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Summary
The adoptive transfer of T cells specific for native tumor antigens (TAs) is an increasingly popular
cancer treatment option because of the ability of these cells to discriminate between normal and
tumor tissues and corresponding lack of short or long-term toxicities. Infusions of antigen-specific
CD4+ and CD8+ T cells targeting viral antigens derived from Epstein Barr virus (EBV) induce
sustained complete tumor remissions in patients with highly immunogenic tumor’s such as post-
transplant lymphoproliferative disease, although resistance occurred when the infused T-cell
population had restricted antigen specificity. T cells specific for EBV antigens have also produced
complete remissions of EBV-positive nasopharyngeal carcinomas and lymphomas developing in
immunocompetent individuals, even though in these patients tumor survival is dependent on their
ability to evade T-cell immunity. Adapting this strategy to non-viral tumors is more challenging,
as the target antigens expressed are less immunogenic and the tumors lack the potent danger
signals that are characteristic of viruses. The goals of current studies are to define conditions that
promote expansion of antigen-specific T cells ex vivo and to ensure their in vivo persistence and
survival by combining with maneuvers such as lymphodepletion, checkpoint inhibition, cytokine
infusions, or genetic manipulations. More pragmatic goals are to streamline manufacturing to
facilitate the transition of these therapies to late phase trials and to evaluate closely
histocompatibility antigen (HLA)-matched banked antigen-specific T-cells so that T-cell therapies
can be made more broadly available.

Introduction
The exquisite specificity, safety, and efficacy of therapeutic T cells with native receptor
specificity has been demonstrated repeatedly in trials of donor-derived, virus-specific T cells
(VSTs) for the prevention and treatment of virus-associated diseases and malignancies in the
hematopoietic stem cell transplant (HSCT) setting (1–3). The lymphopenic environment that
results from a T-cell-depleted HSCT promotes the proliferation of transferred T cells and
antigenic stimulation provided by poorly controlled viruses ensures rapid T-cell expansion
and repopulation of the memory compartment.

VSTs have also produced impressive clinical responses outside of the transplant setting in
patients with Epstein-Barr virus (EBV)-associated lymphoma and nasopharyngeal
carcinoma (4–6). However, in these diseases, T cells must contend with an evolving array of
immune evasion strategies that impede both afferent and efferent arms of the immune
response: most tumors produce inhibitory cytokines and ligands, recruit cohorts of inhibitory
cell types and subvert the function of proinflammatory cell types (7,8). To advance T-cell
therapies for cancer, strategies to counteract these inhibitory mechanisms must be
developed.
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T cells specific for non-viral tumor antigens (TAs) must contend not only with immune
evasion mechanisms but with the weakness of the TAs they recognize. Non-viral TAs are
generally ‘self’ antigens, and since high affinity T cells with self-specificity are deleted by
central and peripheral tolerance mechanisms, only T cells with relatively weak affinities
remain. Further, tumor cells are generally poor antigen-presenting cells (APCs), they lack
the potent danger signals provided by pathogens, and they can inactivate professional APCs
so that TAs may never be presented adequately to T cells. Nevertheless, an increasing
number of self or modified-self TAs has been described, and reactive T-cells can be detected
in healthy donors and cancer patients. Further, ex vivo-expanded antigen-specific tumor-
infiltrating lymphocytes (TILs) have produced impressive results in patients with melanoma,
if they receive intensive prior conditioning (9). However, in most cases it is a major
challenge to reactivate and expand sufficient TA-specific T-cells for clinical use in vitro.

Even when protocols for the in vitro generation of TA-specific T cells for clinical use have
been developed, strategies are required to ensure that the infused T cells access the
immunosuppressive tumor environment and then continue to proliferate and function.
Lymphodepletion is commonly used to reduce the number of inhibitory cells within tumor
tissues and to provide space and homeostatic cytokines to enhance T-cell proliferation, and
this has dramatically enhanced response rates in melanoma (10). There is also increasing
interest in combining T cells with biological response modifiers such as antibodies to
inhibitory ligands like programmed death-1 (PD-1) and cytotoxic T-lymphocyte antigen-4
(CTLA4) or epigenetic modifiers like histone deacetylase (HDAC) inhibitors or
demethylating agents (11, 12). T cells are amenable to genetic modification and can be
rendered resistant to immune inhibition or can be used as delivery vehicles for
immunostimulatory or oncolytic agents. Finally, more pragmatic hurdles remain.
Manufacturing strategies must meet standards that are increasingly restrictive as promising
cell therapy product progresses to late phase trials. This is particularly onerous in Europe,
where excessive regulatory impediments have frustrated the implementation of T-cell
therapies, even at phase I.

Viral antigens and immunogenicity
VSTs used in the stem cell transplant setting have provided a paradigm for adoptive T-cell
immunotherapy. Small numbers of VSTs proliferate exponentially after infusion, persist for
up to 10 years, remain capable of re-expanding in vivo in response to virus reactivation and
both prevent and cure virus-associated diseases. This has been demonstrated clearly for
EBV, cytomegalovirus (CMV), and adenoviruses, and clinical studies targeting other
common community viruses that produce morbidity and mortality in immunocompromised
patients are in early clinical trials. The reasons for the success of T cells in this lymphopenic
setting are that an excess of homeostatic cytokines are available to expand infused T-cells
and viruses are poorly controlled providing antigens for T-cell stimulation. Outside of the
transplant setting, most clinical interest in the use of VSTs has been to target virus-
associated tumors and human immunodeficiency virus (HIV).

Oncogenic viruses account for about 15% of the world’s cancer, and the number of
identified tumor-associated viruses continues to increase. These include five directly
oncogenic virus groups; human papillomaviruses (HPV), EBV, human herpesvirus 8
(Kaposi sarcoma virus), human T-cell leukemia virus (HTLV 1), and the Merkel cell
polyoma virus (MCPyV). Indirectly oncogenic viruses, such as the hepatitis B and C,
produce chronic inflammation that has been shown to lead to hepatocellular carcinoma,
while non-oncogenic viruses, such as CMV or measles, opportunistically infect pre-existing
tumors thereby providing target antigens for T cells. Even when opportunistic viruses do not
infect all tumor cells they carry danger signals that can enhance anti-tumor immunity and
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induce the activation and expansion of T-cells specific for non-viral TAs (epitope spreading)
and may also produce direct tumor cell lysis. This phenomenon has been illustrated by
tumor regression following naturally acquired infections with non-oncogenic viruses such as
measles or varicella zoster (13). One challenge for the use of VSTs to treat tumors is to
identify target antigens that elicit therapeutic T cells. The antigens that induce T-cells that
best protect against viral infection, usually virion proteins and immediate early proteins,
may be optimal for the treatment of tumors carrying opportunistic passenger viruses but may
not be suited to the treatment of tumors carrying non-replicating oncogenic viruses.

