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Extranodal NK/T-cell lymphoma (ENKTCL) is associated 
with latent Epstein-Barr virus (EBV) infection and frequent 
relapse even after complete response (CR) to intensive 
chemotherapy and radiotherapy. The expression of EBV 
proteins in the tumor provides targets for adoptive immu-
notherapy with antigen-specific cytotoxic T cells (CTL). To 
evaluate the efficacy and safety of EBV latent membrane 
protein (LMP)-1 and  LMP-2a-specific CTLs (LMP1/2a CTLs) 
stimulated with LMP1/2a  RNA-transferred dendritic cells, 
we treated 10 ENKTCL patients who showed complete 
response to induction therapy. Patients who completed 
and responded to chemotherapy, radiotherapy, and/or 
high-dose therapy followed by stem cell transplantation 
(HDT/SCT) were eligible to receive eight doses of 2 × 107 
LMP1/2a CTLs/m2. Following infusion, there were no imme-
diate or delayed toxicities. The 4-year overall survival (OS) 
and progression-free survival (PFS) were 100%, and 90% 
(95% CI: 71.4 to 100%) respectively with a median follow-
up of 55·5 months. Circulating IFN-γ secreting LMP1 and 
LMP2a-specific T cells within the peripheral blood corre-
sponded with decline in plasma EBV DNA levels in patients. 
Adoptive transfer of LMP1/2a CTLs in ENKTCL patients is 
a safe and effective postremission therapeutic approach. 
Further randomized studies will be needed to define the 
role of EBV-CTLs in preventing relapse of ENKTCL.

Received 12 December 2014; accepted 29 April 2015; advance online  
publication 23 June 2015. doi:10.1038/mt.2015.91

INTRODUCTION
Extranodal natural killer (NK)/T-cell lymphoma (ENKTCL), 
nasal type is a rare and highly aggressive disease with distinct 
clinicopathological features. While the majority of patients with 
ENKTCL have localized disease within the nasal cavity, the over-
all prognosis is poor and it is often difficult to accurately identify 
and predict high-risk patients for appropriate treatment. Many 
observational studies recommend early or up-front radiotherapy 
as primary treatment in early-stage ENKTCL patients without 
additional adverse factors as it shows greater response rate than 
chemotherapy in localized disease.1,2 However, radiotherapy alone 
is not sufficient to prevent recurrence of diseases outside of the 
radiation field.3,4 Recently, concurent chemoradiotherapy regi-
mens have been suggested to improve both local and systemic 
disease control, especially in patients presenting with adverse risk 
factors.5,6

Concurrent chemoradiotherapy regimens involving nonan-
thracycline chemotherapy7,8 based on ifosfamide, methotrexate, 
and carboplatin, can successfully improve treatment outcome of 
patients by reducing local and systemic relapse rates. However, 
even with the recent progress in the treatment for ENKTCL, a 
substantial proportion of treated patients eventually relapse, in 
which no standard treatment is available. In addition to high 
expression of multidrug resistance gene,9,10 EBV’s role in lympho-
magenesis may explain the difficulty to cure this disease. Patients 
with systemic EBV infection in the peripheral blood (PB) or 
bone marrow are categorized as high-risk group and are cor-
related with an unfavorable prognosis.11,12 The re-emergence of 
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EBV infection in blood sample often indicates relapse after treat-
ment. These observations indicate that host immunity to EBV 
after tumor eradication can be important to maintain long-term 
disease control.

The targeted immunotherapy using EBV-CTLs is a safe and 
robust method that can specifically target and eradicate tumor 
cells without damaging normal tissues. Furthermore, the infu-
sion of these cells can restore host antitumor immunity, which can 
therefore establish long-term maintenance of EBV-CTL responses 
in patients. The majority of the clinical experience with EBV-CTLs 
has been in EBV-associated post-transplant lymphoproliferative 
disease (PTLD)13,14 and these studies have showed that EBV-CTLs 
can be safely infused without complications while controlling EBV 
DNA concentrations to normal range in EBV-reactivated patients. 
The success of EBV-CTLs in PTLD has fueled the development of 
adoptive immunotherapy of EBV-CTLs for other EBV-associated 
malignancies including EBV-positive Hodgkin’s disease lym-
phoma,15 nasopharyngeal carcinoma,16 and angiocentric lym-
phoma.17 These studies have proved adoptive immunotherapy of 
EBV-CTLs as an effective strategy to reconstitute EBV-specific 
immunity and to treat EBV-associated malignancies. In this 
study, we aimed to evaluate the efficacy of EBV LMP1/2a CTLs 
as postremission therapy in ENKTCL patients. We demonstrate 
the safety and efficacy of LMP1/2a CTLs in ENKTCL patients 
with long-term follow-up data and provide encouraging results 
that show the high efficacy of EBV-CTLs in preventing relapse in 
ENKTCL.

