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Abstract: Epstein—Barr virus (EBV) is strongly associated with the development of post-
transplant lymphoproliferative disorder (PTLD) in pediatric liver transplant recipients.
PTLD is one of the most common malignancies following liver transplantation and is asso-
ciated with significant morbidity and mortality. Factors such as EBV-serostatus mismatch
and prolonged or high levels of immunosuppression impact a patient’s risk of developing
PTLD. While pre-transplant EBV serological screening and post-transplant monitoring
of EBV-DNA levels are strongly recommended, universal guidelines for its prevention
and management are lacking. Due to a lack of robust prospective studies, current clinical
practices vary widely. The treatment of PTLD typically involves reducing immunosuppres-
sion and using targeted therapies such as rituximab, or chemotherapy for refractory cases.
This review aims to address our current understanding of EBV’s relationship with PTLD,
evaluate the available treatment modalities, and highlight evolving strategies for using
EBV as a biomarker for PTLD screening and prevention.

Keywords: EBV; PTLD; post-transplant lymphoproliferative disorder; pediatric liver transplant

1. Introduction
1.1. What Is EBV

Epstein—Barr virus (EBV) is a double-stranded linear DNA virus in the Herpesviridae
family that infects over 90% of adults worldwide [1-3]. EBV infection often occurs in
childhood and is usually asymptomatic or may present as infectious mononucleosis [2,3].
Beyond acute infection, EBV is implicated in a range of diseases, including multiple
sclerosis, Burkitt lymphoma, Hodgkin lymphoma, nasopharyngeal carcinoma, and post-
transplant lymphoproliferative disorder (PTLD) [3-8].

In transplant recipients, EBV plays a critical role in the pathogenesis of PTLD by
driving uncontrolled B-cell proliferation, often due to inadequate T-cell-mediated immune
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surveillance [9-13]. The risk of PTLD secondary to EBV is higher in pediatric patients.
One study showed that 98% of pediatric PTLD cases were EBV-positive compared to 68%
of adult PTLD cases [14]. In another study, pediatric patients with a post-liver-transplant
primary EBV infection were found to be 17 times more likely to develop PTLD than those
who had pre-transplant serologies positive for EBV [15].

The life cycle of EBV involves three phases: primary infection, latency, and reacti-
vation. Primary infection occurs via the oropharyngeal epithelium, spreading to naive
B-cells [16]. After the initial infection, EBV persists within memory B-cells, which can harbor
the virus throughout a person’s life [2,12,13,16]. During latency, EBV expresses latency-
associated proteins (e.g.,, LMP1, LMP2) and EBV nuclear antigens (EBNAs) which facilitate
immune evasion, viral replication, and host—cell survival [17,18]. Latency-associated non-
coding RNAs, including Epstein—Barr virus-encoded small RNAs (EBERs) and BAMIII
fragment A rightward transcripts (BARTs), further contribute to immune modulation and
cell survival [2,17]. The reactivation of EBV, typically under immunosuppressive condi-
tions, allows the virus to re-enter its lytic phase, producing new virions and potentially
driving PTLD [2,12,13,16].

1.2. How EBV Is Detected Currently?

EBV is detected through antibody serology, nucleic acid amplification testing (NAAT),
and EBER flow fluorescence in situ hybridization (EBER flow FISH). During infection, the
immune system produces antibodies to its viral components. These antibodies can be
detected on serologic assays in immunocompetent hosts and can indicate the temporality
of the EBV infection. However, serologic assays are unreliable in immunosuppressed
patients due to their altered antibody responses. Studies have shown that immunosup-
pressed children who had negative EBV serologies often had low-to-undetectable EBV
antibody titers after infection. Meanwhile, children who had positive EBV serologies who
were then immunosuppressed after transplantation tended to have high EBV antibody
titers [12,18,19].

