Chap. 2. The presence of certain features in
the lesions might assist in indicating malignant transformation and prognosis. Such
criteria include monoclonality, oncogene rearrangements, and presence of specific
mutations. Depending on the location of lesions, particular procedures may be
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needed to obtain tissue for histopathologic examination to rule out non-PTLD diag-
noses, establish the diagnosis of PTLD, and characterize PTLD lesions. These pro-
cedures may include transbronchial biopsies; surgical biopsies of internal organs,
skin lesions, tissues, or lymph nodes; CT-guided needle biopsies; and endoscopic
gastrointestinal biopsies, as indicated.

Clinical Staging of PTLD

No staging system currently exists for PTLD, and no single system total captures
the full spectrum of what is classified as PTLD. Most centers use systems that have
been developed for lymphoma staging in immunocompetent hosts, the Lugano clas-
sification system in adults [69] and the International Pediatric Non-Hodgkin
Lymphoma Staging System (IPNHLSS) in children [70]. The need for routine bone
marrow biopsy and lumbar puncture for staging, particularly in the absence of
symptoms or signs of involvement at these sites is uncertain; routine bone marrow
biopsies are not recommended in immunocompetent hosts with DLBCL if PET-CT
is performed [18].

At the very minimum, staging should document the presence or absence of
symptoms, the precise location of lesions, the involvement of the allograft, and the
presence or absence of CNS involvement. A simple clinical categorization of lesions
based on location has been proposed [14]. In EBV-positive PTLD, the virologic
status should be categorized as reflected by the level of viral load. While, conceptu-
ally, an increase in load from “remission levels” after therapy may be an indicator
of relapse following successful initial treatment of PTLD, this may not be consis-
tently accurate and notably so after rituximab-based treatment [71].

Differential Diagnoses

Some conditions may mimic PTLD depending on the nature of the presenting
symptoms and the location of lesions. Rejection may be confused with PTLD affect-
ing the transplanted organs [43]. This is an important consideration, given that the
former requires augmentation of immunosuppression, while reduction in immuno-
suppression is required in the management of PTLD.

The presence of nonspecific constitutional symptoms might suggest the presence
of an infectious etiology. Critically ill patients with an acute fulminant presentation
may be confused with those with sepsis. Such patients may need to be empirically
treated for infections other than EBV, while the diagnosis of PTLD is being
established.

Patients presenting with pulmonary nodules might have a variety of conditions
that can cause these lesions, including infections due to Mycobacteria tuberculosis,
atypical mycobacteria, Nocardia, Actinomyces, and fungal species, among other
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pathogens. In lung transplant patients in particular, the differential diagnosis of pul-
monary lesions includes Aspergillus. This deserves special mention, as in cases of
pulmonary aspergillosis, careful consideration has to be given to the safety of using
CT-guided needle biopsies to obtain tissue. These procedures are generally safe to
do if the lesions are PTLD but may result in life-threatening pulmonary hemor-
rhage, if the lesions are due to Aspergillus [72]. In hematopoietic stem cell trans-
plant recipients, the differential diagnosis includes graft versus host disease,
particularly when the lesions are less well circumscribed with more diffuse involve-
ment of lung parenchyma.

The differential diagnosis of lymphadenopathy includes the above entities as
well as other condition causing localized or generalized lymphadenopathy.
Examples include, but are not limited to, infections caused by Bartonella species
and Toxoplasma gondii [73-75].

Patients with gastrointestinal symptomatology, such as diarrhea, may have a
variety of other diagnoses other than PTLD. This can be particularly problematic
when these symptoms occur in the setting of elevated EBV viral loads. In some
patients with EBV enteritis, the boundaries of separation of this entity from PTLD
can be blurred. Conditions to rule out besides PTLD or EBV disease include de
novo bowel lymphomas, adenoviral disease, rejection in intestinal transplant
patients, graft versus host disease in HSCT patients, cytomegalovirus disease,
Clostridium difficile infection, intestinal mycobacterial infection and other infec-
tious etiologies, and medication-induced diarrhea (in particular mycophenolate
mofetil).

Clinicians should always be reminded that non-EBV-related malignancies may
arise in the post-transplant period and enter into the differential diagnosis of PTLD
[73-77]. These malignancies may be classified into three categories: preexisting
recipient malignancies, de novo malignancies originating in the recipient, and
donor-transmitted malignancies. These entities are generally more frequently seen
in adult patients compared with children. The skin represents the most frequently
documented site of involvement by these non-PTLD malignancies. A detailed dis-
cussion of these is beyond the scope of this chapter.

In disseminated PTLD, the extent of hemophagocytosis can be significant enough
to create a syndrome that mimics hemophagocytic lymphohistiocytosis (HLH) [78,
79]. The latter is characterized by fever, splenomegaly, jaundice, and the pathologic
finding of hemophagocytosis (phagocytosis by macrophages of erythrocytes, leuko-
cytes, platelets, and their precursors) in the bone marrow and other tissues. Epstein-
Barr virus infection is one of the etiologic agents that have been linked with HLH,
even if the patient does not have PTLD. This gives rise to diagnostic confusion
between PTLD with some elements of hemophagocytosis and HLH that is driven by
Epstein-Barr virus in the absence of PTLD. Treatment of the latter includes, but is
not limited to, chemotherapy with etoposide and dexamethasone, while the former
requires reduction in immunosuppression as discussed elsewhere in this
publication.
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Ten Take-Home Pearls

Early detection of PTLD is important in maximizing the chances for a successful
outcome.

Epstein-Barr virus load is more useful in ruling out PTLD than in indicating its
presence.

Epstein-Barr virus serology is unreliable as a diagnostic tool for PTLD and pri-
mary EBV infection in immunocompromised patients.

Clinicians should have a high index of suspicion for PTLD in at-risk patients,
including but not limited to those who have no pre-transplant EBV immunity.
PTLD often affects the transplanted organ with the exception of the heart.
Lymphoid tissues, including nodes, adenoids, and tonsils, are frequently the pri-
mary sites affected by PTLD.

PTLD affecting the central nervous system may present as a solitary lesion.
Knowledge of the differential diagnosis is important in preventing missed diag-
noses of non-PTLD diseases.

Positron emission tomography-computerized tomography has emerged to be a
useful test in the evaluation of PTLD.

Histopathologic examination is the gold standard for the diagnosis of PTLD.
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Donald E. Tsai and Mitchell E. Hughes

Historical Background

Prognosis of post-transplant lymphoproliferative disorders (PTLD) follows the
principles of other B-cell lymphomas. The prognosis of Hodgkin lymphoma patients
has been established using the Ann Arbor staging system (Table 9.1) [1]. Originating
in 1971, the Ann Arbor system classifies patients into risk categories based on ana-
tomic stage. The Ann Arbor system was further validated in 1977 for non-Hodgkin
lymphoma (NHL) and is currently the primary prognostic tool for both Hodgkin
lymphoma and NHL [2]. However, anatomic staging alone is inadequate for esti-
mating prognosis in NHL due to the hematogenous spread of disease characteristic
of these lymphomas, a nonspecific clinical presentation, advanced Ann Arbor stage
often present upon initial diagnosis, and outcomes better correlated with histopa-
thology. Given the aforementioned challenges with prognostication of lymphomas,
in 1993, the International Prognostic Index (IPI) was published. The IPI was the
culmination of international level data to help develop a better prognostic-factor
model for NHL [3]. NHL continues to follow IPI, or a modification of IPI, for
assessment of prognosis (Tables 9.2 and 9.3).

Prognostic Factors for PTLD

Identification of prognostic factors for PTLD is complicated and tortuous due to the
rapid changes in the understanding and management of this heterogeneous group of
disorders. Similar to the treatment paradigm shift in NHL, the introduction of the
anti-CD20 monoclonal antibody, rituximab, has drastically changed the treatment
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Table 9.1 Ann Arbor staging classification for Hodgkin and non-Hodgkin lymphomas

Stage Description

Stage 1 Involvement of a single lymph node region (I) or of a single extralymphatic organ
or site (IE)

Stage II | Involvement of two or more lymph node regions or lymphatic structures on the
same side of the diaphragm alone (II) or with involvement of limited, contiguous
extralymphatic organ or tissue (IIE)

Stage III | Involvement of lymph node regions on both sides of the diaphragm (III) which may
include the spleen (IIIS) or limited, contiguous extralymphatic organ or site (IIIE)
or both (IIIES)

Stage IV | Diffuse or disseminated foci of involvement of one or more extralymphatic organs
or tissues, with or without associated lymphatic involvement

A No symptoms

B Fever (temperature > 38.0 °C), drenching night sweats, unexplained loss of >10%
of body weight in the past 6 months

E Refers to extranodal contiguous extension

S Splenic involvement

Adapted from Refs. [1, 4]

Table 9.2 The International Prognostic Index (IPI) historic survival data [3]

One point for each risk factor present Prognosis

Age greater than 60 years Low risk (0-1 points) — 5-year survival of 73%
Stage IIT or IV disease

Elevated serum lactate dehydrogenase Low-intermediate risk (2 points) — 5-year survival
(LDH) of 51%

ECOG performance status of 2, 3, 4 (see

Table 9.3)

More than one extranodal site High-intermediate risk (3 points) — 5-year

survival of 43%
High risk (4-5 points) — 5-year survival of 26%

Table 9.3 ECOG performance status [5]

Grade | ECOG

0 Fully active, able to carry on all pre-disease performance without restrictions

1 Restricted in physically strenuous activity, but ambulatory and able to carry out work
of a light or sedentary nature, e.g., lighthouse work and office work

2 Ambulatory and capable of all self-care, but unable to carry out any work activities.
Up and about more than 50% of waking hours

3 Capable of only limited self-care, confined to bed or chair more than 50% of waking
hours

4 Completely disabled. Cannot carry on any self-care. Totally confined to bed or chair

5 Dead
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approach of PTLD. Thus, the assembly for prognostic outcomes in patient with
PTLD has shifted.

In the current era, there continues to be modest, often conflicting, and outdated
or non-generalizable data regarding prognostic factors for PTLD. The large major-
ity of the data include retrospective literature from the pre-rituximab era, heavily
weighted in renal transplant patients. Despite this heterogeneity and lack of robust
consistency in the literature, we attempt to assemble a clinically meaningful over-
view of the information published to date (Table 9.4).

Table 9.4 Summary of recent studies on PTLD prognostic factors [6]

Significant prognostic Prognostic
Size factors for poorer index
Study Design (N) | Population | survival development
Leblond | Retrospective 61 | Solid organ | High PS, multifocal dz Yes
etal. [7] analysis txp*
Tsai et al. | Retrospective 42 | Solid organ | Elevated LDH, organ Yes
[8] analysis txXp dysfunction, multiorgan
dz, B sx, increased age
Muti Retrospective 40 | Solid organ | High PS, multifocal dz, No
etal. [9] and prospective txp elevated LDH, high Ann
analysis Arbor stage
Ghobrial | Retrospective 30 | Solid organ | High PS, CD-20 negative | No
etal. [10] |analysis txp in
rituximab
era
Bakker Retrospective 40 | Lungand High PS No
etal. [11] | analysis kidney txp
Ghobrial | Retrospective 107 | Solid organ | PS 3 or 4, graft organ Yes
etal. [12] |analysis txXp involvement,
monomorphic dz°
Trofe Retrospective 402 | Kidney PTLD within 6 months No
etal. [13] |registry of txp, multifocal dz,
analysis increased age
Caillard Prospective 230 | Kidney Multifocal dz, No
etal. [14] | registry azathioprine
analysis
Maecker | Retrospective 55 | Kidney, Stage IV disease, BM No
etal. [15] |registry liver, heart/ | involvement, CNS
analysis lung involvement
Hourigan | Retrospective 42 | Kidney Elevated LDH, PS >1,B | No
etal. [16] |analysis SX
Oton Retrospective 84 | Solid organ | Increased age, multiorgan | No
etal. [17] |analysis txp transplant, ECOG >2,

grafted organ
involvement, extranodal
disease, early (< 1 year)
PTLD, stage IV, EBV+,
BCL2+, elevated WBC

(continued)
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Table 9.4 (continued)

Significant prognostic Prognostic
Size factors for poorer index

Study Design (N) | Population | survival development
Knight Retrospective 78 | Solid organ | CNS involvement, IPI No
etal. [18] |registry txp 3-5

analysis
Evens Retrospective 80 | Solid organ | CNS involvement, BM No
etal. [19] | analysis txXp involvement
Yoon Retrospective 43 | Heart, Early onset (<1 year) No
etal. [20] |analysis kidney, liver | PTLD, monomorphic dx
Trappe Prospective 70 | Solid organ | Age, ECOG, type of Yes
etal. [21] | clinical trial txXp transplant, response to

analysis rituximab
Bishnoi Retrospective 141 | Solid organ | Male gender, PMH of Yes
etal. [22] |analysis txp malignancy, increased

age, lung allograft, BMT,
EBV+, monomorphic dz,
pts experiencing multiple

rejections
Trappe Prospective 152 | Solid organ | Response to rituximab, Yes
etal. [23] | clinical trial txXp type of transplant, IPI <3

vs. >3

dz disease. sx symptoms, zxp transplantation

See Table 9.5 for a summary of prognostic indices

Implies at least heart, lung, liver, and kidney and can include pancreatic and dual organ
"Monomorphic disease was not significant by univariate analysis, but was useful as part of multi-
variable model using all three prognostic factors

Of all prognostic factors, performance status has the most supporting evidence in
the body of PTLD literature [7, 9-12, 15]. As ECOG PS increases, prognosis wors-
ens, with poorer survival appearing to be most pronounced in PS greater than 1. PS
may not be the most intuitive prognostic factor for PTLD, as compared to NHL,
because PS is, in part, a marker of tolerance to chemotherapy regimens, whereas
PTLD treatment in the current era involves reduced immunosuppression and ritux-
imab, which are well-tolerated therapies. PTLD itself may resonate the toll the dis-
ease has on patients and is therefore a marker of tumor biology and behavior. PS is
likely a reflection of a patient’s overall stamina and capacity to endure the disease
process itself.

Patient age at diagnosis of PTLD is the next prognostic factor with the most sup-
porting studies [8, 12, 24]. The International Prognostic Index defines age greater
than 60 as the benchmark definition; in contrast, PTLD prognosis worsens in a rela-
tively linear fashion as age advances beyond 55-60 [12]. Advanced age in patients
with NHL is a poor prognostic factor due to comorbidities and is associated with a
reduced capacity to tolerate chemotherapy. Patients with PTLD of advanced age,
similar to PS, may be a surrogate marker for overall health and stamina to fight or
endure PTLD. It is also postulated that a younger patient with PTLD may have dif-
ferent disease biology than PTLD in patients with advanced age. EBV status is by
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and large less likely to be negative in younger patients. Younger patients also have
different exposures and different immune systems as compared to older patients.
Finally, the biology of EBV-driven PTLD in younger patients, particularly children,
arising from primary infection, is likely different from older patients who develop
PTLD through viral re-activation [25, 26].

The presence of multifocal disease is an additional well-supported poor prognos-
tic factor in PTLD [7-9, 12, 13, 24]. This is akin to the IPI in NHL, where both
extranodal disease and advanced Ann Arbor stage confer poorer prognosis. In con-
trast to NHL, PTLD often present with allograft involvement. Even though allograft
involvement qualifies as organ involvement by strict definition, it does not appear to
confer as much risk of a poorer outcome as involvement of a non-allograft organ,
and clearly is not as strong a risk factor alone as the presence of multifocal or mul-
tiorgan involvement. In renal transplant, isolated allograft involvement alone can be
managed with surgical resection and therefore may improve prognosis [12].

Another poor prognostic factor is CD-20-negative status, mainly because this
debars the use of rituximab therapy [12]. The lack of CD-20 suggests a divergent
underlying cell of origin that leads to a different disease behavior, whether it be
immature B cells who have yet to acquire CD-20 or a mature plasmacytic B cell that
has shed CD-20. Rituximab will likely continue to be the predominant agent used in
CD-20-positive PTLD, and therefore, it will be difficult to parse out the prognostic
significance of CD-20 status outside the context of the effect of rituximab.

The introduction of rituximab in the current era and its relationship to prognostic
factors are weighed in an article published in 2005 by Ghobrial and colleagues [10].
The study retrospectively evaluated 30 consecutive patients at a single center diag-
nosed with PTLD between 1999 and 2002. Rituximab was administered to 15
patients who were CD-20 positive and EBV positive and did not respond to front-
line treatment with reduction in immunosuppression. There were 15 patients who
did not meet the aforementioned criteria and had received alternative therapy,
including observation, surgery, radiation, chemotherapy, or a combination of these
therapies. There were differences observed in a number of characteristics between
the rituximab group and the other treatment group. The average age was younger in
the rituximab group (average age 37 vs. 50) and they developed disease sooner after
transplant (average 8 months vs. >5 years out). Multivariate analysis for all 30
patients identified important prognostic factors. Overall survival in patients with
CD-20-positive PTLD, low IPI (P = 0.004), and rituximab therapy (P = 0.03) was
significant on multivariate analysis.

Prognostic factors for response to rituximab have been evaluated in two prospec-
tive clinical trials. Choquet and colleagues conducted a phase 2 multicenter trial of
46 solid organ transplant recipients with B-cell PTLD. The only factor predictor of
response at 80 days in patients receiving rituximab was a normal LDH level (odds
ratio = 6.9; P = 0.007) [27]. Lack of CNS disease is hypothesized to be a positive
predictive marker for response to rituximab; however, clinical trials exclude patients
with CNS disease and thus have not been evaluated prospectively. Furthermore,
Oertel and colleagues conducted a prospective multicenter trial of 17 PTLD patients
administered with rituximab therapy. The two factors predictive of response were
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EBV positivity (P < 0.0001) and a shorter time from transplantation to diagnosis
(P =0.036) [28]. These predictive markers to rituximab are logical given elevated
LDH and EBV-negative PTLD are known poor prognostic features in
PTLD. Response to rituximab can also be used as a prognostic feature to predict
which patients will require subsequent therapy with chemotherapy. Trappe and col-
leagues suggest that PTLD patients treated sequentially with 4 infusions of ritux-
imab followed by chemotherapy is preferable to rituximab monotherapy plus
chemotherapy at disease progression [21, 23, 29]. If a patient is noted to respond
well to rituximab, then chemotherapy is not necessary, and consolidation of a CR
with four applications of rituximab with four additional courses of rituximab is even
superior to chemotherapy consolidation.

The presence of CNS involvement signifies poorer outcomes [30]. One study,
published by Trofe and colleagues, reviewed the Israel Penn registry specifically
identifying cases of PTLD with CNS involvement [13]. Out of 910 cases, 15% had
CNS involvement. Patients with CNS disease had a 3-year survival of 9.4% com-
pared to those without CNS disease which was 49.4%. Isolated CNS disease con-
ferred a 3-year overall survival of 29%. Patients with both CNS and non-CNS
involvement of PTLD had a 3-year overall survival of 0. Another multicenter study
of 80 solid organ transplant recipients removed treatment on Cox regression multi-
variate analysis and identified CNS disease, in addition to hypoalbuminemia, and
bone marrow involvement as the most significant prognostic markers [19].
Hypoalbuminemia was later found to be non-significant in a subsequent single-
center analysis [22].

The majority of PTLD cases are of B-cell origin; however, there are many case
reports and small case series of T-cell PTLD. Classic PTLD arise from suppressed
T-cell activity leading to EBV, which reside in B cells, ultimately inducing B-cell
proliferation and transformation. In contrast, T-cell PTLD, in most cases, are not
EBY positive and follow a distinct biologic mechanism, conceivably through altered
T-cell proliferation related to T-cell-suppressive therapies. The onset of T-cell PTLD
usually presents later and more commonly is associated with a primary extranodal
site [31]. There remains a lack of large analyses of this rare subgroup; however,
based on case reports and clinical experience, T-cell PTLD have been observed to
have a poorer prognosis compared to classic B-cell PTLD [31, 32].

The type of organ transplanted noticeably has an impact on the incidence of
PTLD. From highest to lowest, the incidence of PTLD occurs in the following order
among solid organ transplants: intestinal, lung, heart, liver, and kidney. The inten-
sity and duration of immunosuppression required for organ transplantation is related
to incidence, as well as the mass of lymphoid tissue associated with a particular
organ, which is why intestinal transplantation has the highest incidence of
PTLD. Kidney and liver recipients who have PTLD appear to have better outcomes
as compared to lung and heart recipients, which is related to the ease and safety of
immunosuppression reduction [20, 33]. Kidney and liver rejection is reasonably
easy to monitor with laboratory observation, and both organs are relatively tolerant
of rejection allowing for more aggressive reduction in immunosuppression. In con-
trast, cardiac and lung transplant rejection is more likely to manifest as sudden
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death or rapid and frequently irreversible decompensation. The risks in rejection in
these organs temper the extent to which immunosuppression is reduced. The oppor-
tunity of initiating a patient on dialysis makes kidney rejection manageable com-
pared to other organ decompensation from rejection. In addition to the difficulty of
immune suppression reduction, heart and lung transplant recipients treated for
PTLD have a more aggressive disease course. A lack of response to rituximab
monotherapy in the heart and lung transplant population predicts a lack of response
to CHOP and early relapse as compared to liver or kidney transplant patients refrac-
tory to rituximab monotherapy [21, 23].

It was once thought that EBV-positive PTLD carried a more favorable prognosis
compared to EBV-negative PTLD. Several biologic inferences with similar favor-
able prognosis supported this assumption. EBV-driven PTLD are primarily B cell in
origin, conferring favorable prognosis compared to T-cell PTLD. EBV-positive
PTLD are more likely to be CD-20 positive, which can be treated with rituximab,
and therefore more favorable. Additionally, EBV-positive PTLD biology is more
often polymorphic, which is observed to have more favorable outcomes compared
to monomorphic disease. Finally, children have better outcomes compared to adults
and are more likely to have EBV-positive disease. Despite these strong correlative
observations, studies discussed elsewhere in this chapter have not found EBV status
to be a reliable prognostic factor [7-9, 12, 13, 16]. By the same token, a 2006 study
by Kremers and colleagues investigated 35 adult liver transplant patients and the
prognostic significance of EBV status. Their study found the outcomes among 22
EBV-positive patients and 13 EBV-negative patients were nearly identical at both
1- and 5-year follow-up [34]. Ultimately, the data does not support EBV as a marker
useful for prognostication. While EBV positivity may not be a useful prognostica-
tor, patients who are EBV-naive receiving an EBV-infected organ seem to be at the
highest risk for PTLD development [18].

Another potential prognostic factor without robust evidence is the presence of
monomorphic disease. Monomorphic disease suggests a clonal process resisted the
natural checks on cell growth and survival. PTLD with monomorphic disease
resemble traditional NHL in immunocompetent patients. A multi-institutional retro-
spective analysis of 56 pediatric heart transplant patients with PTLD identified 35
polymorphic cases and 19 monomorphic cases. Early onset PTLD were observed to
be more commonly polymorphic. Nonetheless, there was no survival difference
identified between these two histologic categories [26]. Curiously, one study of 107
PTLD patients identified monomorphic disease was not a significant prognostic fac-
tor by univariate analysis; however, upon multivariable analysis, it was identified as
a poor prognostic factor in the author’s proposed PTLD prognostic index [35]
(Table 9.5).

There are many other prognostic factors hypothesized to confer a negative prog-
nostic value in PTLD; however, there remains scant or contradictory evidence sup-
porting them. One of these factors is early vs. late onset of PTLD after transplantation.
Some clinicians posit early onset PTLD indicate worse outcomes under the assump-
tion early disease designates aggressive disease. In 2005, a large retrospective anal-
ysis of the Israel Penn registry between 1968 and 2004 was conducted, identifying
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Table 9.5 Prognostic indices in PTLD [6]

Index name | Population Risk factors Prognosis
Leblond 31 patients, two PS >1 0 RFs = median survival
index [7] institutions, solid dz sites >1 >100 months
organ transplants 1 RF = 1 month
2 RF = 1 month
Ghobrial 107 patients, single Monomorphic Pts with 2-3 RFs had 5.31 RR
et al. [35] institution, solid organ | disease of death compared with 0-1
transplants Graft organ RFs
involvement
Choquet 60 patients, solid Age > 60 2-year survival
et al. [24] organ transplants PS >1 0 RFs: 88%
receiving rituximab Elevated LDH 1=50%
Time from transplant® | 2-3 RFs = 0%
Oton et al. | 84 patients, single ECOG >2 Three risk factors = median
[17] institution, solid organ | Elevated WBC survival 10 days (95% CI:0-41)
transplant 1 month prior to No RFs = median survival of
diagnosis 1414 days
BCL-2
overexpression
Hourigan 42 patients, single B-symptoms Reduced survival with the
etal. [16] institution, kidney Elevated LDH presence of each RF — see
transplants Fig. 9.1
Caillard 500 patients, Age > 55 Mortality using a 5-point scale:
et al. [36] multicenter, solid Serum creatinine 0 (3.3%; CI, 0.49%-9.5%)
organ transplant >1.5 mg/dL 1 (18.7%; CI, 10.7%-28.4%)
Elevated LDH 2-3 (35.8%; CI, 29%—42.6%)
PTLD localization 4-5 (60.8%; CI, 40.5%-76.1%)
Monomorphic
disease
T-cell PTLD
Trappe 70 patients, Age Age > 60 (p=0.001, HR 4.423)
etal. [21] multicenter, solid ECOG Thoracic organ txp (p < 0.001,
organ transplant Type of transplant HR 7.827)
Response to Overall response to rituximab
rituximab at interim staging (P = 0.017,
HR 0.322)
IPI >3 (p =0.032, CI 1.052—
4.981, HR 2.289
Trappe 152 patients, Response to IPI >3 overall survival
et al. [23] multicenter, solid rituximab (»p=0.001, CI 1.461-4.418, HR
organ transplant Type of transplant 2.540)
IPI <3 vs. >3 Response to rituximab overall
survival (p < 0.001, CI
0.180-0.571, HR 0.320)
Bishnoi 141 patients, single Age at diagnosis Female gender HR 0.553 (p:
etal. [21] institution, solid organ | Recipient EBV status | 0.0427, CI10.311-0.981)

transplant

Bone marrow
involvement
Initial best response

Elderly patient HR 3.543
(p <0.0001, CI 1.894-6.628)

“Time from transplant not included in prognostic index
"Excluded from five-point Caillard prognostic index
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402 kidney transplant patients diagnosed with PTLD [12]. Survival was identified
to be poorer in those patients diagnosed within 6 months of transplant (64%) com-
pared to diagnosis beyond 6 months (54%, P = 0.04), as well as those diagnosed
within 1 year compared to after 1 year from transplantation (60% vs. 55%, p < 0.04).
A dissimilar report was published in 2001, reporting a single institution retrospec-
tive study of 30 lung transplant patients diagnosed with PTLD observed no survival
difference between patients diagnosed before or after 1 year from transplant [37].
Another negative retrospective single-center analysis of 107 solid organ transplant
patients found early onset PTLD, defined as within 1 year of transplant, commonly
were EBV-positive, were CD-20-positive, and involved grafted organs. In spite of
these biological markers, there were no differences observed in survival [35]. Given
the conglomerate of literature, it is fair to presume both early and late PTLD can
either behave as indolent in nature or behave aggressively, often leading to rapid
decline.

Similar to adults, PTLD in children are a heterogeneous group of diseases. PTLD
in children often have better outcomes compared to adults. The timing of PTLD in
children is generally earlier after transplantation, is commonly EBV positive, and
associated with primary EBV infection. There remains little data on prognostic fac-
tors in children with PTLD, although there remain some analyses [38].

A retrospective analysis of 55 pediatric patients with PTLD after solid organ
transplant, by Maecker and colleagues, suggested prognostic factors in children
largely mirror those in adults [15]. The authors identified stage IV disease, bone
marrow involvement, CNS disease, and poor response to initial therapy were sig-
nificantly associated with poor outcomes. EBV negativity and early onset of PTLD
after transplantation were not significantly associated with poor outcomes. These
findings are consistent with those identified in adult patients with PTLD. Additionally,
as similar to adult NHL patients, children with c-myc translocation had worse out-
comes. The presence of c-myc translocation may poorly predict event-free survival,
therefore, as more robust data presents itself, it is not uncommon to recommend a
cytogenetic analysis of patients. While monomorphic disease was not associated
with prognostic value in this study, another single-center retrospective analysis of
32 patients showed conflicting results [39].

A recent publication studied the efficacy of low-dose chemotherapy in 36 chil-
dren diagnosed with PTLD after failing first-line therapy. Patients in this study
responded well to chemotherapy; however, patients who presented with fulminant
disseminated disease (N = 4) did poorly [40].

As previously mentioned, one retrospective, multi-institutional analysis of 56
pediatric heart transplant patients with PTLD observed no survival difference
between monomorphic and polymorphic diseases [26].

Compared to adult patients, there is less data on prognostic factors for PTLD in
children, leading clinicians to extrapolate based on adult literature. The retrospec-
tive questionnaire study of centers who participate in the NAPRTS database inves-
tigated the pediatric kidney transplant population. There were 92 survey
questionnaires evaluated from 35 different centers. Pediatric patients with PTLD
within 1 year post-transplant were associated with better survival outcomes
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compared to PTLD after 1 year of transplantation (p = 0.032). The presence of EBV,
CD20 positivity, and clonality were not found to be negative prognostic factors;
however, several confounders in this study leave room for further investigation of
these factors [41]. Additional research in the pediatric population is required to shed
additional light on prognostic factors given the pitfalls of extrapolating data from
adults, especially given the biologic and phenotypic differences recognized in each
population.

Prognostic Indices

There have been several authors who attempted to develop a PTLD-specific prog-
nostic index to replace the International Prognostic Index, which was developed for
aggressive NHL who are otherwise immunocompetent. Unfortunately, these indices
are restricted by the nature of their small sample sizes and generalizability of the
patient populations being studied. However, clinicians still may find these other
indices useful as long as they match their patient population where applicable. We
summarize several of these articles in Table 9.5 to provide a comparison.

In 2001, Leblond and colleagues published a retrospective analysis from two
institutions examining 61 patients diagnosed with PTLD between 1980 and 1999.
There were 34 patients who had kidney transplants, 19 cardiac transplants, and all
other patients had a lung or liver transplant [7]. The authors acknowledged two of
the risk factors identified, PS and number of involved sites, could define a risk index
by sorting patients into three groups: low-risk patients (PS <2 and <2 sites) whose
median survival time had not yet been reached at well over 100 months of follow-
up, intermediate-risk patients (PS >2 or >2 sites involved) with a median survival
time of 34 months, and high-risk patients (PS >2 and >2 sites involved) with a
median survival time of 1 month. The authors concluded this PTLD-specific index
had a slight advantage when predicting survival as compared to the International
Prognostic Index.

Another study in 2001, by Tsai and colleagues, examined prognostic factors in
42 patients who were treated with reduction in immunosuppression as initial ther-
apy for PTLD [8]. Multivariable analysis identified that an elevated lactate dehydro-
genase (LDH) ratio, organ dysfunction, and multiorgan involvement by PTLD were
independent prognostic factors for lack of response to reduction of immunosuppres-
sion. Of the 18 patients lacking these poor prognostic factors, 89% responded to
reduction in immunosuppression as opposed to three of five (60%) in patients with
one risk factor and zero out of seven patients who had two to three risk factors. The
notable overlap of the prognostic factors discovered in this study with the IPI sug-
gests that PTLD behave much like lymphomas in immunocompetent hosts, despite
a stark difference in management.

In 2005, Ghobrial and colleagues published a prognostic study including 107
patients diagnosed with PTLD at the Mayo Clinic between 1970 and 2003 [35]. The
median survival for the entire cohort was 31.5 months (95% CI, 10.7-72.5 months).
The median follow-up of living patients was 51.8 months (range, 5.6-202.6 months).
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An easy-to-use multivariable model for survival was created, which included poor
performance status (3—4), monomorphic disease, and graft organ involvement.
Patients who were identified with two or three of these factors had a 5.31 relative
risk of death during follow-up compared with patients with zero or one factor pres-
ent. As previously mentioned, monomorphic disease was useful in the multivariable
model; however, it was not a prognostic factor in univariate analysis. When com-
pared to the IPI, the authors concluded their three-variable model was superior
(P =0.006).

A 2007 study by Choquet and colleagues investigated the long-term efficacy of
single-agent rituximab in PTLD patients [24]. Predictors of survival in patients
treated with rituximab were age at diagnosis, performance status, LDH, and time
from transplantation. The authors developed a PTLD-specific prognostic index in
the setting of rituximab treatment, using LDH, age > 60, PS >1, and time from
transplant as risk factors. Patients with no risk factors had an 88% 2-year survival.
Patients with one risk factor had a 50% 2-year survival and no patients with two risk
factors survived to 2 years. Compared to the IPI, the author’s PTLD prognostic
index appeared to predict survival better.

A 2008 paper published by Oton and colleagues studied 84 solid organ transplant
patients at a single center diagnosed with PTLD. The authors identified patients
who had overexpression of BCL-2 (>50% staining), ECOG >2, and elevated white
blood cell count had a median survival of 10 days. Patients with none of the afore-
mentioned risk factors had a median survival of 1414 days [17]. Strong expression
of the proto-oncogene, BCL-2, seemed to correlate with inferior outcomes, as simi-
lar to NHL. BCL-2 overexpression is proposed to provide prognostic significance
and requires confirmatory studies to validate.

In 2008, Hourigan and colleagues published correspondence describing their ret-
rospective study of 42 patients with PTLD after renal transplant [16]. The authors
identified elevated LDH, PS >1, and presence of B symptoms were significantly
associated with decreased survival. An analysis of this index was compared to the
IPI, the Leblond (2001) PTLD prognostic index, the Choquet (2007) index, and the
Ghobrial (2005) index. The authors found all indices, except the Ghobrial index,
could separate patients into clinically meaningful survival groups (Fig. 9.1). It is
important to note that the correspondence described an analysis of only renal trans-
plant patients, while the other indices, including the Ghobrial index, identified a
more diverse group of transplant recipients.

