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Epstein-Barr virus (EBV) is a ubiquitous human tumor
virus, which contributes to the development of lym-
phoproliferative disease, most notably in patients
with impaired immunity. EBV-associated lympho-
proliferation is characterized by expression of latent
EBV proteins and ranges in severity from a relati-
vely benign proliferative response to aggressive

malignant lymphomas. The presence of EBV can also
serve as a unique target for directed therapies for
the treatment of EBV lymphoproliferative diseases,
including T cell–based immune therapies. In this
review, we describe the EBV-associated lymphoproli-
ferative diseases and particularly focus on the thera-
pies that target EBV.

Introduction
Epstein-Barr virus (EBV) is the most common human tumor virus,
infecting .90% of adults throughout their lifetime.1,2 EBV was
first isolated from a Burkitt lymphoma cell line in 1964, and its
relationship to cancers has been extensively researched since.3

The primary infection of EBV frequently occurs in childhood,
with mild to no symptoms, or in adolescence, with symptoms of
infectious mononucleosis. After infection, the virus persists for
the lifetime of the host.2,4,5 EBV infects epithelial cells of the
oropharynx, followed by replication and spread to B cells, but
EBV can also infect various types of human cells (especially in
pathogenic settings), including T cells, natural killer (NK) cells,
and epithelial cells.6,7 In most immunocompetent individuals,
the virus remains latent in memory B cells, controlled by a
robust cytotoxic T lymphocyte response.6,8-10 Lifelong persis-
tence of the virus is typically asymptomatic, but especially in
those with impaired cell-mediated immunity, the virus can prolif-
erate in an unregulated fashion, with malignant potential.6,8,11,12

The most common EBV-associated malignancy is gastric carci-
noma, followed by nasopharyngeal carcinoma and lymphoma.13

We review EBV-associated lymphoproliferative diseases and
treatments leveraging EBV as a target.

Lymphoproliferative diseases
EBV infections associated with lymphoid proliferation range
from lymphoproliferation with no malignant potential to aggres-
sive lymphoma. Those with no or minimal malignant potential
include infectious mononucleosis and EBV1 hemophagocytic
lymphohistiocytosis (HLH), with increasing malignant potential
apparent in some settings, including chronic active EBV disease
(CAEBV).7,14 EBV-associated lymphomas are usually of B-cell ori-
gin (eg, Hodgkin lymphoma [HL] or B-cell non-HL [NHL]) but in
rarer circumstances can be of NK/T-cell origin. EBV-associated
lymphoproliferative diseases develop in those with either

congenital or acquired immunodeficiencies, including iatrogenic
or posttransplantation lymphoproliferative disease (PTLD), HIV-
related lymphoproliferative disorders, and immunodeficiencies
associated with primary immune disorders13 (Table 1).

EBV protein expression and EBV latency types
EBV contains multiple gene products that express proteins and
small untranslated RNAs, some of which are involved in the lytic
or productive cycle of the virus, whereas others are expressed in
the latent cycle, allowing the virus to persist long term.15 There
are many functions of the different latency EBV proteins, includ-
ing proliferation, mechanisms to avoid immune surveillance, and
resistance to cell death, that contribute to development of lym-
phoproliferative diseases.12,15 Each EBV latency type is defined
by the expression of viral-encoded antigens (Figure 1). These
include 6 nuclear antigens (EBNA1, EBNA2, EBNA3A, EBNA3B,
EBNA3C, and EBNA-LP), 3 latent membrane proteins (LMP1,
LMP2A, and LMP2B), and 2 short noncoding RNAs (EBER1 and
EBER2), in addition to .40 microRNAs.4,14,16 In latency type III,
there is expression of all EBV antigens (EBNAs, EBERs, and
LMPs). The expression of the immunodominant EBNA3 antigens
renders type III latency tumors highly immunogenic, and this
tumor develops in patients with impaired cell-mediated immu-
nity, including PTLD and other immunocompromised states.6,17

Latency type II tumors express EBNA1, EBERs, and the 3 LMPs.
Type II latency is associated with EBV-associated HL and NHL of
B- and NK/T-cell origin. LMP1 is the main oncogenic protein
described, but expression has been variable in NK/T-cell lym-
phomas, because these lymphomas have likely also developed
virus-independent methods of persistence.7,18,19 EBV1 DLBCL is
associated with both latency type II and type III, with some
tumors expressing EBNA2 and/or EBNA3.6,20,21 Latency type I
expresses EBNA1, which maintains the EBV episomal genome,
among other functions, as well as the 2 EBERs. Latency type I is
poorly immunogenic and associated with Burkitt lymphoma,
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with evidence that EBNA1 activates C-MYC expression and
mediates some of the antiapoptotic effects.15,22

Although the proteins expressed in the latent stages of EBV can
serve as targets for EBV-targeted therapy, more recent research
suggests lytic EBV antigen expression can also contribute to
oncogenesis. Multiple studies have demonstrated presence of
lytic gene expression in a variety of lymphomas, with lytic cycle
proteins contributing to tumorigenesis via antiapoptotic and
immunomodulatory effects.23,24 For this reason, the expression
of lytic antigens may also serve as a potential target for novel
therapies.1,24,25

Classification
Reactive proliferation
As described, EBV-associated lymphoproliferation ranges from
reactive proliferation to malignant lymphoma. CAEBV and HLH
are reactive disorders that can lead to significant morbidity and
mortality, including fulminant lymphoma. CAEBV not only has
the potential to progress to high-grade NHL but can also pre-
cipitate secondary HLH, coronary artery aneurysms, and liver fail-
ure.8 CAEBV is a chronic disease in immunocompetent hosts
defined by sustained EBV DNA load in the peripheral blood. It
is typically associated with B-cell proliferation, but CAEBV can
also be associated with NK/T-cell proliferation, especially in East
Asian countries and patients of Asian descent. There is evidence
that many patients with B-cell CAEBV have an underlying
immune deficiency disorder.8,26,27 Recently, it was demonstrated
that patients with CAEBV have evidence of myeloid-derived
suppressor cells that inhibit T-cell responses in vitro, which may
contribute to the disease process in patients.28 CAEBV is

characterized by fever, hepatosplenomegaly, hepatitis, and
lymphadenopathy after the initial infectious mononucleosis.
Cutaneous forms of CAEBV include hydroa vacciniforme–like
lymphoproliferative disorder and severe mosquito bite
allergy.8,26,27

EBV is the most common virus associated with HLH. HLH can
be secondary to the virus itself or primary HLH as an underlying
genetic defect triggered by EBV.7,29 HLH should be considered
in the setting of EBV infection when typical features of HLH are
present, including fever, splenomegaly, cytopenias, coagulop-
athy, and central nervous system disturbances.29 Symptoms of
HLH may be similar to those of acute EBV infection but typically
are more severe in a patient who appears ill. Dexamethasone
and etoposide are the mainstays of treatment of HLH, but with
presence of EBV, rituximab may be added for treatment unless
the EBV disease is NK and/or T cell mediated.29

Lymphomas
EBV is associated with lymphoid neoplasms, according to the
2016 World Health Organization classification, including mature
B-cell neoplasms, mature T- and NK-cell neoplasms, HL, and
posttransplantation lymphoproliferative disorders.30 Of the
mature B-cell lymphomas, DLBCL is the most common lym-
phoma associated with EBV, and although endemic Burkitt lym-
phoma is associated with EBV in up to 95% of patients, in the
United States it is only associated with �20%.31 EBV1 DLBCL
not otherwise specified is a disease entity classified separately,
but other B-cell lymphomas that can be given a more specific
diagnosis can also have evidence of EBV.30,32 HL is also fre-
quently EBV1, and up to 30% of HLs in North America are EBV
associated.33

Table 1. EBV-associated lymphoproliferative diagnoses

Classification Diagnosis

Reactive lymphoid proliferation HLH
CAEBV, B cell, and T/NK cell
Hydroa vacciniforme–like lymphoproliferative disorder
EBV1 mucocutaneous ulcer
Severe mosquito bite allergy

B-cell malignancies Hodgkin Lymphoma
Diffuse large B-cell lymphoma
Burkitt lymphoma
Plasma cell neoplasms
Lymphomatoid granulomatosis
Plasmablastic lymphoma