Human papilloma viruses
About 18 oncogenic HPVs have so far been identified, the highest risk strains being HPVs
16, 18, 31, and 45 that are associated with genital and oropharyngeal carcinomas and
account for about 5.2% of new cancer cases worldwide. As tumors progress from pre-
neoplastic lesions to carcinoma, their episomal viral genomes are lost, leaving integrated
fragments encoding the E6 and E7 oncogenes that provide targets for T cells. While virus-
like particle vaccines have had outstanding success in preventing primary infection with
HPV (14), no clinical trials of either vaccines or T cells have produced a major impact on
established HPV+ carcinoma, although long peptides overlapping the E6 and E7 sequences
of HPV 16 produced CD4+ and CD8+ HPV-specific T cells in patients with resected cervical
cancer.(15)

Epstein-Barr virus
EBV has a complex life cycle involving infection of oropharyngeal epithelial cells and B
cells at different stages of differentiation and maturation. All EBV-associated tumors
involve viral latency and generally three different patterns of viral latent gene expression are
found in tumors. Nine latency proteins, including nuclear (EBNAs), membrane proteins
(LMPs), and the secreted BARF1 gene product, are expressed in the B-cell lymphomas that
arise in immunocompromised patients (16). These antigens are immunogenic and
immunostimulatory and a result the lymphomas are highly immunogenic and never found in
immunocompetent hosts. The reactivation and expansion of T cells specific for EBV latency
antigens from healthy seropositive donors is simple and reproducible and effectively
prevents and treats EBV+ lymphomas after allogeneic HSCT. By contrast, tumors that arise
in immunocompetent persons express a more limited array of antigens, LMP1, LMP2,
EBNA1, and BARF1. These are less immunogenic but can still be targeted by T cells.
LMP1 and LMP2-specific T cells have been effective in the context of lymphoma and NPC,
producing complete tumor responses in over 50% of patients with relapsed lymphoma and
20–30% of patients with NPC (5,17). Trials of T cells for the treatment of Burkitt’s
lymphoma that express only EBNA1 have not been reported, although EBNA1-specific T
cells have been used successfully to treat patients with PTLD following HSCT (18).

Human herpesvirus 8 and Merkel cell polyomaviruse
The use of T cells to treat Kaposi’s sarcoma (HHV8), adult T-cell leukemia (HTLV1), and
Merkel cell carcinoma [Merkel cell polyomavirus (MCPyV)] has not yet been reported,
although T cells specific for these viruses have been identified (19). The best therapy for
patients infected with viruses, such as hepatitis C virus (HCV), that impart a high risk of
malignancy may be T cells that prevent virus replication, but tumor cells carrying oncogenic
viruses must be targeted by T cells specific for antigens expressed within the tumors. For
example, T cells specific for the Tax and HBZ proteins of HTLV-1 are associated with a low
proviral load and a reduced risk of developing leukemia, while for MCPyV the large T
antigen is an essential oncogene and an obvious target (20). Merkel polyomavirus-specific T
cells fluctuate with Merkel cell carcinoma burden and express therapeutically targetable
PD-1 and Tim-3 exhaustion markers (21).
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In patients with hepatitis B and C, boosting the immune system with broad spectrum VSTs
may facilitate viral clearance and reduce the risk of developing HCC (22). However, in
patients with HCC, while viral antigens are detected in tumor cells, they are also detected in
normal infected hepatocytes, and so treatment with potent VSTs should be considered with
caution.

Cytomegalovirus
CMV DNA and antigens are detected in glioblastoma, and several clinical studies are using
CMV-specific T cells as therapy (23). So far the immunodominant CMV matrix protein
pp65 has been targeted, but preclinical studies have shown that T-cells specific for both
pp65 and the immediate early protein (IE) can readily be generated from patients with
CMV+ glioma and kill CMV-infected glioma cells (23). More recently, CMV has been
detected in colon cancer, EBV-negative Hodgkin’s lymphoma, cervical cancer, prostate
cancer, breast cancer, neuroblastoma, and medulloblastoma (24–26), and there is increasing
speculation that the virus might have oncomodulatory effects or even have direct
oncogenicity (27). CMV-specific T cells therefore may play a role in the treatment of these
tumors in the future.

Oncolytic viruses
Anecdotal observations that tumor regression can follow viral infection has led to the
burgeoning field of oncolytic virotherapy, in which wildtype or recombinant viruses that
preferentially infect and replicate in tumors, often relying on the active tumor metabolism
for gene expression, have been used to treat tumors. A wide range of viruses, including
vaccinia, adenovirus, reovirus, measles, herpes simplex, and Newcastle disease virus have
been used in this fashion, usually modified genetically to enhance their tumor specificity and
their ability to activate the immune response. T-cell immune responses to the viruses may
play an important role in tumor cell killing and epitope spreading, so that VSTs could
potentially be used to enhance tumor cell lysis but also may limit virus spread throughout
the tumor.

Manufacture of virus-specific T cells
The selective expansion of virus-reactive T-cell lines in vitro requires repetitive antigenic
stimulation in the presence of cytokines. Although there is a wealth of evidence supporting
the safety and activity of such cells when used clinically (Tables 1 to 4), extension of this
approach beyond specialized centers has been restricted by the cost and complexity
associated with manufacture and the requirement for individualized products. For example,
we have traditionally propagated EBV-directed T-cell lines by weekly stimulation of
peripheral blood mononuclear cells (PBMCs) with autologous EBV-transformed B-
lymphoblastoid cell lines (EBV-LCLs) in the presence of IL-2 using conventional tissue-
culture treated 24-well plates (28) (Fig. 1). The laboratory strain of EBV (B95-8) required to
produce the EBV-LCL that is used as a source both of viral antigens and APCs for VST
generation is expensive to make and test, while the 8 to 10 weeks of culture (4–6 weeks for
EBV-LCL and ~4 weeks for VST) required to produce sufficient cells for infusion and
testing has the unfortunate consequence that cells must be manufactured in advance for
high-risk patients. To overcome these obstacles, we and others have explored more rapid
strategies for generating virus-specific T cells (Fig. 2).

Direct selection from PBMCs
A number of groups have investigated strategies to directly isolate antigen-specific T cells
from donor peripheral blood for immediate infusion. Antigen-specific T cells may be
selected directly using HLA-peptide-streptamers or by capture of T cells that secrete IFNγ or
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express activation markers such as CD154 after antigenic stimulation. Clinical studies using
these strategies have demonstrated that small numbers of T cells can expand rapidly after
infusion into an HSCT recipient and control viral infections. However, these approaches
require a large starting blood volume, which is not always available (e.g. in the unrelated
donor setting), and cannot be applied to viruses with low circulating T-cell precursor
frequencies.

