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Enhanced antitumor effect of combining chemotherapy with
Epstein-Barr virus (EBV)-specific cytotoxic T lymphocytes
in mice with EBV-related non-Hodgkin's lymphoma
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Abstract. Epstein-Barr virus (EBV)-related non-Hodgkin's
Ilymphoma (NHL) represents a major problem in hema-
tological clinical studies due to its drug tolerance and
refractoriness. EBV infection is a key factor driving the
process of tumor growth. Immune therapy is an important
biotherapeutic method of treating cancer, which is attracting
increasing attention. We hypothesized that combining conven-
tional chemotherapy with immune therapy in the treatment
of EBV-related NHL may achieve better outcomes. First, we
successfully cloned large numbers of EBV-specific T cells
by immune stimulation ex vivo. Subsequently, the combined
therapy was applied in a murine model of human EBV-related
NHL. As expected, combined therapy inhibited tumor growth
more effectively compared with monotherapy. In addition, we
continuously tested the tumor-associated immune microenvi-
ronment and observed that the numbers of tumor-infiltrating
cytotoxic T lymphocytes (CTLs) and macrophages were
elevated following combined therapy. These effects suggest
that EBV-specific CTLs may indirectly promote an innate
immune reaction in lymphoma by activating tumor-infiltrating
macrophage proliferation. Our findings may provide a guide
for the prospective treatment of EBV-related NHL.

Introduction

Epstein-Barr virus (EBV) is associated with a number of
different types of aggressive non-Hodgkin's lymphoma (NHL).
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If B cells infected with EBV express all 9 latent-cycle EBV
antigens, the cells become prone to developing a B-cell-derived
proliferative disease or tumor. EBV-associated NHLs always
exhibit aggressive characteristics, including rapid growth
and necrosis. Particularly in cases with EBV-related natural
killer (NK)- or T-cell lymphoma, there is a high risk of devel-
oping hemophagocytosis syndrome. EBV-positive malignant
diseases are associated with the virus latent cycle and the
EBV-infected lymphoblastoid cell lines usually exhibit type 3
latency, which renders the cells more susceptible to elimination
by EBV-specific T cells (1). Cellular immunotherapy has been
developed over the last 20 years to overcome the poor respon-
siveness to conventional chemotherapy in EBV-associated
malignant diseases.

The most frequently used cells in cellular immunotherapy
include cytotoxic T lymphocytes (CTLs) and NK cells. CTLs
usually exert their effects through recognizing and binding
to the antigenic epitopes-MHC-I complex provided by the
antigen-presenting cells (2,3). In several types of viral infec-
tions, including human immunodeficiency virus (4), EBV (5),
cytomegalovirus (6) and hepatitis B and C viruses (7), CTLs
play a central role in the defense against viral invasion. In an
immune deficiency mouse model of human EBV-transformed
B cells, it was demonstrated that EBV-specific CTL treatment
effectively prolonged survival (8). According to reported study
results, the conventionally used chemotherapy drugs were able
to inhibit or promote CTL-mediated tumor cell elimination,
depending on the drug category (9). Based on the abovemen-
tioned existing theories, we designed this experiment with the
aim to investigate the effect of EBV-specific CTL treatment on
EBV-related NHL and the potential underlying mechanisms.

The tumor microenvironment has become a research focus
in the field of cancer research in recent years. The cells and
cytokines in the tumor microenvironment play a crucial role
in tumor initiation and progression. This effect is also consis-
tent with lymphoma occurrence. It was previously reported
that the genes associated with the tumor microenvironment,
cell growth and/or apoptosis and regulation of mitosis were
associated with response to treatment and the outcome of
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patients with Hodgkin's lymphoma (10). In addition, the
tissue inhibitor of metalloproteinase 1 (TIMP-1) was found
to promote EBV-related lymphoma growth, and also inhibit
tumor angiogenesis. Therefore, TIMP-1 may be a crucial
mediator in EBV-related lymphoma (11). In a mouse model
of microenvironment-dependent human diffuse large B-cell
lymphoma (DLBCL), bevacizumab exerted a potent antitumor
effect by inhibiting tumor vascularization (12). In patients
with follicular lymphoma, tumor-associated macrophages
were associated with poor prognosis and definitely predicted
the outcome (13). Therefore, in the present study, we aimed to
determine the post-treatment number of lymphoma-infiltrating
macrophages and determine whether adoptive immunotherapy
of lymphoma may be associated with tumor microenviron-
ment modulation.