NK- and T-cell malignancies Systemic EBV1 T-cell lymphoma of childhood
Aggressive NK-cell leukemia
Angioimmunoblastic T-cell lymphoma*
Follicular T-cell lymphoma*
Peripheral T-cell lymphomas
Extranodal NK/T-cell lymphoma, nasal type
EBV1 nodal T- and NK-cell lymphoma
Peripheral T-cell lymphoma, NOS

Immunodeficiency related Posttransplantation lymphoproliferative disorder
HIV related
Lymphoproliferative disease associated with primary immune

deficiencies

Shown are diagnoses with proliferative or malignant cells that can demonstrate EBV positivity.
NOS, not otherwise specified.
*Angioimmunoblastic T-cell lymphoma and follicular T-cell lymphoma have a follicular T-cell phenotype, but EBV1 B-cell blasts may be present.
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NK- and T-cell lymphomas demonstrated to be associated with
EBV include systemic EBV1 T-cell lymphoma of childhood,
aggressive NK-cell leukemia, and peripheral T-cell lymphomas,
which are further classified as either extranodal or nodal. Sys-
temic EBV1 T-cell lymphoma of childhood is a rapidly progres-
sive and fatal disease comprising a monoclonal expansion of
EBV1 T cells. It occurs mainly in East Asia, with some cases in
Latin America, but it is much rarer in the Western population.7

Aggressive NK-cell leukemia is also a rare fatal disease charac-
terized by proliferation of NK cells. Extranodal NK/T-cell lym-
phoma, nasal type, is an aggressive lymphoma that leads to
vascular damage and ischemic necrosis. EBV1 nodal T- and
NK-cell lymphoma is also a rare peripheral T-cell lymphoma
without other extranodal site involvement. Angioimmunoblastic
T-cell lymphoma and follicular T-cell lymphomas have a T follicu-
lar helper phenotype but may also contain B-cell blasts, which
are often EBV1.30

PTLD
PTLD encompasses lymphoid disorders occurring after either
solid organ transplantation (SOT) or hematopoietic stem cell
transplantation (HSCT) and the iatrogenic immunosuppression
required. It was first described in patients undergoing renal
transplantation by Doak et al34 in 1968, and the term PTLD was
introduced by Starzl et al35 in 1984.36 Both T-cell quality and
quantity are affected by the required immunosuppression after
transplantation, leading to potential reactivation of EBV and
unregulated proliferation of the latently EBV-infected
B cells.10,37

PTLD following SOT differs from that in patients undergoing
HSCT, because PTLD in those undergoing SOT arises typically
from host lymphocytes, whereas in HSCT, the cell origin is more
often donor derived.38,39 After SOT, EBV-associated PTLD tends
to occur within the first year but can occur later, because immu-
nosuppression is continued long term.37,40 EBV-associated PTLD
cases after HSCT typically occur within the first 6 months before
reconstitution of EBV-specific T lymphocyte activity, and PTLD
diagnosed later is more likely EBV2.40,41 The incidence of PTLD

post-HSCT is ,2%, whereas in those undergoing SOT, the esti-
mated incidence is up to 20%.13,37,42

Several factors increase the risk of PTLD in patients, including
recipient age, high-dose immunosuppression, infection (cyto-
megalovirus in addition to EBV), type of allograft, and graft
rejection.36,43 A recipient who is EBV seronegative receiving an
EBV seropositive graft or organ has a higher association with
development of PTLD, and children are more likely to be sero-
negative and develop PTLD after conversion.38 After HSCT, fac-
tors that impair T-cell function or lead to more significant T-cell
depletion increase EBV-associated PTLD risk.44 Intestinal trans-
plantations have a higher risk of PTLD than other solid organ
transplantations, with renal transplantations posing the least
amount of risk.37 Although serial monitoring of EBV viral DNA is
important to identify patients at risk of PTLD with detection of
rising EBV load, the best methods and limits for treatment have
not been defined.13,31

World Health Organization classification divides PTLD into
4 types: early lesions (plasmacytic hyperplasia, infectious
mononucleosis-like, and florid follicular hyperplasia), polymor-
phic PTLD, monomorphic PTLD, and classic HL–like.30 Most
PTLDs are of B-cell origin, with a minority of NK/T-cell origin.
Polymorphic PTLD and monomorphic B-cell PTLD (DLBCL-like)
are the 2 most common forms of PTLD seen in childhood, and a
vast majority of these are EBV1.

PTLD can present with lymphadenopathy; however, the signifi-
cant lymphadenopathy associated with other lymphomas is not
as frequent, and B symptoms may or may not occur.10,38 Non-
specific and extranodal involvement is common, including of the
gastrointestinal tract, lungs, skin, bone marrow, and central ner-
vous system.42 EBV disease should be suspected with lymph-
adenopathy, hepatosplenomegaly, or lymphomatous growth in
the transplanted organ, as applicable in the setting of high EBV
DNA load, but ideally, EBV disease is proven through detection
of EBV-encoded RNA by in situ hybridization in a tissue
specimen.

PTLD
HIV lymphoma

Hodgkin lymphoma
DLBCL
NK/T cell lymphoma 

Burkitt lymphoma 

Lytic replication

No viral protein expression

Latency 0Latency IILatency III Latency I

EBNA1EBNA1
EBNAs 1,
2, 3A, 3B
3C, LP

LMP1
LMP2

LMP1
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Figure 1. Latency types after EBV infection range from latency III to latency I/0. Latency III expresses all EBV-encoded proteins and is the most immunogenic, with
expression of the immunodominant EBNA3 antigens. Latency II is less immunogenic, expressing only EBNA1, with 2 EBERs and LMP1 and LMP2. Latency III tumors are
most amenable to adoptive cellular therapy, although LMP-specific T cells have also shown efficacy for latency II tumors. DLBCL, diffuse large B-cell lymphoma.
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Treatment
The treatment of EBV-associated lymphoproliferative dis-
eases is unique compared with other lymphoma treatments,
because the virus itself can serve as a target for treatment
as well as the signaling pathways in which the virus is
involved. EBV-associated lymphomas have evidence of
immune evasion, including avoidance of apoptosis, persis-
tent proliferation, and evasion of growth suppressors; there-
fore, as with other lymphomas, inhibitors of these processes
can potentially be used for treatment.12 Additional treat-
ments demonstrate induction of lytic viral activation, includ-
ing chemotherapeutic agents, radiation, steroids, and
histone deacetylase (HDAC) inhibitors.33 Although multiple
treatment strategies are potentially available, very few large
prospective trials exist that have comprehensively evaluated
treatment of EBV-associated lymphoproliferative diseases,
especially PTLD.37,45 The reasons for this are multifactorial
but are associated with the relative rarity of the disease,
variety of histologic subtypes, and other complicating fac-
tors in these patients, such as pretransplantation diagnoses,

risk of allograft rejection, and varying immunosuppressive
regimens.

Treatment of PTLD has unique challenges, because treatment
must be balanced with risk of graft rejection, graft-versus-host
disease (GVHD), delays in immune reconstitution, and opportu-
nistic infections.37 Restoring the immune defects present post-
transplantation provides the best framework for disease
eradication.43 For PTLD and other immune deficiency–related
lymphoproliferations, the goal of treatment therefore is to
remove the infected B cells and recover the EBV-specific T cell
(EST)-mediated immune response.10 Figure 2 outlines an algo-
rithm for treatment of EBV-associated PTLD. Below, we further
explore these therapeutic strategies that use EBV as a target.