Rapid in vitro expansion
As an alternative, our group and others have investigated strategies to simplify and
accelerate T-cell expansion with minimal cell handling, while ensuring that specificity and
function is maintained. The first step was to replace EBV-LCLs, which provide an unlimited
source of APCs that present EBV latent and early lytic cycle antigens for T-cell stimulation
but also can be genetically modified to present heterologous antigens. To eliminate the six
weeks required for EBV-LCL manufacture, we investigated two alternate sources of
biohazard-free antigen sources (plasmids and overlapping peptide libraries) using either
dendritic cells (DCs) or APCs present in peripheral blood to present antigen. Plasmids are
non-infectious, do not replicate in mammalian cells, and can be rapidly and cost-effectively
produced at clinical grade with excellent long term stability. We have recently completed a
phase I/II treatment study using DCs nucleofected with DNA plasmids encoding EBV,
CMV, and adenovirus antigens to generate trivirus-directed T-cell lines, in a manufacturing
process requiring just 15 days. These T cells were effective in treating active infections
associated with all three viruses without adverse effects (29). More recently we have
explored the clinical activity of VST lines generated in 10 days by directly stimulating
PBMCs with a peptide mixture spanning 12 immunogenic antigens from 5 viruses (EBV,
CMV, adenovirus, HHV6, and BK virus) that are frequent causes of post-HSCT morbidity
and mortality (29). By eliminating the requirement for DC manufacture, we shaved 7 days
off the manufacturing time.

In both of these studies, the manufacturing time was further reduced by the addition of IL-4
and IL-7 to the cultures. These cytokines reduce activation induced T-cell death and
promote proliferation of antigen-specific T cells, which correspondingly helps increase the
frequency, repertoire and size of virus-specific populations that are high avidity, Th1-
polarized, produce multiple effector cytokines upon stimulation, and are able to kill virus-
infected targets without demonstrating alloreactivity in vitro or in vivo. Using our new
strategy, large numbers of VSTs can be produced from small amounts of blood within 10
days.(29)

Transition to G-Rex cultureware to increase safety and enhance T-cell expansion
Traditionally, VSTs have been generated in standard tissue-culture treated plates, flasks or
bags, with weekly restimulation. These systems are labor intensive and difficult to scale,
since the cells require frequent media changes and manipulation to optimize nutrient levels
and remove waste products as well as to achieve sufficient T-cell proliferation. To overcome
these limitations, we have evaluated a novel gas-permeable rapid expansion cultureware (G-
Rex) system in which O2 and CO2 are exchanged across a silicone membrane at the base.
This allows for an increased depth of medium above, providing cells with more nutrients,
while waste products are diluted. These culture conditions have allowed us to decrease the
frequency of culture manipulations by 80% while increasing cell output by 3–20-fold,
allowing a shortened culture time. In the case of our virus-specific T cells, the process has
been shortened from at least 23 days to about 10 days. The increased fold expansion results
largely from decreased cell death, so that there is no increase in late T-cell differentiation
markers compared to standard cultures (30).
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This G-Rex platform is linearly scalable, and T cells will expand from about 1.5 × 105

PBMCs per cm2 to around 2×107 per cm2 whether grown on surface area of 10 cm2 or 600
cm2, producing ~2 × 108 T cells per G-Rex10 or ~12 × 1010 per G-Rex600, allowing for the
production of both individualized (patient-specific) products as well as T-cell banks for third
party use. These advantages together with small footprint of the G-Rex chambers, compared
to rocking and stirring bioreactors, facilitate the extension of T-cell therapies to larger
numbers of patients.

Clinical results with T cells specific for viral antigens
As previously discussed, viral tumor antigens are more immunogenic than other TAs and
have proved robust in numerous clinical trials. EBV lymphomas arising in
immunosuppressed recipients of hemopoietic or solid organ transplants are highly
immunogenic, and T-cell therapies targeting these lymphomas have been in use for almost
20 years (3, 31–33). Similar approaches have been taken to target the less immunodominant
EBV antigens expressed on tumors such as nasopharyngeal cancer, Hodgkin’s lymphoma,
and some types of non-Hodgkin’s lymphoma occurring in individuals with normal immune
systems, but are more challenging but have undergone significant process development.

EBV-associated post-transplant lymphoproliferative disease
Lymphoproliferative diseases after hemopoietic stem cell transplant

EBV-associated post-transplant lymphoproliferative disease (EBV-PTLD) is a relatively
rare complication after HSCT and usually develops in the first 6–12 months after transplant.
Risk factors include the degree of HLA-mismatch between donor and recipient, the use of a
stem cell product selectively depleted of T cells, the intensity of immunosuppression, and
the use of antibody and serotherapy regimens that selectively deplete T cells (34). In most
cases the outgrowing EBV-infected B-cells are of donor origin and express even the most
immunostimulatory EBV latent cycle antigens as well as T-cell costimulatory molecules and
hence develop only the severely immunocompromised. Since the balance between EBV-
infected B cells and EBV-specific T cells seems to be a crucial factor in pathogenesis, there
has been a longstanding interest in using T-cell therapies to reconstitute EBV-specific T-cell
function (3, 31–33). Initial studies used unmanipulated donor lymphocyte infusions (DLI),
and since most EBV seropositive individuals have a high frequency of EBV-specific T-cell
precursors, this strategy resulted in an expansion of this specific precursor population and
resolution of EBV-PTLD in over 70% of cases (2, 35–37). However, unmanipulated T cells
have an even higher frequency of alloreactive T cells, so this approach is limited by the risk
of GVHD (2, 36, 37).

To reduce the risk of alloreactivity, our group has used EBV-specific T cells generated using
repeated stimulations with EBV-transformed LCLs (28). When these cells were
administered as prophylaxis to 101 recipients considered high risk for developing PTLD
because either they were receiving T-cell-depleted transplants from mismatched or unrelated
donors, or because they had a previous history of EBV lymphoma, or had a diagnosis that
conferred a high risk of developing this complication, none developed PTLD compared with
an 11.5% incidence in controls (38). The first 26 patients in this study received VSTs that
had been genetically marked by transduction with a retroviral vector encoding the neomycin
resistance gene as a marker that allowed us to track the infused cells for up to 10 years,
showing that small numbers, up to 5 × 107 antigen-specific T-cells, can expand and persist
when administered early post-transplant in a lymphodepleted milieu. Additional factors that
may have promoted long term persistence include the polyclonality of the infused cell lines
that contained both CD4+ and CD8+ cells and the fact that infused cells would receive
stimulation by EBV-infected B cells.
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EBV-VSTs were also effective when administered to treat active disease, with 11 of 13
patients achieving sustained complete remission. Of note, EBV VSTs did not induce
alloreactivity, with no development of de novo GVHD after infusion. The main adverse
effect was reversible inflammatory reactions at disease sites in four patients with PTLD (3).
Similar results were seen in a study by O’Reilly and colleagues (2), where 10 of 14 patients
with active PTLD attained complete remissions after infusion of donor-derived EBV-
specific T-cells.