Materials and methods

Cell lines and reagents. The Farage cell line, which is a
human EBV-positive lymphoma cell line, was purchased
from American Type Culture Collection (ATCC, Rockville,
MD, USA). The cells were traditionally cultured in
RPMI-1640 (Sigma-Aldrich Shanghai Trading Co., Ltd.,
Shanghai, China) supplemented with 10% fetal bovine serum
(Sigma Chemical Co., St. Louis, MO, USA) under condi-
tions of 5% CO, in an incubator at 37°C. Mitomycin C was
purchased from Genia Biology, Beijing, China. Antibodies for
flow cytometry were purchased from Becton-Dickinson, San
Jose, CA, USA.

EBV-CTL culture and characterization. Monocyte-depleted
peripheral blood lymphocytes (PBLs) from EBV-seropositive
donors were stimulated with Farage cells incubated overnight
at 37°C. Prior to being added to the PBLs, the Farage cells
were treated with mitomycin C (10-80 ug/ml) for 30 min.
Following treatment, the Farage cells were added to the PBLs
to co-culture for 4 days, then half of the medium was discarded.
The PBLs were collected and re-added to 2x10° Farage cells
for continuous stimulation. A total of 10 U/ml human recom-
binant interleukin (rIL)-2 (Beijing Biodee Biotechnology Co.,
Ltd., Beijing, China) was added to the PBL medium on day 3;
half of the medium was changed every 3 days and the rIL-2
concentration was maintained at 10 U/ml. The stimulation
procedure was repeated weekly. The T cells which were able to
recognize EBV survived and continued to proliferate, whereas
the T cells which could not recognize EBV gradually under-
went apoptosis.mmune phenotype characterization analysis
of EBV-CTLs was performed using fluorescein isothiocya-
nate (FITC)-conjugated antibodies against human CD3 and
CD8 (monoclonal rat anti-mouse anti-CD3 and anti-CD8
antibodies, cat. nos. 555275 and 553031, respectively;
Becton-Dickinson) by flow cytometry.

EBV-CTL cytotoxicity assay. Target cells (1x10%) were
co-cultured with CTLs of varying concentrations [effector
cells:target cells (E:T ratio) = 2.5, 5.0, 10.0 and 20.0] for 4 h at
37°C. Subsequently, MTT assays were performed to evaluate
cell viability. A total of 20 ul MTT solution (5 mg/ml) was
added to maintain incubation for 1-4 h. The supernatant was
carefully discarded and the plates were washed 3 times with
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phosphate-buffered saline (PBS). Dimethylsulfoxide (150 yul)
was added to each well and the plates were placed on a shaker
for 15-20 min to completely dissolve the formazan crystal
violet. Absorbance of Farage cells was tested at 570 nm using
an ELISA reader (Thermo Fisher Scientific Inc., Waltham,
MA, USA). The cell death ratio was calculated as follows:
Relative cell death ratio = (Ae-Ab) x 100/(Ac-Ab),

where Ac, absorbance of control; Ae, absorbance of experi-
mental groups; and Ab, background absorbance.

Adoptive immunotherapy. A total of 20 NOD/scid nude female
mice, aged 5-7 weeks and weighing 15-20 g were purchased
from Beijing HFK Bioscience Co., Ltd. (Beijing, China). The
mice were housed in sterile cages with unidirectional air flow
and supplied with sterile feed and sterile water. The mice were
kept according to the institutional guidelines approved by the
pla General Hospital of Chengdu Military Region (Sichuan,
China) in line with the current regulations and standards
of the ministry of Health, Labor and welfare. Logarithmic
phase Farage cells (1x10°) in 100 ul serum-free medium were
subcutaneously inoculated into the backs of the mice. The
mice were randomly divided into four groups (chemotherapy
alone, immunotherapy alone, combined therapy and control
groups; n=5 per group) on the 5th day, when small tumors
were palpable. The applied dosage of cyclophosphamide,
doxorubicin, vincristine and prednisone (CHOP regimen)
was consistent with the existing literature (14). The drugs
were infused into the mice according to the study plan. The
immunotherapy alone group was administered 20x10° CTLs
per mouse per administration through intravenous injec-
tion for 5 consecutive days. The control group was injected
with serum-free RPMI-1640 medium. All the mice received
2x10* TU IL-2 through peritoneal injection daily, for a total of
10 days. The tumor size was measured from the time of the
first injection every 2 days. After the 7th measurement, the
mice were sacrificed by cervical dislocation and the tumors
were excised and weighed.