RESULTS
Patient characteristics
A total of 13 patients diagnosed with ENKTCL were enrolled. 
All tissue and/or blood samples from patients were confirmed to 
be EBV positive by PCR analysis (data not shown). Two patients 
died before LMP1/2a CTL generation. The remaining 11 patients 
included four high-risk patients (45%) presenting at least one risk 
factor and six low-risk patients (54%) presenting no risk factors. 
In addition, nine patients (81%) showed disease mainly involved 
in the nasal cavity or cervical nodes (Ann Arbor stage, IE-IIE), 
whereas two patients presented advanced-stage disease (Ann 
Arbor stage, IVE) with bone marrow and disseminated involve-
ment in extralymphatic organs at diagnosis. Ten de novo patients 
were initially treated with standard chemotherapy ((CHOP), n = 4; 
(ICE), n  =  1; (ProMACE-CytoBOM), n  =  5) and eight of them 
were followed by local radiotherapy. Two patients were unable 
to receive local radiotherapy: UPN-5 presented extensive local-
ized disease and UPN-6 presented multiple cutaneous manifes-
tations with systemic involvement. Five patients further received 
 high-dose therapy followed by autologous peripheral blood stem 
cell transplantation (HDT/SCT). UPN-10 was recruited into the 
study as a relapsed patient following autologous hematopoietic 
stem cell transplantation. This patient received local radiotherapy 
and salvage chemotherapy prior to the CTL infusion. Overall, 
10 out of 11 patients showed complete response (CR) following 
induction therapy and 1 patient had relapsed at the time of CTL 
therapy. Therefore, only 10 patients who were in initial remission 

Table 1 Patient characteristics

Characteristics
UPN-2  

(de novo)
UPN-4  

(de novo)
UPN-5  

(de novo)
UPN-6  

(de novo)
UPN-7  

(de novo)
UPN-8  

(de novo)
UPN-9  

(de novo)
UPN-10 

(relapsed)*
UPN-11  

(de novo)
UPN-12  

(de novo)
UPN-13 

(de novo)

Pretreatment

Sex Male Female Male Female Female Male Female Female Male Male Male

Age 51 71 51 20 48 46 28 40 24 47 52

Stage (Ann Arbor) IVE IIE IIE IVE IE IIE IE IE IE IE IE

Site, involved Nasal BM 
involve

Nasal neck 
nodes

Nasal, PNS, 
palate, 

nasopharynx

Skin Nasal Nasal neck 
nodes

Nasal Nasal Nasal Nasal Nasal

B symptom + − − + − + − − − − −

LDH High Normal High High Normal High Normal High Normal Normal Normal

Induction therapy CHOP CHOP CHOP ICE CHOP P-Cyto P-Cyto CHOP P-Cyto P-Cyto P-Cyto

Response CR CR PR CR CR CR CR Relapse CR CR CR

Local RT Yes Yes None None Yes Yes Yes Yes Yes Yes Yes

HDT/SCT Yes NA Yes Yes Yes Yes NA NA NA NA NA

Conditioning ICE NA ICE BMT BMT BMT NA BuCyE NA NA NA

Response Sustained 
CR

NA Relapse Sustained 
CR

Sustained 
CR

Sustained 
CR

NA NA NA NA NA

Status at the time 
of CTL infusion

CR CR Relapse CR CR CR CR CR CR CR CR

Time to CTL 
infusion (days)

34 49 50 25 34 28 29 32 32 35 29

BM, bone marrow; BMT, bismuth subsalicylate, metronidazole, and tetracycline; BuCyE, busulfan, cyclophosphamide and etoposide; CHOP, cyclophosphamide, 
hydroxydanorubicin, oncovin, and prednisone; HDT/SCT, high-dose therapy and stem cell transplantation; ICE, ifosamide, carboplatin and etoposide; LDH, lactate 
dehydrogenase; NA, not applicable; P-Cyto, ProMACE-CytaBOM; PNS, paranasal sinus; PR, partial response.
*UPN-10 had previously relapsed from autologous hematopoietic stem cell transplantation and received local RT and salavge chemotherapy prior to CTL infusion.
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of disease at the time of CTL-therapy were eligible to receive CTL 
infusions and for further monitoring. Baseline patient character-
istics are listed in Table 1.