Investigation of causes of failure in the patients who failed to respond to EBV-VSTs
revealed important tumor evasion mechanisms. In three patients in the Sloan Kettering
series, the VST recognized the EBV-LCL transformed with the B-95 laboratory strain of
EBV used for T-cell generation but did not recognize the tumor cells or spontaneous LCLs
outgrowing from the patients’ blood, suggesting that antigenic differences between EBV
strains causing PTLD may be a limitation when LCL are used as a source of EBV antigens
(2). Analysis of one of our treatment failures revealed an EBV deletion mutant that co-
existed with a wildtype strain prior to VST infusion. Only the deleted strain persisted in the
tumor after VSTs(39). This patient and her donor expressed HLA-A11, which is a dominant
restricting allele in the immune response to EBV; the activity in the line was biased to two
HLA-A11-restricted epitopes in the viral EBNA-3B antigen that were removed by the
deletion. Subsequently, it has been shown that EBNA3B, while dispensable for
transformation, is a tumor suppressor whose inactivation promotes immune evasion and
virus-driven lymphomagenesis (40). Thus, the failure in this patient likely can be ascribed
not only to the limited T-cell repertoire but also to the loss of a viral tumor suppressor gene.
A similar phenomenon was reported in a Sloan Kettering patient, who also received a line
from an HLA-A11 donor which was biased towards EBV antigens recognized through this
allele and failed to respond since the recipient lacked HLA11 (2).

The overall results from these studies along with those from smaller series performed at
several centers worldwide (Table 1) show the potential of donor-derived EBV-VSTs to
prevent and treat PTLD after HSCT. Recent studies have tested whether EBV VSTs
generated using the more rapid manufacturing strategies or selected by direct isolation have
equivalent activity. Our group evaluated short ex vivo expansion protocols to generate ‘rapid
VSTs’ that target multiple viruses including EBV. In the study evaluating VSTs generated
using DCs nucleofected with plasmids encoding viral antigens a response rate of 80% was
seen, which included one patient with a biopsy-proven EBV-lymphoma (41). We are
currently using overlapping peptides as a source of antigen with optimized cytokines in an
even shorter ex-vivo culture(29), and these VSTs have induced complete responses in two
patients with EBV lymphoma (Papadopoulou et al., manuscript in preparation).

In a study by Uhlin and colleagues (42), HLA-peptide multimers were used to isolate HLA
A2-restricted T cells specific for epitopes in two EBV antigens from a haploidentical parent
to treat EBV PTLD in a cord blood transplant recipient. A small number of these directly
selected cells expanded after infusion, inducing a complete clinical response (42). However,
the T cells may not have persisted long term, since EBV-PTLD recurred at 12 months after
transplant, perhaps because CD4+ T cells were not co-infused. However, a second selection
procedure and infusion induced a second response. The multimer strategy is limited by the
HLA restriction of antigen recognition, the availability of clinical grade multimers and lack
of HLA class II multimers. An alternative rapid approach uses IFN-γ capture technology to
select T cells that secrete IFN-γ after stimulation with viral antigens. This technique is not
restricted by HLA-phenotype and both CD4+ and CD8+ T cells are selected. In one study,
donor mononuclear cells were incubated with 23 class I and II peptides derived from 11
EBV antigens, and T-cells that secreted IFN-γ in response to these peptides were selected
for infusion into 6 patients with EBV-PTLD (43). While three patients responded, three with
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more advanced disease progressed (43). Whether these patients would have responded had
they received higher numbers of effector T cells remains an important question for future
development. Icheva and colleagues (44) targeted the EBNA-1 antigen and pulsed APCs
with either whole EBNA-1 protein or EBNA-1 overlapping peptide pools and then selected
responding T-cells by IFN-γ capture. Ten patients with PTLD were treated, and seven had
clinical responses. No significant toxicities have been seen in any of these studies (Table 1).
Results from these rapid isolation approaches are therefore encouraging, although the
numbers are small, so it is not yet clear whether there will be a lower overall response rate
when only a limited number of EBV antigens or epitopes are targeted. A second limitation
to this strategy may be the requirement for large numbers of starting T cells from unrelated
donors in a short time frame.

Lymphoproliferative diseases after solid organ transplant
As with HSCT recipients, solid organ graft recipients most commonly develop EBV-PTLD
in the first year post-transplant. However, with solid organ transplant recipients, PTLD most
commonly arises from recipient lymphoid cells. The incidence can vary from 1 to 30%
depending on the type of organ transplanted, with lowest rates seen in renal transplant
recipients and the highest in small bowel recipients. Other risk factors include recipient
EBV-seronegative status prior to transplantation and higher-intensity immunosuppressive
regimens. Since children are more often EBV-seronegative at the time of transplantation,
they have a higher incidence of PTLD.

In solid organ transplant recipients, reduction of immunosuppression is usually the first line
therapy for EBV-PTLD, followed by the use of the CD20 monoclonal antibody rituximab,
either alone or in combination with chemotherapy. As these therapies can be toxic and can
fail, there is interest in the use of EBV VSTs. An initial challenge was to decide on the
source of VSTs as patients usually remain on long-term immunosuppression. This proved a
non-issue, since several groups showed that VSTs could be generated, even from recipients
with active PTLD (Table 2). We infused autologous EBV-VSTs to two solid organ graft
recipients with active disease and eight with high EBV DNA levels (45). In the two patients
with disease, we observed one complete and one partial response while none of the eight
prophylaxis patients developed PTLD, although the effects on EBV viral load were not
consistent or impressive (45). Other groups have reported similar results in treating active
disease or elevated EBV viral load (46–48) (Table 2). The time taken to generate VSTs in
this setting has led to interest in using partially HLA-matched third party cells, which
instantly available.(49)

EBV CTLs for Type 2 latency tumors
The success of EBV VST therapy in treating the immunogenic Type 3 latency tumors that
develop in patients after transplant led to interest in treating other EBV-associated
malignancies, such as Hodgkin’s lymphoma, some types of non-Hodgkin’s lymphoma
(NHL). and nasopharyngeal carcinoma (NPC). These tumors, which develop in
immunocompetent individuals, express a more restricted array of EBV-encoded antigens
(Type 2 latency) with only the weakly immunogenic EBV antigens (BARF, EBNA1, LMP1,
and LMP2) being expressed.

Studies in lymphomas arising in immunocompetent persons
In our first study outside of the HSCT setting, we used EBV-VSTs for the treatment of 14
patients with relapsed EBV+ Hodgkin’s lymphoma (50). Using immunoassays, we showed
that T cells reactive with the subdominant viral TA, LMP2, did indeed expand after infusion
as detected in peripheral blood. The infused VSTs also had clinical activity, inducing two
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complete responses, one partial response, and five patients had stable disease (Table 3). To
increase the frequency of clones recognizing the appropriate viral tumor antigens, we next
evaluated the efficacy of VSTs activated with APCs transduced with adenoviral vectors
expressing either LMP2 alone (n=17) or both LMP2 and ΔLMP1 (n=33)(17, 51). Twenty
eight of 29 patients with high-risk or multiply relapsed disease who received LMP-CTL as
adjuvant therapy remained in remission at a median of 3.1 years after VST infusion.
Twenty-one patients with active disease received LMP VSTs, and 13 had clinical responses,
including 11 complete responses. Of note, T cells specific for LMP antigens could be
detected in the blood after VST infusion and in some responding patients T cells reactive
with nonviral TAs (epitope spreading) also became detectable.