Tumor-infiltrating immune cells assay. Fresh tumor tissue
was digested with 1 mg/ml collagenase-1 (Gibco, Ltd, Grand
Island, NY, USA) diluted in serum-free RPMI-1640 for
1.5-2 h. The tissue homogenate was centrifuged (377 x g) for
3 min, the supernatant was removed and the pellet was washed
3 times with PBS. The pellet was resuspended with 5-8 ml
PBS (pH=7.4) and a cell suspension was formed following
filtration. Using a red blood cell counting instrument,
single-cell concentration was modulated to 1x10°/100 pl.
Subsequently, 100 gl cell suspension was extracted to incu-
bate with antibodies for flow cytometry. The surface markers
CD3-phycoerythrin (PE) with CD8-FITC and CD11b-FITC
with F4/80-PE (BD Biosciences Pharmingen, San Jose, CA,
USA) were incubated with the cells for 30 min at 4°C. Isotype
controls were set as the negative controls. The specimens
were rewashed with PBS to remove the redundant antibodies.
The cells were resuspended in 200 ul PBS to be evaluated
by flow cytometry (Becton-Dickinson). The total cells to be
harvested were set to 1x10* and the speed of cell collection
was controlled at 200-300 cells/sec. The data analysis was
completed by FlowJo software, version 7.6 (FlowJo, Ashland,
OR, USA).
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Figure 1. EBV-specific CTL generation. (A) Monocyte-depleted PBLs from EBV-seropositive donors were stimulated by Farage cells pretreated with mito-
mycin C and induced to proliferate by rIL-2. Zone Q2 (top right) represents the percentage of CD3*CD8* lymphocytes in the gate. (B) The percentage
difference not statistically significant in CD3*CD8" lymphocytes that were stimulated by tumor cells treated with mitomycin C at varying concentrations
(10-80 pug/ml). EBV, Epstein-Barr virus; CTL, cytotoxic T lymphocyte; PBL, peripheral blood lymphocyte; rIL-2, recombinant interleukin-2.

Statistical analysis. The data are presented as means =+ stan-
dard deviation. The statistical analysis was performed with
one-way analysis of variance employing SPSS 16.0 software
(SPSS Inc., Chicago, IL, USA). P<0.05 was considered to
indicate statistically significant differences.

Results

Cytotoxicity of EBV-CTLs. As CTLs have been recognized
as an important tool in cancer immunotherapy, we attempted
to generate a significant number of CTLs in vitro by immune
stimulation and we cloned out numerous EBV-specific CTLs,
which were able to recognize tumor cells containing EBV.
Tumor cells treated by mitomycin C at varying concentra-
tions (10-80 ug/ml) did not result in PBLs proliferating into

significantly different numbers of CD8* T cells (Fig. 1).
However, all these CD8* T cells displayed specific recognition
and cytotoxic abilities. On MTT assays, the specific lysis ratio
differed along with the E:T ratio. The results demonstrated
that the mean lysis ratio was 9.41, 19.45, 50.34 and 55.26%
for an E:T ratio of 2.5:1,5.0:1, 10.0:1 and 20.0:1, respectively.
Compared with the 2.5:1 and 5.0:1 groups, the 10.0:1 and
20.0:1 groups exhibited significant differences in terms
of lysis percentage. There were no significant lysis ability
differences for the 2.5:1 vs. 5.0:1 and the 10.0:1 vs. 20.0:1
groups (Fig. 2).