Reduction and modification of
immunosuppression
In the setting of immunosuppression and EBV-associated lym-
phoproliferative disorders, improving the immune defect can
serve as frontline treatment.33 For patients with HIV, continuing

Rising EBV
Symptoms consistent with PTLD
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Biopsy of area in question (EBER ISH)

Consider enrollment in available clinical trials
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Figure 2. Algorithm for the treatment of PTLD. Early clinical trial enrollment is pertinent to expand accessibility of treatment options. Reduction in immunosuppression
(RIS; as tolerated to limit risk of GVHD or graft rejection) is an initial method of controlling EBV-associated PTLD. Rituximab should be initiated in both polymorphic and
monomorphic PTLD, with evidence that complete response (CR) to rituximab alone should be treated with an extended course of rituximab. Without response to rituximab,
chemotherapy should be added to the treatment regimen as well as the administration of ESTs (as available in clinical trials). ISH, in situ hybridization.
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antiretroviral therapy is not sufficient but is of significant impor-
tance to improve immune function. In patients receiving immu-
nosuppression posttransplantation, identifying high-risk patients
and diagnosing early lymphoproliferation can allow for earlier
reduction of immunosuppression to prevent disease progres-
sion.41 However, reduction of immunosuppression is frequently
not a viable option in patients undergoing HSCT because of the
risk of GVHD and time until immune reconstitution, and in many
solid organ transplant recipients, the risk of rejection may out-
weigh the potential benefit. Reduction of immunosuppression
alone has been documented in retrospective reviews, with
responses ranging from 43% to 63% of patients diagnosed with
PTLD. However, patients who received reduction of immunosup-
pression alone are very limited in number, and for most patients,
reduction of immunosuppression alone is insufficient, and addi-
tional therapies are required.46-49 If reduction in immunosup-
pression cannot be tolerated, modifying immunosuppression
such as with mTOR inhibitors instead of calcineurin inhibitors
could potentially be beneficial, although clear evidence is
lacking.33

Monoclonal antibodies
Rituximab, a chimeric anti-CD20 monoclonal antibody, has
become a standard addition to treatment regimens for multiple
B-cell malignancies since its approval in 1997.50 Rituximab tar-
gets malignant CD201 B cells and eliminates the EBV1 latently

infected CD201 memory B-cell population. However, this ther-
apy also targets healthy uninfected CD201 B cells, which can
further immune suppress this vulnerable population.

Cases detailing the treatment of PTLD with rituximab as a single
agent to elicit a CR were reported as early as 1999.51 Since
then, rituximab has become a first-line treatment of PTLD and
has shown efficacy as a monotherapy for PTLD.44 Multiple pro-
spective trials have evaluated rituximab once per week for 3 or
4 weeks as a monotherapy for PTLD after SOT, with overall
response rates ranging from 44% to 69% (CR, 25%-53%).45,52-57

Use of rituximab as monotherapy for PTLD in those undergoing
allogeneic HSCT is extrapolated from retrospective reviews, with
response rates 63% to 70% and documented CRs in up to 84%
(43 of 51 patients) when combined with reduction of immuno-
suppression.44,58,59 Treatment with ofatumumab, a fully human
monoclonal anti-CD20 antibody, has been retrospectively
reported for patients who could not tolerate rituximab, but this
agent has not been evaluated in prospective trials.60

Brentuximab is an antibody-drug conjugate of an antimitotic
agent linked to a chimeric anti-CD30 monoclonal antibody that
has been shown to have therapeutic benefit for some lymphoma
subtypes, such as HL.36,61 Currently, there is limited evidence of
therapeutic potential of brentuximab for CD301 EBV-associated
lymphoproliferative disorders. However, successful management
of refractory EBV-associated PTLD has been reported with a

EBV
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EBV-specific T cells

Adenoviral vector
expressing LMP1 and LMP2

Adenoviral vector
expressing LMP1 and LMP2
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T cells

PBMC

EBV
B
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Figure 3. ESTs generated targeting latency type III vs latency type II EBV-associated lymphoproliferative disorders. Mononuclear cells are isolated from
peripheral blood from autologous or allogeneic donor. (A) Laboratory-strain EBV infects peripheral blood mononuclear cells (PBMCs) to generate LCLs. LCLs express all
EBV-encoded proteins and are used as antigen-presenting cells in coculture with PBMCs to expand ESTs, which target immunodominant EBNA3 and other EBV latent
antigens. (B) Laboratory-strain EBV infects PBMCs to generate LCLs, which are transduced with adenoviral vector expressing LMP1 and LMP2. Monocytes are also
transduced with adenoviral vector expressing LMP1 and LMP2 and cocultured with isolated T cells. Transduced LCLs are used in second stimulation to further expand
LMP-specific T cells.
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combination of brentuximab with ESTs.62 In a small series of pri-
mary immunodeficiency patients with lymphoproliferative dis-
ease, treatment with brentuximab resulted in CR in 6 of
8 patients.63

Checkpoint inhibitors
EBV has been associated with upregulation of PD-1 and its
ligands (PD-L1/PD-L2) in a variety of lymphomas, including
PTLD.64-66 The blockade of PD-1 signaling has proven successful
for treatment of HL (including EBV1 HL), and the US Food and
Drug Administration has approved nivolumab for patients with
classic HL that has relapsed or progressed after autologous
stem cell transplantation and posttransplantation brentuximab
vedotin.67 A variety of trials have continued to demonstrate

success of PD-1/PD-L1 blockade for relapsed HL, and recently,
an overall response rate of 38% was reported for relapsed/
refractory NK/T-cell lymphomas.68 However, when considering
treatment of EBV-associated PTLD, the risk of graft rejection and
GVHD must be taken into account, and there is risk that these
checkpoint inhibitors could precipitate rejection. Case reports
and series have documented that PD-1 blockade can be effec-
tive, although a retrospective series recorded GVHD in up to
55% of patients who received a PD-1 inhibitor post-HSCT for
treatment of relapsed lymphoma.69 Therefore, special considera-
tions must be taken to minimize risk of GVHD if checkpoint
inhibitors are used to treat EBV-associated lymphoproliferative
disorders post-HSCT. The National Cancer Institute is currently
leading a phase 2 trial evaluating nivolumab for the treat-
ment of EBV lymphoproliferative disorders (lymphomatoid

Table 2. Published third-party EST trials

Study Year Target N
Serious adverse

events Clinical results

94 2007 EBV 33 None 52% CR/PR

81,95 2010, 2012 EBV 5 None 4/5 CR

97 2013 CMV, EBV, Adv 50 8 cases GVHD
(2 de novo)

74% CR/PR

96 2017 CMV, EBV, Adv, BK,
HHV6

38 2 cases of de novo
GVHD (grade 1)

92% CR/PR

92 2018 CMV, EBV, Adv 30 2 cases of de novo
GVHD

93% CR/PR

90 2020 EBV 46 None 68% CR/PR (BMT)
54% CR/PR (SOT)

Shown are published results of prior clinical trials demonstrating safety of third-party ESTs.
Adv, adenovirus; BMT, bone marrow transplantation; CMV, cytomegalovirus; PR, partial response.
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Figure 4. Product selection of third-party ESTs. Recipient HLA is compared with 2 separate third-party products along with antiviral activity. Product 1 is a 5/8 HLA
match with the patient, whereas product 2 is a 6/8 HLA match. On prior evaluation of products to determine through which alleles the product has antiviral activity,
product 1 demonstrated antiviral activity in 3 of these shared alleles (HLA restriction), whereas product 2 had antiviral activity in only 1 shared allele. Because of this
antiviral activity in more shared alleles, product 1 is chosen as the initial suitable product.
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granulomatosis, CAEBV, EBV-associated PTLD, and DLBCL) in
patients age $12 years, excluding patients with PTLD after SOT
(registered at www.clinicaltrials.gov as #NCT03258567).

Multiple case reports and retrospective reviews have demon-
strated rates of rejection of solid organ transplants up to 40% in
patients who received checkpoint inhibitors posttransplantation
for treatment of malignancy, a majority of which were melano-
mas.70,71 Therefore, although there is potential efficacy of check-
point inhibitors for EBV-associated PTLD, there is currently
insufficient evidence to suggest benefits would outweigh risks
for patients with PTLD post-SOT. Results of ongoing and future
trials may help elucidate the role and safety of PD-1 inhibitors in
treatment of EBV-associated lymphoproliferative disorders.

Conventional chemotherapy and radiation
EBV1 lymphomas that are classified the same as EBV2 lympho-
mas of the same histology are generally treated with standard
lymphoma regimens.33 Early identification of high-risk patients
facilitates enrollment in clinical trials and access to novel thera-
pies.72 Chemotherapy for PTLD is appropriate as first-line ther-
apy in monomorphic PTLD and classical HL–like histologic
subtypes, as is salvage therapy if initial reduction of immunosup-
pression and rituximab do not result in CR in early lesions or
polymorphic PTLD.