Characterization of in vitro expanded EBV-CTLs 
specific for LMP-1 and LMP-2a
Phenotypic analyses of the initial leukaphresis samples collected 
from patients are presented in Figure 1. After stimulation with 
LMP-1 and LMP-2 electroporated DCs, the final products con-
tained both CD8+ T cells (median, 60%; range, 38.5–68.1%) and 
CD4+ T cells (median, 31.5%; range, 25–56.7%) with the absence 
of CD19+ B-cell and CD14+ monocytes. CD8+ T cells were pre-
dominantly CD45RO+ memory cells (median, 53.4%; range, 
34.7–60.5%). Furthermore, only low levels of NK cells (median, 
4.2%; range, 0–11%) and NKT cells (median, 1.4%; range, 0–5.5%) 
were present. The specificity of EBV-CTLs against both LMP-1 
and LMP-2a was determined by IFN-γ enzyme-linked immu-
nospot (ELISPOT) assays.

Clinical response to EBV-CTL therapy
Patients were infused with four weekly doses of CTLs 2 × 107 cells/
m2 autologous LMP1/2a CTLs and were reinfused with another 

four weekly doses after an interval of one month. Nine patients 
received all eight doses and one patient received three doses due 
to withdrawal of consent. The median time to CTL infusion after 
the last treatment was 32 days (range, 8–50). There were no imme-
diate or delayed toxicities related to the CTL infusion. The 4-year 
OS and progression-free survival (PFS) since first CTL infusion 
were 100%, and 90% (95% CI: 71.4 to 100%), respectively with a 
median follow-up of 55.5 months. UPN-6 who had not completed 
the CTL therapy dose, relapsed after CTL therapy (Figure 2). The 
outcomes of patients are summarized in Table 2.

Immunologic effects and follow-up after adoptive 
transfer
We measured the frequency of LMP1/2a CTLs every 2 weeks after 
the first CTL infusion using IFN-γ ELISPOT assays. Figure 3a,b 
shows that all patients had circulating LMP1/2a CTLs. Overall, 
the LMP-1-specific responses outweighed the LMP-2a-specific 
responses. In association with the LMP-specific CTL responses, 
we also measured the levels of EBV in the patient’s plasma using 
 real-time-quantitative polymerase chain reaction (Figure  3c). 
Overall, the plasma EBV levels varied between patients and the 
correlation between CTL infusion and EBV immunity was not 

Figure 1  Characteristics of latent membrane protein (LMP)-1- and LMP-2a-specific cytotoxic T-lymphocytes (CTLs) derived from extra-
nodal NK/T cell lymphoma (ENKTCL) patients. (a) Phenotype of leukaphresis products prior to stimulation showing mainly CD3+ and CD4+ 
T cells. Following stimulations with LMP-1 and LMP-2a transduced dendritic cells (DCs), (b) LMP-1- and LMP-2a-specific CTLs (LMP-1/2a CTLs) 
were generated composed of both CD4+ and CD8+ T cells. Red lines indicate median value. (c) Antigen-specific activity for each patient was 
evaluated by coculturing CTLs with LMP-1/2a transduced DCs. The number of spots corresponding to IFN-γ-secreting cells was measured using 
interferon-γ (IFN-γ) enzyme-linked immunospot (ELISPOT) assay. The measured ELISPOT are shown as mean values, with error bars indicating the 
standard errors of the means (SEM) from triplicate wells. (d) Proliferation fold of LMP-1/2a CTLs generated from each patient.
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univocal as demonstrated in Figure 4. In patients 2 and 11, high 
EBV DNA levels were followed by an increase in IFN-γ secret-
ing T cells. Subsequently, the increases in CTL responses cor-
responded with a drop in EBV DNA levels indicating some 
correlation between CTL therapy and EBV control. In contrast, 
some patients, such as patients 9, 12, and 13, already had high 
immune responses before CTL infusions, whereas others had 
numerous fluctuations over time. Furthermore, we observed 
increasing EBV-DNA levels in patient 10, a relapsed patient from 
a previous transplantation, indicating that CTL therapy may not 