Antitumor effect of EBV-CTL. To investigate the antitumor
effect of EBV-CTLs, we mimicked the human NHL model in
BALB/c nude mice and applied immune therapy on the mouse
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Figure 2. EBV-specific CTL cytotoxicity assay. Target cells (1x10°) were
co-cultured with CTLs of varying concentrations for 4 h at 37°C. MTT assays
were performed to evaluate cell viability. The specific lysis ratio exhibited a
dose-dependent effect. The bars represent means + standard deviation. A dis-
tinct suppressing effect occurred in the 10:1 and 20:1 groups. 'P<0.01 vs. the
2.5:1 and 5.0:1 groups. n=5 tests for each group. EBV, Epstein-Barr virus;
CTL, cytotoxic T lymphocyte; E:T, effector cell:target cell ratio.
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Figure 3. Tumor growth alterations in mice bearing EBV-related non-Hodg-
kin's lymphoma (NHL). (A) The mice were inoculated with Farage cells and
treated with CHOP, EBV-CTL, or both. The animal experiment was repeated
twice. The graph shows how combined therapy effectively suppressed mouse
EBV-related NHL growth. (B) The tumors were dissected at 20 days after
inoculation and weighed. The bars represent means + standard deviation.
The graph demonstrates that the tumor weight of the experimental groups
was decreased compared with the control. "P<0.03 vs. control and EBV-CTL.
"P<0.05 vs. CHOP. n=5 tests for each group. EBV, Epstein-Barr virus; CHOP,
cyclophosphamide, doxorubicin, vincristine and prednisone; CTL cytotoxic
T lymphocyte.
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model. The results demonstrated that the immunotherapy
alone group was not superior compared with the chemotherapy
alone group. However, the antitumor effect was clearly superior
when the mice were treated with combination therapy. From
the 3rd day of cell immunotherapy onwards, compared with
chemotherapy, statistically significant retardation of tumor
growth was observed with combination therapy (Fig. 3A).
This retardation effect was enhanced by prolongation of the
treatment time. In addition, the tumor weight decreased after
the completion of the combined treatment (Fig. 3B).

Immune cell alterations in the tumor microenvironment.
Targeting the tumor microenvironment has been proven to
be crucial for cancer therapy; however, the effect of immu-
notherapy on the microenvironment has not been fully
elucidated. We hypothesized that a CTL infusion may affect
the lymphoma microenvironment and modulate its homeo-
stasis. We observed alterations in the immune cells of the
tumor microenvironment with flow cytometry. It was observed
that the numbers of tumor-infiltrating CTLs and tumor-infil-
trating macrophages (TIMs) varied with the conditions under
which the same total cell amounts were collected. The results
demonstrated that the mean percentage of CD11b*F4/80* cells
increased following immunotherapy (1.96, 3.82, 0.95 and
4.33% in the control, EBV-CTL, CHOP and EBV-CTL+CHOP
groups, respectively) (Fig. 4B). Furthermore, the mean
percentage of CD3* CDS8* cells in the treatment groups also
increased to varying degrees (6.32, 10.24, 6.83 and 13.65% in
the control, EBV-CTL, CHOP and EBV-CTL+CHOP groups,
respectively) (Fig. 4A). The statistical results are presented in
Fig. 4C and D.