The French registry investigation by Caillard and colleagues in 2013 identified
age > 55 years, serum creatinine >133 pmol/L (1.5 mg/dL), elevated LDH, dissemi-
nated lymphoma, brain localization, invasion of serous membranes, monomorphic
PTLD, and T-cell PTLD as independent poor prognostic indicators of survival. The
investigators incorporated age, serum creatinine, LDH, PTLD localization, and his-
tology as a five-point prognostic score. PTLD mortality was low in patients with a
score of 0 (3.3%; 95% CI, 0.4-9.5%), intermediate in a score of 1 (18.7%; 95% CI,
29-42.6%), high in a score of 2 or 3 (35.8%; 95% CI, 29-42.6%), and very high in
patients with a score of 4 or 5 (60%; 95% CI, 40.5-76.1%). Patients with a score of
0 have a 5-year survival rate of 92%, whereas patients with a score of 4 to 5 have a
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Fig. 9.1 Overall survival according to the proposed renal (PTLD) index (a), and the prognostic
groupings according to Ghobrial and colleagues [33] (b), the international prognostic index (IPI)
(¢), Leblond and colleagues [7] (d), and Choquet and colleagues [22] (e). + refers to censored points

S-year survival rate of 35% [36]. This study was missing performance status, so it
was unable to assess IPI and thus unable to compare this prognostic system against
the IPI to see whether it is a suitable alternative. The scale was able to correctly
prognosticate survival in this patient population and requires independent validation.
In 2015, Trappe and colleagues analyzed a cohort of 70 patients treated in the
international multicenter phase II PTLD-1 trial in order to identify the risk factors for
PTLD. The analysis confirmed the prognostic role of IPI, Ghobrial score, and PTLD
prognostic index in relation to the overall survival. A high IPI and high PTLD prog-
nostic index were associated with higher treatment-related mortality, primarily driven
by age and ECOG performance status. It was identified that thoracic organ transplan-
tation and response to rituximab were prognostic indicators for both time to progres-
sion and overall survival. IPI was broken down into low (<3) and high (>3) [21].
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With low sample size as a limitation, Trappe and colleagues followed up their
survey in 2016 with a prospective, international, multicenter phase II trial. Response
to weekly doses of rituximab (375 mg/m? IV) for 4 weeks was a significant predic-
tor of time to progression and overall survival (P < 0.001). IPI <3 or >3 was con-
firmed in this trial to be a significant prognostic factor for overall survival. An IPI
>3 conferred a negative prognostic value for overall survival (p = 0.001; 95% HR
2.540; CI, 1.461-4.418) and time to progression (p = 0.001; HR 3.338; 95% CI,
1.624-6.862). Overall survival and time to progression were further broken down
according to IPI <3 or >3 (Fig. 9.2). Response to rituximab conferred a positive
prognostic value for overall survival (p < 0.001; HR 0.320; 95% CI, 0.180-0.571)
and time to progression (p < 0.001; HR 0.256; 95% CI, 0.119-0.549) [23]. Patients
who did not respond to rituximab tended to have more aggressive disease when
treated with CHOP and were more likely to have refractory disease and early treat-
ment relapse [23].

A 2017 single institution study by Bishnoi and colleagues identified older age at
PTLD diagnosis, recipient EBV status, bone marrow involvement, and initial best
response were statistically significant prognostic factors (p < 0.05) [19]. Female
gender was found to have a statistically significant better prognosis compared to
males [Female gender HR 0.553 (p: 0.0427, CI 0.311-0.981)]. Similar to other
studies, monomorphic PTLD performed poorly; however, it was not significant.
EBYV was not supported for predicting survival, yet it is still important for predicting
pathogenesis. Interestingly, rituximab as upfront therapy did not impact overall
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Fig. 9.2 IPI index <3 and >3 by Trappe and colleagues. 143 patients included in analysis; solid
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survival and had a poor hazard ratio [0.589 (95% CI: 0.289-1.201)]. This single
institution study confirmed previous risk factors associated with predicting PTLD.
As research will illuminate further dichotomy, PTLD will undoubtedly separate
into various histologic, molecular, and clinical diagnoses, as similar to NHL. The
perpetual forward momentum of our understanding of these disease processes, in
addition to the foreseeable arrival of new treatment options, will make prognosis an
ever-evolving issue for clinicians and patients. Biologic markers, such as BCL-2
and c-myc, will be more closely scrutinized to help refine diagnosis, prognosis, and
management of PTLD. When considering the various prognostic factors identified
in the heterogeneous body of PTLD literature, age, PS, sites of disease/extranodal
disease, and LDH remain consistent. The IPI has helped predict response in the
prior era of chemotherapy-based treatment, and newer PTLD indices now account
for rituximab-based therapies and reduction of immunosuppression. In the face of
evolving therapies in PTLD with newer options in the clinical setting, the prognos-
tic factors have by and large remained the same. Regardless of the therapy used, in
the end, the biology of PTLD has endured to follow similar principles as lymphoma.

Take-Home Pearls

e The identification of prognostic factors for PTLD is complicated by the rapid
changes in the understanding and management of what is a heterogeneous group
of disorders.

e Several factors such as poor PS, multifocal disease, tumor CD-20 negativity,
CNS involvement, lack of response to rituximab monotherapy, and advanced age
are consistently observed as poor prognostic features in PTLD.

e Prognostic factors in PTLD continue to vary over time, especially due to the
wide timeline of investigation spanning different diagnostic techniques, molecu-
lar testing, and available treatment options.

 In the future, biologic markers such as c-myc and BCL-2 will be investigated to
provide additional insight on diagnosis, prognosis, and management of PTLD.

References

1. Carbone PP, Kaplan HS, Musshoff K, Smithers DW, Tubiana M. Report of the committee on
Hodgkin’s disease staging classification. Cancer Res. 1971;31:1860-1.

2. Rosenberg SA. Validity of the Ann Arbor staging classification for the non-Hodgkin’s lympho-
mas. Cancer Treat Rep. 1977;61:1023-7.

3. Shipp MA, Harrington DP, Anderson JR, Armitage JO, Bonadonna G, Brittinger G, et al. A
predictive model for aggressive non-Hodgkin’s lymphoma. The international non-Hodgkin’s
lymphoma prognostic factors project. N Engl J Med. 1993;329(14):987-94.

4. AJCC: Hodgkin and non-Hodgkin lymphomas. In: Edge SB, Byrd DR, Compton CC, et al.,
editors. AJCC cancer staging manual. 7th ed. New York: Springer; 2010.p. 607-11.

5. Oken MM, Creech RH, Tormey DC, Horton J, Davis TE, McFadden ET, Carbone PP. Toxicity
and response criteria of the Eastern Cooperative Oncology Group. Am J Clin Oncol.
1982;5:649-55.



Prognostic Factors of PTLD after SOT 163

10.

11.

12.

13.

14.

15.

20.

21.

. Maniar T, Tsai D. Prognostic Factors for PTLD. Post-Transplant Lymphoproliferative

Disorders [Internet]. Springer Berlin Heidelberg; 2010;105-16. Available from: http://dx.doi.
org/10.1007/978-3-642-01653-0_8.

. Leblond V, Dhedin N, Brunee MF, Choquet S, Hermine O, Porcher R, et al. Identification

of prognostic factors in 61 patients with post-transplantation lymphoproliferative disorders. J
Clin Oncol. 2001;19(3):772-8.

. Tsai DE, Hardy CL, Tomasezewski JE, Kotloff RM, Oltoff KM, Somer BG, et al. Reduction

in immunosuppression as initial therapy for posttransplant lymphoproliferative disorder: anal-
ysis of prognostic variables and long-term follow-up of 42 adult patients. Transplantation.
2001;71(8):1076-88.

. Muti G, Cantoni S, Oreste P, Klersy C, Gini G, Rossi V, et al. Post-transplant lymphoprolifera-

tive disorders: improved outcome after clinic-pathologically tailored treatment. Haematologica.
2002;87(1):67-77.

Ghobrial IM, Habermann TM, Ristow KM, Ansell SM, Macon W, Geyer SM, et al. Prognostic
factors in patients with post-transplant lymphoproliferative disorders (PTLD) in the rituximab
era. Leuk Lymphoma. 2005;46:191-6.

Bakker NA, van Imhoff GW, Verschuuren EAM, van Son WJ, Homan van der Heide JJ,
Veeger NJGM, et al. Early onset post-transplant lymphoproliferative disease is associated with
allograft localization. Clin Transpl. 2005;19(3):327-34.

Ghobrial IM, Haberman TM, Macon WR, Ristow KM, Larson TS, Walker RC, et al.
Differences between early and late posttransplant lymphoproliferative disorders in solid organ
transplant patients: are they two different diseases? Transplantation. 2005;79(2):244-7.

Trofe JT, Buell JE, Beebe TM, Hanaway MJ, First MR, Alloway RR, et al. Analysis of factors
that influence survival with post-transplant lymphoproliferative disorder in renal transplant
recipients: the Israel Penn international transplant tumor registry experience. Am J Transplant.
2005;5(4):775-80.

Caillard S, Lelong C, Pessione F, Moulin B. Post-transplant lymphoproliferative disorders
occurring after renal transplantation in adults: report of 230 cases from the French registry. Am
J Transplant. 2006;6:2735-42.

Maecker B, Jack T, Zimmerman M, Abdul-Khalig H, Burdelski M, Fuchs A, et al. CNS or
bone marrow involvement as risk factors for poor survival in post-transplantation lymphopro-
liferative disorders in children after solid organ transplantation. J Clin Oncol. 2007;31:4902-8.

. Hourigan MJ, Doecke J, Mollee PN, Gill DS, Norris D, Johnson DW, et al. A new prognostica-

tor for post-transplant lymphoproliferative disorders after renal transplantation. Br J Haematol.
2008;141(6):904-7.

. Oton AB, Wang H, Leleu X, Melhem MF, George D, Lacasce A, et al. Clinical and pathologi-

cal prognostic markers for survival in adult patients with post-transplant lymphoproliferative
disorders in solid transplant. Leuk Lymphoma. 2008;49:1738-44.

. Knight JS, Tsodikov A, Cibrik DM, Ross CW, Kaminski MS, Blayney DW. Lymphoma after

solid organ transplantation: risk, response to therapy, and survival at a transplantation center. J
Clin Oncol. 2009;27:3354-62.

. Evens AM, David KA, Helenaowski I, Nelson B, Kaufman D, Kircher SM, et al. Multicenter

analysis of 80 solid organ transplantation recipients with post-transplantation lympho-
proliferative disease: outcomes and prognostic factors in the modern era. J Clin Oncol.
2010;28(6):1038—46.

Yoon SO, Cho YE, Suh C, Kim KM, Han DJ, Lee SG, et al. Post-transplant lymphoprolif-
erative disorders: clinicopathological analysis of 43 cases in a single center, 1990-2009. Clin
Transpl. 2012;26:67-73.

Trappe RU, Choquet S, Dierickx D, Mollee P, Zaucha JM, Dreyling MH, et al. International
prognostic index, type of transplant and response to rituximab are key parameters to tailor
treatment in adults with CD20-positive B cell PTLD: clues from the PTLD-1 trial. Am J
Transplant. 2015;15:1091-100.


http://dx.doi.org/10.1007/978-3-642-01653-0_8
http://dx.doi.org/10.1007/978-3-642-01653-0_8

164 D. E. Tsai and M. E. Hughes

22. Bishnoi R, Bajwa R, Franke AJ, Skelton WP, Wang Y, Patel N, et al. Post-transplant lympho-
proliferative disorder (PTLD): single institutional experience of 141 patients. Exp Hematol
Oncol. 2017;6:1-14.

23. Trappe RU, Dierickx D, Zimmermann H, Morschhauser F, Mollee P, Zaucha JM, et al.
Response to rituximab induction is a predictive marker in B-cell post-transplant lymphoprolif-
erative disorder and allows successful stratification into rituximab or R-CHOP consolidation
in an international, prospective, multicenter phase II trial. J Clin Oncol. 2017;35:536-43.

24. Choquet S, Oertel S, Leblond V, Riess H, Varoqueaux N, Dorken B, et al. Rituximab in the
management of post-transplant lymphoproliferative disorder after solid organ transplantation:
proceed with caution. Ann Hematol. 2007;86(8):599-607.

25. Lucas KG, Burton RL, Zimmerman SE, Wang J, Cornetta KG, Robertson KA, et al.
Semiquantitative Epstein-Barr virus polymerase chain reaction for the determination of
patients at risk for EBV-induced lymphoproliferative disease after stem cell transplantation.
Blood. 1998;92(10):3977-8.

26. Webber SA, Naftel DC, Fricker FJ, Olesnevich P, Blume ED, Addonizio L, et al.
Lymphoproliferative disorders after paediatric heart transplantation: a multi-institutional
study. Lancet. 2006;367:233-9.

27. Choquet S, Leblond V, Herbrecht R, Socié¢ G, Stoppa AM, Vandenberghe P, et al. Efficacy and
safety of rituximab in B-cell post-transplantation lymphoproliferative disorders: results of a
prospective multicenter phase 2 study. Blood. 2006;107:3503-7.

28. Oertel SH, Vershuuren E, Reinke P, Zeidler K, Papp-Vary M, Babel N, et al. Effect of anti-CD
20 antibody rituximab in patients with post-transplant lymphoproliferative disorder (PTLD).
Am J Transplant. 2005;5:2901-6.

29. Trappe R, Oertel S, Leblond V, Mollee P, Sender M, Reinke P, et al. Sequential treatment with
rituximab followed by CHOP chemotherapy in adult B-cell post-transplant lymphoprolifera-
tive disorder (PTLD): the prospective international multicentre phase 2 PTLD-1 trial. Lancet
Oncol. 2012;13:196-206.

30. Buell JE, Gross TG, Hanaway MJ, Trofe J, Roy-Chaudhury P, First MR, et al. Posttransplant
lymphoproliferative disorder: significance of central nervous system involvement. Transplant
Proc. 2005;37(2):954-5.

31. Haldas J, Wang W, Lazarchick J. Post-transplant lymphoproliferative disorders: T-cell lym-
phoma following cardiac transplant. Leuk Lymphoma. 2002;43(2):447-50.

32. Lundell R, Elenitoba-Johnson KSJ, Lim MS. T-cell posttransplant lymphoproliferative disorder
occurring in a pediatric solid-organ transplant patient. Am J Surg Pathol. 2004;28(7):967-73.

33. Benkerrou M, Jais J-P, Leblond V, Durandy A, Sutton L, Bordigoni P, et al. Anti-B-cell mono-
clonal antibody treatment of severe posttransplant B-lymphoproliferative disorder: prognostic
factors and long-term outcome. Blood. 1998;92(9):3137—47.

34. Kremers WK, Devarbhavi HC, Wiesner RH, Krom RAF, Macon WR, Habermann TM. Post-
transplant lymphoproliferative disorders following liver transplantation: incidence, risk factors
and survival. Am J Transplant. 2006;6:1017-24.

35. Ghobrial IM, Habermann TM, Maurer MJ, Geyer SM, Ristow KM, Larson TS, et al. Prognostic
analysis for survival in adult solid organ transplant recipients with post-transplantation lym-
phoproliferative disorders. J Clin Oncol. 2005;23:7574-82.

36. Caillard S, Porcher R, Provot F, Dantal J, Choquet S, Durrbach A, et al. Post-transplantation
lymphoproliferative disorder after kidney transplantation: report of a nationwide French regis-
try and the development of a new prognostic score. J Clin Oncol. 2013;31:1302-9.

37. Paranjothi S, Yusen RD, Kraus MD, Lynch JP, Patterson GA, Trulock EP. Lymphoproliferative
disease after lung transplantation: comparison of presentation and outcome of early and late
cases. J Heart Lung Transplant. 2001;20:1054—-63.



Prognostic Factors of PTLD after SOT 165

38.

39.

40.

41.

Gross TG, Bucuvalas JC, Park JR, Greiner TC, Hinrich SH, Kaufman SS, et al. Low-dose
chemotherapy for Epstein-Barr virus-positive post-transplantation lymphoproliferative disease
in children after solid organ transplantation. J Clin Oncol. 2005;23:6481-8.

Hayashi RJ, Kraus MD, Patel AL, Canter C, Cohen AH, Hmiel P, et al. Posttransplant lym-
phoproliferative disease in children: correlation of histology to clinical behavior. J Pediatr
Hematol Oncol. 2001;23:14-8.

Fohrer C, Caillard S, Koumarianou A, Ellero B, Woehl-Jaeglé M-L, Meyer C, et al. Long-term
survival in post-transplant lymphoproliferative disorders with a dose-adjusted ACVBP regi-
men. Brit J Haem. 2006;134:602—12.

Dharnidharka VR, Martz KL, Stablein DM, Benfield MR. Improved survival with recent post-
transplant lymphoproliferative disorder (PTLD) in children with kidney transplants. Am J
Transplant. 2011;11:751-8.



Check for
updates

Management of PTLD after SOT 1 0

Ralf Ulrich Trappe and Steven A. Webber

Introduction

Despite a growing understanding of the pathophysiology of PTLD, its optimal man-
agement remains controversial. There is an increasing armamentarium of treatments
available to the clinician, but the evidence to define how and when to use these treat-
ments, or how best to combine therapies, is restricted to discrete patient populations
and cannot be generalized. Of note, no randomized trials of any form of therapy for
PTLD have been performed. In the first part of this review, we summarize the ratio-
nale and evidence to support individual treatments. Following this, we discuss com-
binations of therapies and how they might be best applied as first- or second-line
therapies. It should be noted that the choice of therapy is often arbitrary (e.g., insti-
tutional preference) but may also be driven by predictive factors (real or perceived)
such as pathological findings, age at onset, organ transplanted, disease stage, pres-
ence or absence of EBV, comorbid conditions, and prior rejection history. This
chapter focuses on treatment of PTLD after solid organ transplantation. Management
of PTLD within the context of hematopoietic stem cell transplantation is dealt with
in detail in Chap. 14.
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Optimal Therapy for PTLD

The optimal treatment regimen for PTLD is one that rapidly eradicates the disease,
does not increase the risk of allograft rejection (acute or chronic), and is simple to
give, cost-effective, and is associated with minimal adverse events. It is apparent
that no single treatment fulfills all these criteria. Furthermore, the treatment must be
geared to the individual patient, since the appropriate treatment, for example, for
severe PTLD in a lung recipient early after transplant with adverse rejection profile,
is likely to be very different from that of a renal recipient with benign rejection his-
tory late out from transplant. Moreover, organ involvement has a considerable
impact on the choice of treatment including occasional need for surgery in patients
with gastrointestinal involvement (e.g., with perforation or uncontrolled bleeding)
or specific CNS-directed therapies in patients with CNS involvement. These consid-
erations underscore the enormous challenges involved in designing clinical trials for
a rare disease with such clinical heterogeneity. Clinical response is also likely to
depend on intrinsic characteristics of the tumor such as rate of mitosis, presence or
absence of EBYV, and the ability to be controlled by reconstitution of T-cell immune
surveillance. Unfortunately, it is currently very hard to predict tumor behavior, even
after extensive pathological evaluation is completed. Even the presence of cytoge-
netic alterations, for example, the t(8;14)-translocation in Burkitt PTLD, does not
necessarily predict an aggressive clinical course [92]. However, response to ritux-
imab monotherapy and a baseline international prognostic index (IPI) score of three
or higher (risk factors are age > 60 years, Ann Arbor stage > III, ECOG perfor-
mance status >2, elevated LDH, and more than one extranodal disease manifesta-
tion) have been identified as prognostic markers in prospective clinical trials in adult
PTLD, and response to rituximab monotherapy already has been validated prospec-
tively [76, 79].

Reduction of Inmunosuppression

In 1984, Starzl and colleagues reported the reversibility of PTLD by reduction in
immunosuppression in cyclosporine-treated patients [66]. This strategy remains the
initial mainstay of therapy for most patients with non-destructive lesion and poly-
morphic PTLDs across all age groups. It is also used as initial therapy in monomor-
phic disease, though most patients require subsequent treatment. The goal of
reduction (or cessation) of immunosuppression is to allow the host to recover natu-
ral immune surveillance and subsequently gain control over the proliferation of
EBV-infected B cells. Restitution of immune surveillance may also be associated
with resolution of EBV-negative PTLD, though this seems to occur with lower fre-
quency [20]. The majority of PTLD in children (especially non-destructive and
polymorphic lesions) will respond to reduction in immunosuppression, though with
significant rates of rebound acute cellular rejection that may vary by organ [34, 86].
The reported response rates of PTLD to reduction of immunosuppression among
adults are highly variable, with excellent results reported by some groups [81] and
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very poor results by others [1] including a 6% overall response rate in the only clini-
cal trial evaluating reduction of immunosuppression prospectively [68]. The diverse
outcomes may reflect differing referral patterns and patient characteristics, differ-
ences in range of pathology, and perhaps differences in use of adjunctive therapies
that are not always well described. As for children, rebound rejection rates in adults
are significant and are an important cause of death after treatment of PTLD by
reduced immunosuppression, especially after heart transplantation [1].

In general, patients show evidence of clinical response within 2—4 weeks of
reduction of immune suppression, though a delayed response has been observed as
long as several months in some patients. Significant responses to immunosuppres-
sion reduction alone are unlikely in Burkitt, DLBCL, Hodgkin, and T-cell PTLD
[20, 68], and although there is no evidence to guide the decision when to initiate
further treatment, there is increased reluctance to wait especially in Burkitt PTLD,
due to very fast cell replication times [93].

The approach to reduction in immunosuppression varies widely. Most authorities
initially reduce or hold calcineurin inhibitors (CNIs) and adjunctive antiprolifera-
tive agents and maintain any corticosteroids that the patient might be receiving.
Tacrolimus and cyclosporine levels may initially be high due to impaired hepatic
metabolism. Subsequent practice varies widely. Among liver transplant programs,
there is a tendency to withhold CNIs long term or even indefinitely [34]. This is
unlikely to be possible in thoracic and intestinal transplantation. There has been
considerable interest in replacing CNIs with inhibitors of the mammalian target of
rapamycin (mTOR) once immunosuppression is reintroduced. Sirolimus has fre-
quently been used in this setting. Interest in the use of this group of agents in PTLD,
in part, reflects the anti-neoplastic properties of this class of agents, including inhi-
bition of EBV-driven B-cell lymphomas [45, 84]. However, mTOR inhibitors are
also potent T-cell inhibitors, and patients managed with CNI-free immunosuppres-
sion, using mTOR inhibitors, may still develop PTLD [80]. Recent data suggest that
while mTOR-associated PTLD more frequently is of early onset and less frequently
shows nodal involvement, it is important to notice that the clinical course of PTLD
treated with anti-CD20-directed therapy (+/— chemotherapy) does not differ signifi-
cantly with respect to the class of immunosuppression under which it develops [76].

The effect of reduced immunosuppression on the risk of relapse after successful
treatment has been analyzed in depth in a prospective, international, multicenter
trial in 159 adults with B-cell PTLD after solid organ transplantation treated with
rituximab + CHOP after an initial attempt of immunosuppression reduction [89].
The most common immunosuppressive drug regimens before diagnosis were the
triple combination of CNI, antimetabolite, and corticosteroid and the doublet of
CNI and antimetabolite. The focus of the analysis was the use of different classes of
maintenance immunosuppression and late relapse risk after successful PTLD ther-
apy. Although antimetabolites have been singled out for discontinuation in guide-
lines [19, 49, 51, 57, 68], patients on immunosuppression containing an
antimetabolite after diagnosis had a very similar relapse risk, and there was no dif-
ference in the risk of relapse between patients who had stopped the antimetabolite
and those who had not. In contrast, patients on immunosuppression containing a
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corticosteroid after diagnosis of PTLD had a higher relapse risk compared to those
on steroid-free immunosuppression, and corticosteroid-containing maintenance
immunosuppression after diagnosis of PTLD was identified as an independent risk
factor for PTLD relapse. In addition, the corticosteroid dose as a percent of the dose
pre-PTLD correlated with a patient’s absolute risk of relapse. Patients on tacrolimus
after diagnosis of PTLD had a significantly lower relapse risk than patients on
cyclosporine, and tacrolimus-containing immunosuppression after diagnosis of
PTLD was a protective risk factor. Thus, data from a large prospective clinical trial
now suggest that maintaining corticosteroid-containing immunosuppression after
diagnosis might be a risk factor for PTLD relapse and should be avoided, if not
indicated, from a transplant perspective. In contrast, stopping antimetabolites
appears to not be essential for long-term PTLD outcome [89].

Surgery and Radiation Therapy

Excisional biopsy, generally performed for diagnostic purposes, may be curative for
solitary PTLD lesions but is usually combined with some reduction in immunosup-
pression. Thus, almost all patients do receive a systemic approach to treatment and
PTLD is probably best thought of as a systemic process. In certain histologies soli-
tary lesions are common. For example, in adults with plasmacytoma-like PTLD,
resection combined with irradiation is the mainstay of treatment and is usually fol-
lowed by an excellent long-term outcome [75]. In children with disease isolated to
the tonsils, resection and transient reduction of immunosuppression usually suffice
to achieve long-term disease-free state. These lesions are typically of the non-
destructive and polymorphic types. In most other settings surgery may be indicated
for management of local complications such as gastrointestinal hemorrhage,
obstruction, or perforation. Radiation therapy has a limited role in the management
of systemic PTLD, although many lesions will be responsive. It has been used when
rapid local responses are required, for example, when there is acute airway com-
pression from tumor mass or compression of other critical structures. It has also
been shown to be effective in combination with anti-CD20-directed strategies as
radioimmunotherapy (*Y-ibritumomab tiuxetan) in patients with prior exposure to
rituximab [62]. In combination with systemic rituximab, it can be an effective strat-
egy for the treatment of central nervous system (CNS) PTLD (see below).

Antiviral Therapy

Initial interest in the role of antiviral chemotherapy for treatment of PTLD arose in
1982 when Hanto described a patient whose EB V-associated PTLD lesion appeared
to wax and wane in association with starting and stopping acyclovir [31]. Both acy-
clovir and ganciclovir inhibit lytic EBV DNA replication in vitro and may be of
value in treating the lytic phase of EBV infection. Cidofovir and foscarnet may also
be active in the latent phase of EBV infection but are much more toxic. Ganciclovir
is approximately 6—10-fold more potent than acyclovir at inhibiting lytic EBV
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replication in vitro and has the additional advantage of inhibiting CMV that may be
present at the same time in some patients with PTLD. Use of acyclovir, ganciclovir,
or valganciclovir for the treatment of PTLD has become routine in many centers.
However, their efficacy has not been established in prospective clinical trials, and
many investigators have questioned their role in the treatment of PTLD. This may
reflect the fact that the vast majority of EB V-infected cells within PTLD lesions are
believed to be transformed B cells that are not undergoing lytic infection, although
more recently, quantitative RT-PCR analyses of EBV gene expression profiles in
primary CNS and systemic EBV-associated PTLD have shown that EBER-positive
PTLD samples frequently express at least one of the latent transcripts EBNA2,
EBNA3A, or LMP1 and one of the early lytic transcripts BZLF1, BRLF, or BLLF1
[22]. However the expression pattern is highly variable in the majority of EBV-
associated PTLDs, and transcript expression alone does not infer that antiviral
agents will be effective in eradicating PTLD. This must be confirmed, or refuted, in
appropriately designed clinical trials.

There also has been progress in the development of other types of antiviral agents
for the treatment of severe human herpes virus infections, including those due to
EBV [55, 87]. Drugs that act independently of the viral enzyme target, thymidine
kinase, may be particularly suitable candidates for investigation for the treatment of
PTLD [73]. Cidofovir has potential in this regard, and recent work suggests that
lipid ester analogues of cidofovir and cyclic cidofovir may have much greater activ-
ity against EBV than the parent drug and may be suitable drugs for phase I clinical
studies [87].

The strategy to induce EBV thymidine kinase in EB V-infected tumors, thus mak-
ing the tumors sensitive to nucleoside-type antiviral agents such as ganciclovir, has
become outdated because the agent that may achieve this goal (arginine butyrate)
has not become licensed [25, 54].

In primary CNS PTLD that is closely EBV-associated, and where rituximab
monotherapy and systemic chemotherapy have limited efficacy and high toxicity,
antiviral therapy with zidovudine (AZT), ganciclovir, dexamethasone, and ritux-
imab has demonstrated high efficacy [18]. In a clinical phase II trial, 13 SOT recipi-
ents initially underwent reduction or withdrawal of immunosuppression followed
by twice-daily, intravenous AZT (1500 mg), ganciclovir (5 mg/kg), and dexametha-
sone (10 mg given for 14 days). Weekly rituximab (375 mg/m?) was delivered for
the first 4 weeks. Twice-daily valganciclovir (450 mg) and AZT (300 mg) started
day 15. The overall response rate in this trial was 92% (95% CI, 64-100). The
median time to response was 2 months. Median therapy duration was 26.5 months.
With a median follow-up of 52 months, the estimated 2-year overall survival was
76.9% (95% CI, 44-92).

Interferon and Other Cytokines

The use of interferon has been described in anecdotal reports as a therapeutic option
in the management of PTLD [15, 65]. Interferon is both a pro-inflammatory cyto-
kine and a natural antiviral agent and appears capable of controlling proliferation of
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EBV-infected B cells. Since it is a non-specific immune stimulant, anti-donor
responses are often seen and severe rejection can develop during therapy. In a series
of adult PTLD patients unresponsive to reduction in immunosuppression, only 1 of
13 (7%) achieved durable complete remission with interferon-alpha 2b [68]. At the
present time, almost no center is using interferon in the management of PTLD.
Interleukin 6 (IL6) has been described as a growth factor for EBV-infected B
cells. For this reason, an anti-IL6 monoclonal antibody has been tested in a phase 1/
II clinical trial [14]. This was well tolerated and complete response was observed in
approximately 40% of patients that had not responded to a brief period of reduction
in immunosuppression. It is not currently used in routine clinical care of patients
with PTLD [30] although it has become commercially available for the treatment of
rheumatoid arthritis in 2005. As the biology of PTLD is further unraveled (see
Chaps. 3 and 4), more targets for biologic intervention are likely to be identified.

Intravenous Immune Globulin

A potential role for the use of intravenous immune globulin (IVIG) for the treatment
of PTLD has also been suggested. Several reports have documented an association
between loss and absence of antibody against at least one of the Epstein-Barr
nuclear antigens (EBNA) in EBV-infected organ recipients and the subsequent
development of PTLD [58]. In addition, a correlation between an increasing level of
anti-EBNA antibodies (including those introduced through transfusions) with a
decrease in EBV viral load has been demonstrated. Taken together, these reports
may provide a rationale for considering the use of antibodies in the prevention and/
or treatment of EBV disease and EBV-associated PTLD even though the primary
mechanism for controlling EBV infection appears to be cytotoxic T-cell-mediated
immunity. IVIG has been used alone and in combination with interferon-alpha as
treatment for PTLD [65]. Both IVIG and CMV-IVIG have been used in the treat-
ment of some patients with PTLD, and IVIG may be effective even in patients not
responding to anti-CD20 strategies or even chemotherapy [73]. But there are no
clinical trials that have evaluated the role of IVIG in general, or CMV-IVIG in par-
ticular, in the treatment of PTLD.

Anti-B-Cell Antibodies

Most PTLDs are of B-cell origin, and the use of anti-CD21 and anti-CD24 mono-
clonal antibodies has been reported for the treatment of B-cell PTLD in recipients
of solid organ and bone marrow transplantation in early clinical trials [23]. Neither
products were commercialized; however, an anti-CD20 human/mouse chimeric
monoclonal antibody (rituximab) has become the mainstay of treatment in CD20-
positive B-cell PTLD in the last decade, either alone or in combination with subse-
quent chemotherapy (see below) [16]. In 2000, clinical investigators in France
published the first retrospective analysis of the use of rituximab in 32 patients with
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PTLD [43]. The overall response rate was 65% in solid organ transplant recipients,
most of whom experienced long-term remission. Relapse of PTLD developed in
approximately 20% of responders a median of 7 months after completing their ther-
apeutic course of rituximab. Several subsequent reports have emerged from single
centers [3, 20, 35, 37] and from prospective multicenter phase II trials [10, 26, 48]
using a treatment schedule of 375 mg/m? IV once a week for 4 consecutive weeks
after an initial attempt of reduction of immunosuppression. Overall response rates
for adults varied, with complete response rates ranging from 28% to 59% [3, 10,
48], while a realistic approximation of the complete response rate is 25% based on
clinical trials with substantial numbers of patients [72, 79]. Late follow-up of one
series to date (60 patients) revealed that 57% had progressive disease 1 year after
completing treatment with a median progression-free survival of only 6 months
[11]. However, response to rituximab was validated as a predictor of time to pro-
gression and overall survival, and rituximab monotherapy resulted in excellent
long-term outcome in patients with complete response after 4 weekly doses of ritux-
imab that had subsequent rituximab consolidation with four additional doses in
3-week intervals [79]. This data from a prospective multicenter clinical phase II trial
that enrolled 152 adult patients strongly suggests that eight, not four, doses of ritux-
imab are the best available therapy for patients in complete response after 4 weekly
doses of rituximab induction. Freedom from disease progression in the patient
cohort receiving rituximab consolidation was 89% at 3 years (95% CI 76—100) and
overall survival was 91% at 3 years (95% CI 82-100) [79]. With a significant
amount of data from clinical trials, it has been pointed out that the drug is well toler-
ated and those that do demonstrate progressive disease or relapse can still undergo
chemotherapy [20, 79]. Rituximab seems to be equally effective in patients who
relapsed after chemotherapy [77].