There have been 2 groups with large prospective clinical trials
evaluating chemotherapy after rituximab for PTLD, a Children’s

Oncology Group (COG) trial in pediatric patients and the
PTLD-1 study in Europe in adult patients undergoing SOT. The
COG ANHL0221 study evaluated a regimen combining rituxi-
mab with prednisone and low-dose cyclophosphamide for EBV1

CD201 PTLD. In this 55-patient study, 69% achieved complete
remission, with a 2-year overall survival (OS) rate of 83% and
event-free survival (EFS) rate of 71%.73 This study was subse-
quent to a prior study that demonstrated the success of
prednisone and low-dose cyclophosphamide after failure of im-
munosuppression in pediatric patients with PTLD, with an overall
response rate of 83%, 2-year OS rate of 73%, and progression-
free survival rate of 69% in 36 evaluable patients.74 PTLD-1 eval-
uated sequential treatment with 4 cycles of rituximab followed
by 4 cycles of the CHOP regimen (cyclophosphamide, doxo-
rubicin, vincristine sulfate [Oncovin], and prednisone), with an
amended trial to include an extended course of rituximab after
initial induction for those with CR to rituximab monotherapy.75

Of the 148 patients, 25% had a CR after initial rituximab and
continued rituximab monotherapy. Overall response rate of the
risk-stratified sequential treatment with chemotherapy was 88%
(CR, 70%), with a 3-year OS estimate of 70%.45 Therefore, use
of this risk-stratified approach suggests that responding patients
do not need chemotherapy, which could potentially reduce
infection risks and mortality secondary to chemotherapy in this
population.45

As with conventional chemotherapy, combined treatment with
radiation is included in treatment plans for EBV-associated

Table 3. Active EST trials

Intervention Clinical trial Location Phase

Tabelecleucel NCT04554914 Emory University
Washington University

2

Tabelecleucel NCT03394365, NCT03392142 Multiple locations (sponsor Atara
Biotherapeutics)

3

CD30 CAR EBVSTs (allogeneic,
autologous)

NCT04288726, NCT01192464 Houston Methodist Hospital
Texas Children’s Hospital

1

EBVST cells with nivolumab NCT02973113 Houston Methodist Hospital
Texas Children’s Hospital

1

Allogeneic LMP1/LMP2-specific
cytotoxic T cells and rituximab

NCT02900976 Multiple locations (sponsor COG) 2

Third-party LMP-, BARF1-, and
EBNA1-specific CTLs

NCT02287311 Houston Methodist Hospital
Texas Children’s Hospital

1

LMP1/2 CTLs NCT01956084 Children’s National Medical
Center

1

ESTs NCT01555892 Houston Methodist Hospital
Texas Children’s Hospital

1

Biologically/genetically modified
T cells (19-28z CAR EBV CTLs)

NCT01430390 MSKCC 1

CD19 ESTs NCT00709033 Houston Methodist Hospital
Texas Children’s Hospital

1

TGF-b–resistant LMP-specific
CTLs

NCT00368082 Houston Methodist Hospital
Texas Children’s Hospital

1

Shown are current active EST trials registered on clinicaltrials.gov at time of submission.
CAR, chimeric antigen receptor; CTL, cytotoxic T lymphocyte; EBVST, EBV-specific T cells; TGF, transforming growth factor.
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lymphomas if considered standard treatment for their respective
histologic subtype. Radiation may also prove to have some ben-
efit in localized disease for PTLD, when used in combination
with other treatments.76,77

ESTs
ESTs are an adoptive T-cell therapy that can be generated from
allogeneic, autologous, or third-party donors. In immunosup-
pressed patients, restoring EBV-specific T lymphocyte activity
may prevent or treat EBV-associated PTLD.41 Allogeneic ESTs
can be generated from HSCT donors, and autologous ESTs can
be generated ex vivo for EBV-associated lymphomas before
transplantation as well as for SOT recipients.

ESTs for PTLD The earliest use of ESTs was reported in the
mid 1990s for the prevention and treatment of PTLD. Their use
for more than 2 decades has shown both safety and efficacy in
phase 1/2 trials.33 Early experiences used donor-derived T cells
to prevent and treat EBV-associated lymphomas after HSCT.
Although donor lymphocyte infusions demonstrated effective
treatment of lymphoproliferative disorders after transplantation,
strategies for manufacturing ESTs have been developed to
reduce the risk of GVHD seen with donor lymphocyte
infusions.78

ESTs are designed to target EBV antigens that are presented on
the cell surface by major histocompatibility complex molecules.
When EBV infects B cells in vitro, the cells are activated to prolif-
erate and grow, leading to lymphoblastoid cell lines (LCLs).15

LCLs express all 10 EBV latency antigens and can be used as
antigen-presenting cells to selectively expand ESTs from HSCT
donors targeting the immunodominant antigens to treat latency
type III tumors in patients undergoing HSCT.10 Rooney et al79

first reported HSCT donor-derived ESTs to prevent or control
EBV-associated PTLD, and since then, several groups have
reported the successful use of donor-derived ESTs. Heslop
et al80 describes a series of 114 patients who received ESTs
either as treatment or prophylaxis around transplantation for
PTLD, and of the 13 patients with active disease, 11 achieved
CR, and those without disease remained PTLD free. Importantly,
no patients developed de novo GVHD after EST infusion.10,80

Doubrovina et al81 from Memorial Sloan Kettering Cancer Cen-
ter (MSKCC) also demonstrated success of donor-derived ESTs
for PTLD, with CR in 10 of 14 patients.

Because solid organ transplant recipients frequently do not have
a living donor available or are not HLA matched with the donor,
autologous ESTs have been developed with similar methods
using LCLs to expand ESTs targeting type III latency tumors.
Savoldo et al82 demonstrated that autologous ESTs can be gen-
erated from those undergoing SOT, and in their original series
of 12 treated patients (2 with active disease), none had signifi-
cant toxicity or graft rejection after infusion. Other small series
have also demonstrated prevention of or durable responses in
PTLD with autologous ESTs after SOT,38,83,84 but ongoing
immunosuppression, time to generate ESTs, and possibility of
seronegativity render this approach challenging for broader
application.38

LMP-specific T cells targeting type II and III latency tumors
ESTs have also demonstrated therapeutic benefit in HLs and

NHLs (including NK/T-cell lymphomas) with latency type II pat-
terns, which are less immunogenic, using methods to enhance
specificity, including adenoviral vectors to promote LMP1/2 spe-
cificity.85,86 Good Manufacturing Practices–compliant methods of
the most common approaches have been detailed: peripheral
blood mononuclear cell–derived monocytes transduced with ade-
novirus vector expressing inactive LMP1 and LMP2 matured into
dendritic cells are used as initial antigen presenting cells, with
LCLs transduced with LMP1 and LMP2 adenoviral vector as anti-
gen presenting cells for future stimulations of the expanding
LMP-specific T-cell population (Figure 3).86 When generated from
autologous donors and infused into 50 patients (21 with
relapsed/resistant EBV1 HL or NHL and 29 in remission from
high-risk or multiple-relapse disease), those with resistant/recur-
rent disease had a 2-year EFS rate of �50%, and those in remis-
sion had an 82% EFS rate; 11 of the 21 patients treated
exclusively with LMP-specific ESTs (7 of 13 with B-cell lymphoma
and 3 of 8 with NK/T-cell lymphoma) had sustained CR.87 For
patients with EBV1 B- and T-cell lymphomas undergoing alloge-
neic HSCT, the administration of donor-derived LMP-specific
ESTs seemed to improve outcomes over historical expected sur-
vival rates. Specifically, 7 patients with relapsed disease at the
time of infusion had an OS rate of 43% at 2 years (with an other-
wise expected EFS rate of �20%), and those in remission had a
57% EFS rate and 78% OS rate at 2 years.85 Thus, these data
suggest that autologous and donor-derived allogeneic LMP-
specific ESTs may play a role in maintaining remission or treating
relapsed disease.