EBV DNAemia can be measured through NAAT. In immunocompetent hosts, EBV
DNAemia is often low or undetectable. During times of immune disruption or immuno-
suppression, these levels can transiently rise and become detectable with NAAT, making
surveillance crucial. However, the quantification of the EBV viral load can vary greatly,
depending on what is being measured (whole blood vs. plasma) and the quality of the
NAAT assay [12,20,21]. Per the International Pediatric Transplant Association (IPTA) guide-
lines, either whole blood or plasma can be used, each with its own potential benefits, as
whole blood is more sensitive, while plasma is more specific [20,21]. EBER flow FISH,
using EBV-encoded small RNAs (EBERs), is an emerging tool that identifies infected cells
in both their lytic and latent stages. Unlike PCR, it can differentiate EBV infections across
various cell types, offering insights into the pathogenesis and disease mechanisms of EBV
(Table 1) [20-25].

Table 1. EBV detection methods.

Test Detection Method Tissue Biomarker
Acute infection: Anti-VCA IgM,
Detects antibodies to viral ?itti-_aEcﬁte infection:
Antibody Serology components of EBV and helps Whole blood Anti-EBNA '

indicate temporality of infection.

Acute infection and lifetime
persistence: Anti-VCA IgG
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Table 1. Cont.

Test Detection Method Tissue Biomarker
Detects and quantifies EBV
NAAT (PCR) DNAemia through nucleic acid Whole blood or plasma EBV DNA
amplification of peripheral blood.
Uses fluorescence in situ
hybridization to detect
EBV-encoded small RNAs (EBERS). . EBV-encoded small
EBER Flow FISH Can determine lytic vs. latent stages Tissue or blood RNAs (EBERs)

and differentiate EBV infections
across various cell types.

2. Post-Transplant Lymphoproliferative Disorder (PTLD)
2.1. Why Does It Matter in Pediatric Solid Organ Transplants?

PTLD accounts for approximately 70% of all malignancies diagnosed following SOT
in pediatric patients and occurs in up to 20% of cases, with mortality rates reaching 50%
depending on the transplanted organ [12,13,26,27]. In pediatric liver transplantation, its
prevalence is approximately 2-8%, with a mortality of 44% [12,28]. The outcomes in SOT
recipients are less favorable due to the limited effectiveness of preemptive EBV therapies
compared to hematopoietic stem cell transplant (HSCT) settings [26,29]. Beyond mortality,
PTLD impacts long-term SOT outcomes, serving as a risk factor for chronic allograft
rejection and graft loss, often necessitating re-transplantation [30].

2.2. Clinical Presentation

The clinical presentation and symptoms of PTLD are highly variable and non-specific
(Figure 1). Patients may be asymptomatic or present with fever, malaise, weight loss,
anorexia, diarrhea, and night sweats. Some children present with classic infectious mononu-
cleosis symptoms and lymphadenopathy. PTLD can present with focal symptoms related
to the affected organ or, rarely, with disseminated multiorgan disease that resembles sepsis.
Patients may experience a sore throat, voice changes, snoring, cough, or trouble breathing
if tonsillar lymph nodes are affected [31-33]. Gastrointestinal involvement is common,
presenting with hepatosplenomegaly, gastrointestinal bleeding, and abdominal pain [34,35].
While rare, PTLD can sometimes involve the central nervous system and cause focal neuro-
logic deficits [35-37]. PTLD of the allograft organ can also occur, and acute organ rejection
is often mistaken for PTLD. About 33% of pediatric liver transplant PTLD manifestations
involve the liver allograft [12,38]. Overall, children more commonly present with isolated
cervical lymphadenopathy, intussusception, mesenteric adenopathy, and bowel wall thick-
ening compared to adults, who are more likely to have extra-nodal involvement of the
gastrointestinal tract, allograft, and central nervous system [39]. PTLD presents with a
bimodal distribution, with most cases occurring within one year of transplantation, and
the rest presenting five to ten years after transplantation [40]. Progression can vary widely,
from a rapidly advancing disease to prolonged, fluctuating courses.
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Figure 1. Algorithm for EBV surveillance, diagnosis and management.