have induced control. Similarly, patient 6, who did not complete 
the treatment, showed an increase in EBV-DNA levels. Although, 
responses against LMP-2a antigen were measured for each indi-
vidual, these responses were minimal compared to the responses 
against LMP-1. To further investigate the T-cell responses against 
each antigen, we isolated CD4+ and CD8+ T-cell populations and 
performed IFN-γ ELISPOT assays against LMP-1 and LMP-2a 
separately (Figure  5). As expected, the responses against both 
antigens consisted mainly of CD8+ T cells. However, the fre-
quency of LMP-specific CD4+ T cells was also present through-
out the monitoring period. Also, low levels of LMP-2a-specific 
responses were present in both CD4+ and CD8+ T cells.

DISCUSSION
In this study, we demonstrate the long-term effects of LMP1/2a 
CTLs as postremission therapy in ENKTCL patients. Bollard 
et al.18 previously reported the use of LMP-2 specific single anti-
gen CTLs and also LMP-1- and LMP-2a-specific double-antigen 
CTLs19 for the treatment of lymphoma patients, which included a 
population of NK/T cell lymphoma patients. Similarly, the current 
study focuses on demonstrating the feasibility of EBV-CTLs in a 
similar yet unique entity of NK/T cell lymphoma patients, which 
is rare in Western countries. We administered LMP1/2a CTLs 
to 10 patients with ENKTCL who had reached initial remission 
through chemotherapy, radiotherapy, and/or HDT/SCT. Among 
10 patients who had received CTL therapy, 9 patients showed sus-
tained remission and 1 patient had relapsed at the last follow-up. 
Responses were associated with increased frequencies of  LMP-1- 
and LMP-2a-specific T cells in the peripheral blood after CTL 
infusion and this corresponded with the control of plasma EBV 
DNA levels.

Developments in treatment regimens have improved initial 
CR rates in ENKTCL patients; however, effective postremission 
therapy is still necessary to prevent further relapse. Currently, 
combined chemotherapy and radiotherapy is considered stan-
dard treatment for patients with localized early-stage disease.20,21 
While optimized timing of radiotherapy remains to be elucidated, 
combined chemoradiotherapy regimens are still insufficient for 
majority of patients who present poor risk factors, including the 
presence of B-symptoms, extranasal involvement, high lactate 
dehydrogenase levels, and EBV viral load.22 Our study included 

Table 2 Outcome of CTL therapy

UPN-2 UPN-4 UPN-6 UPN-7 UPN-8 UPN-9 UPN-10 UPN-11 UPN-12 UPN-13

CTL therapy

Total CTL dose 1.6 × 108/m2 1.6 × 108/m2 6 × 107/m2* 1.6 × 108/m2 1.6 × 108/m2 1.6 × 108/m2 1.6 × 108/m2 1.6 × 108/m2 1.6 × 108/m2 1.6 × 108/m2

Toxicity related to 
infusion

None None None None None None None None None None

Survival and 
outcome

Outcome CR CR Relapse CR CR CR CR CR CR CR

OS (months) 79 86 63 65 57 54 52 51 51 51

PFS (months) 79 86 32 65 57 54 52 51 51 51

CR, complete response; OS, overall survival; PFS, progression-free survival.
*UPN-6 only received three doses of CTL infusion due to withdrawal of consent during the study.

Figure 2 Outcomes in patients receiving latent membrane  
protein (LMP)-1- and LMP-2a-specific cytotoxic T lymphocyte 
(CTLs;  LMP-1/2a CTLs) as postremission therapy. (a) Overall sur-
vival and (b) progression-free survival for 10 patients treated with 
LMP-1/2a CTLs.
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six patients with poor risk factors, and five of these patients were 
able to achieve a CR following induction therapy based on inves-
tigator’s choice (Table 1). We additionally treated patients pre-
senting risk factors or advanced stage disease with autologous 
hematopoietic stem cell transplantation (or HDT/SCT) for con-
solidation. Limited studies on HDT/SCT in ENKTCL patients 
suggest that HDT/SCT may improve OS and PFS of ENKTCL 
patients.23,24 However, whether HDT/SCT truly offer a sur-
vival advantage to high-risk or advanced patients remains to be 
determined.