Third-party off-the-shelf ESTs for type III latency tumors
The time needed to manufacture ESTs for patients with PTLD or
relapsed EBV1 lymphoma and the availability of ESTs only
through clinical trials prohibit a majority of patients from benefit-
ing from these therapies. The feasibility and efficacy of third-
party banks of ESTs are actively being studied to maximize
accessibility and minimize time to treatment.88-92 The third-party
approach was first tested in clinic by Haque et al,93 with selec-
tion of product based on best HLA match. Multiple studies have
shown the safety of third-party ESTs, with few adverse events
(Table 2 lists third-party trials, including multivirus-specific T
cells).81,90,92,94-97 The third-party approach allows for more rapid
allotment of ESTs for patients with active disease, and products
are chosen based on HLA match as well as HLA restriction of
viral activity (Figure 4). Withers et al92 detail the establishment of
a bank to effectively treat patients, and Prockop et al90 from
MSKCC recently described a large third-party allogeneic EST
bank that includes 330 EST therapy products. In this MSKCC
study, 33 patients undergoing HSCT and 13 undergoing SOT
were treated posttransplantation, with 68% of HSCT and 54% of
SOT patients demonstrating CR or sustained partial response,
further indicating that the third-party bank is safe and feasible.
The COG ANHL1522 trial is evaluating rituximab and third-party
LMP-specific cytotoxic T lymphocytes in pediatric patients with
EBV1 CD201 PTLD undergoing SOT. Commercialization of
ESTs is actively being pursued by both Atara and AlloVir, with
active phase 2 and 3 trials evaluating Atara’s tabelecleucel; this
would allow for increased availability, because currently, patients
must rely on clinical trials for access to treatment.98 Additional
genetic modifications to ESTs are also actively being studied,
including chimeric antigen receptors targeting lytic proteins (eg,
GP350) and surface markers, resistance to immunosuppressive
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medications, and resistance to immune modulating effects of
the tumor environment.99,100 Table 3 lists active clinical trials
for ESTs.

Antivirals
Antivirals have currently not been proven to have a significant
impact on treatment of EBV-associated lymphoproliferative dis-
orders. The role of the lytic cycle in EBV-associated lymphopro-
liferation has not been thoroughly demonstrated, and antivirals
that inhibit viral replication have not been shown to have a sig-
nificant effect on tumors.5,10 The viral enzyme target of
nucleoside-type antiviral agents (ganciclovir and acyclovir), thy-
midine kinase, is expressed only in the lytic phase of the virus,
rendering them unsuccessful as treatment of EBV-associated
lymphoproliferative disorders.101 Therefore, reactivation of these
lytic genes may render these tumors more susceptible to antivi-
ral therapy. Combinations of small-molecule inhibitors inducing
lytic replication, such as HDAC inhibitor arginine butyrate, with
antiviral agents have demonstrated in small case series to have
some antitumor effects, but none have yet been further devel-
oped clinically.101

Small-molecule inhibitors
Currently, a variety of small-molecule inhibitors are being evalu-
ated for the treatment of EBV-associated lymphoproliferative
diseases, with some in clinical trials. EBV uses host pathways to
induce lymphomagenesis, and targeting these using small-
molecule inhibitors may aid in treatment of EBV-associated
malignancies.12 Current inhibitors being studied include EBNA1
inhibitors, HDAC inhibitors, proteasome inhibitors (bortezomib
and ixazomib), cyclin-dependent kinase inhibitors, PI3K inhibi-
tors, AKT inhibitors, and mTOR inhibitors.12,102,103 Hydroxyurea,
a ribonucleotide reductase inhibitor, has been shown to elimi-
nate EBV episomes from Burkitt lymphoma cells and EBV-
immortalized lymphoblastoid cell lines in vitro and has induced
long-lasting responses in small series of patients with EBV-
associated primary central nervous system lymphoma associated
with AIDS.104 Other small series have shown benefits with a vari-
ety of small-molecule inhibitors in combination with other treat-
ments for refractory lymphoproliferative diseases.102 Combining
small-molecule inhibitors may increase the efficacy of either
treatment alone, and using small-molecule inhibitors with ESTs
may enhance immunotherapeutic effects of the T-cell product
in vivo.

Vaccines
There is currently no vaccine available for the treatment of
EBV.105 However, conceptually, preventing the latent infection
while mounting an effective immune response could potentially
prevent lymphoproliferative disorders.15 Vaccine trials to evalu-
ate the reduction in rate of EBV1 cancers is challenging because
of the long latency periods between initial infection and cancer
development. Vaccines targeting lytic proteins have been
explored for the treatment of lymphoproliferative disorders.105

In addition, a vaccine targeting GP350 (a glycoprotein present

on both the surface of the virus and virus-infected cells that is
important for viral attachment to B cells)105 has been evaluated
in pediatric patients before SOT, with suboptimal response, and
currently, no data exist to support EBV-directed cancer
vaccines.106

Summary
EBV is a ubiquitous human tumor virus that can lead to develop-
ment of lymphoproliferative diseases, including CAEBV, HLH,
and various lymphomas, in patients with acquired or congenital
immunodeficiencies. Further research into the mechanisms of
lymphomagenesis caused by EBV may lead to improvements in
prevention strategies for patients at high risk, although currently,
data are conflicting regarding prophylactic measures. Although
conventional chemotherapy plays an appreciable role in the
treatment of many of these lymphoproliferative disorders, more
targeted therapies are actively being studied to improve treat-
ment of patients. ESTs have shown significant therapeutic suc-
cess, especially in PTLD. Ongoing clinical trials and
commercialization of ESTs may allow more expedient access to
this treatment.

Acknowledgments
This work was supported, in part by award T32 HL110841 from the
National Heart, Lung and Blood Institute, National Institutes of Health
(NIH), and a fellowship from the Mark Foundation for Cancer
Research. This work was also supported by grants from the National
Cancer Institute (2P01 CA148600 and P01 CA225618) (C.M.B.), NIH,
and the Board of Visitors of the Children’s National Health System.

The contents of this work are solely the responsibility of the
authors and do not necessarily represent the official views of the
National Heart, Lung and Blood Institute or the NIH.

Authorship
Contribution: K.T. and C.M.B. designed the review, analyzed data and lit-
erature review, and wrote the paper.

Conflict-of-interest disclosure: C.M.B. is on the scientific advisory boards
for Catamaran Bio and Mana Therapeutics with stock options and/or
ownership, is on the Board of Directors for Caballeta Bio with stock
options, and has stock in Neximmune and Torque Therapeutics. K.T.
declares no competing financial interests.

ORCID profiles: K.T., 0000-0002-9324-7314; C.M.B., 0000-0001-5140-
9090.

Correspondence: Catherine M. Bollard, Center for Cancer and Immu-
nology Research, Children’s National Health System, 111 Michigan Ave
NW, Washington, DC 20010; e-mail: cbollard@childrensnational.org.

Footnote
Submitted 21 January 2021; accepted 24 February 2021; prepublished
online on Blood First Edition 26 August 2021. DOI 10.1182/
blood.2020005466.

REFERENCES
1. M€unz C. Latency and lytic replication

in Epstein-Barr virus-associated oncogen-
esis. Nat Rev Microbiol. 2019;17(11):
691-700.

2. Cohen JI. Epstein-Barr virus infection.
N Engl J Med. 2000;343(7):481-492.

3. Epstein MA, Achong BG, Barr YM. Virus
particles in cultured lymphoblasts from

Burkitt’s lymphoma. Lancet. 1964;1(7335):
702-703.

4. Thorley-Lawson DA. EBV
persistence – introducing the virus.

EBV1 LYMPHOPROLIFERATIVE DISEASES blood® 17 FEBRUARY 2022 | VOLUME 139, NUMBER 7 991

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/7/983/1872797/bloodbld2020005466c.pdf by guest on 08 June 2024

http://orcid.org/0000-0002-9324-7314
http://orcid.org/0000-0001-5140-9090
http://orcid.org/0000-0001-5140-9090
mailto:cbollard@childrensnational.org


Curr Top Microbiol Immunol. 2015;390(Pt 1):
151-209.

5. Thorley-Lawson DA, Gross A. Persistence of
the Epstein-Barr virus and the origins of
associated lymphomas. N Engl J Med. 2004;
350(13):1328-1337.

6. Crombie JL, LaCasce AS. Epstein Barr virus
associated B-cell lymphomas and iatrogenic
lymphoproliferative disorders. Front Oncol.
2019;9:109.

7. Kim WY, Montes-Mojarro IA, Fend F,
Quintanilla-Martinez L. Epstein-Barr virus-
associated T and NK-cell lymphoproliferative
diseases. Front Pediatr. 2019;7:71.

8. Bollard CM, Cohen JI. How I treat
T-cell chronic active Epstein-Barr
virus disease. Blood. 2018;131(26):
2899-2905.

9. Al Hamed R, Bazarbachi AH, Mohty M.
Epstein-Barr virus-related post-transplant
lymphoproliferative disease (EBV-PTLD) in
the setting of allogeneic stem cell transplan-
tation: a comprehensive review from patho-
genesis to forthcoming treatment
modalities. Bone Marrow Transplant. 2020;
55(1):25-39.