The results of rituximab monotherapy in PTLD may be superior in children,
though less data are available. Two pediatric, prospective studies evaluated the effi-
cacy of single agent rituximab in solid organ transplant patients with PTLD that
failed reduction in immunosuppression. 49 and 12 patients, respectively, received
3—4 weekly doses of rituximab, and if complete or partial response was achieved,
patients received an additional 0—4 doses. Complete response was achieved in
60-75% and 53-67% remained alive and in complete response after a median fol-
low-up of 4.9 and 1.5 years, respectively [40, 85]. Based on these data, an expert
consensus meeting (International Pediatric Transplant Association) of hematolo-
gists, oncologists, pathologists, infectious disease specialists, and transplant physi-
cians and surgeons recommended in 2019 that children with CD20-positive B-cell
PTLD who do not respond to reduction of immunosuppression should receive 3—4
weekly doses of rituximab (375 mg/m?), and if partial response or better is achieved,
additional rituximab (3—4 doses) should be considered. If no partial response is
achieved, other treatment modalities should be evaluated. There is no data available
on maintenance rituximab therapy after the initial course(s), so recommendations
on “rituximab consolidation” in children are not possible.

There still remain several questions regarding the use of rituximab in the trans-
plant setting. Will the prolonged elimination of B cells and immunodeficiencies
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result in additional opportunistic infections or other sequelae? Should rituximab be
used in all patients at diagnosis, or only those who fail an initial period of reduced
immunosuppression? Are clinicians less aggressive in immunosuppression reduc-
tion when they use rituximab from the time of diagnosis? Might there be a role for
next-generation monoclonal anti-B-cell antibodies like the anti-CD79a antibody
drug conjugate polatuzumab vedotin?

Supportive and prophylactic management of patients receiving rituximab seems
necessary, and clinicians should be aware of the indications for these treatments and
the potential for specific clinical adverse events, which include PJP prophylaxis,
prolonged hypogammaglobulinemia, and possible need for replacement therapy, an
effect of rituximab-induced B-cell depletion on vaccine responses, and potential for
cellular lysis and sepsis-like picture following rituximab.

Chemotherapy

First-line chemotherapy is used for T-cell PTLD [70], for advanced Hodgkin PTLD
[60], for Burkitt PTLD [40, 92], for stage III/IV plasma cell myeloma [61, 75], and
for plasmablastic lymphoma [91]. Over the last 20 years, first-line treatment with
single agent rituximab for all other types of B-cell PTLD has evolved as the stan-
dard of care in most adult transplant programs. However, CHOP (cyclophospha-
mide, vincristine, doxorubicin, prednisone) still is used after upfront rituximab
monotherapy for consolidation (sequential treatment [72]) and treatment intensifi-
cation (risk-stratified sequential treatment [79]). While mortality of first-line che-
motherapy is high [12, 20, 24, 68, 69, 74], it was considerably lower after (successful)
debulking with upfront rituximab [72], and sequential treatment with rituximab and
CHOP became a treatment standard in adult PTLD in 2012 based on the results of
the European PTLD-1 trial.

The European PTLD-1 trial employed frontline weekly rituximab treatment for
4 weeks followed by four courses of CHOP in adult solid organ transplant recipients
with CD20-positive PTLD [72]. Seventy-four patients were enrolled, median over-
all survival was 6.6 years, and 11% of patients experienced treatment-related mor-
tality. The overall response rate to 4 doses of rituximab followed by 4 courses of
CHOP was 90% with 68% of patients achieving a complete response. A subsequent
trial (Fig. 10.1) established that patients with complete response to frontline ritux-
imab had a favorable survival if consolidated with rituximab alone (Fig. 10.2), lead-
ing to a recommendation to avoid chemotherapy in this specific patient subgroup
[79]. One hundred fifty-two treatment-naive adult solid organ transplant recipients
with CD20-positive PTLD unresponsive to immunosuppression reduction were
included in this prospective, international, multicenter phase II trial and treated with
4 weekly doses of rituximab as induction. After restaging, complete responders con-
tinued with four single doses of rituximab every 3 weeks; all others received four
3-weekly courses of combined rituximab and CHOP chemotherapy. The primary
endpoint was treatment efficacy measured as response rate in patients who com-
pleted therapy and response duration in those who completed therapy and responded.
One hundred eleven of 126 patients had a complete or partial response (88%, 95%
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Fig. 10.1 Risk-stratified sequential treatment (RSST) schedule for adults with PTLD [79].
Rituximab signifies rituximab 375 mg/m? IV, R-CHOP21 signifies rituximab 375 mg/m? IV day
(d) 1, cyclophosphamide 750 mg/m? IV d1, doxorubicin 50 mg/m? IV dl, vincristine 1-4 mg/m?
(max. 2 mg) IV dl, and prednisone 50 mg/m?* PO d1-5. In case of progressive disease from d1 to
d50, patients proceeded to R-CHOP21 immediately
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CI 81-93), of which 88 were complete responses (70%, 95% CI 61-77). Median
response duration was not reached; the 3-year estimate was 82% (95% CI 74-90).
Median time to progression also was not reached; the 3-year estimate was 75%
(95% CI 67-82). Median overall survival was 6.6 years (95% CI 5-5-7-6), Fig. 10.3.
The frequencies of grade 3/4 infections and of treatment-related mortality were
34% (95% CI127-42) and 8% (95% CI 5-14), respectively.
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Chemotherapy for pediatric PTLD can be divided into different intensity levels.
Highly intense regimens used for lymphoma in immunocompetent children (NHL-
BFM regimen, FAB-/LMB-type regimen) are often not tolerated in PTLD and lead
to high morbidity and mortality [39]. Therefore, chemotherapy regimens with low
to moderate intensity have been developed for pediatric PTLD patients. A first mul-
ticenter phase II study tested prednisone plus cyclophosphamide in 36 children with
an overall response rate of 83% and a 2-year overall and failure-free survival of 73%
and 67%, respectively [27]. Treatment was well tolerated with acceptable treatment-
related mortality (5.5%) and graft loss rates (8.3%). In a subsequent phase II trial,
six doses of rituximab were added to this chemotherapy [28]. Fifty-five patients
were enrolled, 2-year overall survival was improved to 83%, and 2-year event-free
survival was 71%. A German trial in 49 children with B-cell PTLD that used sequen-
tial rituximab followed by mCOMP (cyclophosphamide, vincristine, prednisone,
low-dose MTX) in patients not responding to rituximab achieved similar survival
rates [40]. In this trial patients with Burkitt PTLD were subjected to primary immu-
nochemotherapy due to rapid progression with rituximab alone in three patients. In
the European PTLD-1 ST [72] and RSST [79] trials, adult patients with Burkitt
PTLD were included, and although all patients received chemotherapy, sequential
treatment was safe and effective [79]. It is important to note that none of the chemo-
therapy trials in pediatric PTLD have directly compared rituximab to cyclophospha-
mide plus prednisone with or without rituximab (so-called CHOP lite) in patients
failing to respond to reduced immunosuppression alone. Thus, it is unclear which
strategy is the optimal treatment in this setting. The addition of chemotherapy may
help protect the allograft during reduced immunosuppression, but at the cost of
additional treatments, greater expense, and potentially more adverse events. A direct
comparison of the two strategies is warranted.

T-cell PTLDs comprise a heterogeneous group of EB V-positive (30%) and EB V-
negative lymphomas occurring late after transplantation [70]. While ALK+ anaplas-
tic large cell lymphoma has a reasonable prognosis, other entities like peripheral
T-cell lymphoma not otherwise specified (PTCL/NOS) or hepatosplenic lymphoma
have an extremely bad prognosis [33]. No prospective trials are available for T-cell
PTLD patients. Most patients (adults and children) that survived T-cell PTLD
received intensive chemotherapy of various kinds and/or radiation therapy [70].
However, both treatment-related mortality and mortality due to PTLD are high in
this patient cohort. Occasionally, targeted therapies (ALK inhibitors, CD30-directed
therapies) have been added to, or were substituted for, intensive chemotherapy in
selected cases [9, 52].

In a phase I/I1 trial of the anti-CD30 antibody drug conjugate brentuximab vedo-
tin plus rituximab as frontline therapy for immunosuppression-associated CD30-
positive and/or EBV-positive lymphomas, 12 patients with PTLD following solid
organ transplantation were included and evaluable (most of them had CD20-positive
B-cell PTLD). Treatment consisted of two 28-day cycles of brentuximab vedotin
(1.2 mg/kg on days 1, 8, and 15) combined with 8 applications of weekly rituximab
(375 mg/m?) followed by brentuximab vedotin and rituximab maintenance (1.8 mg/kg
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every 3 weeks and 375 mg/m? every 6 weeks, respectively) for 1 year. The overall
response rate was 70% (14/20: 95% CI 48-86), which is similar to overall response
with rituximab monotherapy in the PTLD-1 trials (129/218: 59%, 95% CI 52-65)
[78]. 60% reached complete response. With limited follow-up, survival data are not
yet mature. Treatment-related mortality was 10% and thus similar to CHOP in the
PTLD-1 trials. One transplant recipient developed graft rejection (7%). Many
patients deviated from the treatment schedule due to toxicity with 35% deviating
from induction therapy and 45% discontinuing maintenance [52]. In summary, this
treatment approach has limited additional effect compared to rituximab monother-
apy, is associated with significant treatment-related mortality, and results in the
overtreatment of those patients (approximately 25%) who can safely be treated with
rituximab alone. The data therefore do not support the frontline treatment with bren-
tuximab vedotin in addition to rituximab in EB V-associated B-cell PTLD.

Classical Hodgkin lymphoma PTLD is usually a late event (>5 years) after solid
organ transplantation. It is commonly EBV-positive. Published data on treatment
outcomes is scarce and limited to case reports and small retrospective series. The
picture is further complicated by the different management of limited vs. dissemi-
nated disease in immunocompetent patients. Reduction of immunosuppression fol-
lowed by radiotherapy in stage I disease and systemic chemotherapy (ABVD:
adriamycin, bleomycin, vinblastine, and dacarbazine) as tolerated in stage II to IV
is the common treatment option. However, it should be noted that ABVD in PTLD
is associated with significant (infectious) mortality. In a series of adult Hodgkin
PTLD, patients receiving ABVD had an improved probability of survival compared
to no chemotherapy or other chemotherapy [60]. Similar results were seen in a case
series of 17 pediatric patients with classical Hodgkin PTLD that reports an excellent
outcome with a 5-year overall survival of 86% and a 5-year event-free survival of
81% using chemotherapy regimens similar to non-immunocompromised
patients [36].

PTLD with plasmacellular differentiation has been reported as a rare subtype of
monomorphic B-cell PTLD with histological and immunophenotypical features of
plasmacytoma in the non-transplant population. In adults with plasmacytoma-like
PTLD, extranodal manifestations are common, while osteolytic lesions are rare and
patients usually do not show bone marrow involvement. Immunohistochemistry
shows light chain restriction and expression of CD138 without CD20 expression.
An association with EBV is found in about half of the patients. Patients generally
respond well to treatment including reduction of immunosuppression and surgery
and irradiation in localized disease and to conventional chemotherapy similar to
myeloma regimens in the non-transplant population [75].

Chemotherapy in PTLD will generally protect the graft against rejection [71],
but is associated with a much higher infectious morbidity and mortality than com-
parable regimes used in the non-transplant setting [12, 20, 24, 42, 46]. Nonetheless,
ongoing careful surveillance of the graft is imperative as rejection events can occur
during chemotherapy, especially with less intense regimens such as those used in
pediatric settings.
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Cellular Inmunotherapy

Inadequate EBV-specific T-cell responses are an important, if not critical, patho-
logic step in the development of EBV-driven PTLD, though other mechanisms may
contribute. Infusion of EBV-specific CTLs has been employed both as treatment
and prophylaxis against PTLD in bone marrow/stem cell transplantation [59]. In
this setting, the PTLDs are generally of donor origin, and the donor is usually avail-
able to provide a source of CTL for the recipient. The success of this adoptive
immunotherapy in stem cell recipients has stimulated investigation into applying
this approach as a therapy for PTLD in solid organ transplant recipients [67]. This
is a logical therapy, as it is directed against the PTLD, and should (in theory) cause
little anti-donor response (i.e., rejection). However, the use of CTL infusions in
solid organ recipients is made more difficult by the fact that the EB V-infected cells
within PTLD lesions are typically of recipient origin. For this reason, autologous
CTLs are the obvious source for development of EBV-specific CTL infusions for
solid organ transplant recipients. However, the development of EBV-specific CTLs
from organ recipients is challenging since patients at risk for EB V-associated PTLD
may be EBV-naive at transplant, CTL generation is impaired by the presence of
immunosuppression, and T-cell responses are further severely suppressed at the
time of development of PTLD. Accordingly, techniques for adoptive immunother-
apy of EBV-associated PTLD in solid organ transplant recipients have focused on
developing strategies to immunize and stimulate the organ recipient’s own T cells
against EBV ex vivo and then subsequently infusing these EBV-specific CTLs back
into the recipient at a time when the patient develops refractory EBV infection/
EBV-associated PTLD [13, 63, 67]. Such an approach could also be used for pre-
vention, with infusion performed when EBV viral loads start to climb after primary
post-transplant EBV infection [63]. Ideally, the cells for culture should be obtained
prior to transplantation and the initiation of immunosuppression in high-risk recipi-
ents, i.e., those that are EBV seronegative at the time of transplantation. Such an
approach is expensive and labor intensive as most candidates will never require
CTL therapy. Furthermore, at this time, the success of adoptive immunotherapy
using autologous CTLs after solid organ transplantation has not paralleled that seen
after bone marrow/stem cell transplantation.

An alternate approach is the use of allogeneic T-cell infusions from EB V-positive
blood donors that are as closely matched as possible to the recipient’s HLA type.
The first and still largest multicenter clinical trial of third-party EBV-CTLs in SOT
patients with PTLD was reported by Haque and colleagues in 33 patients with EBV-
positive PTLD. 31/33 patients had PTLD following SOT. Nearly 50% had early
lesion or polymorphic B-cell histology. One third of patients were children. The
group reported an overall response rate of 53% at 6 months, with 14 CRs, following
4 weekly infusions of the EBV-CTLs [32]. In a retrospective review of ten pediatric
SOT patients who received third-party EBV-CTLs for PTLD in the UK from 1999
to 2018, seven had monomorphic, two had polymorphic, and one had Hodgkin-type
PTLD. Third-party EBV-CTLs achieved an overall response rate of 80%. Transient
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adverse effects included fever, tachycardia, and vomiting. None developed graft-
versus-host disease or opportunistic infections [8].

Feasibility, response rates, and safety profile of third-party EBV-CTL banks have
led to partnerships with industry and attempts to integrate third-party EBV-CTLs
earlier in treatment. In June 2015, Atara Biotherapeutics, Inc. licensed allogeneic
EBV-CTL technology from Memorial Sloan Kettering Cancer Center and desig-
nated the EBV-CTL cell product as tabelecleucel. Currently tabelecleucel has
orphan status in the USA and EU and is in phase III clinical development for the
treatment of EBV-positive PTLD following allogeneic stem cell transplantation
(HCT) or solid organ transplantation (SOT). Tabelecleucel has been evaluated in
phase I/Il and II studies in allogeneic HCT and SOT subjects with EBV-positive
PTLD, for whom treatment with rituximab or rituximab plus chemotherapy had
failed and currently is being evaluated for the treatment of EBV-associated PTLD
failing rituximab in phase III. Between 2005 and 2015, a total of 46 patients with
EBV-associated B-cell PTLD that either progressed during rituximab treatment,
failed to fully respond to, or had relapsed after rituximab were treated in a single
center cohort at the Memorial Sloan Kettering Cancer Center with banked third-
party EBV-CTL lines, including 13 patients with PTLD following SOT (median age
19 years). Prior therapy had included chemotherapy in 12/13 SOT patients. 8/13
SOT patients had been diagnosed with DLBLC-type PTLD. EBV-CTL lines were
matched with the patient for >2/10 HLA alleles and restricted by >1 HLA allele
shared by the lymphoma. EBV-CTL lines were given at 1 x 10° cells/kg/dose (pro-
tocol 1) or 2 x 109 cells/kg/dose (protocol 2) on days 1, 8, and 15 followed by a
3-week observational period. Patients failing to achieve complete response who had
no therapy-related toxicity could receive additional cycles. Only 1/13 SOT patients
achieved a CR after the first cycle of EBV-CTLs. Two additional patients achieved
a partial response. However, response rates increased with additional cycles, with
maximal response achieved after a median of 2 cycles. Ultimately, 2/13 SOT patients
achieved a CR and 5/13 a durable PR. Thus, the final ORR was 54%. With a median
follow-up of 2 years, 2-year OS was 54% as well. There were no immediate adverse
reactions and only one de novo grade I acute GVHD of the skin, which resolved
with topical steroids. No patient experienced CTL-related de novo suppression of
neutrophils, red cells, or platelet counts and no SOT patient experienced graft rejec-
tion [56].

Role of Combination Therapies

Since no therapies have been tested in randomized controlled trials, it is evident that
the use of combination therapies is also not evidence based. Nonetheless, as with
other diseases, there may be logic in combining therapies that work by different
mechanisms of action. However, multi-modality therapies might lead to a belief that
individual therapies can be given at lower doses or for reduced lengths of time. This
could lead to reduced efficacy. For example, if rituximab is used without significant
reduction in immunosuppression, then there may be little or no recovery in CTL
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responses. Such responses might be critical for long-term disease control and
relapse may be common without them. The use of combination therapies also makes
it very challenging to identify the efficacious components of a treatment regimen.
For example, autologous EBV-specific CTLs have been used immediately follow-
ing polychemotherapy combined with rituximab with success of the combined regi-
men. Combination therapies are likely to remain largely empiric given the enormous
challenges of performing randomized controlled trials in this disease.

Central Nervous System Disease

CNS disease may be primary [4, 6] or may be an additional site of disease in patients
with extracranial disease [4] and is EBV-associated in more than 90% of cases [22].
In both situations, the prognosis has generally been considered to be very poor with
a survival ranging from 9% to 43% [5, 7, 21, 53]. The CNS is generally considered
a protected site in which it is harder for normal immune surveillance to gain control
of disease. Nonetheless, reestablished immune surveillance may be sufficient to
control disease. Unfortunately, this occurs with insufficient frequency to justify
reduction in immunosuppression as the only therapy.

Therapies cover a broad scope of interventions including reduction of immuno-
suppression [83]; administration of antiviral agents [18]; administration of ritux-
imab, both intravenously and intrathecally [14, 50, 88]; high-dose chemotherapy
administered intravenously [82]; intrathecal chemotherapy [41]; adoptive immuno-
therapy [44]; and radiation [5, 7, 21, 53]. Every intervention is associated with some
level of success, but the lack of structured clinical trials makes it difficult to discern
the efficacy of any modality as published reports are biased toward successful out-
comes. Furthermore, many of these interventions are administered in different com-
binations, making interpretation even more challenging. However, reports
encompassing larger numbers of patients provide some indication of what therapies
are associated with higher survival rates. Radiation therapy is associated with
response rates ranging from 53% to 87% [5, 7, 21, 53] and antiviral therapy with
AZT, ganciclovir, dexamethasone, and rituximab has demonstrated a response rate
0f 92% (95% CI, 64—100) in a series of 13 adult SOT recipients [18]. Based on these
data and long-term neurological toxicity of whole brain radiotherapy, the German
PTLD study group considers frontline therapy with AZT, ganciclovir, dexametha-
sone, and rituximab as a potential alternative to frontline whole brain radiation
therapy plus rituximab as a first-line treatment standard in Germany.

Of note, despite the wide variety of therapies that have been utilized in this dis-
ease, there are virtually no reports utilizing conventional therapies for CNS lym-
phoma or lymphoma with CNS involvement. It is unclear whether such therapy
would be tolerated in this population, and it is also unclear how effective such thera-
pies would be in this clinical setting. However, reports of disease regression with
simple immunosuppression reduction illustrate that CNS PTLD is not clinically
identical to primary lymphoma. It is conceivable that disease management may
require different approaches based on disease stratification that is risk based.
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Unfortunately, clear prognostic risk factors that could be used to stratify patients
and direct therapy currently do not exist in CNS PTLD. Thus, further advancement
in this clinical area will only occur with the development of prospective clini-
cal trials.

Monitoring Patients During Therapy
Conventional Monitoring of Graft and PTLD Status

Monitoring of tumor responses is performed by conventional methods appropriate
to the site of disease. Computed tomography and magnetic resonance imaging are
the most commonly used imaging techniques [93], though there is increasing inter-
est in the use of positron emission tomography for evaluation and follow-up of
PTLD [17]. Retrospective data from the PTLD-1 trials [72, 79] suggest that patients
in PET-negative partial remission at the end of treatment share the same prognosis
as patients in complete remission [90]. However, because of many FDG-positive
foci due to cryptic infections or other malignancies, the positive predictive value of
end-of-treatment PET in PTLD is low [90]. Regression of mass lesions often takes
at least 2 weeks and frequently longer. Following reduction in immunosuppression,
anti-EBV-CTL responses may recover more quickly, thus suggesting impending
response to therapy or risk of development of rejection. Thus, there is considerable
interest in immunological monitoring in combination with monitoring of clinical
disease and status of the allograft.

The frequency and method of monitoring allograft status will depend on the
clinical setting, including allograft type, prior rejection history, and time from trans-
plantation. As discussed previously, rebound rejection is very common after reduc-
tion or cessation of immunosuppression for treatment of PTLD, and death due to
allograft loss may be as common as death due to disease progression [86]. In con-
trast to lymphomas in the non-transplant setting, outcome of PTLD must consider
the status of the allograft, and successful therapy should be defined in terms of
complete response of PTLD without allograft loss and without development of
chronic allograft dysfunction.

EBYV Viral Load Monitoring

When EBV-PTLD is associated with high EBV viral load at presentation, serial
monitoring appears to provide important information about response of disease
after reduction in immunosuppression. This is probably just a simple indirect mea-
sure of EBV-CTL responses, and viral load may fall prior to clinical response. Most
data on viral load monitoring in this setting is from pediatric centers, which pre-
dominantly see PTLD in the context of primary EBV infection and high viral loads.
A decline in viral load suggests that the patient is responding and may identify the
time when the patient is at risk for developing rejection. It is important to note that
rituximab causes complete elimination of peripheral EBV viral load in almost all
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patients, and therefore viral load monitoring is not useful for evaluation of the effec-
tiveness of treatment after rituximab. Furthermore, there have been reports of
patients responding to treatment despite continuous high viral loads, and also of
PTLD patients relapsing although EBV viral loads stayed low [47]. The topic of
viral load monitoring is discussed in detail in Chap. 6.

Cellular Immune Responses

It would be beneficial to be able to monitor and accurately predict responses to
therapy, especially if such techniques could allow for successful modification of
ineffective treatments at an early stage. To this end, a number of groups have sought
to develop laboratory monitoring techniques for EBV-associated PTLD. Such tech-
niques would supplement, rather than supplant, EBV-viral load monitoring and
careful clinical evaluation of the patient and allograft. Immunological techniques
that have been employed include assessment of frequency of EBV-specific T-cell
precursors by ELISPOT analysis [38], enumeration of EBV-specific CD8 T cells
using HLA class I tetramers [64], intracellular cytokine staining for interferon-
gamma-producing CD8+ T cells [29], and cytotoxicity assays [2]. A comprehensive
immunological assessment might help predict response to therapy, to define the
time of greatest risk of rejection, and also assess potential for relapse, for example,
by monitoring persistence or loss of EBV-specific T cells following adoptive cellu-
lar immunotherapy [63]. However, these specialized tests of cellular immunity to
EBYV cannot be performed in routine clinical laboratories and remain the research
tools at this time.

Conclusions

Treatment of PTLD has become more standardized in recent years. Rituximab
monotherapy is used in almost all patients with CD20-positive B-cell PTLD not
responding to an initial attempt of immunosuppression reduction. Among adults,
patients with complete response after four doses of rituximab should receive four
additional doses of rituximab monotherapy, while all others should generally receive
CHOP-based chemotherapy. Pediatric recipients with primary EBV infection often
respond to reductions in immunosuppression, though there is increasing evidence to
support the use of rituximab monotherapy, as in adults. Many children not respond-
ing to rituximab have achieved responses with modified (and less toxic) chemo-
therapeutic regimens. Adoptive cellular immunotherapy with third-party EBV-CTLs
is currently being evaluated in clinical phase III trials in patients with PTLD failing
rituximab. Assessment of outcomes must include evaluation of the allograft and not
just PTLD. Tumor behavior in the individual may vary depending on immunosup-
pression, type of transplant, EBV status, histology, tumor genetics, and treatment.
Clinical risk factors such as the international prognostic index and response to ritux-
imab monotherapy have been evaluated prospectively and can support clinical deci-
sion making, particularly in adult populations. New anti B-cell antibodies and oral
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medications interfering with the B-cell receptor and BCL-2 are currently being
evaluated in the non-transplant lymphoma setting. Their low toxicity profiles make
them interesting candidates for forthcoming clinical trials.

Take-Home Pearls

Reduction of immunosuppression remains standard in the treatment of PTLD,
while the extent of reduction and the question of how long to wait until further
treatment is initiated depend on many factors including histology, stage of dis-
ease, other available treatment options, and type of transplant.

Rebound rejection is common after reduction of immunosuppression, and death
from graft loss and progressive disease both contribute to post-PTLD mortality.
Four doses of weekly rituximab monotherapy have been evaluated in multiple
phase II trials in CD20-positive B-cell PTLD and have become standard in
patients not demonstrating complete response after reduction of
immunosuppression.

Adults with a complete response after 4 weekly doses of rituximab monotherapy
should be treated with four additional doses of rituximab monotherapy in 3-week
intervals. Adults not achieving complete response to four doses of rituximab
monotherapy should receive four cycles of R-CHOP.

Children with only partial response after 3—4 weekly doses of rituximab mono-
therapy should be treated with 3—4 additional doses of rituximab monotherapy. If
complete response is not achieved, treatment with rituximab, prednisone plus
cyclophosphamide, or rituximab combined with mCOMP (cyclophosphamide,
vincristine, prednisone, low-dose MTX) should be evaluated.

Infectious morbidity and mortality of chemotherapy remain high compared to
non-transplant populations treated for lymphoma, but are significantly reduced
when CHOP is applied sequentially to upfront rituximab monotherapy.
Third-party EBV-specific CTLs are currently considered on clinical trials in chil-
dren with EBV-associated PTLD who do not respond to standard therapies such
as reduction of immunosuppression, rituximab, or chemotherapy, as well as in
adults with EBV-associated PTLD who failed rituximab and CHOP.

CNS PTLD may be primary or associated with extracranial disease. It is closely
EBV-associated and restitution of normal immunosurveillance can be sufficient
to cure the disease. However, prognosis is poor, and radiation and a combina-
tional therapy of reduced immune suppression, followed by AZT, ganciclovir,
dexamethasone, and rituximab are associated with the highest level of success
though the latter was demonstrated in a small study of only 13 patients.
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Prevention of Epstein-Barr Virus 1 1
Infection and PTLD following SOT

Michael Green and Sylvain Choquet

Introduction

The recognition of the importance of Epstein-Barr virus (EBV) infection in recipi-
ents of solid organ and stem cell transplantation has grown in parallel with the
growth and success of these procedures. Despite an increasing understanding of
EBV disease, the optimal management of this important complication remains
unclear with ongoing concerns for morbidity and mortality attributable to pathogen
[17, 35, 41, 46, 47]. Accordingly, attention has begun to focus on the prevention of
EBV/PTLD in transplant recipients. As with the prevention of cytomegalovirus dis-
ease in SOT recipients, preventive strategies could include those provided to all
patients at risk of developing disease (e.g., prophylactic therapy) or those focusing
on individuals with subclinical infection to prevent progression to disease (e.g.,
preemptive therapy). Papers describing a variety of potential approaches to the pre-
vention of EBV disease and PTLD have been published, including chemoprophy-
laxis using antiviral therapies, immunoprophylaxis (including adoptive
immunotherapy), and viral load monitoring to inform preemptive strategies. This
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chapter reviews the scientific rationale behind and clinical experience with these
potential strategies for the prevention of EBV/PTLD in SOT recipients. The preven-
tion of EBV and PTLD in HSCT recipients will be covered in Chap. 18.

Chemoprophylaxis Using Antiviral Therapy

Mechanisms of Action of Acyclovir, Ganciclovir, Foscarnet,
and Cidofovir

Chemoprophylaxis using antiviral agents, such as acyclovir, ganciclovir (and their
prodrugs valacyclovir and valganciclovir), foscarnet, and cidofovir, is one theoreti-
cal approach to the prevention of EBV disease and EBV-associated PTLD. Both
acyclovir and ganciclovir (and their prodrugs valacyclovir and valganciclovir) are
only active once they are phosphorylated by viral thymidine kinase which is only
expressed during the lytic phase of viral replication. These agents actively inhibit
lytic EBV replication in vitro [12, 22, 33] through inhibition of the late phase lytic
replication without affecting the expression of immediate early or early lytic viral
genes. Ganciclovir is phosphorylated to levels 100 times greater than acyclovir; it is
approximately six times more potent against EBV [12] and has a prolonged effect
in suppressing EBV genome replication in vitro compared to acyclovir [33].
However, while these antiviral agents suppress the lytic phase of EBV replication,
they have no effect on EBV in its latent state or on the proliferation of EBV-
transformed B-cells [12, 33, 46]. Analyses of pathologic specimens have shown that
the vast majority of EB V-infected cells within PTLD lesions are transformed B-cells
which are not undergoing lytic replication and thus their ongoing proliferation
should not be inhibited by these agents [12, 17, 23, 28].

In contrast to these agents and their prodrugs, foscarnet activity is independent of
viral thymidine kinase and directly inhibits viral DNA polymerase. Accordingly, the
use of this agent may not be impacted by the presence or absence of lytic viral rep-
lication. However, since EBV proliferation in the setting of EBV-associated PTLD
is felt to be accomplished through human replicative enzymes including human
DNA polymerase, it is unclear that inhibition of viral DNA polymerase by foscarnet
will have an impact on preventing the development of EBV disease including PTLD.

Cidofovir is a nucleotide analogue which undergoes cellular phosphorylation to
its diphosphate form at which point it competitively inhibits the incorporation of
deoxycytidine triphosphate into viral DNA by viral DNA polymerase which dis-
rupts elongation and hence replication of viral DNA [30]. Unlike nucleoside ana-
logues such as acyclovir or ganciclovir, cidofovir is not phosphorylated (and hence
activated) by a viral kinase. While cidofovir (and its as-of-yet unlicensed prodrug
brincidofovir) demonstrates in vitro activity against a number of DNA viruses
including EBYV, as with the other antiviral agents, the use of this agent will not
inhibit EBV proliferation using human replicative enzymes associated with EBV
proliferation in the setting of EBV-associated PTLD.
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Studies have also been attempted evaluating the state of EBV infection in the
steps leading up to the development of symptomatic EBV disease and PTLD. The
correlation between EBV loads in the peripheral blood and the development of EBV
disease and PTLD [18, 19, 27, 50, 52, 54, 56] suggests that characterization of the
state of EBV infection in the blood of patients with elevated EBV loads could offer
insight into the utility of antiviral therapy as prophylaxis against the EBV disease
and PTLD. Babcock et al. characterized the state of EBV-infected B-cells from a
small number of asymptomatic EBV-seropositive organ transplant recipients with
elevated viral loads shortly after transplant [4]. These investigators found that the
EBYV load in the peripheral blood was maintained within resting memory B-cells
and that although some patients only had episomal EBV DNA (characteristic of
latently infected or immortalized B-cells), others had both episomal and linear EBV
DNA (characteristic of active, lytic replication) [4]. Qu investigated the state of
EBYV gene expression in the peripheral blood of transplant recipients with elevated
viral loads using RT-PCR, including some with active PTLD [49]. In this study,
mRNA for ZEBRA (the immediate early transcriptional activator of EBV and a
marker of entrance into the lytic cycle) was only detected in 6/40 specimens from 9
children with persistent high EBV load states who had serial samples available for
evaluation and from only 3/8 specimens obtained from children at or near the time
of PTLD. Further analyses suggested that even when positive, only a few EBV-
infected B-cells in the peripheral blood expressed ZEBRA RNA at any given time.
While both studies identify the presence of some components of lytic gene expres-
sion in SOT recipients with elevated EBV loads even in those who are EBV sero-
positive at the time of transplant, neither study confirms the presence of lytic
replication in these patients. Additional studies are necessary to confirm the state of
EBYV viral infection in patients at risk for development of EBV disease and PTLD.

Animal Models of Chemoprophylaxis

The potential role of acyclovir and ganciclovir in the prevention of EBV/PTLD has
been explored in studies using the SCID mouse model of EBV/PTLD. Boyle dem-
onstrated minimal activity for ganciclovir and none for acyclovir in reducing the
frequency of EBV-associated B-cell lymphoma in the SCID mouse model of both
active and latent infections [7]. Hong further evaluated the impact of acyclovir on
development of EBV-lymphoproliferative disease (LPD) in a similar model [25]. In
their system, EBV lymphoblastoid cell lines (LCLs) derived from an EBV wildtype
strain, as well as two mutant EBV clones in which one or the other of the two imme-
diate early (IE) genes (BZLF1 or BRLF1) had been knocked out, were infused into
SCID mice. Growth of LPD was impaired in mice that had been infused with the
two mutant strains of EBV. However, the use of acyclovir on SCID mice receiving
wildtype EBV-derived LCL did not impact on the rate of growth of LPD. These
results suggest that early lytic gene expression but not the release of infectious par-
ticles (which would be blocked by the presence of acyclovir) contributes to enhanced
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growth of LPD and raise doubts as to the likely effectiveness of acyclovir and gan-
ciclovir to prevent development of PTLD. Data evaluating the potential role of fos-
carnet in the SCID mouse model is not available.