2.3. Diagnosis

The definitive diagnosis of PTLD relies on a tissue biopsy, which allows for its histo-
logical evaluation and classification. Under the 2017 WHO guidelines, PTLD was catego-
rized into four types: non-destructive, polymorphic, monomorphic, and classic Hodgkin
lymphoma [41,42]. In 2022, the WHO updated this classification to emphasize different
forms of immune dysfunction, aligning more closely with clinical scenarios and patient
management (Table 2) [10,43,44]. Comprehensive laboratory and imaging studies are
crucial in supporting its diagnosis and staging. The initial workup often includes a com-
plete blood count, complete metabolic panel, lactate dehydrogenase, uric acid, EBV PCR
in previously EBV-negative patients, and EBV serologies. If the concern about PTLD is
high, computed tomography (CT) or magnetic resonance imaging (MRI) with contrast is
obtained to localize the areas of involvement and stage the disease. PET-CT is particularly
valuable for detecting metabolically active lesions and staging [13,43,45]. Staging is based
on current defined guidelines for staging lymphoma [46]. If gastrointestinal symptoms
are present, a gastrointestinal endoscopy is often performed to localize and biopsy the
potential lesion [13,34,35]. The prompt identification and classification of PTLD are critical
for guiding timely, targeted treatment to improve outcomes (Figure 1).

Table 2. WHO 2017 classification of PTLD vs. 2022 International Consensus Classification (ICC)
of PTLD.

2022 International Consensus
Classification (ICC) *

Hyperplasias arising during immune
deficiency/dysregulation

2017 WHO Classification

Non-destructive PTLD

Polymorphic lymphoproliferative disorders
arising during immune
deficiency/dysregulation

Polymorphic PTLD

Monomorphic PTLD, classic Hodgkin
lymphoma PTLD

* Under the overarching category “Lymphoid proliferations and lymphomas associated with immune deficiency
and dysregulation”, which encompasses other diseases outside of PTLD that are not included here.

Lymphomas arising during immune
deficiency/dysregulation
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3. The Connection Between EBV and PTLD
Epidemiology

The rising incidence of PTLD can be attributed to multiple factors. One of the primary
reasons is the increasing number of SOTs performed, particularly liver transplants (LTs),
which inherently increases the pool of individuals at risk for PTLD. Additionally, there has
been a growing awareness about PTLD, leading to more vigilant monitoring and recognition
of the condition. Furthermore, advancements in diagnostic techniques, including more
sensitive imaging modalities and molecular testing, have improved our ability to detect
PTLD at earlier stages or in less obvious clinical presentations, contributing to the observed
increase in reported cases [47].

The prevalence of PTLD in LT recipients is impacted by several factors, resulting in
a 2-12% incidence rate. One of the most significant factors is the immunosuppressive
regimen used to prevent organ rejection, as more intense or prolonged immunosuppression
can increase the risk of a patient developing PTLD. Additionally, the recipient’s EBV
serostatus plays a critical role, as those who are EBV-negative at the time of transplant are at
a higher risk when exposed to the virus post-transplant. Furthermore, EBV donor-recipient
mismatch significantly elevates risk, particularly when an EBV-positive donor transmits
the virus to an EBV-negative recipient [15,47-49].

4. Pathophysiology

Approximately 55-75% of PTLDs are associated with an EBV infection linked to a
primary infection, reactivation, or donor transmission [10]. EBV reactivation can occur
due to a variety of factors. The use of immunosuppressant mycophenolate mofetil (MMF)
post-transplant has been shown to reduce Vy2+ T cell proliferation, a T-cell critical for
both innate and adaptive immunity against EBV-infected cells [2,50,51]. EBV reactivation
is also frequently observed in co-infections such as cytomegalovirus, syphilis, human pa-
pillomavirus, Kaposi sarcoma-associated herpesvirus, and COVID-19 [2,52]. Additionally,
non-infectious factors such as radiation, oxidative and cellular stress, B-cell maturation,
and psychological stress have been linked to increased EBV viral load and reactivation [2].