10. Bollard CM, Rooney CM, Heslop HE. T-cell
therapy in the treatment of post-transplant
lymphoproliferative disease. Nat Rev Clin
Oncol. 2012;9(9):510-519.

11. Andrei G, Trompet E, Snoeck R. Novel
therapeutics for Epstein2Barr virus.
Molecules. 2019;24(5):997.

12. Pei Y, Wong JHY, Robertson ES. Targeted
therapies for Epstein-Barr virus-associated
lymphomas. Cancers (Basel). 2020;12(9):
2565.

13. Allen CRC, Gottschalk S. Infectious
mononucleosis and other Epstein-Barr virus-
associated diseases. In: Hoffman R, ed.
Hematology: Basic Principles and Practice.
Vol 7. Philadelphia, PA: Elsevier, Inc; 2018:
743-760.

14. Rezk SA, Weiss LM. EBV-associated
lymphoproliferative disorders: update in
classification. Surg Pathol Clin. 2019;12(3):
745-770.

15. Farrell PJ. Epstein-Barr virus and cancer.
Annu Rev Pathol. 2019;14:29-53.

16. McLaughlin LP, Gottschalk S, Rooney CM,
Bollard CM. EBV-directed T cell therapeutics
for EBV-associated lymphomas. Methods
Mol Biol. 2017;1532:255-265.

17. El-Bietar J, Bollard C. T-cell therapies for
Epstein-Barr virus-associated lymphomas.
Pediatr Hematol Oncol. 2011;28(8):
627-639.

18. Gru AA, Haverkos BH, Freud AG, et al. The
Epstein-Barr virus (EBV) in T cell and NK cell
lymphomas: time for a reassessment. Curr
Hematol Malig Rep. 2015;10(4):
456-467.

19. Harabuchi Y, Takahara M, Kishibe K, Nagato
T, Kumai T. Extranodal natural killer/T-cell

lymphoma, nasal type: basic science and
clinical progress. Front Pediatr. 2019;7:141.

20. Castillo JJ, Beltran BE, Miranda RN, Young
KH, Chavez JC, Sotomayor EM. EBV-positive
diffuse large B-cell lymphoma of the elderly:
2016 update on diagnosis, risk-stratification,
and management. Am J Hematol. 2016;
91(5):529-537.

21. Ok CY, Papathomas TG, Medeiros LJ, Young
KH. EBV-positive diffuse large B-cell lym-
phoma of the elderly. Blood. 2013;122(3):
328-340.

22. Vockerodt M, Yap LF, Shannon-Lowe C,
et al. The Epstein-Barr virus and the patho-
genesis of lymphoma. J Pathol. 2015;235(2):
312-322.

23. Morales-S�anchez A, Fuentes-Panana EM.
The immunomodulatory capacity of an
Epstein-Barr virus abortive lytic cycle:
potential contribution to viral tumorigenesis.
Cancers (Basel). 2018;10(4):98.

24. Ma SD, Hegde S, Young KH, et al. A new
model of Epstein-Barr virus infection reveals
an important role for early lytic viral protein
expression in the development of lympho-
mas. J Virol. 2011;85(1):165-177.

25. Rosemarie Q, Sugden B. Epstein-Barr virus:
how its lytic phase contributes to
oncogenesis. Microorganisms. 2020;8(11):
1824.

26. Kimura H, Fujiwara S. Overview of EBV-
associated T/NK-cell lymphoproliferative dis-
eases. Front Pediatr. 2019;6:417.

27. Cohen JI, Iwatsuki K, Ko YH, et al. Epstein-
Barr virus NK and T cell lymphoproliferative
disease: report of a 2018 international
meeting. Leuk Lymphoma. 2020;61(4):808-
819.

28. Collins PJ, Fox CP, George L, et al.
Characterizing EBV-associated lymphoproli-
ferative diseases and the role of myeloid-
derived suppressor cells. Blood. 2021;137(2):
203-215.

29. Marsh RA. Epstein-Barr virus and
hemophagocytic lymphohistiocytosis. Front
Immunol. 2018;8:1902.

30. Swerdlow SH, Campo E, Pileri SA, et al.
The 2016 revision of the World Health
Organization classification of lymphoid
neoplasms. Blood. 2016;127(20):
2375-2390.

31. Allen UD, Preiksaitis JK; AST Infectious
Diseases Community of Practice. Post-
transplant lymphoproliferative disorders,
Epstein-Barr virus infection, and disease in
solid organ transplantation: guidelines from
the American Society of Transplantation
Infectious Diseases Community of Practice.
Clin Transplant. 2019;33(9):e13652.

32. Said J. The expanding spectrum of
EBV1 lymphomas. Blood. 2015;126(7):
827-828.

33. Kanakry JA, Ambinder RF. EBV-related
lymphomas: new approaches to treatment.
Curr Treat Options Oncol. 2013;14(2):
224-236.

34. Doak PB, Montgomerie JZ, North JD, Smith
F. Reticulum cell sarcoma after renal
homotransplantation and azathioprine and
prednisone therapy. BMJ. 1968;4(5633):
746-748.

35. Starzl TE, Nalesnik MA, Porter KA, et al.
Reversibility of lymphomas and
lymphoproliferative lesions developing
under cyclosporin-steroid therapy. Lancet.
1984;1(8377):583-587.

36. Al-Mansour Z, Nelson BP, Evens AM. Post-
transplant lymphoproliferative disease
(PTLD): risk factors, diagnosis, and current
treatment strategies. Curr Hematol Malig
Rep. 2013;8(3):173-183.

37. DeStefano CB, Desai SH, Shenoy AG,
Catlett JP. Management of post-transplant
lymphoproliferative disorders. Br J Haema-
tol. 2018;182(3):330-343.

38. Wistinghausen B, Gross TG, Bollard C. Post-
transplant lymphoproliferative disease in
pediatric solid organ transplant recipients.
Pediatr Hematol Oncol. 2013;30(6):520-531.

39. Cohen JI, Bollard CM, Khanna R, Pittaluga S.
Current understanding of the role of
Epstein-Barr virus in lymphomagenesis and
therapeutic approaches to EBV-associated
lymphomas. Leuk Lymphoma. 2008;49(suppl 1):
27-34.

40. Heslop HE. How I treat EBV
lymphoproliferation. Blood. 2009;114(19):
4002-4008.

41. Rouce RH, Louis CU, Heslop HE. Epstein-
Barr virus lymphoproliferative disease after
hematopoietic stem cell transplant. Curr
Opin Hematol. 2014;21(6):476-481.

42. Styczynski J, Giebel S. Post transplant
lymphoproliferative syndromes. In: Carreras
E, Dufour C, Mohty M, Kr€oger N, eds. The
EBMT Handbook: Hematopoietic Stem Cell
Transplantation and Cellular Therapies.
Cham, Switzerland: Springer; 2019:347-352.

43. Bollard CM. Improving T-cell therapy for
epstein-barr virus lymphoproliferative disor-
ders. J Clin Oncol. 2013;31(1):5-7.

44. Styczynski J, van der Velden W, Fox CP,
et al; Sixth European Conference on
Infections in Leukemia, a joint venture of the
Infectious Diseases Working Party of the
European Society of Blood and Marrow
Transplantation (EBMT-IDWP), the Infectious
Diseases Group of the European
Organization for Research and Treatment of
Cancer (EORTC-IDG), the International
Immunocompromised Host Society (ICHS)
and the European Leukemia Net (ELN).
Management of Epstein-Barr Virus infections
and post-transplant lymphoproliferative dis-
orders in patients after allogeneic hemato-
poietic stem cell transplantation: Sixth
European Conference on Infections in Leu-
kemia (ECIL-6) guidelines. Haematologica.
2016;101(7):803-811.

45. Trappe RU, Dierickx D, Zimmermann H,
et al. Response to rituximab induction is a
predictive marker in B-cell post-transplant
lymphoproliferative disorder and allows suc-
cessful stratification into rituximab or
R-CHOP consolidation in an international,

992 blood® 17 FEBRUARY 2022 | VOLUME 139, NUMBER 7 TONER and BOLLARD

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/7/983/1872797/bloodbld2020005466c.pdf by guest on 08 June 2024



prospective, multicenter phase II trial. J Clin
Oncol. 2017;35(5):536-543.