Studies in nasopharyngeal cancer
Over 95% of cases of NPC express EBV antigens, and advanced stage disease continues to
have a poor prognosis with a 5-year survival rate of less than 50% (52). Moreover, current
therapies are associated with significant morbidity making this cancer an attractive target for
EBV-based immunotherapies (Table 3). Comoli et al. (6) treated 10 patients with
progressive NPC after conventional therapy with autologous EBV-specific CTLs and
observed partial responses in two and stable disease in four. Responses were associated with
an increase in LMP2-specific responses in the peripheral blood. Our group has also infused
LCL-activated EBV CTLs to patients with NPC and observed 10 responses in 15 patients
treated with active disease (5 CRs, 2 PRs, and 3 stable disease) (5, 53). An additional eight
patients were treated in their second or subsequent remission, and five remain disease free
with follow up of 17 to 75 months. To try and improve these response rates both groups next
evaluated the effect of infusing CTLs after lymphodepletion. Our group used CD45
depleting antibodies (54) and the Italian group using cyclophosphamide and fludarabine
(55). In both studies, the addition of lymphodepletion did not alter the response rate (54, 55)
(Table 3).

In NPC studies from both groups, a consistent finding has been that EBV-CTLs produce
measurable benefit only when the product contains LMP2 reactive clones that expand after
infusion. This was confirmed in a larger study from Singapore where patients with
metastatic NPC received four cycles of chemotherapy followed by up to six infusions of
EBV-CTLs. In 35 patients, the 2-year overall survival OS was 67.2%, a rate much higher
than that seen in historic controls receiving chemotherapy alone, again with an association
of benefit with specificity for EBV-LMP2 in the infused line (56). Current studies are
therefore testing strategies to enrich the infused line for clones reactive with LMP antigens.

Other Virus CTLs
Although as discussed earlier, many other tumors express viral antigens that provide targets
for T-cell-based immunotherapies, and there have been reports of preclinical studies of
VSTs to target other tumors (23, 57). There are, as yet, no reported clinical trial results.

T-cell therapy for non-viral tumor-associated antigens
Given the success of adoptive transfer approaches for the treatment of virus-associated
diseases and malignancies, this approach has also been considered as a therapeutic modality
for the treatment of non-viral cancers. In this context, identification of the optimal tumor-
expressed target is more complex. To limit collateral damage, the model TA should be
universally and selectively expressed on tumor cells and ideally should be essential for the
maintenance of the oncogenic phenotype of the tumor. However, the majority of non-viral
TAs does not meet these criteria and are often expressed in normal cells against which
peripheral blood T cells are tolerized by central and peripheral mechanisms. Initially it was
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thought that T cells specific for self-antigens should not exist at all, but over the last 20
years, increasing numbers of antigens that may serve as tumor-specific targets have been
described. Tumor associated antigens (TAAs) can be classified into four main groups based
on their expression and tissue distribution.

Tumor antigens and T-cell immunogenicity
Mutated antigens are common to certain tumors (e.g. Bcr-Abl) or unique to each tumor and
are expressed exclusively in neoplastic cells and hence are considered ideal for
immunotherapy. However, single point mutations are immunogenic only in the context of
particular HLA alleles or not at all. Recently, tumor transcriptome analysis has demonstrated
that many tumors express a plethora of mutated proteins (58, 59). In principal, therefore,
peptide libraries encompassing all mutated sequences could be generated and used to
stimulate tumor-specific T cells for each patient, increasing the likelihood of generating T
cells specific for multiple TAs. In practice, such a highly customized product would be
expensive, and it would be difficult to confirm that each peptide was truly tumor-specific.
However, as tumor proteomics become more standardized and if many mutations are shared
between patients, such an approach may eventually be reduced to practice by selecting a
peptide cocktail from a library of clinical grade peptides.

Lineage-restricted tumor antigens are expressed on tumor cells as well as on their normal
tissue of origin, such as the melanoma associated antigens MART, gp100, or Melan-A, that
were first discovered as targets of melanoma-infiltrating lymphocytes. Subsequently, these
antigens have proved immunostimulatory to a degree that is almost equivalent to that of
weak viral antigens, enabling the efficient and relatively simple generation and expansion of
tumor-specific T cells from both patients and healthy donors with minimal in vitro
manipulation. These antigens can be targeted if they are overexpressed on tumors relative to
normal tissues or if they are differentially processed (60, 61). Nevertheless, infusion of
melanoma-specific T-cells can result in destruction of normal melanocytes, resulting in
vitiligo as well as ocular and systemic autoimmunity (62). Indeed elevated numbers of
GP100-specific T cells have been detected in patients with vitiligo (63). The decision to use
T cells specific for antigens expressed on normal tissues must be considered with caution
because of the potential longevity of infused T cells. The availability of effective suicide
genes (64, 65) may mitigate the risks, thus facilitating the use of T cells with autoimmune
potential.

Cancer/testis antigens (CTA) (e.g. shared tumor-specific TAAs MAGE, BAGE, GAGE,
NY-ESO-1, SSX, PRAME) are found in a variety of malignant tumors. In normal tissues,
their expression is limited to germ line tissues that are immune privileged and hence less
susceptible to tolerance mechanisms. CTA-specific T cells can be produced on a large scale
to provide broad-spectrum protection against a variety of tumors. CTAs have been targeted
in both vaccine and T-cell therapy protocols, with evidence of clinical efficacy (66). Recent
efforts to enhance the natural specificity of CTA-specific TCRs to generate a more potent T-
cell product have resulted in off-target effects including lethal cardiac and cerebral toxicities
(67, 68).

The last group are TAs that are overexpressed in many different tumors but are absent from
or expressed at low levels in healthy tissue (e.g. hTERT, CEA, and survivin). T cells
targeted to these antigens carry the risk of inducing collateral damage to normal tissues co-
expressing the antigen (e.g. CEA and normal biliary epithelium), and there are limited
clinical data available regarding the safety of targeting these antigens in vivo (69). However,
survivin- and CEA-specific T cells have been isolated from the peripheral blood of patients
who have cleared their tumors, and increases in survivin-specific T cells in patients
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receiving oncolytic viruses have been reported, suggesting that they can have efficacy
without toxicity in patients. Survivin is expressed in proliferating T cells, and the fact that
survivin-specific T cells can be grown in vitro illustrates the ability of T cells to distinguish
between high and low levels of antigen expression or differential antigen processing and
presentation.(70)

Optimizing cell culture protocols for tumor-specific T-cell generation
In addition to choosing the optimal TAs for T-cell stimulation, successful adoptive
immunotherapy relies on effective protocols for activating and expanding tumor-specific T
cells in vitro. In general, reactivation requires professional APCs, which not only present
antigen but also provide costimulation and cytokines (e.g. IL-12) that drive T-cell
differentiation down the appropriate effector pathway (Tc1/Th1).