Although we cannot make a definitive conclusion due to het-
erogenous treatment protocols, we show that EBV-CTLs may be 
beneficial for patients with risk factors in preventing systemic 
relapse. All patients who were in initial remission at the time of 
CTL infusion and received all doses of CTLs (excluding UPN-6), 
remain in complete remission. Furthermore, our study included 
a patient (UPN-10) with a poor prognosis who had previously 
relapsed from autologous hematopoietic stem cell transplantation 
and this patient was able to achieve durable remission following 
EBV-CTL therapy.

In order to assess the response to treatment, we monitored the 
EBV DNA levels in the peripheral blood throughout the study. 
EBV infection is consistently associated with ENKTCL and stud-
ies have showed evidence that the circulating EBV DNA levels 
correlate with tumor load, disease activity, and relapse.25,26 We 
observed that even patients with initial remission prior to CTL 
infusion had residual levels of EBV DNA (Figure  4) and these 
residual levels may suggest possible EBV reactivation. Currently, 
existing antiviral chemotherapeutics have low efficacy targeting 

EBV. We previously demonstrated the potential benefit of antiviral 
immunotherapy using pegylated interferon α-2a for the treatment 
of ENKTCL27; however, it was also associated with hematologic 
toxicities at higher doses. While we did observe increased CTL 
responses corresponding with the control of the plasma EBV DNA 
level in some patients, majority of patients had numerous fluctua-
tions in EBV DNA levels and immune responses. Therefore, the 
correlation between CTL infusions and EBV DNA control remains 
to be elucidated and needs to be addressed in larger studies.

In addition, the characteristics of the infused CTLs may have 
affected the outcome of CTL response. In our study the generated 
CTL products had a homeogenous characteristic with majority 
of CTLs expressing CD3+CD8+45RO+ phenotype. Despite the 
homogenous phenotype of the CTLs infused, the outcome showed 
high variation between patients. It has previously been reported by 
Haque et al. that patients who received higher numbers of CD4+ 
cells in infused CTL lines showed better responses, indicating that 
CD4 cells within the CTL product may provide help to CD8+ 
T cells to enhance survival in vivo.28 Furthermore, while CD4+ 
T cells have been traditionally viewed as helper T cells, there is 
increasing evidence that suggest CD4+ T cells may also exhibit 
cytotoxic potential with granzyme B and perforin containng gran-
ules.29 Therefore, CD4+ T cells included in the final CTL prod-
uct may also contribute to the cytotoxic potential of CTLs. While 
most CTL lines consisted mainly of CD8+ T cells, one CTL line 
generated from UPN-8 consisted of 60% CD4+ T cells versus 40% 
CD8+ T cells. However, this did not correspond with the patient’s 
CTL response or EBV DNA control in vivo following infusion 
(Figure 4). Furthermore, additional analysis of the memory T-cell 

Figure 3 Overall immune responses in patients following latent membrane protein (LMP)-1- and LMP-2a-specific cytotoxic T lymphocyte 
(CTLs; LMP-1/2a CTLs) therapy. Peripheral blood mononuclear cells were cocultured with (a) LMP-1 or (b) LMP-2 transduced dendritic cells. 
Number of interferon-γ (IFN-γ) secreting cells per 1 × 105 mononuclear cells was measured in enzyme-linked immunospot assays. (c) Epstein Barr virus 
DNA levels were measured from the patient’s plasma. Red lines indicate mean value. The y-axis is presented in Log10 scale.
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subsets may provide insight into the outcome of CTL infusions 
including durability of treatment. It has been previously noted 
that central memory T cells persist longer in vivo than effector 
memory T cells following administration.30 Although we did not 
analyze the memory T-cell subsets at the time of generation, we 
evaluated CTL lines that were available from four patients. Similar 
to a previous report by Weber et al.,31 the CTL lines generated dur-
ing the study consisted of subsets with predominance of  CD8+/
CD45RO+/CD62L-/CCR7- effector memory T cells (data not 
shown). However, the presence of CD8+/CD45RO+/CD62L+/
CCR7+ central memory cells was also noted. The higher lev-
els of effector memory T cells may explain the weak correlation 

between the CTL infusion and disease control (EBV DNA) in our 
study. Therefore, it will be important to produce CTLs consisting 
of high levels of central memory T cells in the future for durable 
treatment.