46. van Esser JW, Niesters HG, van der Holt B,
et al. Prevention of Epstein-Barr virus-lym-
phoproliferative disease by molecular mon-
itoring and preemptive rituximab in high-
risk patients after allogeneic stem cell
transplantation. Blood. 2002;99(12):4364-
4369.

47. Tsai DE, Hardy CL, Tomaszewski JE, et al.
Reduction in immunosuppression as initial
therapy for posttransplant
lymphoproliferative disorder: analysis of
prognostic variables and long-term follow-up
of 42 adult patients. Transplantation. 2001;
71(8):1076-1088.

48. Reshef R, Vardhanabhuti S, Luskin MR, et al.
Reduction of immunosuppression as initial
therapy for posttransplantation
lymphoproliferative disorder. Am J
Transplant. 2011;11(2):336-347.

49. Pan K, Franke AJ, Skelton WP 4th, et al.
Reduction of immunosuppression for post-
transplant lymphoproliferative disorder
(PTLD): a single-center experience of allo-
graft survival outcomes. Leuk Lymphoma.
2021;62(5):1123-1128.

50. Salles G, Barrett M, Fo�a R, et al. Rituximab in
B-cell hematologic malignancies: a review of
20 years of clinical experience. Adv Ther.
2017;34(10):2232-2273.

51. Cook RC, Connors JM, Gascoyne RD, Fradet
G, Levy RD. Treatment of post-transplant
lymphoproliferative disease with rituximab
monoclonal antibody after lung transplanta-
tion. Lancet. 1999;354(9191):1698-1699.

52. Gonz�alez-Barca E, Domingo-Domenech E,
Capote FJ, et al; GOTEL (Grupo Oncol�ogico
para el Tratamiento y Estudio de los
Linfomas). Prospective phase II trial of
extended treatment with rituximab in
patients with B-cell post-transplant lympho-
proliferative disease. Haematologica. 2007;
92(11):1489-1494.

53. Oertel SH, Verschuuren E, Reinke P, et al.
Effect of anti-CD 20 antibody rituximab in
patients with post-transplant lymphoprolifer-
ative disorder (PTLD). Am J Transplant.
2005;5(12):2901-2906.

54. Choquet S, Leblond V, Herbrecht R, et al.
Efficacy and safety of rituximab in B-cell
post-transplantation lymphoproliferative dis-
orders: results of a prospective multicenter
phase 2 study. Blood. 2006;107(8):
3053-3057.

55. Blaes AH, Peterson BA, Bartlett N, Dunn DL,
Morrison VA. Rituximab therapy is effective
for posttransplant lymphoproliferative
disorders after solid organ transplantation:
results of a phase II trial. Cancer. 2005;
104(8):1661-1667.

56. Maecker-Kolhoff B, Beier R, Zimmermann M,
et al. Response-adapted sequential immuno-
chemotherapy of post-transplant lymphopro-
liferative disorders in pediatric solid organ
transplant recipients: results from the pro-
spective Ped-PTLD 2005 trial. Blood. 2014;
124(21):4468.

57. Elstrom RL, Andreadis C, Aqui NA, et al.
Treatment of PTLD with rituximab or
chemotherapy. Am J Transplant. 2006;6(3):
569-576.

58. Styczynski J, Gil L, Tridello G, et al;
Infectious Diseases Working Party of the
European Group for Blood and Marrow
Transplantation. Response to rituximab-
based therapy and risk factor analysis in
Epstein Barr Virus-related lymphoprolifera-
tive disorder after hematopoietic stem cell
transplant in children and adults: a study
from the Infectious Diseases Working Party
of the European Group for Blood and Mar-
row Transplantation. Clin Infect Dis. 2013;
57(6):794-802.

59. Zhu CY, Zhao SS, Wang XK, et al. Outcome
of rituximab-based treatment for post-
transplant lymphoproliferative disorder after
allogeneic hematopoietic stem cell trans-
plantation: a single-center experience. Ann
Transplant. 2019;24:175-184.

60. Seshadri M, Crane GM, Gergis U.
Ofatumumab for post-transplant lymphopro-
liferative disorder [published online ahead of
print 11 May 2020]. Hematol Oncol Stem
Cell Ther. doi:10.1016/j.hemonc.2020.04.
004.

61. Berger GK, McBride A, Lawson S, et al.
Brentuximab vedotin for treatment of
non-Hodgkin lymphomas: a systematic
review. Crit Rev Oncol Hematol. 2017;109:
42-50.

62. Mika T, Strate K, Ladigan S, et al. Refractory
Epstein-Barr virus (EBV)-related post-
transplant lymphoproliferative disease: cure
by combined brentuximab vedotin and allo-
geneic EBV-specific T-lymphocytes. Front
Med (Lausanne). 2019;6:295.

63. Pincez T, Bruneau J, Berteloot L, et al. Safety
and efficacy of brentuximab vedotin as a
treatment for lymphoproliferative disorders
in primary immunodeficiencies.
Haematologica. 2020;105(9):e461-e464.

64. Schiefer AI, Salzer E, F€ureder A, et al. PD-L1
and PD1 expression in post-transplantation
lymphoproliferative disease (PTLD) of child-
hood and adolescence: An inter- and intra-
individual descriptive study covering the
whole spectrum of PTLD categories. Cancer
Med. 2019;8(10):4656-4668.

65. Green MR, Rodig S, Juszczynski P, et al.
Constitutive AP-1 activity and EBV infection
induce PD-L1 in Hodgkin lymphomas and
posttransplant lymphoproliferative disorders:
implications for targeted therapy. Clin Can-
cer Res. 2012;18(6):1611-1618.

66. Kinch A, Sundstr€om C, Baecklund E, Backlin C,
Molin D, Enblad G. Expression of PD-1, PD-
L1, and PD-L2 in posttransplant lymphoproli-
ferative disorder after solid organ transplanta-
tion. Leuk Lymphoma. 2019;60(2):376-384.

67. Ansell SM. Nivolumab in the treatment of
Hodgkin lymphoma. Clin Cancer Res. 2017;
23(7):1623-1626.

68. Kim SJ, Lim JQ, Laurensia Y, et al. Avelumab
for the treatment of relapsed or refractory
extranodal NK/T-cell lymphoma: an open-

label phase 2 study. Blood. 2020;136(24):
2754-2763.

69. Haverkos BM, Abbott D, Hamadani M, et al.
PD-1 blockade for relapsed lymphoma post-
allogeneic hematopoietic cell transplant:
high response rate but frequent GVHD.
Blood. 2017;130(2):221-228.

70. Kittai AS, Oldham H, Cetnar J, Taylor M.
Immune checkpoint inhibitors in organ
transplant patients. J Immunother. 2017;
40(7):277-281.

71. Lipson EJ, Bagnasco SM, Moore J Jr, et al.
Tumor regression and allograft rejection
after administration of anti-PD-1. N Engl J
Med. 2016;374(9):896-898.

72. Olszewski AJ, Jakobsen LH, Collins GP,
et al. Burkitt lymphoma international
prognostic index. J Clin Oncol. 2021;39(10):
1129-1138.

73. Gross TG, Orjuela MA, Perkins SL, et al.
Low-dose chemotherapy and rituximab for
posttransplant lymphoproliferative disease
(PTLD): a Children’s Oncology Group report.
Am J Transplant. 2012;12(11):3069-3075.

74. Gross TG, Bucuvalas JC, Park JR, et al. Low-
dose chemotherapy for Epstein-Barr virus-
positive post-transplantation lymphoprolifer-
ative disease in children after solid organ
transplantation. J Clin Oncol. 2005;23(27):
6481-6488.

75. Trappe R, Oertel S, Leblond V, et al;
European PTLD Network. Sequential
treatment with rituximab followed by CHOP
chemotherapy in adult B-cell post-transplant
lymphoproliferative disorder (PTLD): the pro-
spective international multicentre phase 2
PTLD-1 trial. Lancet Oncol. 2012;13(2):196-
206.

76. Koffman BH, Kennedy AS, Heyman M,
Colonna J, Howell C. Use of radiation
therapy in posttransplant lymphoproliferative
disorder (PTLD) after liver transplantation. Int
J Cancer. 2000;90(2):104-109.