Perhaps the most widely used APCs for tumor-specific T-cell activation are monocyte-
derived DCs, although clinical utility is limited by the achievable numbers of these non-
dividing cells, which in turn impedes large-scale T-cell production. Alternative autologous
APC sources include activated T-APCs and CD40L-activated B-cell blasts, whose baseline
immunostimulatory capacity has been genetically enhanced via the incorporation of
costimulatory molecules (CD40, OX40, CD70, B7-1, ICAM-1, and LFA-3), or cytokines
such as IL-12, IL-7, or IL-15. To further simplify manufacture, the use of ‘off the shelf’
artificial APCs (aAPCs) is also an area of active investigation as the incorporation of such
an APC source would make tumor-specific T-cell generation significantly more cost
effective and practical. Cellular aAPC platforms include human leukemia cell lines, insect
cells, or mouse fibroblasts, which have been engineered to effectively present antigen. For
example, because it is HLA-negative and unlikely to induce alloreactivity, the leukemia cell
line K562 has been modified to express costimulatory molecules (e.g. CD137, CD80), to
secrete a range of cytokines (IL-2), and to express HLA genes (71). Cell-free aAPC systems
including micron-size latex, polyglycolide, magnetic beads, or lipid-based vesicles are also
being evaluated (72). Ultimately, the optimal aAPC must be GMP-compliant, potent, and
able to reproducibly support the efficient expansion of antigen-specific T cells in vitro. As
cell therapy becomes more widely used, this area of development is likely to be of intense
interest.

Tumor-specific T cells isolated from whole blood or tumor biopsy samples are often
anergized/tolerized, and have poor proliferative capabilities. Thus, the effective induction of
cellular anti-tumor immunity relies on culture supplementation with immune-modulating
and growth-promoting cytokines. A variety of cytokines, including IL-2, IL-15, IL-12, IL-7,
IL-21, and IL-6, or cytokine combinations have been tested for their ability to selectively
expand tumor-specific effector T cells, enhance their effector function, promote their
survival, and selectively inhibit Tregs. Indeed, in our preclinical studies, we demonstrated
that a combination of IL-7, IL-12, IL-15, and IL-6 was optimal for the in vitro activation of
T-cell lines with specificity for multiple lymphoma-expressed antigens (70). It should be
noted, however, that combining individually effective cytokines may simply produce
antagonistic or even paradoxical effects, and the combinations used and the sequence of
their introduction needs careful analysis for each tumor-specific T-cell product.

Melanoma-targeted immunotherapy using tumor-infiltrating lymphocytes
By far the largest body of work using tumor-directed T cells clinically has been reported by
the Rosenberg group from the NCI, who have pioneered the ex vivo expansion and
adoptively transfer of tumor-infiltrating lymphocytes (TILs) to patients with metastatic
melanoma, starting in the late 1980s (73). TILs were isolated from resected melanoma
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lesions, expanded in individual 24-well culture wells, tested for tumor-specificity by co-
culture with autologous or HLA-matched tumor material, followed by expansion of
subcultures with confirmed specificity using feeder cells, anti-CD3, and high dose (6000U/
ml) IL2 (10) – a process requiring 4–8 weeks. In the initial clinical trial, 20 patients received
a lymphodepleting dose of cyclophosphamide (25mg/kilogram), followed by TIL infusions
ranging from 3 – 75 × 1010 TILs with IL-2 administered every eight hours until dose-
limiting toxicity was reached. In this patient cohort, transient tumor reductions were seen but
limited in vivo persistence produced sub-optimal anti-tumor effects (74). To address this
issue, the same group modified their approach to incorporate a more intensive preparative
regimen with or without additional radiation. This step was designed specifically to alter the
host tumor microenvironment by eliminating inhibitory regulatory T cells/myeloid
suppressor cells and reduce competition for endogenous IL-7 and IL-15 to maximize
therapeutic benefit of the adoptively transferred TILs. Indeed, the long term outcomes of 93
patients with metastatic disease treated on three sequential trials with the initial and
modified approach have been recently updated, with objective responses ranging from 49–
72% reported, complete and durable response rates in up to 40% of patients (9, 10), and a
trend towards superior clinical outcomes in those receiving increased lymphodepletion and
TBI.

However, despite these impressive results, collection of autologous TILs for individual
therapeutic use is restricted to those tumors that are easily accessible and not all tumors
contain TILs. Furthermore, it is not possible to expand a tumor-specific T-cell population
from every patient, and even when successful, the extended culture period (4–8 weeks)
required for preparation of the large cell numbers (>1010 T-cells) is complex and expensive
and produces a product of variable composition (phenotype and specificity), making it
challenging to define the characteristics associated with clinical activity.

Melanoma-targeted immunotherapy using antigen/epitope-specific T cells
To extend applicability and generate a more defined tumor-specific product with respect to
specificity and function, a number of groups have investigated the clinical use of tumor-
specific T cells isolated from peripheral blood and selectively activated and expanded ex
vivo. Mitchell and colleagues (75) used insect cells modified to express HLA-A2, CD80,
and CD54 and loaded with an HLA-A2-restricted epitope peptide derived from the
melanoma-expressed antigen tyrosinase to repetitively stimulate and selectively expand
tyrosinase peptide-specific T cells. Infusion of 5×108 cells (of which between 10–30% were
tyrosinase-specific) to 10 patients with tyrosinase-positive melanoma tumors was associated
with clinical responses in two. Other groups have used autologous DCs to activate a tumor-
directed product. For example, Yee and colleagues (76) generated CD8+ T-cell clones
specific for HLA-A2 peptides derived from MART1 and gp100 using peptide-loaded DCs
as stimulators. Four infusions (3.3×109/m2/infusion) of the tumor-directed clones without
and subsequently with low dose IL-2 produced clinical benefit in 8 of 10 patients with
metastatic melanoma, and IL-2 proved to be crucial for in vivo persistence (76). A follow-up
study from this group incorporating a pre-conditioning step with high dose
cyclophosphamide +/− low or high dose IL-2 was shown to further increase proliferation
and persistence (77). However, the toxicities with high dose IL-2 were substantial, and this
arm of the study was halted. Finally, MART1 was targeted by Mackensen et al. (78), who
prepared tumor-directed T-cell lines using HLA-A2 peptide-loaded DCs to stimulate
selected CD8+ T-cells. Eleven patients received at least 3 and up to 10 infusions of specific
T cells (median 2.11 × 108 cells/infusion) with low dose IL-2. T cells homed to tumor sites
detected and favorable clinical responses were reported in 3 patients (1 complete, 1 partial,
and 1 mixed response) (78).
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While the generation and adoptive transfer of CD8+ melanoma peptide-specific T-cells from
peripheral blood is feasible, as in the TIL setting clinical benefit appears to be tightly linked
with in vivo persistence, and T-cells could not be manufactured from all patients. One
potential strategy to overcome this obstacle may be to infuse CD8+ peptide-directed T cells
with antigen-specific CD4+ T-cell populations, which not only mediate tumor killing
directly against HLA class II positive targets but also can support the survival and maintain
the effector function of the transferred CD8+ T cells via the production of
immunostimulatory cytokines and other signals upon antigen encounter. Perhaps a more
general shortcoming of this peptide stimulation approach, however, is its limitation to
individuals with a restricted HLA genotype due to the small number of class I-restricted
epitopes used for T-cell activation. Finally, one emerging concern is the potential for such a
targeted therapy to evade the immune system as was reported by Mackensen et al., who
reported the emergence of MART1-negative tumors in two patients infused with MART1-
targeted CD8+ T cells. Hence, many groups are now focusing on the use of peptide libraries
to activate both CD4+ and CD8+ T cells