Clinical Studies of Chemoprophylaxis

Limited evidence is available to address the efficacy of antiviral therapy in the pre-
vention of EBV/PTLD in humans. Two retrospective studies evaluated the rate of
development of PTLD in adult organ transplant recipients who received acyclovir or
ganciclovir as part of CMV prevention strategies [10, 11]. Although both studies
appeared to demonstrate a beneficial effect of antiviral therapy against the develop-
ment of EBV/PTLD, both were limited by the use of either historical [10] or, in the
case of the latter study, no specific controls [11]. The difficulty in interpreting the
results of such retrospective studies lacking concurrent controls is illustrated by a
third study by Malouf which reported a drop in the incidence of PTLD from 4.2%
to 1.34% after the introduction of ganciclovir prophylaxis in 1996 in lung transplant
recipients [34]. Unfortunately, the introduction of ganciclovir was coincident with
the elimination of anti-lymphocyte globulin as immunosuppression, an agent
strongly associated with the development of PTLD. Accordingly, it is impossible to
determine if the drop in incidence of EBV/PTLD was attributable to antiviral ther-
apy or other changes in their management.

Funch and colleagues conducted a multicenter case-control study examining the
impact of antiviral therapy on the development of PTLD in kidney transplant recipi-
ents [14]. Univariate analysis suggested a protective effect of antiviral treatment
with ganciclovir or acyclovir. However, the study also showed that despite the fact
that pretransplant EBV seronegativity was associated with developing PTLD (odds
ratio 5.39), these patients were statistically less likely to receive antiviral therapy. To
control for the possibility that the apparent protective effect of antiviral therapy
might be a consequence of this confounding, additional analyses eliminating all
individuals known to be EBV seronegative prior to transplant were performed
which again demonstrated significant protective effect of ganciclovir and a trend
towards protection with the use of acyclovir or both drugs. Unfortunately, a similar
analysis was not carried out for those kidney transplant recipients who were EBV
seronegative prior to transplant. In contrast to the results reported by Funch, a retro-
spective registry study of 44,828 kidney transplant recipients carried out by Opelz
failed to identify any impact of antiviral prophylaxis with ganciclovir or acyclovir
used for CMV prophylaxis on the incidence of lymphoma in the first year following
transplantation (acyclovir p = 0.28, ganciclovir p = 0.35) [44]. The authors of this
study concluded that the absence of an anti-lymphoma effect by the use of antiviral
drugs was virtually proven. Hocker et al. carried out a small sub-analysis of a pro-
spective trial in pediatric renal transplant recipients and observed a significant
reduction of the 1-year incidence of EBV primary infection in 20 EBV D+/R
patients on ganciclovir or valganciclovir prophylaxis compared with 8 patients
without prophylaxis [24]. However, one patient each developed monomorphic
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PTLD in both the treated and untreated cohorts and the authors concluded that no
significant impact of ganciclovir or valganciclovir prophylaxis on PTLD occurrence
could be derived from this study. More recently, Ostensen et al. carried out a retro-
spective study demonstrating a lack of effect of IV ganciclovir on the development
of EBV-associated PTLD in pediatric patients [45]. One strength of this study was
that the ganciclovir was used without the potential confounding effect of reduction
of immune suppression.

To date, only a single randomized, controlled trial has been completed evaluating
the role of antiviral agents in the prevention of EBV/PTLD [15]. This randomized
trial compared 2 weeks of intravenous ganciclovir alone to 2 weeks of ganciclovir
followed by 50 weeks of high-dose oral acyclovir in pediatric liver transplant recipi-
ents. PTLD developed in 8 of 24 patients who received ganciclovir followed by
acyclovir compared to 5 cases of PTLD in 24 children who received the short course
of ganciclovir alone (p = NS) [15]. This study suggested that the prolonged use of
acyclovir did not prevent EBV/PTLD. However, it is possible that prolonged use of
the more potent ganciclovir in lieu of acyclovir might have resulted in a different
outcome. Another interpretation may simply be that ganciclovir has no protective
role against PTLD, and as such development of PTLD in patients while receiving
prolonged courses of intravenous ganciclovir has been reported [29]. A second pro-
spective study of the use of IVIG and antiviral therapy with ganciclovir and/or acy-
clovir also failed to show the benefit of these therapies [26].

More recently, a 2016 meta-analysis showed that the use of antiviral drugs (gan-
ciclovir, valganciclovir, acyclovir, and valacyclovir) in mismatched EBV transplant
recipients (D+/R) had no effect on PTLD incidence [2]. No significant differences
were seen across all types of solid organ transplants, age groups, or antiviral use as
prophylaxis or preemptive strategy. The use of antivirals for prevention of EBV
disease and PTLD was not recommended at the IPTA EBV Consensus Conference
(2019, personal communication) and is also not currently recommended in the AST
ID Guidelines [3].

As noted, foscarnet works by a different mechanism then acyclovir or ganciclo-
vir. Accordingly, the absence of activity against lytic infection may not predict its
potential impact for antiviral chemoprophylaxis. A potential therapeutic effect was
suggested by a single case series of 3 adult SOT recipients with EBV-associated
PTLD associated with the presence of EBV early antigen BZLF/ZEBRA protein
which describes the potentially successful addition of foscarnet after failing to
respond to a period of reduced immune suppression [43]. However, in two of the
three patients the immune suppression had only been reduced for less than 2 weeks,
and these reductions were continued throughout the time period that foscarnet was
used. Accordingly, the initial period of reduced immune suppression might have
been too short of a time period to observe a clinical impact, and the changes observed
after starting foscarnet might have been attributable to ongoing reduction of immune
suppression independent of an antiviral effect on the PTLD. The third case in this
series showed an apparent response to foscarnet in a patient who could not undergo
reduction of immune suppression due to a recent history of rejection. While this last
case does suggest a potential therapeutic effect, the absence of additional published
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examples let alone prospective clinical trials leaves the impact of foscarnet unproven
for treatment of the established EBV-associated PTLD in SOT recipients.
Additionally, there is no published experience relating to the use of foscarnet for
prevention, and the side effect profile of this drug makes this a suboptimal agent for
a prevention strategy.

Because cidofovir has activity against EBV lytic infection in vitro, there is at
least a theoretical role for its use for chemoprophylaxis against EBV disease includ-
ing PTLD. The potential therapeutic role is raised by a case report of a 28-year-old
liver transplant recipient with EBV-associated polymorphic PTLD involving his
colon which was refractory to reduction of immune suppression followed by treat-
ment with rituximab and subsequently CHOP-based chemotherapy [59]. For both
rituximab and then chemotherapy, he initially appeared to respond but developed
recurrent symptoms. He next received cidofovir to which he again appeared to ini-
tially respond but again developed recurrent symptoms prompting addition of IVIG
with continued cidofovir. The patient seemed to improve on this regimen though he
was switched to foscarnet due to persistent elevations of LDH and EBV load. He
eventually experienced clinical improvement with resolution of EBV load in plasma
but persistently elevated loads in PCR performed on whole blood. While the level of
support that this report of a single case provides for the potential therapeutic role of
cidofovir in the treatment of EBV-associated PTLD is debatable, there are no pub-
lished data describing the use of cidofovir (or its as-of-yet unapproved prodrug
brincidofovir) in the prevention of EBV disease or PTLD.

Immunoprophylaxis
Cellular Therapy

Cellular therapy has been considered both as a potential treatment and as a preven-
tive strategy against EBV/PTLD. The rationale behind using cellular therapy is
based on the critical role that EBV-specific cytotoxic T lymphocytes (CTLs) are
known to play in the control of EBV infection in immunocompetent children and
adults (see Chap. 5). EBV-specific CTLs may have several origins, either from the
patient (autologous CTL) or from a healthy donor (allogeneic CTL). In the context
of SOT, CTLs are usually obtained from donor libraries and are selected by their
HLA compatibility. In the context of hematopoietic stem cell transplantation
(HSCT), the CTLs come from the donor (if it is EBV positive), without selection,
referred to as donor lymphocyte injection (DLI), or after selection and amplification
of EBV-specific CTLs [21, 51]. The use of EBV-specific CTLs as a treatment for
EBV/PTLD was first reported by Papadopoulos et al. in HSCT recipients using
white blood cells from their EBV-seropositive donors (DLI) [42]. While successful
in treating PTLD, this approach was associated with complications such as graft
versus host disease and interstitial pulmonary infiltration which were attributed to
the infusion of mature non-related lymphocytes. In an important modification of
this approach, Rooney and colleagues used EBV-specific CTL derived from the
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actual stem cell donors of the affected HSCT recipients. Their initial efforts used
these donor-derived EBV-specific CTLs to both treat PTLD and prevent develop-
ment of EBV disease in patients with elevated EBV loads in their blood (preemptive
treatment) [52]. Because of the requirement for HLA-matching for the effect of
CTLs and the established observation that EBV/PTLD in HSCT recipients most
often involves donor B-cells, this work involved the ex vivo stimulation and growth
of pre-existing EBV-specific CTLs obtained from the HSCT donor. Given their ini-
tial successes, these investigators expanded their efforts and provided donor-derived
EBV-specific CTLs as prophylaxis to 39 children who were at high risk for PTLD
due to having undergone T-cell-depleted HSCT. None of these children developed
PTLD; however, there was no control group [53]. Subsequently, others have also
demonstrated the feasibility of this approach in the HSCT population.

While the use of cellular immunotherapy is clearly feasible for recipients of
HSCT, implementation of this strategy for patients undergoing SOT has proven
problematic. Unlike HSCT recipients, PTLDs developing in patients undergoing
SOT typically involve B-cells of recipient origin and, in pediatric population, most
commonly occur in patients who were immunologically naive to EBV prior to
transplantation. While EBV-seronegative adults are also at the greatest risk for
development of EBV-associated PTLD, the disease may also uncommonly occur in
EBV-seropositive SOT recipients when excessive immunosuppression inhibits the
patient’s immune response against the virus. Accordingly, patients most likely to
benefit from prophylaxis using cellular immunotherapy will not have pre-existing
EBV-specific CTLs available (EBV-seronegative SOT recipients), or very few, due
to the immunosuppression (seropositive recipients), for ex vivo stimulation.
However, Savoldo and colleagues demonstrated that autologous EB V-specific CTLs
could be derived from patients at high risk for PTLD even before PTLD developed
and given safely to prevent PTLD [57]. Twenty-three solid organ recipients with
persistently high EBV-DNA viral load (but without evidence of PTLD) and four
patients with early post-transplant EBV seroconversion were enrolled in an EBV-
CTL generation protocol. Kinetics of CTL derivation were similar to healthy donors.
None had recognized toxicity. The number of EBV-responsive cells increased after
infusion. No PTLD developed within one year of the infusion although the viral
load levels did not always fall substantially. More recently, Prockop and colleagues
reported the use of third-party donors as the source of EBV-specific CTL therapy for
both HSCT and SOT recipients [48]. In a recent publication, they achieved a 54%
rate of complete or sustained partial remission from a cohort of 12 SOT recipients.
However, data evaluating the use (for either prophylaxis or as preemptive therapy)
of EBV-specific CTL for prevention of EBV disease and PTLD are not available.

Passive Immunization

Although CTL are thought to play the central role in the control of EBV infections,
recent studies have raised questions regarding the role of antibodies in controlling
the rapid proliferation of EB V-infected cells [36]. Several reports have documented
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an association between loss or absence of antibody against at least one of the
Epstein-Barr nuclear antigens (EBNA) in EB V-seropositive organ transplant recipi-
ents and subsequent development of PTLD [50, 61]. It has also been recognized that
many patients undergoing primary EBV infection following transplantation fail to
develop anti-EBNA antibodies. Thus, the absence of antibodies against EBNA
appears to correlate with an increased risk of developing PTLD. Riddler et al. fur-
ther demonstrated a correlation between increasing levels of anti-EBNA antibodies,
including those introduced through transfusions, with decreasing EBV load [50].
Taken together, these data suggest a potential role for antibody in controlling EBV-
infected cells and therefore provide a potential rationale for the use of antibodies in
the prevention and/or treatment of EBV/PTLD.

Several investigators have evaluated the potential of antibody treatment to pre-
vent EBV/PTLD using the SCID mouse model. Abedi et al. demonstrated that
weekly infusions of two different commercial gammaglobulin preparations as well
as purified immunoglobulin from EBV-seropositive blood donors prevented devel-
opment of PTLD in this model [1]. In contrast, these investigators found that infu-
sion of purified immunoglobulin from EBV-seronegative blood donors, as well as
rabbit anti-gp340 anti-serum (a potentially protective anti-EBV antibody), failed to
protect SCID mice from development of PTLD. Nadal et al. also evaluated the abil-
ity of human immunoglobulin preparations to suppress the occurrence of Epstein-
Barr virus-associated lymphoproliferation in this model [40]. These investigators
found that the infusion of human immunoglobulin after reconstitution with human
tonsillar mononuclear cells followed by infection with supernatant from B95-8 (a
Iytic replication-permissive cell line) delayed or prevented the development of
EBV-associated lymphoma in their model.

The potential role of IVIG in the prevention of EBV/PTLD is further supported
by the previously mentioned registry study carried out by Opelz [44]. As mentioned
earlier, this international registry review of 44,824 kidney transplant recipients eval-
uated the impact of the use of strategies to prevent CMV infection on the subsequent
development of post-transplant lymphoma. In contrast to the absence of any benefit
at all for ganciclovir or acyclovir, these investigators found that none of 2103 kidney
recipients, who received anti-CMV immunoglobulin during the 3 or 4 first months
post-transplantation, developed lymphoma during the first year following kidney
transplantation (p = 0.012). Of interest, the demographics of patients receiving
CMV-1IVIG did not appear to differ from those who had received ganciclovir or
acyclovir as a method of preventing CMV. The protective effect of CMV-IVIG did
not appear to persist beyond the first year as the rate of lymphoma development in
the subsequent 5 years was similar for recipients of CMV-IVIG and antiviral ther-
apy with ganciclovir or acyclovir and those kidney recipients who received no pro-
phylaxis to prevent CMV.

The potential prophylactic benefit of intravenous immunoglobulin (IVIG) against
the development of EBV/PTLD was evaluated in a randomized, multicentered, con-
trolled trial of CMV-IVIG for prevention of EBV/PTLD in pediatric liver transplant
recipients [16]. In a study of 82 evaluable patients, no significant differences were
seen in the adjusted 2-year EBV disease-free rate (CMV-IVIG 79%, placebo 71%)
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and PTLD-free rate (CMV-IVIG 91%, placebo 84%) between treatment and pla-
cebo groups at 2 years (p > 0.20). Although statistically significant differences were
not observed, rates of EBV disease and PTLD were somewhat lower in recipients of
CMV-1VIG than in those who received placebo. This was particularly true for chil-
dren less than 1 year of age, where 25% of children receiving CMV-IVIG developed
EBYV disease compared with 38% receiving placebo. While differences in the rates
of development of PTLD in the children <1 year of age were less dramatic, the
advantage again favored the recipients of CMV-IVIG (12% vs. 19%). Of note, the
use of EBV load monitoring to inform reductions in immune suppression occurred
with increasing frequency during the latter part of the study and potentially con-
founded its ability to identify differences between the two treatment groups, and
this contributed to the discontinuation of the study before adequate power to see a
difference might have been achieved. In another prospective comparative study
[26], 25 children and 9 adults at high risk of PTLD (EBV seronegative with EBV-
positive donor) were treated with ganciclovir 3 months with or without IVIG
6 months. No difference in the incidence of primary EBV infection was noted and
the only three PTLDs (all EBV associated) occurred in the ganciclovir + IVIG arm
in pediatric recipients. These occurred at days 110, 128, and 289 post-transplant.
Accordingly, one of the three was still on ganciclovir, while two were on oral acy-
clovir. Two of the three would still have received IVIG near the time of diagnosis.

Active Immunization

Active immunization would be another potential immunoprophylactic strategy. At
present, there is no commercially available vaccine to prevent EBV infection or
disease. Most efforts to develop an EBV vaccine have focused on the glycoprotein
350, which binds to CD21/CD35 to gain entry to B-lymphocytes and is the major
target of serum-neutralizing antibody against EBV. A recombinant glycoprotein
350 ((gp350)/AS04) vaccine has been evaluated in clinical trials. Results of phase I
and phase II trials using this candidate vaccine in both EBV-seropositive and EB V-
seronegative healthy volunteers have been published [39, 58]. Use of this vaccine
resulted in a reduction in symptomatic primary EBV infection and development of
infectious mononucleosis but had little impact on EBV seroconversion rates. Of
note, the vaccine had no reliable effect on the development of cell-mediated immu-
nity. A second vaccine approach is to generate EB V-specific CD8+ T-cells that con-
trol the expansion of EBV-infected B-cells after infection. Results of a small phase
I CD8+ T-cell epitope-based EBV vaccine trial in 14 previously healthy seronega-
tive volunteers have recently been published [13]. The vaccine comprised the
HLAB*0801-restricted CD8+ T-cell epitope FLRGRAYGL (FLR) from the latent
EBNA3 using tetanus toxoid as a source of CD4+ T-cell help. The vaccine was well
tolerated with no serious side effects recognized during the course of the study. All
but one of eight volunteers receiving vaccine demonstrated production of FLR-
specific T-cell response post-vaccination as measured by ELISPOT. More recent
efforts have looked at using EBNA1/LMP2 as a potential immunogen for a vaccine
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aimed at augmenting immune response in patients with nasopharyngeal carcinoma.
However, a review of clinical trials.com identifies that there are currently no active
trials of EBV vaccines in any human population despite the clear rationale in sup-
port of having such a vaccine. Accordingly, active immunization is not a viable
alternative to the prevention of EBV disease and PTLD in SOT recipients at
this time.

Viral Load Monitoring and Preemptive Strategies
of Prevention

The observation that EBV load in the peripheral blood rose prior to the development
of overt PTLD and likewise fell with the resolution of disease (see Chap. 6) pro-
vided a model similar to CMV preemptive therapy for instituting prevention strate-
gies [55]. However, the lack of impact of antiviral agents on EBV loads raised
questions as to what is the most appropriate preemptive intervention. Potential strat-
egies have included reduction or cessation of immunosuppression, use of antiviral
medications such as ganciclovir or acyclovir alone or in combination with reduction
of immune suppression, as well as the use of monoclonal anti-CD20 (rituximab)
therapy. Each of these strategies is reviewed below.

McDiarmid and colleagues reported their experience using monitoring of EBV
loads to inform the preemptive use of the combination of decreasing immunosup-
pression and intravenous ganciclovir (either reinitiation or continuation if patients
were on it already) in pediatric liver transplant recipients [37]. EBV-seronegative
children were classified as high risk and received 100 days of intravenous ganciclo-
vir (followed by oral acyclovir) and were followed with frequent viral load mea-
surement. Children who were EBV seropositive prior to transplantation were
considered low risk; they received a shorter course of IV ganciclovir followed by
oral acyclovir and were monitored less frequently. Elevated EBV viral loads were
observed in most of the high-risk group while they were still on their initial course
of ganciclovir prophylaxis. Accordingly, the only change made in their management
in response to the elevated loads was a drop in immunosuppression. However, no
PTLD occurred in this group. Interestingly, two children both under a year of age
who had been seropositive pretransplant and hence classified as low risk developed
PTLD. It is likely that EBV seropositivity was present on the basis of passive mater-
nal antibody and that these infants were really at high risk. The overall rate of PTLD
of 5% in this experience was lower than their previous rate of 10%. However, the
investigators were unable to determine the relative impact of ganciclovir versus
reduction of immunosuppression on the decreased rate of PTLD observed in this
experience. Subsequently, Lee et al. evaluated 43 pediatric liver transplant recipi-
ents who underwent prospective EBV load monitoring with a rapid tapering of
immunosuppression if their load reached a critically high threshold without addition
of antiviral therapy [31]. The rates of PTLD and rejection were compared to 30
historical controls that had been consecutively transplanted just prior to the inter-
vention group at their center. The rates of PTLD were 16% in the historical control
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compared with only 2% once the rapid weaning protocol was established. Only one
patient received valganciclovir for concurrent CMV reactivation. Rejection occurred
in one patient who required decreased immunosuppression and responded to steroid
pulsing with cessation of tacrolimus tapering. These results are provocative but suf-
fer from having a historic control in which EBV serologic status was not known
before transplantation. Accordingly, it is possible that the differences observed in
this experience could in part be due to a larger high-risk population.

In a similar approach, Bakker and colleagues used EBV load monitoring in 75
adult lung transplant recipients to inform reduction in immunosuppression with the
hope of preventing PTLD [5]. This population differed somewhat from the experi-
ence in pediatric transplant recipients in that most of the patients were EBV sero-
positive prior to transplant. Thirty-five percent of patients in this study demonstrated
reactivation of EBV as evidenced by elevated viral loads. However, immunosup-
pression was only able to be reduced in 19 of 26 patients with an elevated EBV load.
Overall, no patient developed and EB V-associated PTLD regardless of the inability
to modify immune suppression in 7 of the patients, though one of the 75 subjects did
develop an EBV-negative PTLD. Importantly there was no accelerated rejection of
the graft or worse survival in the patients who had immunosuppression reduced due
to EBV viral load monitoring [5].

Because of concerns for EBV load having low-positive predictive value for
development of PTLD particularly in a previously immune population [6], some
investigators sought to ascertain if viral load monitoring combined with evaluation
of cellular immune response to phytohemagglutinin (PHA) would improve the
safety of intervening with decreased immunosuppression [32]. Eighteen children
undergoing liver transplantation were followed in this fashion; those children with
moderate to high levels of EBV viremia were also found to have a decreased
response to PHA, suggesting a state of over-immunosuppression. Three of the
patients had immunosuppression lowered in response to EBV viral load; all had
increase PHA responses and no development of PTLD. EBV viral load monitoring
failed to predict the development of PTLD in one child whose EBV load remained
low; however, his PHA response had also been low, suggesting he was over-
immunosuppressed. It is possible that by reducing immune suppression in response
to either an elevated EBV load or a low PHA, his episode of PTLD could have been
prevented. As the cellular response to PHA has not shown any advantage over the
monitoring of the viral load and this technique is much less available than the sec-
ond, the monitoring of EBV viral load is currently the best technique to propose
preemptive treatments.

A final approach that has been considered is the use of the anti-B-cell monoclonal
antibody, rituximab, as a preemptive therapy in response to an elevated EBV load.
Rituximab was used as a preemptive therapy with successful outcome in high-risk
hematopoietic transplant recipients [26, 60]. Seventeen prospectively monitored
HSCT recipients showed a high level of EBV reactivation; 15 of the 17 were given
rituximab preemptively. Only one of the 15 developed PTLD but ultimately responded
to two further doses of rituximab [60]. A similar approach was taken by Gruhn and
colleagues in three children at high risk for PTLD after T-cell-depleted HSCT. The
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children received rituximab when they were found to have critically high viral loads
for EBV; all remained PTLD-free 7-9 months after HSCT [20]. Meerbach and col-
leagues took it one step further and used a single dose of rituximab in combination
with two doses of intravenous cidofovir a week apart in four HSCT recipients who
had persistently elevated EBV viral loads [38]. The viral load fell in all cases and no
PTLD developed. Although these studies are small, they favor the use of preemptive
rituximab after HSCT (Chap. 18), especially since the treatment of PTLD in this
context is more limited and has a poorer prognosis than after SOT.

With regard to SOT, a large prospective study has recently been published [9].
Nearly 300 adult cardiac transplant patients treated by the same team with the same
immunosuppression were systematically followed up on their EBV viral load dur-
ing the first year after the transplant. At a viral load >10° copies/mL, immunosup-
pression was lowered and viral load was monitored weekly; if the viral load
increased or was stable at 4 weeks, patients received rituximab. In the case of viral
load >10° copies/mL, rituximab was immediately injected in combination with the
decrease of immunosuppression. Of the six EB V-seronegative patients at the time of
transplantation, all presented a primary infection during the follow-up; among the
other patients, 31 developed reactivation above the treatment threshold, all patients
preemptively treated by the proposed algorithm responded by lowering their viral
load, and none has a PTLD. Compared with 820 cardiac transplant patients in the
same department, with the same immunosuppression, for whom 24 PTLDs had
been diagnosed, including 13 early positive EBV PTLDs, the difference was signifi-
cant (p = 0.033). It should be noted that no toxicity and in particular no rejection
have been described.

One potential concern with the preemptive use of rituximab is the potential
development of persistent hypogammaglobulinemia after treatment with this mono-
clonal antibody in at least the pediatric SOT population. Chiou et al. reported that
two-thirds of a cohort of 18 pediatric SOT recipients developed persistent (>2 years)
hypogammaglobulinemia after exposure to rituximab as treatment for PTLD [8].
The authors also attributed an increase in significant bacterial infection in those with
hypogammaglobulinemia. Accordingly, studies that determine the frequency, dura-
tion, and sequelae of this potential complication as well as the comparative benefits
compared to reduction of immune suppression are needed to define which SOT
recipients with elevated EBV loads may be the appropriate candidates for this
approach. It may be that a sequential approach of an initial reduction of immune
suppression followed by the use of rituximab for SOT recipients with persistently
highly elevated EBV loads despite this intervention will be the optimal strategy for
the prevention of EBV disease and PTLD.

Take-Home Pearls

¢ Increasing attention on EBV disease and PTLD is being focused on prevention
strategies prompting some centers to routinely use antiviral and/or immunoglob-
ulin agents as standard prophylaxis against the development of EBV/PTLD
despite the absence of strong data in support of these approaches.

e At present, the use of serial monitoring of the EBV viral load as a stimulus to
reduce immunosuppression (for solid organ transplant recipients or for stem cell
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transplant recipients) appears to be the most promising strategy for the preven-
tion of EBV disease and PTLD in SOT recipients.

The preemptive use of rituximab may also be an effective strategy in the preven-
tion of EBV disease in SOT recipients, but studies are needed to define the opti-
mal time, population, risks (particularly hypogammaglobulinemia), and benefits
of this approach compared to reduction of immune suppression.

Well-designed clinical trials are necessary to evaluate the potential role of both
antiviral and immunoglobulin agents in the prevention of EBV/PTLD in organ
transplant recipients.

Finally, the development of an effective EBV vaccine to provide to EBV-naive
transplant candidates would likely prove to be an extremely effective strategy in
the prevention of this complication though efforts to date have failed to identify
an effective vaccine candidate against EBV.
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Introduction

This chapter is devoted to a detailed discussion of (1) the incidence of PTLD after
HSCT and over time period eras, (2) the time to PTLD development after HSCT, (3)
the different risk factors involved, and (4) prognostic factors and mortality rates
after PTLD. The equivalent epidemiologic aspects of PTLD after solid organ trans-
plant (SOT) are discussed in Chap. 7 and prognostic factors in Chap. 9. For pur-
poses of this chapter, HSCT includes all types of bone marrow, peripheral blood
stem cell, or umbilical cord blood transplants.

PTLDs after HSCT are classified using the same WHO classification as used by
SOT. The latest 2016 classification is provided in Chap. 2 [1]. The main sources of
epidemiologic information on PTLD after HSCT are by collaborative registries [2—4]
such as the Center for International Blood and Marrow Transplant Research
(CIBMTR) or the Japanese national bone marrow transplant registry. In addition,
major epidemiologic publications [3, 5-10] have arisen from multicenter data (the
Spanish group of blood and bone marrow transplantation GETH) or large single cen-
ter data (e.g., University of Minnesota in Minneapolis, USA; Fred Hutchinson Cancer
Research Center in Seattle, USA; the Karolinska Institute in Stockholm, Sweden;
Medical Center Hamburg in Germany; Helsinki University Central Hospital in
Finland; or Vancouver General Hospital in Canada). Combined series of recent PTLDs
after either SOT or HSCT have been published by Romero et al. [11] and Bishnoi
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et al. [12], and a major review of both was published by Dierickx and Habermann
[13]. Major recent reviews on the topic of PTLD that are limited to after HSCT (not
including SOT) have been published by Al Hamed et al. [14] and Ru et al. [15].

Incidence of PTLD

The incidence of PTLD has been reported in the 0.5-17% range of all patients who
receive an HSCT [7, 8, 10, 14]. As with any rare disease, the incidence is best
expressed as an incidence density or a cumulative incidence by a certain time post-
transplant. Thus, Romero et al. [11] found a 2% incidence and Fujimoto et al. [2]
found a 0.79% incidence by 2 years post-transplant. Pagliuca et al. [16] found a
6.3% incidence at 2 years if a patient developed EBV DNAemia and received at
least one dose rituximab [16]. The incidence appears to have increased in more
recent eras. Fujimoto et al. [2] reported an increase to 1.24% at 2 years post-
transplant by 2010, and Uhlin et al. [5] reported an increase from <2% before 1998
to >6% after 2011, both groups attributing the increase to greater HLA mismatch
and higher intensity of immunosuppression in more recent periods.

Time to PTLD

In HSCT, the complication of PTLD is generally an early event. Landgren et al.
calculated the incidence rates at various time periods post-transplant [3]. The high-
est rates were in the first few months post-transplant, with the rates dropping to very
low levels beyond the first year (Fig. 12.1). Cumulative incidence Kaplan-Meier

PTLD incidence per 1,000 person-years

1-2 2-3 3-4 4-5 5-6 6-9 9-12 12-18  18-30 30-60 60-120
months months months months months months months months months months months

Fig. 12.1 This line chart shows that the risk of PTLD is very high in the first few months post-
HSCT and drops to negligible rates after the first year (This figure was created from data published
by Landgren et al. [3])
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curves or data by the other groups [2, 5, 7, 10, 16] have shown similar trends, with
steep upward slopes in the first few months, followed by a flattening of the curve,
indicating a very small incidence after the first year. This pattern is in contrast to the
incidence after SOT, where both EBV + PTLD and EBV-negative PTLD show
steady increases in incidence over time (see Chap. 7). This pattern of PTLD after
HSCT is attributed to the fact that most PTLDs after HSCT are EBV + PTLD, >80%
in most series [11, 17], and EBV infection is generally an early event after HSCT. In
contrast, up to 50% of PTLDs after SOT are EBV negative.

Risk Factors for PTLD

Several studies have reported a variety of risk factors for PTLD after HSCT. Some
factors are unique to HSCT, such as acute graft versus host disease (GVHD) or its
treatment. Some risk factors seem to be consistent across several studies, such as the
use of unrelated or more highly HLA-mismatched donors [3, 5, 16], acute GVHD
[2, 5, 18], more intense induction of immunosuppression [8] (especially T-cell-
depleting conditioning or as therapy for acute GVHD) [2, 3, 8, 18], EBV seromis-
match (where donor is EBV seropositive and recipient is negative) [5], and higher
EBV DNA loads post-transplant [18]. Other risk factors such as reduced intensity
conditioning, splenectomy, mesenchymal stromal cell infusion [5], or primary dis-
ease chronic myeloid leukemia [9] or aplastic anemia [2] have only been reported in
specific studies. The different risk factors for PTLD after HSCT show partial over-
lap with those for PTLD after SOT (Table 12.1). The magnitude of risk has been
represented in the different studies as adjusted hazard ratios (aHR) or relative risk
(RR) or relative hazard (RH). The different risk factors and the fold higher risk
across studies of several types of HSCTs are shown in Table 12.2 and Fig. 12.2.

Table 12.1 Comparison of risk factors for PTLD after either solid organ transplant (SOT) or
hematopoietic stem cell transplant (HSCT)

After SOT After HSCT
Unique to either SOT or | Intestinal or thoracic organ Reduced intensity conditioning
HSCT transplants
Sirolimus use de novo Umbilical cord blood transplant
Caucasian race Splenectomy

Graft versus host disease
More highly HLA-mismatched

donor
Mesenchymal stromal cell infusion
Common to both SOT High EBV DNAemia High EBV DNAemia
and HSCT, consistently
reported
Higher overall Higher overall immunosuppression

immunosuppression
Age <20 or >60 at transplant | Age <20 or >50 at transplant
EBV seromismatch (D+/R—) | EBV seromismatch (D+/R—)

(continued)
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Table 12.1 (continued)

After SOT

After HSCT

Common to both SOT
and HSCT, but
inconsistently reported

CMYV infection

CMYV infection

Alemtuzumab induction

Alemtuzumab induction

Anti-thymocyte globulins
induction

Anti-thymocyte globulin induction

Underlying diseases such as
cystic fibrosis

Underlying diseases such as
aplastic anemia, chronic myeloid
leukemia

Table 12.2 The different risk factors reported for PTLD after HSCT and the magnitude of risk
(either relative risk RR, hazard ratio HR, or relative hazard RH in multivariable analyses)

Study Risk factor Fold higher risk
Micallef et al. 1998 T cell depletion 3.05
Anti-T cell therapy for GVHD 12.7
Acute GVHD grades 3—4 7.7
Gross et al. 1999 T cell depletion 54
Immune deficiency 3.8
Higher donor age (per year) 1.04
Uhlin et al. 1999 EBV D+/R— 4.97
Reduced intensity conditioning 3.25
Acute GVHD grades 2—4 2.65
Splenectomy 4.81
Mesenchymal stromal cell infusion 3.05
Higher HLA mismatch 5.89
Landgren et al. 2009 HLA-mismatched or unrelated donor 3.8
Recipient >50 years age 5.1
Second HSCT 3.5
ATG use 3.8
Fujimoto et al. 2019 2010-2015 era (versus prior) 1.87
Aplastic anemia 5.19
Non-matched related donor Vary, depending on type
2 or more allogeneic HSCT 1.5
ATG preconditioning 6.13
ATG treatment for GVHD 2.04
Acute GVHD 1.93
Pagliuca et al. 2019 Unrelated donor 2.11
Recipient HLA DRB*11:01 allele 4.85
Fever at diagnosis of EBV infection 6.12
Donor-recipient sex mismatch 4.69

ATG anti-thymocyte globulin, EBV Epstein-Barr virus, GVHD graft versus host disease, HSCT
hematopoietic stem cell transplant
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PTLD 2 year percent rates based on risk categories

PTLD percent at 2 years
>

10
5

Landgren series Uhlin series Fujimoto series Pagliuca series

Fig. 12.2 Bar graph of PTLD percent rate after HSCT, based on risk categories from studies by
(a) Landgren et al., which list 4 risk categories (0 risk factor, 1 risk factor, 2 or greater than 3); (b)
Uhlin et al. [5], which list 1-5 cumulative risk factors; (c) Fujimoto et al. [2], which list 4 risk
categories — low risk O—1 points, intermediate risk 2 points, high risk 3 points, very high risk 4-5
points; (d) Pagliuca et al. [16], which list 3 risk categories — low risk 0—1 risk factors, intermediate
risk 2 risk factors, very high risk 3—4 risk factors. See Table 12.2 for further descriptions of the
individual risk factors

Only Landgren et al. reported any risk reducing factors: alemtuzumab use or elutria-
tion. In addition, Gao et al. [19] studied a specific subgroup, those receiving matched
sibling or haplo-identical peripheral blood stem cell transplants. In this group of 200
subjects, the risk factors identified were fludarabine containing conditioning regi-
mens (HR 3.8), CMV DNAemia (HR 11.6), and age <40 years (HR 2.5).