While the precise mechanisms at play remain unclear, the EBV genome is found in
>90% of B-cell PTLD cases occurring within the first year after a SOT [11,48]. The host im-
mune system typically regulates EBV-infected latent cell proliferation and viral reactivation
through mechanisms such as cytotoxic T lymphocytes (CTLs), which target EBV antigens
like LMP1 and EBNA2 [9,12,16,53]. EBV latent membrane proteins 1 and 2a (LMP-1 and
LMP-2a) mimic CD40 and B-cell receptor growth signals, respectively, providing survival
signals to B-cells. CD40 activation inhibits viral lytic infection, while interleukin-10 se-
cretion by EBV stimulates B-cell proliferation [10]. These processes, combined with EBV
oncogene expression, immunosuppression, chronic antigen exposure, and impaired T-cell
surveillance, contribute to B-cell transformation, proliferation, and apoptosis inhibition,
driving PTLD development [48,54].

5. Donor/Recipient Status

Donor-transmitted EBV infections are particularly common in EBV-mismatched pa-
tients (donor seropositive/recipient seronegative), especially in children who are often
EBV-naive [48]. Monitoring recipients’ EBV serological status and EBV DNAemia post-
transplant has proven effective in stratifying EBV risk. For instance, Bernabeu et al. found
that approximately 20% of asymptomatic post-transplant children carried high EBV loads
for months to years following a primary infection [15,55].
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6. EBV-Positive vs. EBV-Negative PTLD

In a large analysis of over 160,000 pediatric and adult liver transplant recipi-
ents, Dharnidharka et al. highlighted an elevated PTLD risk in EBV-seronegative
individuals [48,56]. Early-onset PTLDs are predominantly EBV-positive and present within
the first-year post-transplant, while EBV-negative PTLDs typically manifest 5-10 years later.
EBV-positive PTLD also tends to present with a polymorphic histology, while EBV-negative
PTLD is frequently monomorphic and resembles the lymphomas found in immunocompe-
tent hosts [57].

Although EBV plays a significant role, the pathogenesis of PTLD also involves genetic
alterations, such as chromosomal translocations, gene mutations, and epigenetic changes.
Further, other viral infections (e.g., human herpes virus 5, 6, and 8), hit-and-run EBV
infections, and chronic antigenic stimulation by the allograft, including antibody-mediated
rejection, may contribute to EBV-negative PTLD, although this remains unconfirmed [57,58].

7. Treatment of PTLD

The goal of PTLD treatment is to achieve remission while preserving the allograft. Due
to the rarity of PTLD, most evidence is derived from retrospective studies [59]. First-line
management includes reducing immunosuppression (RIS), followed by rituximab (anti-
CD20 monoclonal antibody) and, in some cases, chemotherapy (Figure 2; Table 3). Surgery
and radiation are limited to isolated or palliative cases [39]. Novel therapies including
immunotherapy, cytokine treatment, and anti-EBV-based therapy continue to be explored
(Figure 2; Table 3). Currently, there are no standardized treatment regimens for PTLD.
Therapy should be individualized based on the stage and type of PTLD. Multidisciplinary
approaches with the early involvement of oncology are essential for the management
of PTLD.

1.  Reducing Immunosuppression (RIS):

RIS aims to restore recipient immunity by enabling EBV-specific T-lymphocyte prolif-
eration [60]. Early, low-burden, EBV-driven cases respond best to RIS, but outcomes are
less favorable in aggressive disease or late-onset PTLD [56]. The risks include a delayed
response (3-5 weeks), graft rejection, and organ failure [59]. Protocols vary by disease
severity and transplant center, often involving calcineurin inhibitor reduction and an-
timetabolite discontinuation [54]. In pediatric solid organ transplant patients, predictors for
a poor response to RIS alone include CD20 or EBV negativity, late-onset PTLD, or neural
involvement [39,61,62].