For future clinical trials, it may be recommended to begin 
leukapheresis for EBV-CTL generation after confirming CR 
in patients. This approach may prevent expenses of generating 
 EBV-CTLs for patients who are not appropriate to receive CTL 
infusions, such as those who do not achieve CR at the time of 
infusion or those who die during treatment. However, repeated 
chemotherapy cycles during induction therapy may limit the 
efficient generation of dendritic cells and EBV-CTLs. Therefore, 

Figure 4 Individual immune responses after latent membrane protein (LMP)-1- and LMP-2a-specific cytotoxic T lymphocyte (CTLs; LMP-1/2a 
CTLs) therapy. Black bars indicate the IFN-γ secreting cell numbers per 1 × 105 mononuclear cells over time. Red lines indicate the plasma EBV DNA 
copies per mL over time. Enzyme-linked immunospot assays were not performed for UPN 6.
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novel approaches in generating adequate therapeutic doses of 
 EBV-CTLs even after chemotherapy is needed.

In conclusion, we have shown the feasibility and efficacy 
of LMP-1/2a-specific CTLs in preventing relapse in high-risk 
ENKTCL patients with 4 years of follow-up. Our results suggest 
that controlling the EBV viral load after initial remission can help 
achieve durable remissions without long-term toxicities.

MATERIALS AND METHODS
Patients. Patients with histologically verified extranodal NK/T-cell lym-
phoma, nasal type, according to the WHO classification who had achieved 
CR following induction or salvage therapy were eligible for the current study. 
Patients who did not achieve complete remission were excluded. Thirteen 
consecutive patients: 11 newly diagnosed and 2 relapsed patients with the 
median age of 47 years (range, 20–71 years) with histologically verified extra-
nodal NK/T-cell lymphoma, nasal type, were enrolled. All patients received 
conventional therapy prior to infusion of LMP1/2a CTLs including five 
patients who underwent high-dose chemotherapy with autologous stem cell 
transplantation (HDT/SCT). Ten patients achieved CR, one patient relapsed 
after induction therapy, and two patients died of disease progression before 
EBV-CTL production. Overall, 10 patients were eligible for the study.

Response to treatment was assessed according to WHO criteria. 
Complete response was defined as the disappearance of all known disease 

for at least 4 weeks. Partial response was defined as a decrease of 50% in 
the sum of the products of the tumor’s longest dimension and its widest 
perpendicular dimension for at least 4 weeks, without the appearance of 
new lesions or progression of any other lesion. Progressive disease was 
defined as a >25%increase in one or more of the measurable lesions or the 
appearance of a new lesion. Further patient characteristics are provided 
in Table 1.

The current study was registered and approved by the Korea Food 
and Drug Administration on 9 May 2007 (Approval Number: Korea Food 
and Drug Administration Biosimilar Products No. 362, 2007.5.9) All 
patients signed an informed consent form approved by the Institutional 
Review Board of the Seoul St. Mary’s Hospital, the Catholic University of 
Korea and followed the Declaration of Helsinki protocols. Furthermore, 
the study was registered and approved by Clinical Research Information 
Service, Republic of Korea in the WHO Registry Network (KCT0001271).

Generation and characterization of EBV LMP1/2a-specific CTLs. 
Peripheral blood was obtained from each patient and mononuclear cells 
were isolated by using Ficoll-Hypaque (Amersham Pharmacia Biotech, 
Piscataway, NJ) density gradient centrifugation and cryopreserved. Human 
leukocyte antigen (HLA)-A subtypes of the donors were determined with 
sequence based typing in HLA laboratory. Consent forms and approval 
for this study were obtained from the donors and the Institutional Review 
Board of The Catholic University of Korea, College of Medicine

Following density separation, CD14+ monocytes, CD4+ T and 
CD8+ T cells were isolated by MACS System (MiltenyiBiotec, Bergisch 
Gladbach, Germany) according to the manufacturer’s instructions. DCs 
were generated as described previously from CD14+ cells.32 Briefly, 
selected CD14+ cells were cultured in RPMI 1640 medium supplemented 
with 10% fetal bovine serum, 100 ng/ml GM-CSF (GM-CSF; Gentaur, 
Brussels, Belgium), and 100 ng/ml IL-4 (IL-4; Gentaur) every 3 days 
for 6–7 days in a humidified 37 °C, 5% CO2 incubator. On the sixth or 
seventh day, immature DCs were harvested and then electroporated for 
mRNA transduction.