T-cell therapy to prevent leukemic relapse
Adoptive immunotherapy has also proved to be an effective strategy in the prevention of
leukemic relapse after allogeneic HSCT. The first adoptive T-cell transfer protocols were
based on the premise that donor peripheral blood contained T-cells that were able to mediate
antitumor in vivo. Accordingly, unmanipulated DLI has been extensively used to provide
anti-tumor immunity (79). However, the efficacy of this approach is limited by the low
frequency of tumor-specific T cells and the relatively high frequency of alloreactive T cells,
resulting in frequent and severe GVHD. One strategy to enhance the ‘graft versus leukemia’
effect without promoting GVHD is to selectively target tumor-expressed antigens using
selectively expanded T-cell populations. The antigens targeted clinically fall into two
categories: (i) minor histocompatibility antigens (mHAgs) expressed by leukemia
progenitors, and (ii) TAs overexpressed by the leukemic cells.

mHAgs can differ between donor and recipient even when matched at major
histocompatibility loci. Donor-derived mHAg-specific T-cells can have both GVL and
GVHD effects in vivo (80). Much of the current research in this area is focused on
identifying and selectively targeting mHAgs expressed exclusively on hematopoietic cells,
thereby separating GVL from GVHD. Warren and colleagues (81) evaluated the safety of
adoptively transferring donor-derived CD8+ T-cell clones recognizing such mHAgs to seven
patients with relapse of acute leukemia after myeloablative allogeneic HSCT. The highest
doses administered to each patient ranged from 2.25 – 6.6 × 109 cells. Pulmonary toxicity
was seen in three patients and was severe in one, correlating with the level of expression of
the mHAg-encoding genes in lung tissue. However, the administration of steroids coincided
with a rapid reversal in pulmonary symptoms. Thus, the associated toxicity could be rapidly
and effectively controlled (81).

In both the autologous and allogeneic-donor/HSCT setting, adoptive transfer approaches are
being developed against a number of leukemia-associated antigens including Wilms Tumor
gene 1 (WT1), proteinase 3 (Pr3), human neutrophil elastase (NE), melanoma-associated
antigen A3 (MAGE-A3), and preferentially expressed antigen in melanoma (PRAME)
(82,83). Of these, WT1 is perhaps the most extensively characterized with several groups
evaluating T cells specific for defined CD4+ and CD8+ epitope peptides. Vaccines
incorporating WT1 have produced clinical responses (84). This effect was associated with
an increased frequency and long-term persistence of WT1-specific T cells in peripheral
blood, showing the clinical relevance of immune responses directed to this antigen. Based
on these and other studies, O’Reilly and colleagues (83) initiated a clinical trial of donor-
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derived WT1-specific T cells, activated using DCs loaded with an overlapping peptide
library (15mers overlapping by 11 amino acids) spanning the entire sequence of the antigen,
and infused as treatment of persistent minimal residual disease or recurrence of WT1+
AML, ALL, or MDS following allogeneic HSCT. In preliminary reports, T-cell infusions at
the lowest dose levels were safe and well tolerated (83). Peptide libraries can present all
possible HLA-class I-restricted epitopes as well as a proportion of HLA class II-restricted
epitopes allowing the generation of T cells specific for multiple epitopes, regardless of HLA
phenotype.(85)

Broadening applicability with third party VSTs
Although the adoptive transfer of autologous/donor-derived virus- and tumor-directed T
cells has been associated with clinical activity, the delay and complexity of producing
individual cell products for infusion remains a barrier, rendering this therapeutic modality
impractical for widespread or urgent use. This limitation could be overcome by a bank of
well-characterized, HLA-typed antigen-specific T-cell lines for administration as off-the-
shelf reagents. This strategy was first shown to be safe and effective against EBV-PTLD in
solid organ and bone marrow transplant recipients (Table 4). In the first and largest
multicenter study, Haque et al. (86) used banked polyclonal EBV-specific T-cell lines to
treat EBV-PTLD after HSCT or solid organ transplantation and reported an overall response
rate of 52% at 6 months. Similar results have been reported from Memorial Sloan Kettering
with four of five PTLD patients achieving CR in response to third party EBV-specific T
cells (2). More recently, our group applied this approach to treat patients with refractory
CMV, adenovirus, and EBV infections post allogeneic HSCT, achieving an overall response
rate of 74%, including responses in 6 of 9 patients with refractory EBV-PTLD (87). Of note
none of these studies report an increased risk of GVHD.

In the future, the third party strategy may be extended beyond the transplant setting to the
treatment of both viral and non-viral malignancies. At present, there are only isolated reports
outside the transplant setting, but some responses have been reported: Comoli et al. (88)
reported temporary stabilization of disease in a patient with refractory nasopharyngeal
cancer, while Lucas and colleagues (89, 90) reported responses in 2 patients with EBV
lymphoma and 5 with EBV-positive Hodgkin lymphoma. One issue in this setting may be
that in less immunocompromised patients, repeated cell infusions will be required to
overcome their likely short in vivo persistence.

The development of banks of tumor-directed T cells is feasible, particularly in light of recent
manufacturing improvements, including the optimization of protocols for non-viral tumor-
specific T-cell generation. However, a comprehensive epitope/HLA restriction analysis must
be performed to enable the identification of the ‘best’ T-cell line for each patient. In further
development of this approach, it will be necessary to define criteria for HLA matching to
provide coverage for a high percentage of potential patients, for example with the use of
homozygous donors.