Survival After PTLD

In general, survival when PTLD develops after an HSCT is poor. Curtis et al. [4] and
Gross et al. [9], both in 1999, reported an 84% or 92% mortality and the rates have
not improved much in more recent eras. Uhlin et al. [5] reported in 2014 a 1-year
overall survival (OS) of 28% and 3-year overall survival of 20%, compared to a
3-year OS of 62% if HSCT recipients did not develop PTLD. In the series by Ocheni
etal., 9 of 11 patients with PTLD had died within 84 days, the remaining 2 surviv-
ing to more than 2000 days [7]. More recently, Romero et al. [11] reported a 1-year
OS of 19% and 4-year OS of just 10%. Of their 21 cases, 18 (86%) died, of which
94% of deaths were related to the PTLD itself. This was despite complete remission
rates of 50%, stable disease 10%, and progressive disease only 40%. Garcia-
Cadenas et al. from the Spanish GETH group reported a 2-year OS of 33% and a
PTLD-related mortality of 45% [10]. When comparing 222 EBV + PTLD to 45
EBV-negative PTLDs, Naik et al. [17] reported that EBV positivity of the PTLD did
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not show a better prognosis compared to EBV-negative PTLD. The 1-year OS was
53% for their entire cohort, stratified as 55% if EBV + PTLD and 44% if EBV nega-
tive (adjusted hazard ratio 1.42, p = 0.097). Pagliuca et al. [16] reported a 2-year OS
of 63% in their entire cohort, but complete remission after PTLD was only seen in
46% and 69% died [16]. In a combined series of 141 PTLD cases by Bishnoi et al.
[12], the 11 cases of PTLD after HSCT had an approximately 45% overall survival
at 1 year, no further mortality out to 5 years. In matched sibling or haplo-identical
peripheral blood stem cell transplants, the 1-year OS after PTLD was 44% [19].

Prognostic Factors After PTLD

In a multicenter study of 144 PTLD events between 1999 and 2011 from 19 centers
in the European Group for Blood and Marrow Transplantation [20], the worse prog-
nostic factors for overall survival that were retained after multivariable analyses
were (1) age at transplant >30 years (HR 2.2), (2) extranodal involvement (HR 3.2),
(3) acute GVHD > grade II at PTLD diagnosis (HR 3.6), and (4) no reduction of
immunosuppression at PTLD diagnosis (HR 0.6 if reduction performed). Separately,
a decrease of EBV DNAemia improved the PTLD prognosis, whereas an increase
of EBV DNAemia after 1 or 2 weeks of therapy was a predictor of poor response [20].

The Spanish GETH group recently published their comprehensive study of prog-
nostic factors. In their multivariable analyses of 102 PTLDs across 14 centers
between 2000 and 2015, (a) age >40 years (HR 1.9, P = 0.02), (b) malignant under-
lying disease (HR 2.1, P = 0.03), (c) non-response to rituximab (HR 2.1, P = 0.03),
and (d) severe thrombocytopenia (HR 2.3, P = 0.004) or (e) lymphocytopenia (HR
9.7, P =0.003) at PTLD diagnosis were associated with worse overall survival [10].

The most impactful intervention in reducing mortality due to PTLD following
HSCT has been the monitoring of patients at risk for EBV DNAemia and pre-
emptive therapy, usually with rituximab or with EBV-CTL. Even in the setting of T
cell depletion, this approach not only reduces the incidence of PTLD but has almost
eliminated mortality due to PTLD [21]. This approach is now recommended as the
standard practice [22].

Take-Home Messages

1. The risk for PTLD after HSCT is highest in the first few months post-transplant,
with low risk beyond the first year.

2. The incidence of PTLD varies with several, transplant and immunosuppression-
related risk factors; highest risk is seen in EBV-seronegative very young or very
old recipients receiving umbilical cord blood or highly HLA-mismatched trans-
plant organs and a high overall level of immunosuppression, especially at
induction.

3. Most PTLDs after HSCT are Epstein-Barr virus positive.
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4. The mortality after PTLD is very high in HSCT recipients.
5. Monitoring for EBV DNAemia and pre-emptive therapy has had the greatest

impact on reducing PTLD mortality after HSCT.
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In contrast to lymphomas in immune-competent patients, presentation of PTLD in
general is associated with a higher number of extranodal involvement and central
nervous system invasion. In addition allograft localization is a peculiar finding in
solid organ transplantation (SOT)-related PTLD, but seems to be observed less fre-
quently in allogeneic hematopoietic stem cell transplantation (HSCT)-related
PTLD. In allogeneic HSCT recipients, risk factors for PTLD development mainly
include the degree of HLA matching and, hence, the need for T-cell depletion pro-
tocols before transplantation. In addition higher recipient age and underlying pri-
mary immunodeficiency disorders are also considered risk factors. PTLD following
allogeneic HSCT typically is donor lymphocyte-derived, whereas SOT-related
PTLD in most cases is recipient-derived [1].

Presentation of patients with PTLD after allogeneic HSCT may be highly vari-
able due to the organs and structures involved [2, 3]. Often cases are preceded by a
mainly asymptomatic phase of EBV reactivation or primary infection in peripheral
blood. The lack of symptoms in these early stages may be attributable to the deple-
tion of T cells, preventing typical symptoms of fever and enlarged lymph nodes.
However, if left untreated, rapid disease progression finally leading to organ involve-
ment may occur, causing a huge variety of organ-specific symptoms. Late onset
PTLD has been described in a minority of patients and almost always results from
ongoing immune-suppressive therapy for chronic graft versus host disease
(GVHD) [2].
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Based on this concept, there are mainly two forms of clinical presentation: a
more classical nodal presentation with frequent involvement of Waldeyer’s ring,
lymph nodes, liver, and spleen. Patients often present with lymph node, liver, or
spleen enlargement or difficulties in swallowing and breathing. Involvement of lung
is common and may represent a risk organ, and patients may suffer from gastroin-
testinal symptoms like abdominal pain, mucocutaneous ulcers, or diarrhea [3-7].

On the other hand patients may present with a fulminant course, resembling
primary EBV-mononucleosis infectiosa or even hemophagocytic syndrome with
high fevers, cytopenias, and organ dysfunction up to multi-organ failure. The latter
is associated with high risk of fatal outcome [8]. Bone marrow examination should
be done at least in all patients with blood count abnormalities [9]. A minority of
patients (10-15%) presents with involvement of the central nervous system (CNS),
which may be suspected in the case of neurological symptoms (headache, seizures,
neurologic deficits) [8]. A lumbar puncture and, if symptoms are present, MRI
imaging of the brain are advisable in all patients. Recently a new entity, EBV-
positive mucocutaneous ulcer, was added to the revised WHO 2016 classification;
thus, a thorough inspection of the oral cavity is mandatory in all patients [10].

As symptoms of PTLD are often unspecific, the clinician is challenged by sort-
ing out several differential diagnoses (pathogen-induced sepsis, graft versus host
disease, recurrence of the underlying disease, toxic organ failure). A biopsy and
histologic evaluation are mandatory whenever deemed possible.

Few studies have compared the clinical presentation of PTLD following alloge-
neic HSCT and SOT. In a recent retrospective analysis, Romero et al. compared 82
cases of SOT-PTLD with 21 cases of HSCT-PTLD, showing differences in presen-
tation. HSCT-PTLD was associated with a higher incidence of B symptoms and
more advanced stage and of specific nodal (Waldeyer’s ring), splenic and extranodal
(liver and CNS) involvement. In this series 91% of the cases had an early onset
presentation [11]. In a large retrospective European Society for Blood and Marrow
Transplantation (EBMT) study, extranodal involvement was seen in 42% of the
patients [12].

Although most cases of PTLD following allogeneic HSCT are EBV-associated,
a recent retrospective analysis of the Center for International Blood and Marrow
Transplant Research (CIBMTR) showed 17% of PTLD cases were EB V-negative.
Time of occurrence following transplantation, clinical features, and histology were
not significantly different between EB V-positive and EBV-negative PTLD. Outcome
was poor in both subtypes [13].

In conclusion, clinical presentation of PTLD following allogeneic HSCT may be
very variable, often confronting transplant physicians with difficult but important
differential diagnoses including several early and life-threatening transplant-related
complications. In contrast to SOT-related PTLD, less information is available on
clinical presentation, which is probably due to the relative limited number of trans-
plantations (and hence cases) compared to SOT and to the widespread use of pre-
emptive administration of rituximab following allogeneic HSCT.
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Introduction

Post-transplant lymphoproliferative disorders (PTLDs) constitute a heterogeneous
group of lymphoproliferative diseases and result from the uncontrolled neoplastic
proliferation of lymphoid or plasmacytic cells in the context of extrinsic immuno-
suppression after transplantation [1, 2]. PTLDs in the HSCT setting are mainly of
donor origin; more often develop between 3 and 6 months post-transplant, when
virus-specific T-cell immunity has not yet reconstituted; and are almost exclusively
EBV-related, although rare cases of non-EBV-associated PTLD also exist in this
setting.

Diagnosis of PTLD

The diagnosis of EBV-associated PTLD is based on symptoms and/or signs consis-
tent with PTLD, together with detection of EBV by an appropriate method applied
to a specimen from the involved tissue [1, 3]. Diagnosis of EBV-associated PTLD
requires non-invasive and invasive techniques. Non-invasive diagnostic methods
include the quantitative determination of EBV-DNAemia and computed tomogra-
phy (CT) or positron emission tomography CT (PET-CT). Invasive methods include
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biopsy of lymph nodes and/or other sites suspected for EBV disease. Definitive
diagnosis of EBV-associated PTLD requires biopsy and histological examination,
including immunohistochemistry or flow cytometry for B-cell, T-cell, and plasma
cell lineage-specific antigens. EBV detection requires detection of viral antigens or
in situ hybridization for the EBER transcripts. Histological WHO 2016 classifica-
tion includes six types of morphological PTLD: plasmacytic hyperplasia, infectious
mononucleosis-like, florid follicular hyperplasia, polymorphic, monomorphic
(B-cell or T-/NK-cell types), and classical Hodgkin lymphoma PTLD [4].

In contrast to PTLD following SOT, EBV-associated PTLD following HSCT can
be diagnosed at the probable or proven level [5]. Probable EBV disease is defined
as the presence of symptoms and/or signs of lymphoproliferative disease in the
absence of tissue biopsy, but without other documented cause, together with signifi-
cant EBV DNAemia. Diagnosis of proven EBV-associated PTLD requires detection
of EBV nucleic acids or EBV-encoded proteins in a tissue specimen [5].

Treatment of PTLD After HSCT

Since PTLDs developing after HSCT are mainly EB V-positive B-cell lymphoprolif-
erations occurring in a heavily immunosuppressed setting, therapeutic options
include strategies aimed at either targeting B cells, such as anti-CD20 monoclonal
antibody rituximab and chemotherapy, or enhancing EBV-specific cytotoxic
T-lymphocyte (CTL) response, through reduction of immunosuppression (RIS)
and/or cellular therapy [6—14].

Therapeutic Agents

Rituximab

Rituximab is the treatment of choice for post-HSCT EBV-associated PTLD, with
positive outcome observed in 50-80% of patients, according to the different clinical
settings (reviewed by [1, 3, 7]). Rituximab is most often administered for up to 4
weekly doses, together with simultaneous monitoring of EBV viral load. More pro-
longed treatment was also used successfully [15, 16]. The European Ped-PTLD-2005
study for pediatric SOT recipients with PTLD observed a 64% complete or partial
response to three doses of rituximab as single agent and showed how 84% remained
in remission after three additional doses [17]. However, it should be noted that addi-
tional doses of rituximab might lead to down-regulation of CD20 expression and
thereby possibly decreasing its efficacy [18, 19]. Rituximab was shown to be effec-
tive also when administered intrathecally in CNS involvement [20].

Rituximab treatment is associated with limited toxicity; however, resistance can
be induced by down-regulation of CD20 on lymphoma cells [18, 21]. Although
rituximab is considered to be a relatively safe drug for the majority of patients, its
use, alone or in combination with chemotherapy, may bring a number of toxicities,
including allergy, late-onset neutropenia [22], hypogammaglobulinemia leading to
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an increased risk for infections [23], decreased effectiveness of post-transplant
vaccinations, and progressive multifocal leukoencephalopathy [24]. Although
allergy to rituximab is the only absolute contraindication for the use of this agent,
still it should not be confused with infusion-related reactions. Early post-transplant
use of rituximab in association with chemotherapy is often accompanied by pro-
longed neutropenia with the risk of graft failure or graft loss necessitating a stem
cell boost. There are no clear data on the role of growth factors in preventing neu-
tropenia: the use of hematopoietic growth factors might be considered, according
to the current European Organisation for Research and Treatment of Cancer
(EORTC) guidelines [25]. Rituximab causes significant hypogammaglobulinemia
and increases the incidence of bacterial infections [23]. Therefore, close monitor-
ing of Ig levels in order to help in decision making on immunoglobulin replace-
ment therapy, or other strategies to limit infectious-related mortality, should be
implemented following its use.

Reduction of Immunosuppression (RIS)

In many cases, RIS is the first intervention performed in patients diagnosed with
PTLD, in an attempt to restore tumor-specific immune responses. RIS is usually
defined as a sustained decrease of at least 20% of the daily dose of immunosuppres-
sive drugs with the exception of low-dose corticosteroid therapy [15]. Generally,
EBV-positive PTLDs respond much better to RIS than EBV-negative PTLDs [14].

RIS remains the gold standard for first-line PTLD therapy after SOT [26], while
it is rarely successful as the sole intervention in PTLD following HSCT [27]. In the
latter setting, the major defect consists in a delayed recovery of EBV-specific cel-
lular immune surveillance, and the time delay required for RIS to induce immune
reconstitution does not allow to counteract malignant cell outgrowth. Recent data
show that RIS, when feasible and applied in combination with rituximab, signifi-
cantly improves the outcome of PTLD after HSCT [15]. In detail, RIS was associ-
ated with a lower PTLD mortality (16% vs. 39%) and a decrease of EBV DNAemia
in peripheral blood during therapy, being predictive of better survival.

The use of RIS might be an obvious factor for an increased risk of rejection or
GVHD [28, 29]. An amenable alternative to RIS is the switch from conventional IS
to regimens including immunosuppressive agents with antitumor activity, such as
inhibitors of the mTOR pathway, that is central to B-cell proliferation in PTLD [30].
In SOT recipients with PTLD, replacement of calcineurin inhibitors with the mTOR
inhibitor sirolimus has been associated with good outcome [31], but data are con-
flicting and the effect probably is small, if any [32]. There is so far no evidence that
the SOT experience may be extrapolated to the HSCT setting.

Cellular Therapy

The simplest form of cellular therapy for PTLD occurring after HSCT, when the
stem cell donor is EBV-seropositive, is administration of unmanipulated donor lym-
phocyte infusions (DLI). This strategy has proven curative in a good proportion of
patients, but has been associated with the development of clinically relevant GVHD,
mediated by the alloreactive T lymphocytes present in the cell product [33]. An
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elegant strategy to reduce the risk of inducing GVHD consists of manipulating DLI
to introduce a suicide gene, to induce susceptibility to drug-mediated lysis in case
of development of alloreactive response [34, 35].

An alternative to overcome the problem of alloreactivity is adoptive cell therapy
with EBV-specific CTLs, reactivated from the peripheral blood of HSCT donors
and infused as EBV-associated PTLD prophylaxis or treatment in recipients of
T-cell-depleted, HLA-disparate, unrelated or haploidentical HSCT [21, 36-38].
CTLs proved safe and effective in the prevention of PTLD and in patients with
aggressive disease induced stable complete remissions. Literature data, reviewed in
[39], indicate an overall response rate of 80% in established PTLD, with 1%
GVHD. In the case of an EB V-negative donor, or when the donor is not easily avail-
able, third-party, HLA partially matched EBV-CTLs may be employed. These cells,
which have the advantage of being banked and, thus, readily available, showed a
complete response rate of 42% at 6 months in patients who failed conventional
treatment and were treated in a phase II multicenter clinical trial [40]. The response
correlated with closer HLA matching between recipient and cell donor [40]. These
results have been recently confirmed by two phase II trials with third-party EBV-
CTLs in EBV-associated PTLDs refractory to rituximab, which demonstrated a rate
of 60% long-lasting remissions [41]. Among the possible caveats of third-party
CTL treatment was the theoretical risk of inducing acute GVHD, but only 1 of 33
HSCT recipients developed grade I acute skin GVHD, compared to a GVHD rate of
17% observed after DLI [42].

Chemotherapy

Chemotherapy has traditionally been reserved for the refractory and/or relapsing
PTLD cases [13, 28]. Chemotherapy for PTLDs after HSCT is not recommended
and should not be used as first-line therapy, due to its poor tolerability in patients
who have already received intensive chemotherapy and because of the risk of induc-
ing neutropenia and graft failure [43].

The current approach in solid organ transplantation is to limit the use of chemo-
therapy only to those patients who fail rituximab [17, 44], or to combine chemo-
therapy with the application of rituximab [44-46]. The experience with the use of
chemotherapy for PTLD after HSCT is limited to anecdotal cases unresponsive to
anti-CD20 monoclonal antibody or cellular therapy.

Chemotherapy regimens similar to those used in the SOT setting can be consid-
ered for initial use in monomorphic PTLD occurring late in the post-transplant
course. CHOP, originally designed for the treatment of non-Hodgkin lymphoma, is
the most commonly used chemotherapeutic regimen after SOT and is administered
at 3-week intervals, usually combined with rituximab (R-CHOP) [47].

Antiviral Therapy

Currently, a relatively wide range of antiviral drugs is available. Although ganciclo-
vir, foscarnet, and cidofovir show some in vitro activity against replicating EBV
[48], treatment of established EBV-associated PTLD has been unsuccessful [49],
since these agents, except foscarnet, require thymidine kinase for activation, and
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latently infected B cells do not express the EBV-specific enzyme. Taking advantage
of antiviral compound efficacy against cells in the lytic phase of viral infection,
studies have focused on the possibility to induce the lytic cycle in PTLD cells. A
phase I/II trial of histone deacetylase inhibitor arginine butyrate in combination
with ganciclovir demonstrated overall response rates in 10 of 15 patients with EBV+
lymphoid malignancies, including patients with PTLD [50]. Unfortunately this
agent is no longer available for clinical use.

A new antiviral agent, maribavir, has shown in vitro activity against EBV [51,
52]. However this drug failed clinical trial for CM'V prophylaxis and is not currently
available [53]. Another new unlicensed antiviral agent, brincidofovir, has excellent
antiviral activity against EBV in vitro [54], but there are no clinical studies in
patients with EBV-DNAemia/PTLD, and, as for maribavir, the drug is currently
unavailable.

Other Therapies

There are no data to support the use of intravenous immunoglobulins (IVIG), or
immunomodulatory agents, such as interferons or anti-interleukin 6 monoclonal
antibodies, in the treatment of EBV-DNAemia or PTLD after HSCT. Interferons
have been employed in the past in SOT recipients, mostly in combination with RIS
and/or antiviral therapy, and the relatively low anti-tumor activity observed was
coupled with toxicity, including allograft rejection.

Since PTLD is mostly a disseminated lymphoproliferative disease, surgical ther-
apy and radiotherapy are of limited benefit after SOT, and they are not usually
employed in HSCT patients, unless required to manage local complications, such as
vital organ compression by the tumor [1, 13].

Novel Therapeutic Agents

Future therapeutics for PTLD include new monoclonal antibodies, small molecules,
and cellular therapies. The rarity of the disease is a major obstacle in testing these
strategies within clinical trials.

New anti-CD20 monoclonal antibodies, such as ofatumumab and obinutuzumab,
that showed enhanced ADCC activity and higher ability to evoke apoptosis are
being tested in the treatment of rituximab-refractory B-cell lymphomas, in combi-
nation with other agents, with good results [55].

Other new possibilities, being already successfully used in clinical practice in
resistant cases, include (i) the immunomodulatory agent lenalidomide [56, 57], that,
in addition to being used in monotherapy, has been shown to increase ADCC activ-
ity of rituximab when used in combination; (ii) the anti-PD1 checkpoint inhibitor
nivolumab [58], preferred to anti-CTLA-4 blockers for the lower risk of rejection;
(iii) the proteasome inhibitor bortezomib [59]; (iv) the CD19 chimeric antigen
receptor-modified T cells (CD19-CAR-T cells); and v) the anti-CD30 monoclonal
antibody brentuximab vedotin [60]. The rationale for the use of brentuximab vedo-
tin is based on high expression of CD30 on EBV-infected B cells, reaching 85% of
cases in EBV-associated PTLD [55, 61, 62]. The use of this compound gives signifi-
cantly low risk of neutropenia and graft failure or graft loss. CD30 targeting might
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also eventually be beneficial on theoretical grounds for patients with GVHD [63].
All these products are not yet approved in PTLD.

Currently ongoing clinical trials for PTLD treatment aiming at elucidating treat-
ment regimens for patients after HSCT include also combination therapy with
mTOR inhibitor everolimus, histone deacetylase inhibitor panobinostat, and val-
ganciclovir used with phenylbutyrate (reviewed in [7, 55]).

First- and Second-Line Therapy for PTLD After HSCT

In the setting of HSCT, in the case of both proven and probable EBV-associated
PTLD, therapy should be started as soon as practicable, due to the risk of a rapidly
growing high-grade lymphoid tumor, together with the risk of EBV causing the
development of multi-organ impairment.

First-Line Therapy Rituximab monotherapy is the treatment of choice for EBV-
associated PTLD (Table 14.1). RIS should be combined with rituximab administra-
tion, when feasible, as results with the combined approach are more favorable [15].

Second-Line Therapy In the setting of rituximab failure, second-line therapy
options include cellular therapy (DLI or CTLs) or chemotherapy + rituximab.
Unselected DLI from an EBV-positive donor are employed to restore broad T-cell
reactivity, including EB V-specific responses; however, unselected DLI can be asso-
ciated with severe GVHD [33], and thus, previous GVHD is usually a contraindica-
tion to DLI. ECIL’s (European Conference on Infections in Leukemia) preferred
approach is specific cellular therapy. As donor EBV-specific CTLs are not readily
available for all centers, third-party banked CTLs could be a more feasible option.

Table 14.1 Recqmmended Type of recommendation

first- and second-line for clinical use Therapy

therapy for PTLD First-line therapy 1. Anti-CD20 monoclonal
after HSCT

antibodies: rituximab
. Reduction of immunosuppression
. EBV-CTL
. DLI (donor lymphocyte infusions)
. Chemotherapy

Second-line therapy

. Antivirals

IVIG

. Interferon

. Surgery

. Anti-CD30 monoclonal antibodies
. Anti-PD1 antibodies
. Lenalidomide

. Bortezomib

. Everolimus

. Panobinostat

. CD19-CAR-T cells

Not recommended

Experimental

NOUR LN RO W=D
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Data on the efficacy of second-line treatments in the HSCT setting are limited. A
number of novel agents, potentially effective and with better toxicity profile than
chemotherapy, are being evaluated in prospective clinical trials (Table 14.1).

Response to Therapy

The treatment goal is resolution of all signs and symptoms of PTLD, including a
negative viral load. Response to rituximab therapy can be identified by a decrease in
EBV DNAemia of at least 1 logy, in the first week of treatment. Peripheral blood
viral load monitoring after PTLD treatment, particularly when anti-CD20 monoclo-
nal antibodies have been employed, has limitations, as EBV-DNAemia may decrease
and remain low even in the presence of disease progression [65]. The use of plasma
as a monitoring compartment seems to have a better correlation with response [66].

Younger age is a favorable factor predicting outcome to rituximab-based therapy.
Two prognostic models for outcome of PTLD after HSCT are available (Table 14.2).
In one study favorable prognostic factors for outcome to rituximab therapy included
age below 30 years, underlying non-malignant disease, no acute GVHD, RIS at
EBV-associated PTLD diagnosis, and decrease of EBV DNAemia after initial ther-
apy [15]. In the study of Garcia-Cadenas et al. [64], positive factors involved: age
<40 years, non-malignant underlying disease, response to rituximab, and lack of
severe thrombocytopenia or lymphocytopenia.

The response to therapy can be confirmed by achievement of a PET-negative
complete remission for avid lymphomas and CT/MRI for non-avid histologies or
CNS localization [67, 68]. Partial response requires a decrease by more than 50% in
the sum of the product of the perpendicular diameters (PPDs) of up to six represen-
tative nodes or extranodal lesions. Progressive disease is diagnosed with an increase
in the PPDs of a single node by >50% [67].

Current Results and Outcome

Pooled results from published studies in HSCT recipients reveal that administration
of rituximab results in a positive outcome for over 90% of patients treated preemp-
tively and over 65% when it is used as targeted therapy for EBV-associated PTLD

Table 14.2 Prognostic models for outcome of EBV-associated PTLD

References Population Prognostic model: poor predictive factors

Styczynski et al. | 144 PTLD (54 children and 90 | Age >30 years

[15] adults); international Involvement of extralymphoid tissue
Acute GVHD
Lack of reduction of immunosuppression
upon PTLD diagnosis

Garcia-Cadenas 102 PTLD (children and Age >40 years

et al. [64] adults); national Malignant underlying disease
Non-response to rituximab
Severe thrombocytopenia or
lymphocytopenia
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Table 14.3 Results of anti-EB V-associated PTLD therapy

Treatment strategy Therapy of PTLD References

Rituximab 65% [15, 43, 79-86]
Rituximab + RIS 78% [15, 16, 93-95]
EBV-CTL 71-75% [21, 38, 4043, 87-90]
RIS 61% [16,96-99]

DLI 58%* [15, 16,42,43,91, 92]
Chemotherapy (£rituximab) 26-35%* [15, 16, 43, 81, 82]
Antivirals (cidofovir) 34%* [42]

aUsually used with other therapies (in second-line therapy)
RIS reduction of immunosuppression, DLI donor lymphocyte infusions, CTL cytotoxic T
lymphocyte

(Table 14.3) [15, 43, 69-86]. Recent data demonstrate that RIS, when applied in
combination with rituximab, appears to improve the outcome to 80% success rate
[15]. The use of EBV-CTLs gives a positive outcome for >90% of patients treated
preemptively and for approximately 75% of subjects receiving therapy for estab-
lished disease [21, 38, 40-43, 87-90].

There are no studies directly comparing the efficacy of rituximab + RIS vs. EBV-
CTL in either prophylaxis, preemptive, or targeted therapy. Thus, there is insuffi-
cient evidence to support a recommendation for one treatment modality over another
as a first-line approach for centers with access to both therapies.

Worse results were obtained in the treatment of EBV-associated PTLD with
other agents, which are nowadays not recommended and should be regarded as
historical (Table 14.1). The use of DLI gave improvement in 57% of patients with
PTLD; however, patients’ numbers were low [15, 16,42, 43,91, 92]. Chemotherapy
applied usually as a second-line therapy, together with other treatment modalities,
was successful in less than 35% of the patients [15, 16, 43, 81, 82]. Antivirals,
mainly cidofovir, often used in combination with other treatment modalities, also
had a success rate lower than 35% [43].

Outcome of Treatment: Children Versus Adults

Younger age has a positive prognostic value for outcome after rituximab-based ther-
apy. In the IDWP-EBMT study, risk factor analysis for outcome of PTLD therapy
with rituximab was performed in 55 children (<18 years) and 89 adults after HSCT:
response to therapy was 78% in pediatric patients vs. 64% in adults, with children
showing a twofold lower hazard ratio of mortality from PTLD than adults (p = 0.04)
[15, 100]. Multivariate analysis identified variables predictive for good outcome in
children and in adults. In children early response after 1 week of therapy and RIS at
PTLD diagnosis were associated with a good prognosis, while involvement of
extra-lymphoid tissue, initial plasma EBV-DNAemia >10° copies/mL, and increase
of EBV-DNAemia during therapy by 1 log were predictors of poor outcome. In
adults, good prognosis factors were the same observed for children, while age
>30 years, initial plasma EBV-DNAemia >10* copies/mL, and increase of EBV-
DNAemia during therapy by 1 log predicted poor outcome [15, 100].
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Refractory and Relapsed PTLD

Refractory PTLD is diagnosed when no complete or partial response is observed
after 4 weeks of therapy, or no complete remission is observed after 8§ weeks of
therapy.

Refractory and recurrent PTLD following first-line treatment in HSCT recipients
represents a particularly difficult therapeutic challenge. Therapeutic choice should
be based on a number of factors including PTLD histology and the type of PTLD
treatment previously received. Patients with a history of previous treatment of EB V-
associated PTLD, and undergoing a second transplant, should possibly receive pro-
phylactic rituximab after stem cell infusion.

Treatment of Central Nervous System (CNS) Disease

Central nervous system localization of PTLD is a special form of the disease, due to
the risk of neurological consequences even in the case of successful eradication of
EBYV from the CNS. No standard therapy has been accepted up to date. Although no
clear recommendations exist for therapy of CNS disease, possible therapeutic
options include (a) rituximab, either systemic [15, 94] or intrathecal [20]; in the lat-
ter case, dose of rituximab was 10-30 mg in 3—10 mL saline administered weekly
[20]; (b) T-cell therapy with EBV-CTLs [37, 101]; (c) radiotherapy [102]; and (d)
chemotherapy + rituximab according to primary CNS lymphoma protocols based
on high dose of methotrexate + cytarabine [103, 104], CHOP protocol [102], or
hydroxyurea [105].

Treatment of Atypical Forms of PTLD
EBV-Negative PTLD

More than 90% of B-cell PTLD after HSCT are associated with EBV. However, a
growing number of EBV-negative B-cell PTLD cases have been reported, present-
ing late (>5 years) after transplant. Several observations point toward the fact that
EBV-positive PTLDs are different from EBV-negative PTLDs. In EBV-positive
cases immune responses play an important role, and genomic aberrations are less
complex in comparison with EBV-negative PTLDs [14, 106].

EBV-negative PTLD following HSCT is biologically similar to EBV-negative
lymphoma occurring in the general population; however, the different immune sta-
tus of the host should be taken into account in the treatment plan. Biological and
clinical differences between EBV-positive and EBV-negative PTLDs suggest that
these are different entities that should be analyzed and treated separately. Currently,
the prognostic impact of EBV is not clear, but several data point toward a positive
prognostic significance of the presence of EBV on the outcome of lymphoma
patients [14]. According to ECIL-6, these cases should be regarded as malignant
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lymphoma rather than PTLD [1]. Consequently, in the post-HSCT setting, EBV-
negative PTLDs developing at more than 5 years from the cessation of immunosup-
pressive therapy should be treated using protocols for malignant lymphoma [1].

Treatment of T-/NK-PTLD

T- and NK-PTLDs are extremely rare after HSCT. So far, only 10 cases of T-PTLD
after HSCT were described in the literature, almost exclusively EB V-negative [107—
113]. In comparison to B-cell PTLD, T-PTLDs present usually later following
transplant. Prolonged immunosuppression is the most important risk factors for
T-PTLD development [114, 115]. For the majority of B-cell PTLD, a putative role
of EBV has been known, whereas no direct role for EBV has been confirmed in
T-PTLD. Mature T lymphocytes do not express the EBV receptor CD21; however,
some T-PTLDs might display aberrant expression of CD21 and EBV [116]. Late
cases should be regarded as malignant lymphoma rather than as PTLD [1], have a
poor outcome, and should therefore be treated using protocols for malignant lym-
phoma. Genetic and molecular studies should confirm the differences.

Some T-/NK-cell PTLDs occur shortly after transplantation, and of those, almost
40% are EBV+ and have a better prognosis than their EBV-negative counterpart
[117]. EBV-positive cases may benefit from donor or third-party EBV-CTL treat-
ment, in association, when feasible, with RIS [101]. Composite B-cell and T-cell
lineage PTLDs, harboring both B- and T-cell clones either concurrently or succes-
sively in the same patient, are extremely rare and only a few cases have been
reported in the literature, exclusively after SOT, with poor outcome.

Conclusions

PTLD is one of the most severe complications associated with transplantation. The
last 15 years dramatically changed the clinical picture of EBV-associated PTLD
after HSCT and caused a shift from deadly disease to considerable improvement,
with a positive outcome currently reached in about 70% of cases.

This progress was made possible by the introduction of new key diagnostic and
therapeutic approaches in PTLD, including the use of quantitative monitoring for
EBV-DNAemia by PCR, preemptive therapy, and timely treatment with rituximab.
Novel therapeutic strategies that are being tested in clinical trials will likely further
improve results, hopefully contributing to ameliorate outcome for those PTLD enti-
ties that are still burdened by poor prognosis.
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Introduction

After hematopoietic stem cell transplantation (HSCT), posttransplant lymphoprolif-
erative disorder (PTLD) arises due to impaired immune surveillance of Epstein-
Barr virus (EBV). EBV is a human gamma-herpesvirus that establishes lifelong
persistence in oral epithelial cells and B lymphocytes. In a healthy person, EBV
causes a mild to moderate viral illness and induces potent cell-mediated immunity
by EBV-specific T cells that control the pool of latently infected cells [1]. However,
during the period of severe immune suppression after HSCT, particularly T-cell-
depleted HSCT, patients are at risk for EBV-driven PTLD.