The coding sequence for LMP1, LMP2a was obtained by extrac-
tion of total RNA from B95-8 transformed LCL using an RNeasy kit 
(Qiagen, Valencia, CA) and, after reverse transcription, LMP1, LMP2a 
cDNA was amplified by PCR with specific primers as follows: LMP1 for-
ward primer, 5′-CAGTGTGCTGGAATTCATGGAACACGACCTTG 
AGAG; reverse primer,  5′-GATTCTCCTCCACGTCACCGCATGTTA 
GAAGACTTCCTCTGCCCTCCTCATAGCTTAGCTGAACTG, LMP2a  
forward primer, 5′- GAGGAAGTCTTCTAACATGCGGTGACGT 
GGAGGAGAATCCCGGCCCTATGGGGTCCCTAGAAATGGT; re-
verse primer, 5′- TAGATGCATG CTCGAG TTATACAGTGTTGC-
GATATG. The full-length of LMP1, LMP2a fragments were then ligated 
into pcDNA3 (+) (Invitrogen Carlsbad, CA)  using its EcoRI and XhoI 
sites. Clones were sequenced to verify their identity. Resulting plasmid 
DNA was linearized and transcribed in vitro by using a mMESSAGE and 
mMACHINE kit (Ambion Austin, TX) according to the manufacturer’s 
instructions. A 3′-poly (A) tail was added by using poly(A) polymerase 
(Ambion) followed by purification with an RNeasy kit. Electroporation 
of IVT mRNA into DCs was performed as described previously.2 In brief, 
DCs were washed twice with serum-free Opti-MEM, after mixing with 
20 μg mRNA, they were then electroporated in a 2 mm cuvette by using 
an Electro Square Porator ECM 830 (Harvard Apparatus), under condi-
tions of 450 V and 500 μSec for DCs. DCs were subsequently cultured in 
DC medium supplemented with GM-CSF and IL-4 for 24 hours, followed 
with tumor necrosis factor α (PeproTech Rocky Hill, NJ), IL-6 (PeproT-
ech), IL-1β (PeproTech) and prostaglandin E2 (Sigma) for maturation.

EBV-specific CTLs were generated using autologous LMP1 and 
LMP2a electroporated DC as previously published.28 Briefly, purified 
CD8+ and Th1 polarized CD4+ T cells were used as responder cells 
and stimulated with LMP1 and LMP2a mRNA electroporated DCs at 
a stimulator: responder ratio of 1: 20. On the seventh day, CTLs were 

Figure 5 CD4+ and CD8+ T-cell responses against latent membrane 
protein (LMP)-1 and LMP-2a antigens. CD4+ and CD8+ T cells were 
first isolated from peripheral blood mononuclear cells and were then 
cocultured with (a) LMP-1 or (b) LMP-2 transduced dendritic cells. Black 
bar indicates CD4+ T-cell responses and white bar indicates CD8+ T-cell 
responses for each time point. Number of interferon-γ (IFN-γ) secret-
ing cells per 1 × 105 mononuclear cells was measured in enzyme-linked 
immunospot (ELISPOT) assays. The measured ELISPOT are shown as 
mean values, with error bars indicating the standard errors of the means 
from triplicate wells.
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harvested, counted to assess viability using trypan blue exclusion, 
and restimulated with RNA-electroporated DCs at a S:R ratio of 1:10. 
Cells were cultured in CTLs media for 7 more days with 10 U/ml IL-2 
(Proleukin; Chiron, Emeryville, CA) twice weekly from the 14th day. 
On the 20th day of initial stimulation, cells were harvested, counted, and 
analyzed for their phenotype, specificity, and functional capacity.

Immunophenotyping. LMP1/2a CTLs were stained with pairs of monoclo-
nal antibodies that recognized the cell surface molecules CD3, CD4, CD8, 
CD19, CD56, CD45RA, CD45RO (BD Pharmingen, San Diego, CA) and 
combined them in pairs for dual flow cytometer analysis (FACSCalibur; 
BD Medical Systems, Franklin Lakes, NJ).