Conclusions
Cellular therapies have often been criticized for their ‘boutique’ application. However, with
improved, simplified, and more rapid manufacturing, costs can be low. T cells with native
receptor specificities can potentially offer long term protection with a single infusion and are
not associated with hospitalization costs or with short or long-term iatrogenic morbidities
that require additional therapeutic intervention. Therefore, when overall cost and quality of
life are taken into consideration, T-cell therapies may in fact provide a low cost and more
palatable alternative to current standard chemoradiotherapies.
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T cells targeting native receptors have already produced encouraging results in the clinic,
most notably when viral antigens are targeted in immunosuppressed patients. However,
there remain significant obstacles to their more widespread use in immunocompetent
patients, including their limited in vivo expansion and persistence in the presence of
immunosuppressive tumors. Tumor cells employ a range of passive and active immune
evasion strategies to avoid the consequences of immune activation, including the expression
of inhibitory cytokines and ligands, recruitment of inhibitory cell types and failure to present
TAs appropriately to the immune system. Tumors may respond to immunotherapies by
increasing their expression of inhibitory molecules and producing variants that have lost the
antigens targeted, a phenomenon referred to as ‘cancer immunoediting’(7). Future directions
therefore include engineering of T cells to incorporate countermeasures, targeting multiple
TAs simultaneously to minimize the potential for tumor immune escape, and combining
immunotherapy approaches with targeted small molecule therapies or with checkpoint
inhibitors to increase antitumor activity.
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Fig. 1. Schematic of conventional Epstein-Barr virus cytotoxic T lymphocyte (EBV-CTL)
manufacturing
Traditionally EBV-CTLs have been generated by weekly stimulation of donor PBMCs with
autologous EBV-LCLs in the presence of IL-2. This is a prolonged process, requiring 4–6
weeks for EBV-LCL establishment with a further 4 weeks to generate sufficient CTLs for
both testing and infusion.
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Fig. 2. Schematic of direct selection or rapid expansion protocols
Virus-specific T cells can be directly isolated from peripheral blood using either streptamer
selection (A) or γ-capture (B) for immediate infusion. Alternatively, in a 10-day procedure,
virus-specific T cells can be rapidly and selectively enriched by stimulation with
overlapping peptides and culture of cells in a specialized G-Rex in the presence of growth-
promoting cytokines (C).
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Table 1

Donor cytotoxic T lymphocytes post hematopoietic stem cell transplant.

Patient number Type of CTL Antitumor l effects Reference

113 LCL-activated EBV-specific T-cells Prophylaxis: None of 101 developed
PTLD
Treatment: Induced CR in 11/13 patients

Rooney et al(33)
Heslop et al(32)
Rooney et al(31)
Heslop et al(3)

14 LCL-activated EBV-specific T-cells CRs in 10 patients
4 with progressive disease

Doubrovina et al 2012(2)

6 LCL-activated EBV-specific T-cells Decreased EBV DNA levels in 5 patients;
1 patient died of PTLD

Gustafsson et al, 2000(91)

1 LCL-activated EBV-specific T-cells Patient attained CR Lucas et al(37)

1 LCL-activated EBV-specific T-cells Patient failed to respond Imashsuki(92)

4 LCL-activated EBV-specific T-cells CRs in 3 patients with recurrent PTLD
post Rituximab; decrease in EBV DNA in
patient without overt PTLD

Comoli et al(93)

6 HLA A2-restricted multimer-selected CRs in 3 patients; no response in 3 others Moosmann et al(43)

10 IFN-γ capture of cells responding to EBNA1
protein or peptides

CR in 7 of 10 patients Icheva et al 2012 (44)

40 Multivirus activated by monocytes and LCLs
transduced with adenoviral vector encoding
CMVpp65

No EBV reactivation as prophylaxis
6/6 with EBV cleared infection including
1 with PTLD

Leen et al 2006(94)
Bollard et al(95)
Leen et al 2009(96)

3 Induced by dendritic cells pulsed with EBV-
LMP2, CMV-pp65 and CMV-IE peptides

Treatment: Cleared in 2/2
Prophylaxis: No infections in 1

Dong et al 2010(97)

Abbreviations: CTL, cytotoxic T lymphocyte, LCL, lymphoblastoid cell line; EBV, Epstein Barr virus; CR, complete remission; PR, partial
remission; HLA, human leukocyte antigen
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Table 2

Clinical trials: autologous Epstein Barr virus cytotoxic T lymphocytes in solid organ transplant

Study Patient number Type of transplant Prophylaxis or therapy Results

Comoli et al. (46) 7 SOT Prophylaxis No PTLD

Haque et al. (98) 3 SOT Prophylaxis No PTLD

Khanna et al. (47) 1 SOT Therapy Significant regression

Sherrit et al. (48) 1 SOT Therapy CR

Comoli et al. (99) 5 SOT Therapy CRs (used as adjuvant after chemotherapy and
Rituxan)

Savoldo et al. (45) 12 SOT Prophylaxis and Therapy No PTLD
1 of 2 patients treated with PTLD attained CR
and the other a PR

Abbreviations: SOT, solid organ transplant; CR, complete remission; PR, partial remission, PTLD, post transplant lymphoproliferative disorder

Immunol Rev. Author manuscript; available in PMC 2015 January 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Rooney et al. Page 25

Table 3

Clinical trials of Epstein Barr virus cytotoxic T lymphocytes in type II latency tumors

Patient number Type of CTL Antitumor l effects Reference

Non-Hodgkin’s and Hodgkin’s Lymphoma

10 LCL-induced 2 CRs, 1 PR, 5 stable disease Bollard et al. 2004 (50)

50 LMP-specific T cells using
autologous dendritic cells and LCL
transduced with an adenoviral vector
expressing LMP2 or LMP1/2

Prophylaxis: 28 of 29 remain disease-free with
median of 3 years follow up
Treatment. 11 of 21 CRs, 2 PRs

Bollard et al. 2007(51)
Bollard et al. 2013 (17)

3 LCL-induced from HLA-identical
sibling (2) or autologous (1)

Stable disease for > 3 years in 2 Cho et al. 2006 (100)

Nasopharyngeal cancer

4 LCL-induced Reduction in viral load but no clinical responses Chua et al. 2001(101)

10 LCL-induced 2 PR and 4 with stable disease Comoli et al. 2005 (6)

23 LCL-induced Prophylaxis: 5 of 8 patients treated adjuvantly
remained disease-free for 25 to 82 months and 3
relapsed.
Treatment. 5 with CR, 2 with PR, 3 with Stable
Disease, 5 with progression

Straathof et al. 2005 (53)
Louis et al. 2010 (5)

8 LCL-induced after lymphodepletion
with CD45

1 CR and 2 stable diseases Louis et al. 2009 (54)

11 LCL-induced after
cyclophosphamide and fludarabine

2 PRs, 3 with stable disease, 1 minor response Secondino et al. (55)

35 LCL-induced after standard
chemotherapy for metastatic disease

2-year overall survival OS was 67.2% Teo et al. (30)

Abbreviations: LCL, lymphoblastoid cell line; LMP, latent membrane protein; CR, complete remission; PR, partial remission,
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