While the incidence of PTLD after HSCT is less than 5% and remains unchanged
in recent years, frequencies of up to 20% have been reported in patients with estab-
lished high-risk features [2, 3]. Despite the introduction of regular surveillance, the
incidence of PTLD is not decreasing, a finding that relates at least in part to (i) an
increase in the number and complexity of transplants performed, in particular hap-
loidentical transplants, (ii) the use of T-cell depletion, and (iii) improved awareness
and diagnosis of PTLD [4]. PTLD after HSCT is often more disseminated and
aggressive with a worse prognosis than after solid organ transplantation (SOT) [5].
Twenty years ago, the mortality rate of patients with PTLD after HSCT was as high
as 84% [6], with reduction of immunosuppression being the only effective treat-
ment. The introduction of the anti-CD20 antibody rituximab targeting EB V-infected
B cells dramatically improved survival to around 70% [4, 5, 7]. However, current
rituximab and chemotherapy-based treatments carry significant morbidity from
B-cell immune suppression and organ toxicity in an already vulnerable patient pop-
ulation. Preventive approaches, especially in patients at high risk of developing
PTLD after HSCT, are therefore needed to avoid later treatment complications.

Biology of PTLD After HSCT
Subtypes

PTLD is a heterogeneous disease that is most commonly of B-cell origin, regardless
of subtype. It is currently subdivided as classified by the World Health Organization
(see Chap. 2). Several key features distinguish PTLD that occurs following HSCT
from that occurring post-SOT. PTLD most commonly occurs in the first 6—12 months
after HSCT during the time of most substantial immune compromise, and before
reconstitution of the EBV-specific immune response has occurred [8, 9]. PTLD after
HSCT is almost always donor-derived as the immune-compromised setting allows
for uncontrolled proliferation of donor-derived EBV-infected B cells [10-12].
PTLD can occur many years after SOT due to continued immune suppression, and
in cases occurring over 2 years from SOT, up to 33% are EBV-negative PTLD,
which is rare post-HSCT. Reports detailing a high incidence of PTLD in pediatric
patients receiving reduced intensity conditioning including ATG and alemtuzumab
highlight the likely contribution of residual recipient B cells in the development of
PTLD [13, 14].
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EBV Gene Expression in PTLD Post-HSCT

All EBV-associated malignancies, including PTLD, are associated with the virus’
latent cycle [15], which makes antiviral agents that generally target the lytic cycle
highly ineffective [16]. Viral gene expression defines the pattern of latency and the
pathogenicity of the PTLD [17]. Type III latency, in which B cells express all EBV
latency proteins, is highly immunogenic and is seen in most polymorphic, poly-
clonal PTLD that develops after HSCT. Importantly, this Type III latency profile is
identical to that seen in EBV-transformed B lymphoblastoid cell lines (LCLs), the
in vitro use of which has been instrumental not only in the study of EBV but also for
the manufacture of T-cell-based therapies for PTLD. More aggressive, monomor-
phic forms of PTLD, which are more commonly seen in recipients of SOT, gener-
ally resemble Hodgkin or non-Hodgkin lymphoma (Burkitt, diffuse large B cell,
etc.) and express a more restricted pattern of latency genes, typically known as Type
I and Type II latency, respectively [8]. These types of latency are less immunogenic
and more difficult to target with T cells.

Risks Factors for PTLD After HSCT

PTLD most commonly occurs within 12 months of HSCT, while patients may still
be receiving immunosuppression to prevent or treat graft-versus-host disease
(GVHD) and before immune reconstitution occurs. Risk factors for the develop-
ment of PTLD have been well established, with increased T-cell depletion leading
to uncontrolled proliferation of EBV-infected B cells as the most substantial con-
tributor. Hence, preparative regimens that include selective T-cell-depleting agents
such as antithymocyte globulin (ATG) and to a lesser degree broader depleting
agents that target both T and B cells such as Campath (commonly used in HLA-
mismatched HSCT settings) are more likely to cause PTLD [3, 12]. Donor/recipient
EBYV serology status mismatch, while more common in the SOT setting, remains a
major risk factor for PTLD after HSCT [2]. For example, recipients of cord blood
donor grafts are at higher risk of PTLD because of the seronegative (naive) donor
source, coupled with slow antigen-specific T-cell immune reconstitution following
umbilical cord blood transplantation [18]. By contrast the risk of PTLD following
SOT is higher when an EBV-negative recipient receives a graft from an EBV-
positive donor, resulting from uncontrolled infection of recipient B cells by virus
carried in by the graft [19].

Scoring systems based on established risk factors (described in Chap. 12) have
been designed to predict the risk of PTLD. These can be used to determine the
appropriateness of preemptive interventions. One such scoring system, created by
Fujimoto et al., was based on three pre-transplant risk factors identified in a nation-
wide retrospective analysis of EBV+ PTLD in patients undergoing transplant
between 1990 and 2016: ATG use in a conditioning regimen (high dose, 2 points;
low dose, 1 point), donor type (mismatched related donor, 1 point; unrelated donor,
1 point; cord blood, 2 points), and aplastic anemia (1 point). Patients were classified
into 4 risk groups according to the total score: low risk (0 or 1 point), intermediate
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risk (2 points), high risk (3 points), and very high risk (4 or 5 points), with probabili-
ties at 2 years of 0.3%, 1.3%, 4.6%, and 11.5%, respectively [20]. It is worth noting
that increased use of ATG and of mismatched (unrelated and CB) donor sources, as
well as second transplants after 2010, likely contributed to the rising incidence of
PTLD. While the overall rate of PTLD in this population was lower than in similar
smaller reports (likely due to diminished use of ATG in the earlier vs. later years
studied and exclusion of haploidentical donors), this sort of scoring system is of
potential use in predicting patients at highest risk for PTLD. Importantly, while the
incidence varies, the risk factors for PTLD are clear and should be incorporated into
surveillance and preemptive therapy algorithms.

Prevention Strategies

Surveillance After HSCT

Measuring EBV DNA load by quantitative PCR is the mainstay for monitoring for
EBV after HSCT, but should not supplant biopsy as the “gold standard” to defini-
tively diagnose PTLD [21]. Elevated and rising EBV DNA loads are the hallmarks
of PTLD development, but differences in EBV DNA assays between different labo-
ratories and hospitals and a lack of consensus regarding threshold values that indi-
cate the need to search for PTLD hinder the utility of viral load as an indicator for
PTLD. The reported positive and negative predictive values vary widely for the use
of EBV DNAemia to diagnose PTLD following HSCT, ranging from 25% to 40%
and 67% to 86%, respectively [4, 22-24].

EBYV DNAemia can be measured in plasma, in whole blood, or in blood mono-
nuclear cells (PBMC). The relative advantages and disadvantages of measurement
of each of these compartments are discussed in Chap. 6. Hakim et al. found that
quantitative PCR using whole blood or PBMC was more sensitive than using plasma
in the pediatric HSCT setting, and thus, many transplant centers prefer to use whole
blood detection over plasma [25]. EBV DNA in blood can represent cell-free virus,
killed virus-infected cells, or circulating EB V-infected cells. Hence, for the purpose
of prevention, measurement of EBV load in whole blood is more sensitive and
likely to be positive prior to detection in plasma and thus is likely the preferable
compartment to follow EBV loads.

Reduction of Immune Suppression

Reduction of immune suppression (RIS), if possible, should be considered with ris-
ing EBV levels of DNAemia. Liu et al. used a preemptive intervention protocol
combining antiviral agents with RIS when EBV DNA was detected in two consecu-
tive samples. This approach resulted in complete responses (CR), as defined by
resolution of EBV DNA loads in plasma, without signs or symptoms of EBV-
associated disease in 22 of 48 patients with EBV DNAemia after HSCT when
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treated with antiviral agents with RIS, but in only 2 out of 16 treated with antiviral
agents alone [26]. However, RIS may increase the risk of GVHD, and the potential
risk and benefit must be weighed on an individual patient basis [23].

Preemptive Treatment with Rituximab

Because PTLD carries a high risk of mortality, many practitioners elect to use ritux-
imab, a monoclonal antibody targeting CD20+ cells, as preemptive therapy prior to
the development of PTLD for patients with EBV DNAemia after HSCT. However,
there is no consensus for the threshold of EBV load appropriate to initiate preemp-
tive rituximab, with recommendations ranging from 1000 to 40,000 EBV copies/ml
of blood [27-30]. Moreover, a specific value may be of less importance than a rapid
rate of increase in EBV copy number [23]. In one study of 70 children receiving
reduced intensity conditioning with alemtuzumab, 20 were treated preemptively
with rituximab due to elevated EBV DNA loads. These patients had a significantly
lower incidence of PTLD than historical cohorts (1.4% vs. 21.7%, p = 0.003) [29].
In the study of Liu et al. mentioned earlier [26], 15 patients required preemptive
rituximab after failing antiviral agents and RIS, and of these 14 subsequently
achieved a CR. However, as rituximab causes an increased risk of infection from
prolonged hypogammaglobulinemia and neutropenia, the risks of preemptive ritux-
imab should be carefully weighed against its benefits [23, 31, 32]. The Sixth
European Conference on Infections in Leukemia (ECIL-6) guidelines recommend a
weekly rituximab dose of 375 mg/m? until EBV DNAemia has resolved, with 1-4
doses usually being sufficient in the post-HSCT setting [23].

Prophylaxis or Preemptive Therapy with T Cells

Donor lymphocyte infusion (DLI) to increase EB V-specific immunity was the first
form of cellular therapy for PTLD with initial reports published almost 30 years ago
[33, 34]. In 1994, Papadopoulos et al. demonstrated complete responses in all of
five PTLD patients treated with DLI from their seropositive donors [35]. In 2012,
Doubrovina et al. induced sustained complete remissions in over 70% of 30 patients
treated with DLI. However, this approach carries the risk of GVHD, with DLI recip-
ients having a 14% cumulative incidence of acute GVHD within 1 year after
DLI [36].

Donor-derived EBV-specific T cells (EBVSTs) were therefore developed to
increase EBV immunity through cellular therapy while minimizing the risk of
GVHD [37, 38]. Donor-derived EBVSTs have been used not only to treat PTLD but
also as a preventative measure to reduce high EBV DNA loads and as prophylaxis
for patients at high risk for developing PTLD. Rooney et al. treated 39 patients who
were at high risk for developing PTLD with donor-derived EBVSTs, and none
developed PTLD compared to 7 of 61 in a historical control group. Notably, 6 of the
39 patients who received prophylactic T-cell infusions had high EBV viral loads at
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the time of infusion, and substantial decreases in viral load were obtained in all.
Two additional patients who did not receive prophylactic T cells developed PTLD
and received EBVSTs as treatment. Both patients achieved CRs [37]. In an exten-
sion of these studies, Heslop et al. used donor-derived EBVSTs to treat 101 patients
at high risk of developing PTLD after HSCT, and none developed PTLD [39]. These
results were compared to a historical incidence of 11% in patients undergoing simi-
lar transplants. Twelve of the 101 patients had EBV DNAemia at the time of pro-
phylactic infusion, and EBV viral load decreased after infusion in 11 of these
patients. No patient in this cohort developed de novo acute GVHD.

To evaluate whether virus-specific T-cell (VST) products that target multiple
viral antigens in a single product can control EBV DNAemia, Leen et al. infused 11
patients with multivirus-specific T cells targeting CMV, EBYV, and adenovirus; 10 of
the 11showed an increase in the frequency of EBV-responsive T cells by 4 weeks
after infusion. Three of the 11 patients had PTLD or EBV DNAemia at time of infu-
sion, and all showed a clinical response to infusion, including complete resolution
of PTLD [38]. Leen et al. also demonstrated clearance of EBV DNA in the blood of
3 of 3 patients treated with donor-derived, bivirus (EBV and adenovirus) T cells
[40]. In 2014, Papadopoulos et al. treated 11 patients with donor-derived VSTs tar-
geting five viruses (including EBV) of whom three had either EBV DNAemia
(n =2) or PTLD (n = 1) post-HSCT, and all patients with EBV-related disease
achieved a CR [41]. Overall, EBV-specific T-cell infusions are well tolerated, have
a low risk of GVHD, and provide a safe and effective strategy to treat PTLD and to
prevent PTLD by eradicating EBV DNAemia.

Advances in Manufacturing of EBV-Specific T Cells

The initial successes of donor-derived EBVSTs were hindered by the lengthy manu-
facture process. More recently, several “rapid manufacturing” strategies have
improved upon the complex procedures classically used to generate EBVSTs.
Newer approaches replace lymphoblastoid cell lines or viral vector-transduced
antigen-presenting cells (APC) with APCs pulsed with overlapping peptide libraries
covering the entire protein sequence of selected viral antigens to stimulate and
expand EBVSTs. This technique shortens the manufacturing process to as little as
10 days and is used in current clinical trials of VSTs [42].

To further shorten the time of VST manufacture, several groups have selected
VSTs directly from donor blood, either by selection of multimer (HLA-peptide
complex)-positive cells or by IFN-y capture selecting cells that secrete IFN-y in
response to antigen stimulation (IFN-y capture). Icheva et al. infused donor-derived
EBNA-1-directed VSTs into ten patients with EBV viremia or PTLD [43]. Donor
PBMCs were first stimulated overnight with EBNA-1 protein (n = 7) or overlapping
peptide libraries (n = 3), then isolated by IFN-y capture using the CliniMACS
(Miltenyi Biotec) immunomagnetic device, and infused directly. The therapy was
well tolerated, though one patient experienced Grade 1-2 acute skin GVHD. Clinical
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response was correlated with in vivo EBNA1 VST expansion. Seven of eight
patients with T-cell expansion exhibited a decrease in viral load and/or some
improvement in disease (despite the small doses used). In contrast, the two patients
without T-cell expansion did not respond to the therapy [43]. Multimer selection
uses magnetically labeled peptide multimers to isolate T cells specific for pertinent
peptide/MHC multimers [44]. While both of these methods can selectively isolate
EBVSTs in less than 48 hours without ex vivo expansion, they both require consid-
erable amounts of donor blood, since the EBV-specific T-cell precursor frequency is
low, and donors that are available and willing [43—47].

Alternative VST Cell Donor Sources

A limitation of donor-derived T cells is the need for a seropositive donor. However,
recent studies from Hanley et al. demonstrated that multivirus (CMV, EBV, and
AdV)-specific T cells can be generated from umbilical cord and from virus-naive
adult donors [48]. Cord blood-derived multivirus-specific T cells targeting CMV,
EBY, and adenovirus have proved feasible to generate and safe and efficacious in
patients. In two related clinical trials, investigators were able to manufacture an
eligible T-cell product from cord blood (CB) in 18 out of 21 cases. Fourteen patients
received cord blood-derived T-cell products: seven for treatment of DNAemia and
seven as prophylaxis [49]. All patients with active DNAemia (including two with
EBV) who received CB-VSTs had decreases in viral load with complete clearance
occurring in five patients. There were no infusion-related adverse events and no
cases of Grade 3 or 4 acute GVHD. As patients receiving umbilical cord transplan-
tation are at a higher risk for developing PTLD due to delayed immune reconstitu-
tion, the ability to generate virus-specific T cells from CB for either prophylaxis or
treatment is a significant advance in the field of adoptive immune therapy. However,
CB-derived VSTs still take several weeks to manufacture and undergo release test-
ing and thus are not readily available for a patient with quickly rising EBV load or
PTLD, which has prompted the development of third-party VST banks.

Third-Party EBV-Specific T Cells

Despite its promise, prophylaxis of PTLD with HSCT donor-derived EBVSTs has
challenges. The procurement and manufacture of EBVSTs may be prolonged when
the donor is unrelated and/or EBV seronegative. Immediate selection strategies
require a large amount of blood and are limited by the precursor frequency of
EBVSTs in patient blood, and HSCT donors are not always willing or available. An
“off-the-shelf” T-cell product is therefore an attractive option and, once such banks
are commercially available, should enable more widespread use of EBVSTs.
Several groups have generated banked, cryopreserved “off-the-shelf” or “third-
party” EBVSTs to treat patients with relapsed or refractory PTLD as well as EBV
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DNAemia. These immediately available third-party banks are generated from the
peripheral blood of blood bank-eligible, EBV-seropositive healthy donors [36, 42,
50-53]. These banks may be manufactured using the rapid expansion strategies
discussed above and are designed to yield T cells with high EBV antigen specificity
and effector function. Third-party EBVST banks allow the selection of EBVST
lines with potent virus specificity through shared HLA alleles. Since each EBVST
line may recognize EBV proteins through only one or two alleles, the lines should
ideally be characterized for their HLA restricting alleles to ensure the best choice of
line. However, the degree of characterization varies depending on the VST bank
[36, 42, 50-53], but at a minimum, third-party EBVSTs are HLA typed to allow
product selection based on the degree of HLA match with the recipient. Early stud-
ies found that the majority of patients who did not respond to therapy received a
product with EBV-specific activity through an HLA allele not shared by the recipi-
ent’s EBV PTLD [36]. Hence, later studies determined the HLA restriction of each
line using banks of EBV-LCLs matched at a single HLA allele in cytotoxicity or
other immunoassays [36, 42, 50-53]. Strategic bank design to maximize HLA cov-
erage based on the most commonly encountered HLA types has enabled smaller
banks, often specific to one geographic region, to cover the majority (>90%) of
referred patients [34, 35].

To date, none of the abovementioned studies has reported de novo acute or
chronic GVHD or flares of preexisting GVHD. The absence of GVHD relates to the
fact that the manufacturing process reduces or eliminates the number of alloreactive
T cells in the infusion product. The disadvantage of third-party EBVSTs is their
short persistence compared to patient-specific VSTs. Since they are mismatched at
a number of HLA class I and II alleles, they are vulnerable to rejection and clear-
ance even in immunocompromised hosts. This may limit the efficacy of third-party
EBVST as prophylaxis in patients without EBV DNAemia as EB V-specific immu-
nity may not persist long-term. However, third-party EBVSTs may still be an effec-
tive preemptive strategy due to their ability to eradicate EBV DNAemia in patients
with high viral loads who are at high risk for developing PTLD.

The feasibility, remarkable clinical responses, and favorable safety profile of
third-party EBVST banks in patients with EBV+ PTLD have led to larger trials,
partnerships with industry, and attempts to integrate third-party EBVSTs earlier in
treatment. For example, the Pediatric Blood and Marrow Transplant Consortium
(PBMTC) has a Phase 1/2 study using third-party multivirus-specific T cells to treat
EBV, CMV, and adenovirus DNAemia in pediatric patients after allogeneic HSCT
or in patients with primary immunodeficiency before HSCT (NCT03475212).

Ongoing research is focused primarily on (1) protecting third-party cells from
rejection by the host [54], which should in turn enhance their persistence and poten-
tially prolong clinical responses; (2) incorporating third-party EBVSTSs earlier in
therapy (NCT02900976); and (3) using this therapeutic option outside the trans-
plant setting in patients with EBV+ lymphoproliferative disease or lymphoma unre-
lated to prior transplant (NCT02287311).
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Future Directions

While this chapter has focused on strategies to enhance the EBV specificity of the
native T-cell receptor, genetic modifications can produce T cells with enhanced
capabilities. In some cases, gene editing has also been used to render EB V-specific
T cells resistant to the immunosuppressive tumor microenvironment (TME) or
immunosuppressive medications.

Genetic modification of EBVSTs to provide resistance to destruction by com-
monly used immunosuppressants such as tacrolimus (FK506) and steroids is a
promising preclinical strategy that has been explored by several groups [55, 56].
DeAngelis et al. silenced the FK506-binding protein (FKBP12), generating FK506-
resistant EBVSTs that displayed anti-PTLD activity and FK506 resistance in vitro
and in a murine xenograft model [56]. Since it is difficult to treat PTLD that occurs
concurrently with GVHD, we await results from future clinical studies evaluating
these and other strategies that impart immune-suppression resistance to adoptively
transferred EBVSTs.

Conclusions

While PTLD has a low frequency in HSCT recipients, the incidence may increase
as transplant centers treat increasingly complex patients with a wider range of trans-
plant approaches including T-cell-depleted alternative donor and umbilical cord
blood donor grafts. The diagnosis, management, and surveillance of EBV and
PTLD in the post-HSCT setting continue to evolve. Rituximab has dramatically
improved the outcome of PTLD after HSCT but depletes the healthy B-cell com-
partment and antibody production, further increasing the infectious risk for these
highly immunocompromised individuals [57]. Adoptive T-cell therapy with donor-
derived EBVSTs is effective, restoring EBV-specific T-cell immunity while sparing
the healthy B-cell compartment. Both of these strategies can be used to treat PTLD,
but there is increasing interest in implementing these strategies as preemptive mea-
sures in patients with EBV DNAemia who are at high risk for developing PLTD to
avoid the toxicity of PTLD.

Despite considerable advances, the need remains to optimize the prevention and
preemptive treatment of EBV DNAemia and PTLD post-HSCT and to broaden the
applicability of novel treatments such as T-cell therapies beyond “boutique” centers.

Take-Home Messages

1. Preemptive rituximab is effective in reducing EBV DNAemia, but it remains to
be determined what degree of EBV DNAemia warrants treatment with rituximab.

2. Both donor-derived and third-party EBV-specific T cells offer an attractive alter-
native to preemptive rituximab by safely reducing or eliminating EBV DNAemia
without targeting healthy B cells.
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3.

Salvage therapy options for the treatment of relapsed/refractory PTLD can be
associated with significant morbidity and mortality, and thus, there is a need for
effective preventative and preemptive treatment strategies.
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Core Messages

e The incidence of PTLD in adult kidney transplant recipients is relatively low:
0.4% at 1 year, 1% at 5 years, and 2% after 10 years.

 In children, the incidence of PTLD is higher due to a higher rate of EBV naivety
at transplantation.

» Risk factors of PTLD in kidney transplant recipients are principally EBV sero-
negativity and high levels of immunosuppression.

* Clinical presentation is heterogeneous, but PTLD could arise in kidney allograft
in about 15% of cases and be of donor cell origin in this particular case.

e Treatment begins by immunosuppression tapering which is facilitated by the
possibility of return to dialysis, and transplant nephrectomy is another option.
Rituximab and chemotherapy are used in the second step but toxicity can be life-
threatening. An experimental approach is EBV-specific T-cell therapy.

e In adults, prognosis is better when PTLD developed in graft kidney. For other
localizations survival is between 40% and 60% after 5 years. Prognosis of PTLD
in pediatric renal transplant recipients is better than in adults, with 5-year sur-
vival rates of 80%. Kidney retransplantation is possible after the cure of a previ-
ous PTLD, under specific conditions.
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Post-transplant lymphoproliferative disorders (PTLDs) are a rare but serious
complication after renal transplantation. The risk of developing PTLD in kidney
transplant recipients is approximately 20-fold greater than the risk of lymphoma
development in the general population. Several characteristics of PTLD occur-
ring after kidney transplantation are common with other organs, but some are
specific of kidney recipients in terms of incidence, clinical features, treatment,
and outcome.

Epidemiology

The incidence of PTLD in kidney recipients is relatively low compared to heart,
heart-lung, lung, or intestine recipients [1, 2]. The lower incidence observed in kid-
ney transplantation might be explained by two points: (i) the need of fewer immu-
nosuppression in kidney than lung or heart transplant recipients and (ii) the presence
of less “donor passenger lymphocytes” in renal tissue than in lung or intestine
organs. In adult kidney recipients, the PTLD incidence ranges from 0.3% to 0.5% at
1 year post-transplantation, around 1% after 5 years, and 2% after 10 years [2—-6].
The risk of lymphoma is higher during the first post-transplant year, after which the
annual incidence decreases from the second to the seventh post-transplant year and
rises again later on, displaying a bimodal distribution [6, 7]. In children, the inci-
dence is higher, and PTLD is the most common malignancy after pediatric kidney
transplantation. According to a prospective, multicenter study among 106 pediatric
renal transplant recipients, 2.8% of patients developed PTLD in the first year post-
transplant [8]. In a recent US cohort, the incidence amounted to 2.2% at 5 years
after transplantation [9]. It may even reach 5-10% in some series especially in pedi-
atric recipients treated with more potent immunosuppression [10—13]. This higher
frequency in children is explained by a high rate of EBV seronegativity leading to
EBV primo-infection and secondary uncontrolled lymphoid proliferation. About
80% of PTLDs in childhood are EB V-associated. In a prospective study, about 41%
of pediatric kidney allograft recipients were EBV-naive at the time of transplanta-
tion, and 34% of patients had a so-called high-risk serostatus (EBV-D+/R-) [8].
Besides contracting EBV primary infection via the transplant organ, community-
acquired infection, usually during adolescence, is seen. Transmission is also possi-
ble when non-leukoreduced blood products are used.

Risk factors for lymphoma in kidney transplant recipients are EBV seromis-
match between donor and recipient and recipient’s EBV naivety, cytomegalovirus
coinfection, younger patient age, intensity of induction of immunosuppressive ther-
apy (T-cell-depleting agents thymoglobulin, alemtuzumab, and OKT3), duration of
maintenance therapy (including therapy of graft rejection episodes), calcineurin
inhibitor and sirolimus-based immunosuppression [2, 14—19], and costimulatory
blockade agent belatacept in EBV-negative recipients [20]. The local immune
response against the transplanted organ plays an important role in the cellular dys-
regulation process that results in lymphomas, and HLA mismatches could be
involved in the development of PTLD [21].
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Clinical Presentation

The clinical presentation of PTLD is heterogeneous and sometimes nonspecific: it
ranges from asymptomatic disease, discovered on a graft biopsy to a fulminant dis-
order. PTLD development in nodal and extranodal sites (lung, intestine) is common,
often presenting with unspecific clinical signs such as fever, tonsillitis, pharyngitis,
anorexia, diarrhea, and anemia [22, 23].

Nevertheless, clinical presentation can take particular patterns in kidney trans-
plant recipients, particularly if lymphoma occurs in the allograft. A hilar tumor can
be responsible for vascular compression or ureteric obstruction revealed by hydro-
nephrosis and/or acute renal failure [24, 25]. Infiltration of kidney by the lymphoma
can induce graft enlargement and creatinine elevation and mimic rejection.
Sometimes, PTLD is fortuitously discovered on a systematic sonography. The dif-
ferential diagnosis of a mass adjacent to a renal allograft includes hematoma or
lymphocele. CT scan or MRI could be helpful showing a mild contrast enhance-
ment of a solid mass (Fig. 16.1).

The pathological differential diagnosis of renal PTLD is acute cellular rejection.
Features that distinguish PTLD include a monomorphic infiltrate of lymphoblasts,
patchy area of necrosis cells, and nodular aggregates of immature lymphoid cells
with nuclear atypia. Inmunostaining can be helpful, showing B-cell proliferation,
whereas the presence of T cells suggests an acute rejection.

In the French Registry, 500 PTLDs occurring after kidney transplantation in
adults were recorded during 10 years [6]. Sixty-two occurred in the grafted kidney
(12%). The PTLDs confined to the graft were more likely early-onset lymphomas
with a median diagnosis after transplantation of 33 months vs. 102 months for lym-
phomas localized outside the graft. In other words, 53% of intragraft lymphomas
occurred during the first post-transplant year (vs. 9% for other localizations). More
than 70% of the PTLDs that developed in the allograft kidney were only localized
in the graft area. Acute renal failure was very frequent. It has been shown that

Fig.16.1 CT scan
showing a lymphoma
localized in the renal hilum
and infiltrating the graft
parenchyma
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early-onset PTLDs, especially if localized near the graft kidney, are most often
developed from donor passenger lymphocytes [26], conversely to the other PTLDs
which are most likely of recipient origin [27]. Using fluorescence in situ hybridiza-
tion and microsatellites analysis (Fig. 16.2), we showed in a French series that
among 43 specimens of PTLD arising in kidney transplant recipients, 16 originated
from donor cells and 27 from recipients’ lymphocytes. Among the 21 graft PTLDs,
a majority (67%) were of donor origin [28].

Finally, it seems that central nervous system lymphomas are more common after
kidney transplantation than in general population and other organ transplant patients:
11-14% in kidney recipients vs. 3—4% in heart, heart-lung, and liver recipients in
CTS report [2, 6]. In the French Registry, 14% of PTLDs were cerebral lymphomas,
and the distribution of the other localizations is shown in Fig. 16.3 [6].

Fig. 16.2 Fluorescence in
situ hybridization of the Y
chromosome using CEP'Y
probes (satellite I11)
SpectrumGreen (Abbott,
Wiesbaden, Germany)
shows male tumor cells
(yellow spots in red cells)
in the renal allograft of
female recipients (from
Olagne [28])

Fig.16.3 PTLD Skin

localizations in 500 Other Cerebral
patients of the French
Kidney PTLD Registry,
n=. GIT gastrointestinal
tract [6]

ND

Lung
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nodes

Bone
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According to a report by the North American Pediatric Renal Trials and
Collaborative Studies (NAPRTCS), in children PTLD location was distributed as
follows: lymph node 59.8%, allograft 9.8%, central nervous system (CNS) 7.6%,
and others 53.3% [29].

Therapeutic Aspects
Prevention

In high-risk EBV-mismatched patients, prophylaxis with anti-viral therapy, espe-
cially ganciclovir and its prodrug valganciclovir, has been proposed to reduce the
risk of early-onset PTLD in kidney transplant recipients. Whereas some studies
have shown a reduced incidence or a delay of EBV primary infection in patients
receiving anti-viral prophylaxis [8], data on its impact on PTLD are controversial
with positive results in a US case control study and a French retrospective cohort
[30, 31], but negative in a recent meta-analysis combining nine studies [32].

Treatment

Management of lymphoma in kidney transplant recipients is easier than in other
solid organ transplant patients because, unlike in vital organ recipients, the option
of return to dialysis exists.

After lymphoma diagnosis, the first step is to reduce immunosuppression in
order to reconstitute the immune system. Immunosuppression tapering is more
comfortable in kidney recipients with PTLD, especially in early subsets of lym-
phoma (lymphoid hyperplasia or polymorphic lymphomas) [12]. For early or lim-
ited forms of PTLD, immunosuppression tapering could be progressive with careful
monitoring of tumor size. Switching calcineurin inhibitors to mTOR inhibitors has
been proposed because sirolimus and everolimus inhibit the in vitro proliferation of
lymphoblastoid cells [33] and the growth of lymphoma in a mouse model [34].
Nevertheless, only few published cases showed regression of PTLD after switching
from CNI to mTOR inhibitors as a single treatment. Furthermore, some studies
from the United Network for Organ Sharing database observed unexpectedly that
therapy using mTOR inhibitors was associated with a higher incidence of PTLD
(RR x 2) especially in EBV-negative patients [17-19].

When reduction in immunosuppression fails, B-cell monoclonal therapy repre-
sents an attractive second-line therapeutic option because of its low toxicity.
Rituximab was proposed after immunosuppression tapering, alone or in association
with chemotherapy. Nevertheless, the results of a French multicenter trial assessing
the efficacy of rituximab alone in PTLD were disappointing with only 44%
responses in 55 SOT recipients and a 2-year actuarial survival lower than 30% [35,
36]. Hence, this strategy should be proposed in kidney transplant recipients with a
good performance index and a non-aggressive form of PTLD only.
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Nevertheless, the use of rituximab in combination with chemotherapy is cur-
rently the preferred treatment, especially in monomorphic PTLD, in T-cell PTLD,
and in refractory patients to the first management approaches. Current therapeutic
strategies are based on the injection of four doses of rituximab 1 week apart fol-
lowed by a clinical reassessment. In patients achieving a remission, four additional
rituximab doses are administered. In patients with disease progression, rituximab is
associated with chemotherapy for 4-6 supplementary cycles, depending of the
patient profile [37]. A similar approach is used in pediatric renal transplant recipi-
ents (Ped-PTLD registry, [38]).

Management of chemotherapy in kidney transplant recipients should be done
with caution because of kidney dysfunction. Drug dosages must be adapted to glo-
merular filtration rate to avoid cumulative toxicity. In kidney transplant recipients
treated by chemotherapy, toxic deaths are frequent and multifactorial: enhanced
hematologic toxicity of drugs because of added myelotoxicity of immunosuppres-
sion, increased frequency and severity of infections, and accumulation of cytotoxic
drugs in case of renal failure. In the French Registry, 18% of the deaths were of
toxic origin. Low-dose chemotherapy has therefore been advocated in kidney trans-
plant recipients with encouraging results [39, 40]. Advices to limit chemotherapy
toxicity are the following: drastically reduce immunosuppression during chemo-
therapy, adapt cyclophosphamide dose to glomerular filtration rate, and systematic
prophylactic use of G-CSF and clotrimazole.

In kidney transplant recipients, graft removal could be another therapeutic
option. Graft nephrectomy can be proposed in case of severe graft dysfunction or
when PTLD occurred in the graft. In the French Registry, graft was removed in 19
patients when lymphoma was localized in the graft (31%) leading to complete
remission in all patients, at the cost of the loss of the kidney transplant [6]. On the
other hand, graft loss is not the rule in patients with PTLD in whom the graft is left
in place. Indeed, a recent report of the ANZDATA Registry showed that patients
with PTLD did not display a decrease in graft survival after 10 years of follow-
up [41].

Outcome and Prognostic Factors

In the Collaborative Transplant Study (CTS) report by Opelz et al., prognosis of
kidney transplant patients with lymphoma was poor with a 5-year survival of 40%
in the period 1995-2001 [2]. Patients’ 5-year survival improved to 67% in the case
of graft PTLD and decreased to 38% for patients with CNS lymphomas. In a report
from the Israel Penn International Transplant Tumor Registry [42], factors nega-
tively influencing kidney recipients’ survival after PTLD were multiple sites and
increasing age. Patients with graft involvement alone had better survival, especially
if treated by transplant nephrectomy. In the French Registry, patients with PTLD
had a 5-year survival rate of 53% and 10-year survival rate of 45%. Multivariable
analyses revealed that an age >55 years, serum creatinine level >133 pmol/L, ele-
vated lactate dehydrogenase levels, disseminated lymphoma, brain localization,
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invasion of serous membranes, monomorphic PTLD, and T-cell PTLD were inde-
pendent prognostic indicators of poor survival [43].