2. Rituximab:

Rituximab is a chimeric murine and human monoclonal anti-CD20 antibody. The
CD20 antigen is found on B-cell lymphocytes, where rituximab can bind and mediate
B-cell lysis and CD20+ tumors. It is typically used after RIS failure or as part of sequential
therapy with chemotherapy [61,63]. As with RIS, monotherapy with rituximab has not
shown a long-term event-free survival—in a combined analysis of two prospective trials of
rituximab monotherapy in PTLD, 26% of complete and partial responders required further
therapy within 1 year [63-65]. Recent data have shown that the early introduction of
rituximab in PTLD improves outcomes, with a reported overall survival of 73% compared
to 33% in those who received frontline rituximab treatment [65].
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Monoclonal
Antibodies

Chemotherapy

Reduction of
Immunosuppression

25
Calcium

Calcineurin Channel

inhibitors

Checkpoint
Inhibitors

Lymphocytes (CTLs)

Figure 2. Treatment strategies for EBV PTLD vary and may include a reduction in immunosuppres-
sion, the use of chemotherapy agents, anti-CD20 monoclonal antibodies, and cytotoxic T lymphocytes.
EBV: Epstein—-Barr virus; PTLD: post-transplant lymphoproliferative disorder. (This schematic was
created using Servier Medical Art templates, provided by Servier, licensed under a Creative Commons
Attribution 4.0 international license; https:/ /smart.servier.com).

3. Chemotherapy:

Historically, chemotherapy used for lymphoproliferative disorders has not been used
in SOT recipients due to its high treatment-related mortality (TRM) and the risk of graft
rejection [62]. However, those who can tolerate it can achieve lasting remission from
PTLD [39,61]. The PTLD-1 trial established that 20% of patients achieved complete remis-
sion with monotherapy and 57% achieved complete remission with sequential rituximab
and CHOP chemotherapy for aggressive cases [66,67]. In terms of pediatric PTLD, a pilot
phase 2 trial was carried out with the Children’s Oncology Group, with a two-year event-
free survival rate of 77% and an overall survival rate of 80% found [68]. If chemotherapy is
utilized, supportive measures such as prophylactic antibodies, continued RIS, and the use
of growth factors should be considered [62].

4. Novel Therapies:

The treatment of PTLD in transplant recipients generates special challenges due to
organ dysfunction with the long-term use of calcineurin inhibitors, concerns about graft
function, and the potential for toxicity and higher infection risk. These issues have led to
the consideration of novel treatment options [61]:

A. CD30 Targeting: The CD30 antigen is an activation marker expressed by activated B
and T lymphocytes, recently found to be commonly expressed in all types of PTLD.
Brentuximab vedotin, an anti-CD30 antibody—drug conjugate, shows promise in
CD30-positive PTLD when administered concurrently with rituximab [69-71].
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T Cell Therapy: Donor-derived EBV-specific cytotoxic T-lymphocyte (CTL) infusions
have shown efficacy in solid organ transplant recipients, with response rates exceed-
ing 50%. Due to immune suppression in transplant recipients, the cytotoxic T-cell
response is poor in PTLD. Donor-derived anti-EBV cytotoxic T lymphocytes (CTL)
can be infused into a patient, altering their EBV-specific cellular immune response
and leading to PTLD regression [72]. In SOT, CTL infusions have achieved overall
response rates of 64% at five weeks and 52% at six months [72]. In an ongoing phase 3
trial (ALLELE), the allogenic EBV-CTL treatment tabelecleucel showed an objective
response in 52% of SOT patients with relapsed or refractory PTLD without significant
treatment-related adverse events [73].

Interleukin-6: Anti-IL-6 monoclonal antibodies have led to partial or complete remis-
sion in small cohorts. IL-6 promotes the growth of EBV-infected B-cells and patients
with PTLD have high levels of IL-6. Based on this, anti-IL6 monoclonal antibodies
have been trialed, which led to complete remission in 45% and partial remission in
25% of the 12 patients [74]. However, the data are limited, and further study is needed.

Table 3. Treatment regimens of PTLD.