Treatment schedule. Patients completed all cycles of induction treat-
ment including chemotherapy, radiotherapy, and/or HDT/SCT based on 
investigator’s choice before the infusion of LMP1/2a CTLs. Cryopreserved 
CTLs were thawed and administered intravenously. Patients were moni-
tored for vital signs before and immediately after each infusion. LMP1/2a 
CTLs were infused at weekly intervals for the first 4 weeks and again after 
4 weeks to deliver four more doses. In total, patients received eight doses 
with each dose of 2 × 107 CTLs/m2.

Enzyme-linked immunospot assay. For detection of cells secreting 
interferon-γ (IFN-γ), ELISPOT assays were performed with BD ELISPOT 
assay kit, and the procedure was conducted according to the manufactur-
er’s instructions. The CTL populations were serially diluted from 5 × 105 to 
5 × 104, cells/well, and EBV antigen-specific activity was measured using 
unelectroporated or electroporated DC with LMP1/LMP2a mRNA. Each 
culture condition was run in triplicate. The number of spots corresponding 
to IFN-γ-secreting cells was counted using AID-ELISPOT-Reader (AID). 
ELISPOT assays were also performed using the patient’s peripheral blood 
after EBV-CTL therapy to assess the contribution of the infused CTLs to 
the patient’s EBV immune response.

EBV monitoring
EBV polymerase chain reaction analyses.  To determine the EBV sta-
tus of the patients, total RNA was purified from lymphoma biopsies 
and/or peripheral blood using RNAzol BTM (Tel-Test, Friendswood, 
TX). cDNA was synthesized by incubating 2 μg RNA at 42 °C for 60 
minutes in a mixture containing 2.5 μmol/l of oligo (dT) primer, 1 
mmol/l of dNTPs, and 0.5μl AMV reverse transcriptase (Behringer 
Mannheim, Mannheim, Germany).33 LMP1-specific primer pair (forward: 
5′-AGCCCTCCTTGTCCTCTATTCCTT-3′, reverse: 5′-ACCAAGTCG 
CCAGAGCATCTCCAA-3′), LMP2A-specific primer pair (forward:  
5′-ATGACTCATCTCAACACATA-3′, reverse: 5′-CATGTTAGGCAAATT 
GCAAA-3′), BARF1-specific primer pair (forward: 5′-CCAGAGCAAT 
GGCCAGGTTC-3′, reverse: 5′-CAAGGTGAAATAGGCAAGTGCG-3′), 
GAPDH-specific primer pair (forward: 5′-ACCACAGTCCATGCC 
ATCAC-3′, reverse: 5′-TCCACCACCCTGTTGCTGTA-3′) were used to 
amplify each mRNA cDNA. The amplified products were separated on a 
3% agarose gel and visualized by ethidium bromide staining.

In order to monitor the levels of EBV in the patient’s plasma, 
semiquantitative polymerase chain reaction was performed. DNA was 
extracted from plasma using QIAamp DNA Blood Mini kit (Qiagen) 
according to the manufacturer’s instructions.34 To determine EBV copy 
number, we used EBV nuclear antigen-1 (EBNA-1)-specific primer 
sets (forward; 5′-GGATGCGATTAAGGACCTTGTT-3′, and reverse 
5′-AAAGCTGCACACAGTCACCCT-3′) and TaqMan probe for EBNA-1 
(5′-TGACAAAGCCCGCTCCTACCTGCAAT-3′). The PCR mixture was 
prepared using recommended volume of Premix EX TaqTM Kit (Takara 
Biotechnology, Japan) and 2.5μl of template DNA was extracted from 
plasma samples according to the manufacturer’s instructions. The PCR 
reaction was performed by incubating the mixtures at 95 °C for 5 minutes, 
and then by 45 cycles of 95 °C for 5 seconds and 55 °C for 30 seconds.

Statistical analysis. Descriptive statistics were calculated to summarize 
CTL characteristics and immune monitoring data. Normally distrib-
uted continuous data were presented mean ± SD, and data that were not 
approximately normal in distribution were calculated median (range). 
Categorical data were presented by frequencies and percentages. Overall 
survival (OS) was defined as the time from the date of first CTL infusion 
until the date of death from any cause. Progression-free survival (PFS) 
was defined as the time from the date of infusion until the date of disease 
relapse/progression or death from any cause. The survival curves of OS 
and PFS were plotted using the Kaplan–Meier method. We calculated 95% 
confidence intervals for OS and PFS rates at 4 years were estimated using 
the Greenwood method.
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