In general, the prognosis of PTLD in children is better, with a 5-year survival
rate of about 80-87% in pediatric kidney allograft recipients [29, 44]. However,
CNS and bone marrow involvement is associated with poor survival [38]. In case
of kidney graft lost, retransplantation after a PTLD is a possible option [45]. We
described a series of 55 retransplantations in kidney transplant recipients with
safe outcomes in terms of graft and patient survival and a very low risk of PTLD
recurrence [46]. Some criteria have to be fulfilled to minimize recurrence: a
1-2 year observation period between PTLD and retransplantation depending on
the widespread of the hematological disease, disappearance of monoclonal
immunoglobulin, undetectable or low EBV viral load, and appearance of anti-
EBNA IgG as this marker is linked to an effective cytotoxic response against
EBV. After retransplantation, patients should be closely monitored, and appro-
priate adjustments of immunosuppression must be done in order to avoid
overimmunosuppression.

Take-Home Pearls

e The incidence of PTLD in adult kidney transplant recipients is relatively low
(1-1.5% at 5 years).

e The incidence of PTLD in pediatric renal transplant recipients is higher due to a
higher proportion of patients with high-risk EBV serostatus.

e PTLD can be revealed by a graft dysfunction in kidney recipients.

e In adults, PTLD is often localized within or near the graft.

e Graft PTLD is more often of donor origin, developed during the first post-
transplant year and localized in a single site. Its prognosis is better.

e Management of kidney transplant recipients with PTLD is easier because kidney
is not a vital organ and management of immunosuppression tapering is facilitated.

e Prognosis of kidney transplant recipient is poor with a 40-60% survival after
5 years.

e Prognosis of PTLD in children is better with a 5-year survival rate of 80%.
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Francoise Smets and Carlos O. Esquivel

The incidence of post-transplant lymphoproliferative disorder (PTLD) following
pediatric liver transplantation is decreasing, but it is still associated with significant
morbidity and mortality. In children, PTLD mostly occurs early after transplant and
is associated with Epstein-Barr virus (EBV). In adults, the incidence of PTLD is
lower, frequently EBV negative, monomorphic, and of late onset. The risk factors
for PTLD in children are young age, EBV seronegative status at the time of trans-
plantation, and intense immunosuppression. The graft itself is often involved in the
disease. The initial treatment consists of reduction of immunosuppression (RIS).
Discontinuation of immunosuppression may be necessary in severe cases of PTLD,
an approach that can be done in liver transplantation but not with other types of solid
organ transplants, because the liver is more tolerogenic than other organs. Patients
who are undergoing such treatment need careful surveillance for onset of acute cel-
lular rejection. Some children stay off immunosuppression for years. Patients who
experience rejection do respond well to corticosteroids, and fortunately, chronic
rejection is rarely seen in this particular situation. Mortality has been reported as
high as 60%, although it seems to be dropping in recent reports. Patients who do not
respond to RIS or discontinuation of immunosuppression usually have monoclonal
monomorphic PTLD and require a combination treatment with anti-CD20 antibod-
ies and chemotherapy. The long-term outcomes of EBV PTLD after pediatric liver
transplantation are unknown.
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PTLD remains a common and potentially fatal complication in liver transplant
patients. The incidence is higher in children (3—20%, around maximum 10% since
viral load quantification is available) than in adults (1-2%). Children who are very
young at the time of transplant, with a seronegative EBV status and receiving liver
graft from seropositive donor, are at higher risk to develop PTLD. Perhaps due to
careful EBV surveillance with quantitative PCR, children are often diagnosed early,
and consequently the PTLD is polymorphic, unlike adult patients who often present
late and with EBV-negative monomorphic PTLD [1-5]. Other risk factors in chil-
dren are intense immunosuppression, CMV infection, history of acute cellular
rejection, and having received steroids before transplantation [1, 3]. Recently, food
allergy has been reported as a potential risk factor for PTLD [6]. Hepatitis C has
also been described as a risk factor in adults [3]. Hepatitis C is extremely rare in
children. In a case-control study of adult transplant patients, including 60 late-onset
PTLD and 166 matched controls, circulating donor-specific antibodies were
inversely correlated to the risk of developing PTLD. As those antibodies could be a
sign of insufficient immunosuppression, this underlies again the role of inappropri-
ate immunosuppression in the pathogenesis of PTLD [7].

Fever, lymph nodes enlargement, and splenomegaly are common symptoms of
PTLD including in recipients of liver transplantation. Multi-organ involvement is
common, with frequent infiltration of the liver graft and/or the gastrointestinal tract.
Anemia, neutropenia, hypoalbuminemia, and hypergammaglobulinemia are also
commonly observed. If PTLD occurs in the context of EBV primary infection, ton-
sillitis is the most common clinical presentation, while later presentation may
include laryngeal lymphoproliferation [5, 6, 8]. More than 80% of PTLD are of
B-cell origin, most of them being EBV+. T-cell PTLD is described in about 15%,
and among those, only 30% are EBV induced. Globally, EBV negative PTLD usu-
ally occurs late and displays aggressive clinical behavior and monomorphic histol-
ogy. The prognosis is poor [1].

The first large series of PTLD in pediatric liver transplant recipients described 36
cases of PTLD [9]. All received anti-viral therapy (ganciclovir, acyclovir, or both).
The immunosuppression was discontinued in 33 patients, and the remaining 3
underwent RIS. Interferon and/or chemotherapy was added in six patients. Three
patients required surgery. PTLD-related survival was 86%; acute rejection was
observed in 23 children with a median of 24 days. Two of these patients developed
chronic rejection and one required retransplantation. Relapse of PTLD was observed
in two cases. Of the 33 patients without immunosuppression, tacrolimus was
restarted as monotherapy in 14 and in combination with corticosteroids in 8. Six
children remained off immunosuppression. Other series are summarized in
Table 17.1.

RIS is usually the first step of therapy [1, 15] (Table 17.1). Because of significant
mortality, and as the liver is known to be more immunotolerant than other organs,
complete immunosuppression withdrawal has been proposed in liver transplanted
patients with PTLD, at least those associated with EBV [11, 15]. Most of the time
corticosteroids are maintained as the only immunosuppressant. Transaminases
should be carefully followed as acute rejection occurs in 60-74% of patients and
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may evolve to chronic rejection, although rarely. Graft loss is described in 3—17%
of cases [15]. Immunosuppression will be restarted in case of biopsy-proven rejec-
tion. The role of switching to immunosuppressive medications other than calcineu-
rin inhibitors (e.g., mTor inhibitors) remains unclear. The use of antiviral medication
is also a topic of debate, and surgery is seldom needed [2, 15]. Indications for ritux-
imab or chemotherapy do not differ from other types of organ transplantation and
such therapies are used after failure of RIS. Rituximab may lead to long-term hypo-
globulinemia and higher rates of bacterial infections [16]. The management of
PTLD in SOT recipients is reviewed in detail in Chap. 10.

Since quantitative measurement of EBV load is available, the possibility of pre-
venting PTLD by early RIS has also been studied. Caution should be applied as we
know that sensitivity of high viral load to detect PTLD is excellent, but specificity
is around 50% [1]. This specificity can be improved by correlating the viral load to
the EBV-specific immune response, but those tests are not yet standardized and not
easily available for routine follow-up [17]. Chronic high viral load carriers exist,
especially in children who may never develop EB V-related complications [1, 18]. In
a study of pediatric liver transplant recipients, 43 were monitored for EBV in
peripheral blood mononuclear cells. In 11 children the immunosuppression was
tapered (tacrolimus trough 4-6 ng/mL and discontinuation of steroids) for high viral
load [19]. Only one of them experienced acute cellular rejection. PTLD incidence
was 2% among the entire series as compared to 16% in a historical control group of
30 children. Hence, RIS seems to be safe in most of pediatric liver transplant recipi-
ents; however, EBV may remain detectable even in those patients getting no immu-
nosuppression [18]. The prevention of EBV disease and PTLD is discussed in detail
in Chap. 11.
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Introduction

Small bowel-containing allografts can be transplanted alone or in combination with
other visceral organs [1]. Combinations of other organs that are commonly trans-
planted with small bowel include the liver and pancreas (liver, pancreas, small
bowel transplantation); pancreas alone (small bowel, pancreas transplant); stomach,
duodenum, and pancreas (modified multivisceral transplant); or stomach, liver, and
pancreas (multivisceral transplant). Any one of the above combinations may include
donor colon depending on whether the recipient has any native healthy colon
remaining. A total of 4130 intestinal transplants (ITx) have been reported to the
Intestinal Transplant Registry (ITR) since 1985 (Table 18.1).

Indications for Intestinal Transplantation

Common indications for ITx include short-gut syndromes, motility disorders,
mucosal defects, vascular accidents, and tumors. Liver is included as part of the
visceral allograft more commonly in pediatric recipients. With advances in immu-
nosuppression and close monitoring of these patients, 1- and 5-year graft survivals
have improved over time and ITx has become an established treatment for patients
with nutritional failure and short-gut syndrome.
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Table 18.1 Global clinical experience: intestinal transplant

All recipients transplanted between January 1985 and December 2108

Number of transplants 4103

Small bowel alone 1842

Small bowel + liver 1251
Multivisceral transplant 810

Modified multivisceral transplant 200

Current survivors 2060/4130 (50%)

Intestinal Transplant Registry Report 2019

Pediatric Small bowel donors are associated

with a large lymphoid burden
Pediatric Adult

Fig. 18.1 Mesenteric lymphoid burden in pediatric and adult donors

Epidemiology and PTLD Incidence in Intestinal
Transplant Patients

Immunosuppression used to promote allograft acceptance compromises immune
function. This creates a milieu whereby EB V-infected B cells can result in a prolif-
erative process that can range from non-destructive lymphoid infiltrates to a full-
blown monomorphic post-transplant lymphoproliferative disorder (PTLD). The
intestinal allograft, whether transplanted alone or in combination with other organs,
comes with a large allogeneic lymphoid tissue burden which is unique to ITx and
predisposes recipients to lymphoid malignancies like PTLD [2]. This lymphoid
mass is greater in allografts from pediatric compared to adult donors and may be
one of the reasons why pediatric recipients have a higher incidence of PTLD than
adults (Fig. 18.1). Other reasons for the difference between pediatric and adult ITx
recipients include a high frequency of recipients who are EBV naive in this age
population and the need for potent immunosuppression given their strong immune
system and inherent immunogenicity of small bowel allograft. Of note, the inci-
dence of EBV-associated PTLD in EBV-seropositive ITx recipients (at least pediat-
ric recipients) is higher than seen in EBV-seropositive recipients of other organ
types. The explanation for this observation is unknown as of this time.
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The incidence of PTLD following ITx is higher compared to other solid organ
transplants given the increased lymphoid allograft burden and enhanced immuno-
suppression. Although 80% of PTLD lesions are EBV positive, EBV-negative
PTLD lesions do occur in ITx recipients [2, 3].

The incidence of PTLD following ITx has been reported to be between 9% in the
current series to 30% in older reports [4-8]. Of recipients who underwent transplant
between 2005 and 2015, 9.6% of intestine recipients and 6.9% of intestine-liver
recipients developed post-transplant lymphoproliferative disorder within 5 years
post-transplant. Incidence was highest among recipients who were negative for
Epstein-Barr virus (EBV) (11.6% of intestine recipients) [9]. While the incidence of
PTLD after ITx is greater in children than adults, the SRTR report does not provide
comparative data between these patient populations. Data from the UPMC
Children’s Hospital of Pittsburgh identifies that 59/259 (22.7%) children receiving
62 ITx between 1990 and 2019 developed PTLD. Thirty (51%) patients developed
PTLD in allograft alone, 17 (20%) in allograft and native organs, and 17 (29%) in
native organs (Fig. 18.2). Affected native organs included tonsils, lymph nodes,
breast, bone marrow, GI tract, liver, brain, larynx, lung, and kidney.

Twenty-four of the 59 patients are alive. Of these 14 are nutritionally indepen-
dent, 5 had to be started on TPN and still have the graft, and 7 underwent allograft
enterectomy due to rejection when immunosuppression was reduced upon discov-
ery of PTLD, of whom 5 are back on TPN. In another report, long-term therapeutic
effects of visceral transplantation in adult and pediatric recipients were reported by
the Pittsburgh group. 227 patients who survived 5 years following visceral trans-
plantation were analyzed [10, 11]. PTLD developed at a significantly higher rate in
pediatric patients compared to adults. PTLD accounted for 14/149 deaths within
5 years and 1/39 deaths between 5 and 10 years post-transplantation. Risk factors
for the development of PTLD in ITx recipients include age, EBV status, splenec-
tomy in the recipient, and immunosuppression.

17,29%

30, 51%

12, 20%

M Allograft I Allograft + Native Organs [ Native Organs

Fig. 18.2 PTLD sites following ITx at Children’s Hospital of Pittsburgh 1990-2019 (n = 59)
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The above reports describe long-term experience with PTLD in ITx recipients.
However, the incidence rate of PTLD in ITx recipients has declined over time.
While rates as high as 30% were noted in older reports, the incidence rate in the
current series is around 9% [4-8]. The decrease in incidence of PTLD over time
may be due to the clinical availability and use of EBV viral load monitoring in the
blood using quantitative polymerase chain reaction (PCR) assays since the
mid-1990s. The use of viral load monitoring transformed management of these
patients as rising viral loads prompted clinicians to preemptively reduce immuno-
suppression to restore T cell defense mechanisms. An alternative explanation for the
reduced incidence of PTLD in ITx recipients over time may be the evolution of
immunosuppression management in this patient cohort. A report from the University
of Pittsburgh reviewed 500 ITx performed between 1990 and 2008 in 453 patients
(adults and children) [10]. Based on the type of immunosuppression, patients were
classified as having been transplanted in Eras I-III. The combination of tacrolimus
and steroids was the primary immunosuppressive regimen used in Era I followed by
the addition of induction therapy, initially with cyclophosphamide but then with
daclizumab, to the tacrolimus-steroid combination in Era II. A recipient precondi-
tioning protocol with antithymocyte globulin and later alemtuzumab combined with
minimal post-transplant immunosuppression was initiated during Era III. A total of
57 patients (41 pediatric and 16 adults) developed PTLD during the three eras.
Cumulative PTLD-free survival was significantly greater (P < 0.001) in Era Il com-
pared to patients in other groups, with no instance of PTLD development beyond
the fourth postoperative year. The 5-year PTLD-free survivals in Eras I-III were
64%, 81%, and 93%, respectively (Fig. 18.3). Immunosuppression, recipient age,
and splenectomy were shown to be significant risk factors for the development of
PTLD in this series. The reduction in PTLD incidence in Era III contributed to the
overall improved patient and graft survival in this era. However, use of alemtu-
zumab in pediatric patients at our center was associated with a spike in the incidence
of PTLD which led us to abandon its use in favor of antithymocyte globulin.

Clinical Presentation of PTLD Following
Intestinal Transplantation

Pediatric patients are at a high risk of developing PTLD within the first post-
transplant year. Early PTLD is commonly extranodal and frequently develops in the
allograft compared to late onset PTLD that mostly affects lymph nodes. The sites
affected by PTLD in the UPMC Children’s Hospital of Pittsburgh experience are
shown in Fig. 18.2. Clinical presentations can also include tonsillar hypertrophy,
mucosal ulcers, nodular lesions on the stomal mucosa (Fig. 18.4), lymph node
masses in the neck or axilla, skin nodules, lung nodules, or liver masses. CNS
lesions occur uncommonly and can present as seizures. PTLD involving the intesti-
nal allograft can present similar to intestinal rejection or gastroenteritis, with
increased stoma or stool output. Involvement of the intestine may also present with
protein-losing enteropathy, acute abdomen, intestinal obstruction, or intestinal per-
foration [7]. A rare syndrome, fulminant PTLD, characterized by intestinal fluid
losses in association with a shock-like picture leading to multisystem organ failure,
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Fig. 18.3 PTLD-free survival in Eras I-III according to the type of immunosuppression (Abu-
Elmagd et al. [10])

Fig. 18.4 PTLD lesion
over allograft stoma

can be the presenting picture [8]. This carries a high mortality and the clinician
needs to have a high index of suspicion. It is important to note that the clinical pre-
sentation of PTLD can be subtle, with the only signs and symptoms being fever,
gastrointestinal symptoms, weight loss, and delayed growth. The disease can be
highly lethal depending on lymphoid differentiation on histology (polymorphic vs.
monomorphic) and intensity of immunosuppression. Morbidity in these patients is
exacerbated by onset of rejection, protein-losing enteropathy, and translocation-
related infections due to disrupted mucosal barrier of the transplanted bowel.
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PTLD Diagnosis

Having a high index of suspicion is of paramount importance in diagnosing early
PTLD. The diagnosis of PTLD in ITx recipients is essentially clinical, supported by a
thorough history taking and physical examination followed by laboratory tests.
Unaccustomed weight loss or lack of weight gain, and constitutional symptoms, espe-
cially in children, can be the only clue since the disease can have a wide and varied
range of presentation. Abnormal findings or laboratory results are indications for
imaging studies which are essential to detect multiple lesions and to appropriately
stage the disease. CT scan and PET CT scan can show FDG-avid lesions which can
be accessed and biopsied to confirm the diagnosis and establish pathological staging
(Fig. 18.5). PTLD can be associated with other malignancies and the clinician should
have an open mind while investigating and managing these patients [12].

Fig. 18.5 Lung PTLD presenting as (a) left lung mass on CT, (b) FDG-avid left lung apex mass,
and (c) thoracoscopic view of the mass in (a) and (b)
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Fig. 18.6 PTLD presenting as allograft (a) mucosal nodules and (b) ulcers in the stomach in a
modified multivisceral transplant recipient

In addition to these imaging studies, measurement of EBV load in the peripheral
blood may also contribute to the diagnosis of EBV-associated PTLD. EBV DNAemia
and rising EBV loads are PTLD unless proven otherwise in a patient with compat-
ible symptoms. EBV loads are usually highly elevated in over 80% of patients with
PTLD. However, as noted in Chaps. 6 and 8, the presence of elevated EBV loads in
the peripheral blood does not necessarily confirm the presence of or lead to PTLD
development. In general, while the presence of an elevated EBV load does not have
a strong positive predictive value, a low or absent EBV load in the peripheral blood
does have a high negative predictive value against the presence of EBV-
associated PTLD.

The definitive diagnosis of PTLD requires histology. Surveillance endoscopy
can discover mucosal nodules or ulcers that on biopsy prove to be PTLD
(Fig. 18.6). An obvious mass or lymphadenopathy is an indication to perform
excision or incision biopsy. Biopsy can be from a superficial mucosal or skin
lesion or deeper sites through the use of CT-guided interventions, thoracoscopy
or laparoscopy. PTLD can initially present as a bowel perforation in the trans-
planted allograft with the diagnosis being made at the time of surgery. This also
occurs in patients with PTLD in the visceral allograft who are undergoing che-
motherapy as the lesion involutes. The histologic appearance of PTLD lesions
varies and can range from mild non-destructive lesions like infectious mononu-
cleosis to a full-blown Hodgkin’s lymphoma. PTLD is inherently mostly of
recipient origin and 80% are related to EBV. A detailed description of PTLD
pathology is discussed in Chap. 2 of this textbook.

Management

The management of PTLD in ITx recipients is challenging. While reduction of
immune suppression is always considered as a first-line option, intestinal allograft
recipients are unique in that they may present with concomitant PTLD and
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Table 18.2 PTLD management in intestinal transplantation

Diagnosis Treatment

EBV PCR monitoring Medical

Frequent enteroscopy for allograft Reduction in immunosuppression
monitoring

IVIG
Ganciclovir®

Rituximab

Radiation for local disease

Chemotherapy
Optimize nutritional status and hydration
Surgical

Local resection of lesion

Small bowel resection
Allograft enterectomy

“Evidence supporting the efficacy associated with the use of ganciclovir is questionable

rejection, limiting or even eliminating the ability to reduce or stop immune suppres-
sion as initial management. Additionally, compared to other solid organ transplants
(e.g., liver allografts in which one can temporarily hold immunosuppression and
monitor liver enzymes to diagnose rejection), the highly immunogenic intestinal
graft may rapidly progress to significant rejection after reduction of immune sup-
pression before the host immune system has time to control the PTLD. Accordingly,
rituximab (either as initial therapy or as second-line therapy if rejection develops) is
frequently used in this population. While many centers may also use an antiviral
agent like ganciclovir, their efficacy in the treatment of EBV disease and PTLD is
unproven [13]. Patients with localized disease may benefit from local radiation or
surgical resection depending upon the site of the lesion. Advanced disease is treated
with a chemotherapeutic regimen, usually cyclophosphamide and prednisone in
combination with rituximab (Table 18.2). Biopsy histopathology confirms the grade
of the PTLD and helps in determining whether the patient needs chemotherapy in
addition to or as an alternative to rituximab.

We recommend involvement of the multidisciplinary tumor board to include
hematology-oncology, infectious diseases, gastroenterology, and surgery to opti-
mize delivery of the best available therapy for each individual patient. In cases of
PTLD recurrence or relapse or monomorphic PTLD and Hodgkin’s lymphoma,
intensive chemotherapy regimens are indicated.

Throughout treatment, particular attention needs to be paid to patient’s hydration
and nutritional status. Depending on the integrity of the intestine, patients may need
to be fed enterally or parenterally for extended periods of time while diagnosis is
ascertained, and treatment is being instituted. Systemic symptoms may be from
bacterial translocation from inflamed or rejecting intestine and the team should have
a low threshold to start patients on antimicrobial therapy.

Annual PET scanning surveillance can identify the extent of the metastatic dis-
ease and is of immense value in monitoring treatment response. This is especially
important in helping the clinician decide and actively monitor immunosuppressive
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Fig. 18.7 Recurrent PTLD in a patient following modified multivisceral transplantation. (a) Rt
lower chest wall. (b) Neck. (¢) Posterior abdominal wall

Table 18.3 Allograft enter- Acute abdomen/perforation necessitating laparotomy
ectomy: indications Extensive PTLD
Vascular thrombosis
Exfoliative rejection recalcitrant to treatment
Persistent rejection with no regeneration on intestinal
biopsy
Onset of multisystem organ failure due to translocation
Hemorrhage associated with rejection

therapy given the highly immunogenic nature of the intestinal allograft. Annual
PET scan following initial therapy for PTLD is also instrumental in detecting recur-
rent lesions (Fig. 18.7).

Allograft Enterectomy

Surgical management of advanced PTLD involving the small bowel can range
from exploratory laparotomy and local resection of stricture or perforation to
allograft enterectomy depending on allograft integrity and presence of local or
advanced disease. Indications for allograft enterectomy are shown in Table 18.3.
When small bowel transplant is included as part of the multivisceral graft, modi-
fied or full, segmental resection of the involved small bowel component of the
allograft, although technically challenging, may be possible in carefully selected
patients.

Allograft enterectomy will allow for cessation of immunosuppression in cases of
isolated ITx but will result in TPN dependence. Indications for enterectomy also
may include acute abdomen from perforation or bleeding that necessitates manda-
tory exploration, and intraoperative findings reveal extensive PTLD involvement of
the allograft, obvious ischemia from vascular thrombosis, or severe exfoliative
rejection in the presence of sepsis.
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It is uncommon for the stomach or liver to reject in multivisceral or modified
multivisceral transplant setting. Hence, if it is identified that the small bowel is the
most affected organ, it may be possible to perform a limited resection of the affected
bowel. The surgical approach in these patients has to be carefully executed to avoid
injury to the porto-mesenteric system draining the liver.

Overall prognosis depends upon the extent of the disease. Mortality is high in
PTLD associated with visceral transplantation since allograft injury from PTLD or
from rebound rejection leads to bacterial translocation and systemic sepsis with
capillary leak syndrome.

Re-transplantation following allograft enterectomy should be entertained only if
the patient has demonstrated steady improvement in general condition and has been
screened carefully for recurrent PTLD. The patient is maintained on TPN during this
time and is presented to the multidisciplinary transplant committee before being
accepted for re-transplantation. At this point in our experience, re-transplantation
after PTLD cannot be recommended as 4 of the 59 patients who developed PTLD
were re-transplanted but succumbed to infection, rejection, or recurrent PTLD.

EBV Surveillance and the Prevention of EBV-Associated PTLD

Viral load measurements help in deciding preemptive interventions and to
monitor response of PTLD and EBV disease to therapeutic strategies.
Measurement of EBV serostatus prior to transplant identifies EBV-naive can-
didates who will require careful observation due to their risk for EBV and
PTLD. However, as previously noted, EBV disease and PTLD do occur with
some frequency in EBV-seropositive ITx recipients. The monitoring strategy
used at the UPMC Children’s Hospital of Pittsburgh includes obtaining viral
loads every 2 weeks for the first 3 months, every month for the next 3 months,
every 2 months for the next 6 months, and then every 3—4 months thereafter.
Of course, more frequent monitoring is indicated for those with elevated and/
or climbing loads or those with suspicious symptoms. This protocol helps to
identify recipients with DNAemia and require enteroscopy, imaging studies,
and treatment [5, 13, 14]. Rising EBV loads and EBV DNAemia are typically
managed by lowering immunosuppression with or without initiation of intra-
venous ganciclovir, although there is lack of data to support the efficacy of
ganciclovir. Preemptive anti-B cell therapy with the chimeric anti CD-20
monoclonal antibody rituximab is indicated in the presence of concurrent
rejection. IVIG is also used to augment passive immunity [15-18]. Additional
details on the prevention of EBV-associated PTLD are discussed in Chap. 11.

Conclusion

The incidence of PTLD in recipients of ITx has decreased in the current era but
continues to present unique challenges and is associated with a high mortality. A
high index of suspicion and early diagnosis coupled with EBV titer monitoring,
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frequent surveillance endoscopy, and image-guided or surgical biopsy are integral
to early diagnosis and treatment. Multidisciplinary approach involving medical
oncology, gastroenterology, infectious disease, radiology, and pathology is instru-
mental in comprehensive management of the patient. Better immunosuppression
strategies of initial induction followed by low-dose maintenance immunosuppres-
sion aimed at keeping the immune surveillance system intact can prevent the devel-
opment of this morbid and lethal disease.

Take-Home Pearls

Incidence of PTLD in recipients of intestinal transplants (ITx) continues to pres-
ent unique challenges and is associated with increased mortality and graft loss.
EBYV disease and PTLD can occur in EBV-seropositive ITx recipients.

ITx patients can have concomitant PTLD and allograft rejection.

A high index of suspicion and early diagnosis coupled with EBV titer monitor-
ing, frequent surveillance endoscopy, and image-guided or surgical biopsy are
integral to early diagnosis and treatment.

Multidisciplinary approach involving medical oncology, gastroenterology, infec-
tious disease, radiology, and pathology is instrumental in comprehensive man-
agement of the patient.
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PTLD After Heart Transplantation 1 9

Anne I. Dipchand and Michael McDonald

Introduction

This chapter will address organ-specific issues regarding PTLD in adult and pediat-
ric heart transplant recipients. Overall, PTLD following heart transplantation is
more common than following kidney or liver, but not as common as after lung,
intestinal, or multivisceral transplantation [1-3]. PTLD is a more frequent concern
in children compared to adults [4]. There are potential influencing factors including
age, immunosuppression, and EBV infection history which will be explored herein.
Graft involvement is extremely rare but survival is impacted by a diagnosis of PTLD
in a child or adult heart transplant recipient.

Incidence/Prevalence

There are multiple international single-center reports citing PTLD in 1-10% of
adult heart transplant recipients [5—10]. Malignancy itself is much more common in
adult patients with PTLD making up the minority (5-10%) of the reported malig-
nancies [6, 7, 9]. These reports, however, include relatively small numbers of heart
transplant recipients.
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The earliest adult registry report of PTLD (n = 274) came from the Israel Penn
International Transplant Tumor Registry (IPITTR) in 2004 in response to the lim-
ited single-center data reported to that point in the literature (n = 84 patients) on
incidence (0.7-6.8%), and the marked variability in reported patient survival
(0-68%) [11]. Though incidence/prevalence data is not available, valuable obser-
vations from this cohort are noted below. Sampiano explored the US Organ
Procurement Transplantation Network/United Network for Organ Sharing
(UNOS) database up to Sept 2010 for all organs and reported any post-transplant
malignancy in 11% (1073/16,511) of adult heart transplant recipients; PTLD
made up 16% (n = 172) [1]. Subsequently, Higgins reported the incidence and
types of malignancy from 35 US centers in the Cardiac Transplant Research
Database (CTRD) between 1993 and 2008 compared to the general population.
Primary post-transplant malignancy occurred in 8% of patients, of which PTLD
made up 17% [12]. Though there was an overall decline in malignancies over the
eras with prevalence not different compared to the general population, this did not
apply to PTLD. The largest non-North American cohort (n = 3393; 1984-2003)
comes from the 16 centers contributing to the Spanish Post-Heart-Transplant
Tumour Registry (SPHTTR) in which 490 (14%) patients developed malignancy
of which 13% (n = 62) were PTLD [13]. The most contemporary cohort
(2006-2015) comes from the UNOS database with 120 (1%) PTLD cases in
14,487 adult heart transplant recipients [14].

PTLD is by far the most common malignancy occurring in the pediatric heart
transplant population, making up well over 95% of the malignancies reported to
both the registry of the International Society for Heart and Lung Transplantation
(ISHLT) and to the Pediatric Heart Transplant Study (PHTS) [15, 16]. Time-
unadjusted frequency estimates from single-center reports range from 5% to 16%
[2, 3, 17-19]. Webber reported the earliest multi-institutional registry data from the
PHTS (1993-2002) with a 5% incidence (56/1184 primary transplants) and a free-
dom from PTLD of 98%, 94%, and 92% at 1, 3, and 5 years respectively [20]. Data
from the UNOS registry (1987-2013) revealed a 7% (360/5169) incidence of
PTLD [14].

In an attempt to model prevalence over time and the natural history, Manlhiot
used a competing risk hazard model in a single-center cohort and reported
PTLD affecting 9% of patients surviving 3 years after transplant, 15% of those
surviving 5 years, and 28% of those surviving 10 years after transplant (time-
adjusted prevalence). Data from the PHTS (1993-2009) was also used to try to
model natural history in a much larger cohort of 3170 pediatric transplant recip-
ients, 147 of whom developed PTLD (4.64%) [16]. Freedom from PTLD was
98.5%, 94%, and 90% at 1, 5, and 10 years, respectively. However, 2 distinct
phases of risk were identified using parametric multiphase hazard analysis; the
first in the first 2 years post-transplant that peaked at 5.6 months and then
declined into a second phase (2—18 years post-transplant) in which the hazard
gradually increased over time, depicting a gradual decline in freedom from
PTLD over time (Fig. 19.1).
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Fig. 19.1 A Kaplan—Meier estimate of freedom from PTLD and the hazard for PTLD as a func-
tion of time post-pediatric heart transplantation. A steady decline in freedom from PTLD was
observed over time. The peak hazard for PTLD occurred at 5.6 months post-transplantation. Dotted
lines depict the 95% confidence limits. (Data from the Pediatric Heart Transplant Study. Used with
permission R. Chinnock)

Risk Factors for PTLD

Determination and interpretation of risk factors for PTLD in both adult and pediat-
ric heart transplant recipients is challenging and the literature is varied and conflict-
ing as summarized below [14, 21].

Age

In adult recipients, there were no age-related differences for a diagnosis of PTLD in
the cohort from the Spanish registry [13]. Although older age is reported in adult
studies as a risk factor for all malignancy, most do not look specifically at PTLD
which occurs in a younger cohort of patients [7, 9]. The most robust age-related
analysis comes from CTRD in which PTLD was increased in the younger age group
(18-35 years), in addition to having the largest observed difference of a 27-fold
increased incidence compared with the general US population of the same age range
and demographics [12].

In pediatric recipients, the hypotheses around the role of age and the develop-
ment of PTLD are challenged by the potential impact of changes in the developing
immune system over time, in addition to EBV serostatus, the ability to assess EBV
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serologic status in the youngest recipients using serological testing (due to placental
transfer), and timing of acquisition of primary EBV disease. All of these factors are
impacted upon and inseparable from age, making it hard to determine the role of age
alone. There are multivariable risk factor analyses that have not shown age to be a
risk factor for the development of PTLD [19]. The focused PHTS analysis looking
specifically at age at transplant showed a complex relationship, with young children
aged 1 to <10 years being at higher risk than infants (RR 2.4) or adolescents (RR
1.7), for at least the first 5 years post-transplant (Fig. 19.2) [16]. This was hypothe-
sized to be related to passively transferred immunity in the infants and an increas-
ingly competent immune system in the older age group.

Gender

There is no data demonstrating a difference in PTLD by gender in adult or pediatric
heart recipients.

Timing

Timing of PTLD is often referred to in the literature as early versus late; by conven-

tion this is generally referring to <1 year post-transplant compared to later post-
transplant. Adult data is limited with small numbers, but Khedmat reported that
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PTLD occurred early in 37% of cases, using pooled data from the existing literature
on 180 adult heart transplant recipients, though there were many limitations to the
study [22]. In a small but more robust analysis, the majority of adult heart transplant
recipients presented late (>80%) at a mean of 3.2 years post-transplant [8].

The timing of PTLD in pediatric reports is varied with small single-center reports
citing occurrence at an average of 2.8-3.3 years post-transplant [2, 3, 8]. In the
larger PHTS analysis, the mean age was 23.9 months (3-91.1 months) though the
peak instantaneous risk was highest at 6 months post-transplant and then slowly
decreased but never reached 0 [20]. Finally, in the expanded PHTS dataset and more
sophisticated analysis, time post-transplant had a complex relationship with both
age (Figs. 19.1 and 19.2) and EBV status (see below) [16].