Treatment

Dosing

Risks

Reduction in Immunosuppression

N/A

Delayed response (3-5 wks), graft
rejection, organ failure [62]

Rituximab (monotherapy)

Four intravenous (IV) infusions, each of
375 mg/mz, on days 1, 8, 15, and 22 of
treatment [63]

Severe infection, neutropenia,
hypogammaglobulinemia

Chemotherapy (CHOP) w/Rituximab

Six cycles, 3 weeks apart

Cycles 1 and 2: Cyclophosphamide

(600 mg/m? intravenous) day 1
prednisone (1 mg/kg orally twice a day) or
methylprednisolone (0.8 mg/kg
intravenous every 12 h) on days 1-5, and
rituximab (375 mg/m? intravenous) on
days 1,8 and 15

Cycles 3-6: same as above, without
rituximab [68]

Treatment-related mortality, graft
rejection [68]

Targeting CD30 (Brentuximab vedotin)
w/Rituximab

Induction:

Rituximab 375 mg/ m? given on days 1, 8,
15, and 22 of treatment

Brentuximab vedotin 1.2 mg/kg given on
days 1, 8, and 15

Maintenance:

Rituximab 375 mg/m? every 6 wks
Brentuximab vedotin 1.8 mg/kg every
3weeks [71]

Treatment-related toxicity—infection,
febrile neutropenia, peripheral
neuropathy, pancreatitis [71]

T-Cell Therapy (e.g., tabelecleucel)

Weekly intravenous infusions of CTLs
(2 x 106 CTLs/ kg) for total of
4 weeks [72,73]

Cytokine release syndrome, infusion
toxicity [73,75]

Anti-Interleukin-6 (IL-6) Antibodies

Up to 0.8 mg/kg per day for 15 days [74]

Infection, thrombocytopenia,
neutropenia, dyslipidemia, elevated liver
enzymes [76]

CHOP = cyclophosphamide, doxorubicin (hydroxydaunorubicin), vincristine (Oncovin), and prednisone;
CTL = Cytotoxic T-Lymphocytes.

8. Screening and Surveillance

Pre-transplant EBV serological screening of both the donor and recipient is critical

for risk stratification. Most commonly seen post-transplant, EBV DNAemia is monitored
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using PCR assays of whole blood or plasma, though practices vary globally. Unfortunately,
there are no specific criteria used to define EBV DNAemia cut off values to start preemptive
management, as EBV levels at PTLD diagnosis are quite variable. Sustained high viral
loads are associated with increased PTLD risk and hence serial monitoring is advocated
for [15,77-79]. Since the risk of PTLD has been linked to immunosuppression use, and
its incidence is highest in the first year post-transplantation, transplant centers generally
screen for EBV titers in the blood or plasma more frequently during this period [80].
The International Pediatric Transplant Association (IPTA) recently proposed surveillance
guidelines in 2023. For EBV-negative patients who receive an organ from EBV-positive
donors, they propose weekly EBV PCR surveillance for three months post-transplant,
followed by biweekly surveillance until six months, and then monthly until one year.
If their EBV PCR becomes positive, then weekly EBV viral load monitoring should be
performed until the viral load peaks and begins down-trending after two—four weeks. EBV
viral load monitoring is then adjusted to biweekly, monthly, and then every three months
until the viral load is undetectable [21]. A younger age at transplant and seronegativity pre-
transplant are risk factors for the development of early PTLD [15]. Though universal cutoff
values remain undefined, centers commonly preemptively adjust immunosuppression and
use rituximab for high EBV loads [48,80,81]. Standardized algorithms for EBV monitoring,
risk-based immunosuppression reduction, and preemptive rituximab use are needed in
pediatric liver transplantation.

9. Conclusions

PTLD is a rising concern in pediatric liver transplantation and is strongly associated
with EBV infection. Effective prevention and treatment strategies, including immuno-
suppression management, rituximab, and novel therapies, continue to evolve. However,
systematic EBV monitoring and risk-based interventions remain critical in mitigating the
incidence of PTLD and improving outcomes. Further research is mandatory to determine
the best management strategies for children found to be at higher risk for PTLD, how
to approach post-transplant patients with EBV-DNAemia, and whether other potential
biomarkers can be used to assess the risk of PTLD developing in pediatric liver transplant
patients [77,81].
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