77. Habibeh O, Elsayad K, Kriz J, Haverkamp U,
Eich HT. Post-transplant lymphoproliferative
disorder in the pelvis successfully treated
with consolidative radiotherapy. Strahlenther
Onkol. 2017;193(1):80-85.

78. Bollard CM, Barrett AJ. Cytotoxic T
lymphocytes for leukemia and lymphoma.
Hematology Am Soc Hematol Educ
Program. 2014;2014:565-569.

79. Rooney CM, Smith CA, Ng CY, et al. Use of
gene-modified virus-specific T lymphocytes
to control Epstein-Barr-virus-related
lymphoproliferation. Lancet. 1995;345(8941):
9-13.

80. Heslop HE, Slobod KS, Pule MA, et al. Long-
term outcome of EBV-specific T-cell infu-
sions to prevent or treat EBV-related lym-
phoproliferative disease in transplant
recipients. Blood. 2010;115(5):925-935.

81. Doubrovina E, Oflaz-Sozmen B, Prockop SE,
et al. Adoptive immunotherapy with
unselected or EBV-specific T cells for biopsy-
proven EBV1 lymphomas after allogeneic

EBV1 LYMPHOPROLIFERATIVE DISEASES blood® 17 FEBRUARY 2022 | VOLUME 139, NUMBER 7 993

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/7/983/1872797/bloodbld2020005466c.pdf by guest on 08 June 2024



hematopoietic cell transplantation. Blood.
2012;119(11):2644-2656.

82. Savoldo B, Goss JA, Hammer MM, et al.
Treatment of solid organ transplant
recipients with autologous Epstein Barr
virus-specific cytotoxic T lymphocytes (CTLs).
Blood. 2006;108(9):2942-2949.

83. Comoli P, Maccario R, Locatelli F, et al.
Treatment of EBV-related post-renal trans-
plant lymphoproliferative disease with a tai-
lored regimen including EBV-specific T cells.
Am J Transplant. 2005;5(6):1415-1422.

84. Khanna R, Bell S, Sherritt M, et al. Activation
and adoptive transfer of Epstein-Barr virus-
specific cytotoxic T cells in solid organ trans-
plant patients with posttransplant lympho-
proliferative disease. Proc Natl Acad Sci
USA. 1999;96(18):10391-10396.

85. McLaughlin LP, Rouce R, Gottschalk S, et al.
EBV/LMP-specific T cells maintain remissions
of T- and B-cell EBV lymphomas after alloge-
neic bone marrow transplantation. Blood.
2018;132(22):2351-2361.

86. Bollard CM, Gottschalk S, Helen Huls M,
Leen AM, Gee AP, Rooney CM. Good
manufacturing practice-grade cytotoxic
T lymphocytes specific for latent membrane
proteins (LMP)-1 and LMP2 for patients with
Epstein-Barr virus-associated lymphoma.
Cytotherapy. 2011;13(5):518-522.

87. Bollard CM, Gottschalk S, Torrano V, et al.
Sustained complete responses in patients
with lymphoma receiving autologous
cytotoxic T lymphocytes targeting Epstein-
Barr virus latent membrane proteins. J Clin
Oncol. 2014;32(8):798-808.

88. Vickers MA, Wilkie GM, Robinson N, et al.
Establishment and operation of a Good
Manufacturing Practice-compliant allogeneic
Epstein-Barr virus (EBV)-specific cytotoxic
cell bank for the treatment of EBV-
associated lymphoproliferative disease.
Br J Haematol. 2014;167(3):
402-410.

89. Haque T, McAulay KA, Kelly D, Crawford
DH. Allogeneic T-cell therapy for Epstein-
Barr virus-positive posttransplant

lymphoproliferative disease: long-term fol-
low-up. Transplantation. 2010;90(1):93-94.

90. Prockop S, Doubrovina E, Suser S, et al. Off-
the-shelf EBV-specific T cell immunotherapy
for rituximab-refractory EBV-associated lym-
phoma following transplantation. J Clin
Invest. 2020;130(2):733-747.

91. Kazi S, Mathur A, Wilkie G, et al. Long-term
follow up after third-party viral-specific cyto-
toxic lymphocytes for immunosuppression-
and Epstein-Barr virus-associated lympho-
proliferative disease. Haematologica. 2019;
104(8):e356-e359.

92. Withers B, Clancy L, Burgess J, et al.
Establishment and operation of a third-party
virus-specific T cell bank within an
allogeneic stem cell transplant program. Biol
BloodMarrow Transplant. 2018;24(12):2433-
2442.

93. Haque T, Wilkie GM, Taylor C, et al.
Treatment of Epstein-Barr-virus-positive
post-transplantation lymphoproliferative dis-
ease with partly HLA-matched allogeneic
cytotoxic T cells. Lancet. 2002;360(9331):
436-442.

94. Haque T, Wilkie GM, Jones MM, et al.
Allogeneic cytotoxic T-cell therapy for
EBV-positive posttransplantation lymphopro-
liferative disease: results of a phase 2
multicenter clinical trial. Blood. 2007;110(4):
1123-1131.

95. Barker JN, Doubrovina E, Sauter C, et al.
Successful treatment of EBV-associated post-
transplantation lymphoma after cord blood
transplantation using third-party EBV-specific
cytotoxic T lymphocytes. Blood. 2010;
116(23):5045-5049.

96. Tzannou I, Papadopoulou A, Naik S, et al.
Off-the-shelf virus-specific T cells to treat BK
virus, human herpesvirus 6, cytomegalovirus,
Epstein-Barr virus, and adenovirus infections
after allogeneic hematopoietic stem-cell
transplantation. J Clin Oncol. 2017;35(31):
3547-3557.

97. Leen AM, Bollard CM, Mendizabal AM, et al.
Multicenter study of banked third-party virus-
specific T cells to treat severe viral infections

after hematopoietic stem cell transplantation.
Blood. 2013;121(26):5113-5123.

98. Hanley PJ. Build a bank: off-the-shelf virus-
specific T cells. Biol Blood Marrow Trans-
plant. 2018;24(12):e9-e10.

99. Slabik C, Kalbarczyk M, Danisch S, et al. CAR-
T cells targeting Epstein-Barr virus gp350 vali-
dated in a humanized mouse model of EBV
infection and lymphoproliferative disease. Mol
Ther Oncolytics. 2020;18:504-524.

100. Foster AE, Dotti G, Lu A, et al. Antitumor
activity of EBV-specific T lymphocytes
transduced with a dominant negative TGF-
beta receptor. J Immunother. 2008;31(5):
500-505.

101. Perrine SP, Hermine O, Small T, et al.
A phase 1/2 trial of arginine butyrate
and ganciclovir in patients with Epstein-
Barr virus-associated lymphoid
malignancies. Blood. 2007;109(6):2571-
2578.

102. Sang AX, McPherson MC, Ivison GT, et al.
Dual blockade of the PI3K/Akt/mTOR
pathway inhibits posttransplant Epstein-Barr
virus B cell lymphomas and promotes allo-
graft survival. Am J Transplant. 2019;19(5):
1305-1314.

103. Bayraktar UD, Diaz LA, Ashlock B, et al.
Zidovudine-based lytic-inducing
chemotherapy for Epstein-Barr virus-related
lymphomas. Leuk Lymphoma. 2014;55(4):
786-794.

104. Slobod KS, Taylor GH, Sandlund JT,
Furth P, Helton KJ, Sixbey JW. Epstein-Barr
virus-targeted therapy for AIDS-related
primary lymphoma of the central nervous
system. Lancet. 2000;356(9240):
1493-1494.

105. Cohen JI. Vaccine development for Epstein-
Barr virus. Adv Exp Med Biol. 2018;1045:
477-493.

106. Rees L, Tizard EJ, Morgan AJ, et al. A phase
I trial of Epstein-Barr virus gp350 vaccine for
children with chronic kidney disease awaiting
transplantation. Transplantation. 2009;88(8):
1025-1029.

994 blood® 17 FEBRUARY 2022 | VOLUME 139, NUMBER 7 TONER and BOLLARD

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/7/983/1872797/bloodbld2020005466c.pdf by guest on 08 June 2024


	TF1
	TF2
	TF3
	TF4
	TF5
	TF6
	TF7