EBV Status

EBYV status has long been hypothesized to play a role in the development of
PTLD post-transplant as detailed elsewhere in this book. The actual evidence
in the literature regarding heart transplant recipients is varied but supportive of
increased risk in donor-positive, recipient-negative combinations [23]. In the
large UNOS cohort of adult recipients, EBV serostatus was not associated with
the development of PTLD in multivariable analysis despite differences on uni-
variate analysis [21]. Opelz reported EBV-negative serostatus associated with
increased risk (HR 3.6) of non-Hodgkin lymphoma in a cohort of 2042 adult
heart recipients [24].

In pediatric recipients, an EBV-positive donor is a strong risk factor for PTLD
development in the negative recipient [2] with a complex interaction with age;
nearly 25% of EB V-negative recipients between the ages of 4 and 7 years with EBV-
positive donors developed PTLD in the PHTS analysis (Fig. 19.3) [16].

Katz reported an association between EBV seronegativity and EBV seroconver-
sion with the development of PTLD in a small cohort of pediatric heart transplant
recipients [18]. Higher EBV load or a chronic carrier state has been reported to be
associated with a higher risk of PTLD after pediatric heart transplantation, in some
cases irrespective of recipient serostatus at the time of transplant [2, 17, 19, 25].

Immunosuppression

Induction therapy has historically been a presumptive risk factor for PTLD, but
reports are conflicting. Early reports in the adult literature reported a high incidence
with OKT3 use (11%) [26]. Subsequently, reports showed no association, though
dose may have played a factor [5, 13]. The association with anti-thymocyte globulin
also varies in the literature with reportedly no association [6] versus an increased
risk in the first year [22] in adults and reportedly an association with a higher dose
[2] and longer duration [19] in pediatrics versus no association [27].

Despite multiple attempts to find an association between the type of immunosup-
pression and PTLD, no clear relationship has been identified with either type of
calcineurin inhibitor or mTOR inhibitor in heart transplant recipients. There is
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limited data in 454 adult heart transplant recipients (1999-2015), suggesting less
malignancy with everolimus (1.8%) compared with MMF (9.9%) but a similar
2-year survival [10]. There, however, remains a paucity of data in the literature.

Site of Involvement

The site of involvement of PTLD can vary widely and there are no unique features
specific to heart transplant recipients. Reports in adults are limited but extranodal
involvement has been reported in up to 82%, most commonly gastrointestinal [8].
The distribution from IPITTR included lymph nodes (34%), lung (32%), GI (24%),
liver (23%), and CNS (13%) with 2 or more sites involved at presentation in 51%
[11]. For children, in the PHTS cohort, single versus multiple sites at presentation
were equally reported and sites included gastrointestinal (39%), lung (25%), cervi-
cal adenopathy (18%), and CNS 3.6% [20].

Allograft involvement of PTLD following heart transplantation is very rare and
reports are scarce. Involvement has been reported of the mitral valve, intracavitary
(LV), infiltrating the myocardium and/or epicardium and involving the coronary
arteries and arterioles in a vasculitic nature [28].
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Rejection

One of the mainstays of PTLD treatment is a reduction in immunosuppression with
its obligate risk of rejection. There is limited literature looking specifically at rejec-
tion post-PTLD diagnosis other than as a cause of death (see below). It has been
reported in 24% of adult recipients [8]. In the PHTS cohort, 61% of children treated
with reduced immunosuppression had rejection; this was higher (71%) when the
immunosuppression was discontinued, compared to just lowered (53%) [20].

Outcomes

A diagnosis of PTLD confers a decreased survival in both adult and pediatric heart
transplant recipients though reported estimates vary based on many of the risk fac-
tors noted above, in addition to the actual type of PTLD (discussed elsewhere in this
book). Overall reported mortality in adults ranges from 30% to 80% [5, 13]. In
adults, reported 1- and 5-year survival for early versus late PTLD was 65% and 46%
versus 53% and 41% [22]. The 5-year survival from the CTRD cohort was 32%, and
survival from the IPITTR was 45%, 33%, 30%, and 13% at 1, 3, 5, and 10 years,
respectively [11]. In the most contemporary cohort (2006-2015) of 14,487 adult
heart transplant recipients of whom 120 developed PTLD, PTLD almost tripled the
hazard of death [14].

Decreased survival has also been reported in children with about two times the
hazard in the largest cohort from UNOS [21]. Recurrence of PTLD is a significant
problem with a freedom from death or recurrence reported of 72%, 58%, and 50%
at 1, 3, and 5 years [19]. In the PHTS cohort, probability of survival was 75%, 68%,
and 67% at 1, 3, and 5 years with an event-free survival (death, rejection, or PTLD
recurrence) of 76%, 73%, 61%, and 56% at 6 months and 1, 3, and 5 years, respec-
tively [20].

Reported causes of death are PTLD, rejection, and infection. Rejection/graft loss
has been reported to be as frequent as a cause of death as PTLD itself in children
[20]. Reported causes of death in adults was PTLD (51%), rejection (21%), sepsis
(5%), and other infection (5%) in IPITTR [11].

Conclusions

PTLD in heart transplant recipients remains poorly understood but is associated
with double the mortality in adults and children. PTLD makes up the minority of
malignancies in adults post-heart transplant, and, other than younger age, there is a
clear paucity of data in the literature regarding risk factors for development and/or
outcomes. In children, PTLD is a more frequent problem with a gradual increase in
the likelihood of getting PTLD over time post-transplant. EBV status and the age of
the child at the time of transplant are important risk factors. There remain significant
gaps in the literature regarding PTLD post-heart transplantation.
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Introduction

The incidence and importance of post-transplant lymphoproliferative disorder
(PTLD) after heart-lung transplantation (HLTx) have been recognized for over
30 years, but with the evolution of lung transplantation (LTx) to encompass initially
single lung transplantation (SLTx) and latterly bilateral sequential single lung trans-
plantation (BSSLTx), recent literature has focused largely on these two modalities
[1, 2]. Both appear to have a slightly lower incidence than HLTx which may be due
to the larger volume of lymphatic tissue transplanted within the HLTx bloc, but the
overall rate of PTLD in recipients of LTx remains higher than other forms of solid
organ transplantation at 6-9.5% [3-6]. Alternative explanations for the apparent
higher rate after HLTx include the possibility that recipients of HLTx have a lower
rate of Epstein-Barr virus (EBV) seropositivity at the time of transplantation due to
a lower rate of pediatric acquisition in light of the previous tendency to sequester
children with congenital heart disease (CHD), in particular away from some of the
common sites of community exposure such as kindergartens and preschool where
EBYV is often acquired, leading to a higher rate of primary EBV infection with an
attendant risk of PTLD approaching 50% [7]. With better diagnostic rates for CHD,
combined with early surgical and enhanced medical therapies, the demand for HLTx
has fallen so that few centers worldwide perform more than 3—4 cases per annum
[8]. Although difficult to prove, another risk factor which may have changed over
time is the level of immune suppression employed and local factors such as avoiding
transplanting EBV-naive recipients or, where possible, transplanting them with a
matched EBV-negative graft, allowing the risk that EBV might be acquired later
from other sources. Early supporting evidence to support the principles discussed
above was well described by Aris et al. in 1996, who set out to quantify the risk of
PLTD based on pre-LTx EBYV serostatus in a small single center series of LTx
patients, in 80 of whom pre- and post-lung transplant EBV serostatus was deter-
mined [5]. Six of 94 (6.4%) LTx patients who survived >1 month developed
PTLD. All cases of PTLD involved thoracic structures at presentation and occurred
in the first post-operative year. EBV-naive (EBV—) recipients were much more
likely to develop PTLD than those who were seropositive (EBV+) (5/15 [33%] vs.
1/60 [<2%], p < 0.001). Consistent with the prevailing adult (donor) EBV+ (EBV
D+) rate of 85%, two of the EBV-naive patients remained EBV naive after LTx,
presumably reflecting the fact that they received a matched EBV— graft (EBV D—/
R-). Therefore, the rate of PTLD was 42% in those with primary EBV infection. As
compared with EBV— patients that remained tumor-free, those who developed
PTLD had similar levels of immunosuppressants and doses of antiviral therapy. Aris
et al. concluded PLTD occurred predominantly in EBV-naive patients, who there-
fore should be monitored more closely after LTx and, possibly, managed with lower
immunosuppression. Importantly they opined that as PTLD could be successfully
treated in most cases, EBV-naive patients should not be excluded from LTx because
their risk of death from PTLD was <15%. This position was supported by Wigle
et al. in 2001 who concluded that although EBV seronegativity carried a 6.8-fold
increase in the relative risk of developing PTLD, long-term survival could be
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achieved, and thus, EBV seronegativity, by itself, should not be considered a contra-
indication to LTx [9]. A recent retrospective cohort study of adults listed in the
Scientific Registry of Transplant Recipients between May 5, 2005, and August 31,
2016, concluded that despite increased rates of PTLD and associated mortality in
the EBV D+/R— population, EBV-seronegative patients did not have worse mortal-
ity when transplanted with lungs from EBYV-seropositive donors compared with
lungs from EBV-seronegative donors [10]. The incidence of PTLD was 6.2% (79 of
1281) versus 1.4% (145 of 10,352) in EBV D+/R— versus all other recipients
(adjusted odds ratio 4.0; 95% confidence interval, 2.8-5.9, p < 0.001). Among EBV
D+/R— recipients, age less than 40 years and white race were associated with PTLD.

Paranjothi et al., in 2001, provided the largest and most comprehensive assess-
ment of PTLD post-LTx to date, in a retrospective single center study [11]. PTLD
was identified in 30/494 (6.1%) adult LTx recipients, 14 of which cases were diag-
nosed during the first year after LTx and 16 subsequently. The incidence density was
significantly higher in the first year than in later years (3.3 cases/100 patient-years
vs. 1.3 cases/100 patient-years; p < 0.008), which may in part reflect the overall
survival and the relatively short median follow-up of 2.8 years. Presentation in the
thorax and involvement of the allograft were significantly more common in the
early cases (thorax, 12/14, 86%; allograft, 9/14, 64%) than in the late cases (thorax,
2/16, 12%; allograft, 2/16, 12%). There was no difference in survival after the diag-
nosis of PTLD between the early and late cases, but survival time after diagnosis
was significantly longer in cases with, than those without, allograft involvement
(median 2.6 years vs. 0.2 years, respectively; log rank p = 0.007). They concluded
disease in the thorax and involvement of the allograft were common in the first year
after LTx, but other sites, especially the gastrointestinal tract, predominated later.
PTLD confined to the allograft appeared to have a somewhat better prognosis than
disease involving other sites. A small report of primary central nervous system
PTLD described a particularly poor prognosis which perhaps is to be expected [12].
In 2015, Kumarasinghe et al. published a large single center retrospective series
detailing outcomes in 70 cases of PTLD (41 heart [HTx], 22 LTx, 6 HLTx, and 1
HTx-kidney transplant) 1984-2013 [4]. The incidence of PTLD was 7.59% in
heart-lung, 5.37% in HTX, and 3.1% in LTx recipients. Extranodal disease (82%)
with diffuse large B-cell lymphoma (72%) was the most common presentation.
Bone marrow involvement (13%) and central nervous system disease (3%) were
uncommon. Poor prognostic markers were bone marrow involvement (HR 6.75,
p < 0.001) and serum albumin <30 g/liter (HR 3.18, p = 0.006). Improved survival
was seen with a complete response within 3 months of treatment (HR 0.08,
p <0.001). Five-year overall survival was 29%.

Risk Factors for PTLD Acquisition

Whether the burden of immune suppression is a critical factor in determining the
risk of PTLD is uncertain as the reported evidence is variable. However, most stud-
ies are small, single center retrospective studies that are poorly controlled. Montone
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etal. in 1996 reported that cyclosporine and azathioprine dosages and cyclosporine
levels were similar between patients with and without PTLD, but PTLD was more
prevalent in patients with high cumulative doses of antilymphocyte globulin [13].
Conversely in the same year Mihalov et al. reported no apparent effect of the with-
drawal of prophylactic OKT3 from the immunosuppression regimen of HTx trans-
plant recipients on the incidence of all tumors, PTLD, or skin/lip tumors [6].
Perhaps one should not extrapolate from heart to lung. Gao et al. reported their
experience with both HTx and LTx and concluded recipient age and rejection fre-
quency, as well as high-dose cyclosporine immunosuppression, were significantly
(p <0.02) associated with PTLD development [14]. In 2002, Malouf et al. reported
a reduction in the apparent rate of PTLD in EBV-naive recipients [15]. None of 15
EBV-naive recipients who received continuous antiviral prophylactic therapy
developed PTLD during a mean follow-up of 806 + 534 (39-1084) days compared
with 1/3 who did not receive antiviral prophylactic therapy. A sophisticated strat-
egy of pre-emptive EBV viral load monitoring was reported by Bakker et al. in
2007 [16]. Serial monitoring used a threshold of 10,000 EBV copies/ml to deter-
mine the trigger point for reducing immune suppression. They concluded pre-emp-
tive reduction of immunosuppression after lung transplantation guided by
EBV-DNA load appeared to be a safe approach for the prevention of PTLD in lung
transplant recipients late after transplantation. The same confidence cannot be
assumed in the pediatric population where the rate of PTLD after pediatric LTx
remains higher than in adults. The NIH-sponsored Clinical Trials in Organ
Transplantation in Children (CTOTC-03) prospectively obtained serial quantita-
tive measurements of EBV PCR in both whole blood and BAL fluid after pediatric
LTx [17]. Of 61 patients, 34 (56%) had an EBV + PCR (at least once in WB or
BAL). EBV donor (D)+ patients more often had a positive PCR (D+/recipient
(R)—: 13/18; D+/R+: 14/23) compared to EBV D— patients (6/17). Several D—/
R— (5/12) patients developed EBV, but none developed PTLD. All four PTLD
patients were D+/R— with EBV + PCR. Having an EBV-seropositive donor was
associated with increased risk of EBV + PCR in whole blood, but EBV load in
BAL was not predictive of developing PTLD.

Leyssens et al. provided interesting data from a case control series of 31 LTx
recipients with PTLD [18]. PTLD prevalence was 3.9%, time to PTLD was 323
(166-1132) days, and 54.8% had early-onset PTLD versus 45.2% late-onset
PTLD. At LTx, more EBV— patients were present in PTLD (42%) compared to
controls (5%) (P < 0.0001). EBV viral load was higher in PTLD versus controls
(p < 0.0001). EBV status at LTx (p = 0.0073) and EBV viral load at PTLD
(p = 0.0002) were the most important risk determinates for later PTLD. Patients
with PTLD demonstrated shorter time to onset of chronic lung allograft dysfunction
(CLAD) (p = 0.0006) and poorer 5-year survival post-LTx (66.6% vs. 91.5%),
resulting in worse CLAD-free survival (HR 2.127,95% CI 1.006—4.500; p = 0.0483)
and overall survival (HR 3.297 95% CI 1.473-7.382; p = 0.0037) compared to con-
trols. Late-onset PTLD had worse survival compared to early-onset PTLD
(p = 0.021). They concluded primary EBV infection is a risk for PTLD and that
PTLD is associated with worse long-term outcome post-LTx.
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These conclusions were supported by a recent meta-analysis by Cheng et al. ana-
lyzing 14 studies published in 2005-2015 which included 164 LTx recipients [19].
The main finding was that SLTx was associated with a 7.67-fold risk of death after
PTLD compared with BSSLTx (pOR 7.67 95% CI 1.98-29.70; p = 0.003). Risk of
death for early-onset (<1 year post-LT) vs. late-onset (>1 year post-LT) PTLD was
not different (pOR 0.62, 95% CI 0.20-1.86, p = 0.39). Survival in polymorphic vs.
monomorphic PTLD and extranodal vs. nodal disease was similar.

Clinical and Histopathological Features

LTx recipients have a predilection for developing PTLD in the allograft, perhaps
related to the transplantation of donor lymphoid tissue. The development of PTLD
in donor-derived cells has been elegantly demonstrated by Mentzer et al. in 1996 in
an EBV— LTx recipient who developed an immunoblastic lymphoma 4 months
after LTx from an EBV+ donor [20]. The neoplastic cells expressed B lymphocyte
markers (CD19+, CD20+, sIgM+, kappa+) as well as the EBV antigen EBNA-2. A
cell line with similar cytologic features spontaneously grew from in vitro cultures of
the patient’s peripheral blood mononuclear cells. The cell line and the lymphoma
were EBV+, expressed a similar spectrum of B-cell surface proteins, and had the
donor’s HLA haplotype. Analysis of immunoglobulin gene rearrangements and
viral terminal repeat sequences revealed that the cell line and the tumor represented
distinct B-cell clones. More sophisticated tools are now available to confirm donor
origin, but this early case provides conclusive evidence of donor origin. However, a
subsequent study by Peterson et al. in 2006 showed PTLD may be either of donor
or of host origin using molecular techniques [21]. Four PTLD cases were identified
from autopsy files, and each underwent restriction fragment length polymorphism
analysis using polymerase chain reaction-based genotyping for CYP2D6. Epstein-
Barr virus (latent membrane protein 1) immunostaining and polymerase chain reac-
tion analysis were performed on PTLD-involved tissues. Three cases were shown to
be of host origin and one of donor origin.

It appears early PTLD predominantly affects the allograft but late disease is often
extra-pulmonary or disseminated [22]. Hence, a high index of suspicion should be
entertained in the otherwise healthy LTx recipient who develops lymphadenopathy
or a bowel obstruction. Late disease can also involve the allograft and a case of an
obstructive endobronchial lesion in a young patient, which developed 6 years after
BSSLTx for cystic fibrosis (CF) has been reported [23]. Wudhikan in 2010 described
the largest series to date, with 32 cases (5%) of PTLD in 639 LTx patients [24]. The
median interval after LTx to diagnosis was 40 (3—242) months. Eight patients (25%)
were diagnosed within 1 year of transplantation and had PTLD predominantly
within the thorax and allograft. Twenty-four patients (75%) were diagnosed more
than 1 year after transplantation and their tumors mainly affected the gastrointesti-
nal tract. Monomorphic PTLD, diffuse large B-cell lymphoma, was diagnosed in
91%. Median overall survival was 10 (0-108) months. Subsequently Kremer et al.
reported 34/705 LTx recipients developed PTLD which involved the allograft in
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49% and the gastrointestinal tract lumen in 23% [25]. Histologically, 39% of tumors
were monomorphic and 48% polymorphic. Of 17 patients diagnosed within
11 months of transplantation, PTLD involved the allograft in 12 (71%) and the GI
tractin 1 (p = 0.01). “Early” PTLD was 85% polymorphic (p = 0.006). Conversely,
of the 18 patients diagnosed more than 11 months after transplant, the lung was
involved in 5 (28%) and the gastrointestinal tract in 7 (39%; p = 0.01). “Late” PTLD
was 71% monomorphic (p = 0.006). Median overall survival after diagnosis was
18.6 months.

Recognizing the importance of making a firm distinction between PTLD and
acute cellular rejection (ACR) by transbronchial biopsy (TBBx), the standard means
of monitoring the status of the lung allograft, Rosendale et al., in 1995, analyzed
TBBx from 11 cases of ACR and 1 case of PTLD and open lung biopsies from 4
cases of PTLD in the allograft [3]. Areas of particular interest were the main tumor
mass of the PTLD and the pulmonary parenchyma adjacent to the mass where peri-
vascular mononuclear infiltrates predominated and mimicked ACR. The main tumor
mass in the PTLD cases revealed consolidation of lung parenchyma by a monomor-
phous lymphocytic infiltrate, which was composed of large lymphoid cells that
marked as B lymphocytes. The ACR cases and peripheral areas of the PTLD lesions
were composed of polymorphous, perivascular lymphocytic infiltrates with similar
numbers of B and T cells. All cases of PTLD, both the main mass and the peripheral
infiltrates, had lymphocytes that stained positively with antibody to Epstein-Barr
virus latent membrane protein, while none of the ACR cases was positive.
Occasionally both ACR and PTLD may occur concurrently. In 2010, Calabrese
et al. described a convincing case of a young CF patient who developed multiple
pulmonary nodules 2 months post-BSSLTx shown on needle biopsy to be PTLD,
while surveillance TBBx was typical for ACR [26]. Each sample had different lym-
phocyte characteristics: the perivascular lymphoid cells in TBBx were mainly T
lymphocytes (CD3 positive), while a larger number of lymphocytes in the needle
biopsy were B cells (CD20 positive).

Radiological Features

Collins et al., in 1996, retrospectively reviewed the computed tomographic (CT)
and histologic findings of lymphoproliferative disease (LPD) associated with the
EBV [27]. The findings are relevant to our discussion given the stereotypic radio-
logical features of LPD even though the patient population involved 5 patients with
acquired immunodeficiency syndrome and 4 with other conditions as well as 15
post-HTx, LTx, or HLTx. Final diagnoses included malignant lymphoma (n = 15),
polyclonal LPD (n = 8), and hyperplasia of bronchus-associated lymphoid tissue
(n=1). CT findings included multiple nodules (n = 21), lymphadenopathy (n = 9),
areas of ground-glass opacification (n = 8), septal thickening (n = 7), consolidation
(n=5), pleural effusion (n = 4), and solitary endobronchial lesion (n = 2). The nod-
ules were 2—4 cm in diameter, involved mainly the middle and lower lung zones,
and frequently had a predominantly peribronchovascular (n = 15) or subpleural
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(n = 14) distribution. They concluded EBV-associated LPD may range from benign
lymphoid hyperplasia to high-grade lymphoma, and the most common CT manifes-
tation comprised multiple nodules, frequently in a predominantly peribronchovas-
cular or subpleural distribution. Of course, in the immunocompromised patient, the
pulmonary nodule remains a diagnostic and therapeutic challenge [28]. The differ-
ential diagnosis is broad, and infectious causes such as aspergillosis and bacterial/
fungal lung abscess should be considered as opined by Lee et al. who reviewed 234
LTx in 1990-2000 and found that solitary pulmonary nodules were most commonly
due to bronchogenic carcinoma and PTLD, while multiple pulmonary nodules were
often due to invasive pulmonary aspergillosis, cytomegalovirus pneumonitis, bron-
chiolitis obliterans, and metastatic carcinoma [29].

Therapeutic Options and Outcomes

Therapeutic options for PTLD have been discussed previously in this book, so only
a brief lung-focused discussion will be presented here. One major difference, as
mentioned above, is that PTLD in LTX recipients often occurs in the allograft,
which may limit some therapeutic endeavors, including systemic chemotherapy and
radiotherapy. A traditional strategy has been to reduce or completely stop all
immune suppression on the diagnosis of PTLD, but this risks the development of
significant ACR and antibody-mediated rejection with subsequent CLAD which
may demonstrate a restrictive allograft syndrome (RAS) phenotype, making retrans-
plantation a potentially hazardous undertaking. Monoclonal antibody therapy with
rituximab, an anti-CD20 monoclonal antibody based on the premise that PTLD
would have a significant population of CD-20-positive B cells, was initially trialed
by Cook et al. in 1999 who reported 2/3 patients with diffuse large B-cell PTLD
after LTx developed complete remissions [30]. Seven years later Knoop et al. pro-
vided further support for the successful use of rituximab in a 4/6 patients, conclud-
ing that a reduction in immunosuppression combined with first-line treatment with
rituximab may induce long-term complete remission in LTx recipients with
PTLD. In 1999 Schoch et al. described a promising case report using extracorporeal
photochemotherapy (ECP) in a LTx recipient with a history of ACR and EBV-
associated PTLD [31]. ECP in combination with a moderate reduction of immuno-
suppressive therapy resulted in complete remission which persisted at 1-year
follow-up, without further ACR.

As mentioned elsewhere in this book, it is important to distinguish between the
lytic and latent stages of EBV. As noted by Mentzer et al. in 2001, immunologic and
antiviral therapies are moderately effective for treating EBV-associated infections in
the lytic phase, but less useful in the more common latent phase [32]. The lack of
virus-specific enzyme thymidine kinase (TK) expression in EBV+ tumor cells, due
to viral latency, makes antiviral therapy alone ineffective as an anti-neoplastic ther-
apy. Based on a promising case report from their unit in 1998, Mentzer et al. devel-
oped a strategy for the treatment of EBV-associated PTLD using pharmacologic
induction of the latent viral TK gene and enzyme in the tumor cells, using arginine
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butyrate which selectively activates the EBV TK gene in latently EBV-infected
human lymphoid cells and tumor cells [32, 33]. In a phase I/II trial employing an
intra-patient dose escalation of arginine butyrate combined with ganciclovir in 6
patients with PTLD, all of which were resistant to conventional radiation and/or
chemotherapy, this combination produced complete clinical responses in 4/6
patients. In an exciting pre-clinical study just published by Sang et al., combination
therapy with rapamycin and a PI3K inhibitor, or an Akt inhibitor, was found to hold
promise of being an efficacious treatment for EB V-associated PTLD while simulta-
neously promoting allograft survival [34].

Conclusions

The transplanted lung has a rich population of lymphoid tissues which conveys an
increased risk of EBV acquisition with LTx and thereby an increased risk of PTLD
especially in the EBV-naive recipient. Allograft disease predominates early after
LTx with gastrointestinal and disseminated disease as late manifestations of
PTLD. There is no convincing prophylactic therapy but a high index of suspicion,
and where available serial EBV viral load dynamics monitoring holds the promise
of early diagnosis which may be associated with an enhanced chance of successful
therapy. Despite the known risks, the broad LTx community has not supported
avoidance of transplanting the EBV-naive population, and this strategic policy is
beginning to show increased benefit with the development of a number of therapies
under trial.
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Introduction

The preceding chapters of this book emphasize how much has been learned about
PTLD in the past few decades. Yet so much still remains to be learned. Listed below
are some of the unanswered questions regarding PTLD. Each of these areas is ripe
for future research and the gain of new knowledge.
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Etiology/Pathogenesis of PTLD

1. What is the point at which proliferation of EBV-infected B cells becomes uncon-
trolled and what measurable markers identify that this has occurred?

We know that EBV inserts into the B-cell genome and drives cellular prolifera-
tion. Under normal circumstances, this proliferation is controlled primarily by cyto-
toxic CD8+ T cells, which are impaired by extrinsic immunosuppressive agents. Yet
less than 10% of transplant recipients develop PTLD. Is this just an issue of degree
of cumulative immunosuppression or is it also related to the organs themselves? If
so, why are intestinal and lung transplants associated with the highest rates of
PTLD? Is it the presence of lymphoid tissue, antigenic drive by the organ and/or
associated pathogens, or something else? Is cumulative immunosuppression over
time most important, or exceeding some threshold of total immunosuppression at
any one point in time? How do the different immunosuppressive agents combine to
suppress the immune system? Is the combination synergistic in a linear fashion,
exponential fashion, or otherwise? Is the use of certain immunosuppressive agents
(e.g., belatacept) more likely to lead to PTLD, and are any such agents (e.g., mTOR
inhibitors) actually protective? To address these important questions, prospective
observational studies could be implemented to follow patients, their immune sup-
pression, immune function, and status of EBV infection over time in an effort to
clarify the events and factors defining who progresses to PTLD and who does not.

Do the factors that determine progression to PTLD differ in organ and stem cell
transplant recipients?

2. Why is primary EBV infection so much more likely to lead to PTLD and why
don’t all recipients develop PTLD?

Multiple studies have shown that the EBV-seronegative recipient is much more
likely to develop PTLD. What are the unique features of primary infection under an
immunosuppressed state that make it different from a reactivation of primary infec-
tion that developed in an immunocompetent host? Does the delayed recovering
immune response against EBV in stem cell recipients present a similar or quantita-
tively different setting and risk compared to the seronegative recipient’s efforts to
control primary EBV infection after organ transplant? Are there measurable fea-
tures of the EBV-seronegative organ recipient or the patients receiving stem cells
from an EBV-seropositive donor which predict progression to PTLD after primary
infection after organ transplant? Are these features present prior to or after infec-
tion? (e.g., EBV-specific CTL response). The proposed observational studies men-
tioned above could potentially attempt to answer these questions as well if funding
is available to answer the questions.
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3. What are the etiologic agent(s) or factors involved in the genesis of EBV-
negative PTLD?

While we have strong evidence for the role of EBV in the pathogenesis of PTLDs,
we have minimal knowledge about the triggers for EBV-negative PTLDs. Are these
entities also induced by some microbial infection? Why do they manifest consider-
ably later than EBV-positive PTLDs and why does their incidence not peak? If this
is not attributable to a microbe, then what else could drive uncontrolled immune-
cell proliferation? Why are EBV-negative PTLDs so rare after stem cell transplant,
and do they differ from EBV-negative PTLDs after organ transplantation? Our cur-
rent answer that EBV-negative PTLDs are typical lymphomas that just happen to
occur in a transplant recipient seems unsatisfactory, as their response to treatment —
including their response to immunosuppression reduction for SOT — is very differ-
ent from NHL in the immune-competent population.

4. What are the differences in pathophysiology for late PTLD or non-B-cell PTLD
compared to typical early EBV-driven B-cell PTLD? Why do they behave so
differently?

Why are some PTLDs of T-cell or NK-cell origin? Compared to B-cell PTLD,
these other types such as T-cell PTLD tend to occur later, are less likely to be EBV-
associated, and have a poor response to therapy and higher mortality. What makes
the presentation, response, and outcomes so different?

Surveillance and Monitoring

1. How intense should the PTLD monitoring be? What is both scientifically valid
and cost-effective?

The role and optimal methods for viral infection surveillance, whether for EBV,
CMYV, or BK virus, are being intensively discussed by transplant professionals at
this time, but the optimal timing is still not known. Serial measurements of viral
load by PCR can be quite expensive and few studies have addressed cost-
effectiveness. For CMV and BK virus, DNAemia is due to viral replication, and
there is a clear progression of DNAemia to virus-induced organ involvement that
can be prevented in many cases. However, for EBV, DNAemia may reflect B-cell
proliferation with or without viral replication. The determinants of progression to
EBYV disease/PTLD are less clear and many cases of chronic high load carrier do not
progress to clinical disease. So what does a single high viral load mean? What do
repeated high viral loads mean? Why is it different for different transplanted organs,
such as heart versus liver, and between adults and children?
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2. Isviral load monitoring indicated in patients who are EBV seropositive prior to
transplantation?

Finally, should optimal surveillance combine viral load monitoring with some
assessment of the patients’ immunological status (e.g., cytotoxic T-cell frequency
and function)? If this were done, what would be their combined performance as
tests to predict progression to disease as well as what role would measurement have
as a marker of treatment response? The evidence is incomplete at this point and
more research is needed in order to define optimal and cost-effective surveillance
programs. While many of the above questions could be raised for recipients of stem
cells from EBV-seropositive donors, additional ones would include whether mea-
surement of load and/or markers of host-immune response differ for recipients of
identical, haploidentical, or umbilical cord transplants.

Treatment of PTLD

1. What are the optimal treatment strategies for PTLD, and how should these be
individualized for factors such as patient age, EBV status, histopathology, time
of onset post-transplant, and prior rejection history and disease stage?

Currently, the accepted initial approach for SOT recipients with PTLD is to
reduce immunosuppression in nearly all cases. However, it is unclear when this
should be the only initial therapy or when other treatments are indicated at presenta-
tion. Only a few cases of PTLD, such as Burkitt’s type or CNS location, have a clear
consensus to move immediately to therapies beyond immunosuppression reduction.

2. There also remains disagreement as to what is an adequate trial of reduction in
immunosuppression. Which agents, what order, for how long, and how much?
When should immunosuppression be completely withheld? How should the
allograft be best protected from acute and chronic rejection?

Rituximab has certainly gained ground as a first-line therapy in CD-20-positive
tumors, but it remains unclear under what circumstances reduced immunosuppres-
sion alone might be used as first-line therapy without rituximab. Rituximab may be
used as monotherapy in many situations, but some patients need more intensive
treatment including chemotherapy, and factors to identify these patients already
have been established in SOT in adults. For SOT, the role of cellular (adoptive)
immunotherapy and whether it can replace rituximab or chemotherapy in this set-
ting are currently under study in several prospective clinical trials. Antiviral agents,
such as ganciclovir, are frequently used at diagnosis, but there is only limited evi-
dence for lytic EBV transcripts in PTLD cases. Also, when should chemotherapy be
introduced and which agents are optimal in different clinical settings? When should
second-line therapies be introduced, and what should they be? With increasing inci-
dences of central nervous system disease in recent years, there is also a clear need
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for prospective clinical trials specifically in primary CNS-PTLD to define treatment
in this still devastating disease. Rituximab, antiviral therapy, and chemotherapy
clearly are effective in this setting and also radiotherapy is an option, but it is still
unclear how to balance efficacy and toxicity to optimize patient outcome.

For stem cell transplant recipients, strong evidence exists for the efficacy of the
use of EBV-specific T-cell therapy, from the donor or third party, in the treatment of
EBV-associated PTLD. For recipients in whom adoptive immune therapy is not
available, rituximab has been shown to be effective though in some cases rituximab
combined with traditional chemotherapy is necessary to control EBV-associated
PTLD. Determining upfront who will require more aggressive therapy and defining
the optimal regimen for a given stem cell recipient present important opportunities
for research in this area.

Summary

While we have clearly learned much about EBV and its role in the pathogenesis of
PTLDs, a large number of critically important and clinically relevant questions
remain unanswered. With limited number of patients, the priorities for clinical trials
might be how best to prevent PTLD development. Advanced molecular pathology
studies such as detailed host and microbial gene sequencing might advance the
field. Similarly, detailed molecular sequencing of tumor cells might be the strategy
for studying causes of non-EBV PTLDs. We hope that bringing together this state-
of-the-art collection of chapters, reflecting much of what has been learned, will help
to inform those who search for answers to these and other questions in the years
to come.
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