Discussion

The majority of EBV-associated tumors respond poorly to
conventional or intensive chemotherapy regimens, or exhibit
a high relapse rate. The presence of the EBV genome within
these tumors promotes the possibility of developing strategies
directed against viral targets. Potential intervention strategies
include adoptive immunotherapy approaches, interferon and
small-molecule compounds targeting different aspects of
viral biology (15). To date, the strategy of adoptive transfer of
EBV-specificCTLsintolymphomapatientshasbeeninvestigated
universally. It has been proven that EBV-specific CTL lines
may be generated from patients with confirmed EBV-positive
Hodgkin's disease (16), and such CTL lines may contain
clones with specificity for latent membrane protein (LMP) 1
and LMP2 (17). In transplant recipients, EBV-specific T-cell
infusions may significantly prolong the survival of patients
with EBV-related lymphoproliferative disease (18). In addition,
EBV-specific CTLs may eradicate untreated as well as
rituximab-resistant lymphoma and EBV-lymphoproliferative
disease (19). Adoptive immunotherapy with the cell products
has led to in vivo expansion of EBV-CTLs in 80% of the patients,
and a clinical response in 70% of the patients (20). Consistent
with these previous findings, our study also demonstrated the
feasibility of generating and infusing EBV-specific CTLs in
NHL mouse models. In the present study, we demonstrated that
EBV-specific cellular immunity may be effectively detected
and expanded in vitro. EBV-specific CTLs were generated
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Figure 4. Flow cytometric analysis of tumor-infiltrating immune cells. Tumor-infiltrating cells were digested and analyzed by flow cytometry following treat-
ment. The CTLs were labeled with CD3-PE and CD8-FITC. The macrophages were labeled with CD11b-FITC and F4/80-PE. The relevant isotype control
sample was set as negative control. (A) Cells in the right upper quadrant represent the percentage of CD3* CD8* cells. (B) Cells within the circle represent
the percentage of CDI11b* F4/80* cells. (C,D) Histograms of CD11b* F4/80* cells and CD3* CD8* cells. The bars represent means + standard deviation.
“P<0.03 vs. control and CHOP. "P<0.05 control and CHOP. n=3 tests for each group. CTL, cytotoxic T lymphocyte; FITC, fluorescein isothiocyanate; PE,
phycoerythrin; CHOP, cyclophosphamide, doxorubicin, vincristine and prednisone.

by tumor antigen stimulation and induced to proliferate
by cytokines (Fig. 1). These CTLs possess potent specific
lysis ability when abundantly proliferated in vitro (Fig. 2).
EBV-specific CTLs may also exert potent antitumor effects
in vivo, which achieved a superior treatment response ratio
in mice (Fig. 3). However, the cellular monotherapy did not
achieve a significantly superior outcome compared with
traditional chemotherapy (Fig. 3A), which suggests that cancer
treatment, at least in cases with lymphoma, is not be completely
replaceable by CTL immunotherapy. However, along with the
advances in cancer immunotherapy research, several novel
engineering methods for specific CTLs, such as chimeric
antigen receptor T cells, have attracted attention and represent
a promising clinical application prospect.

As mentioned above, the tumor microenvironment has
been proven to be associated with lymphoma initiation and
progression. Cytokines and cells in the tumor microenvironment
play crucial roles in modulating the biological behavior of
malignant tumors, such as proliferation, differentiation and
angiogenesis. In a molecular pathogenesis study on Hodgkin's
lymphoma, the expression of a variety of cytokines and
chemokines by the tumor cells were considered to be the driving
force behind the abnormal immune response. The malignant
tumor cells and lymphocyte-predominant T cells modulate
the microenvironment, permitting cells to develop the fully
malignant phenotype and evade host immune surveillance (21).
The tumor microenvironment was also found to control tumor
growth in a human primary effusion lymphoma mouse xenograft
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model (22). High numbers of tumor-infiltrating regulatory
T cells (Tregs) predicted improved survival of follicular
lymphoma patients, while a marked reduction in Treg numbers
was a predictor of transformation to DLBCL (23). Apart
from NHL, an increased number of CD68" tumor-associated
macrophages was found to be closely associated with shortened
survival in patients with classic Hodgkin's lymphoma and
provided a new biomarker for risk stratification (24). In the
present study, the infused EBV-specific CTLs were found to
accumulate in the tumor sites where they exerted their cytotoxic
effects (Fig. 4A). Furthermore, the F4/80* TIMs were also
elevated in tumors following immunotherapy (Fig. 4B), which
may be attributed to tumor microenvironment alterations.
We hypothesized that there are two possible mechanisms
underlying TIM upregulation: i) Certain cytokines released by
EBV-specific CTLs stimulated and induced peripheral blood
PBMC:s to differentiate into macrophages and, under the effect
of cytokines, these macrophages were recruited to the tumor
site; and ii) abundant tumor-associated antigens (TAAs) were
released when the EBV-specific CTLs were transfused into
the mice, provoking a related innate immune response at the
tumor site. However, there are currently no concrete data or
proof to support these hypotheses. Therefore, further studies are
required and more efforts should be focused on elucidating the
role of TIMs in NHL treatment.

In cocnclusion, our present study demonstrated that adop-
tive transfer of EBV-activated T cells enhanced EBV-related
NHL treatment response rate in mice. EBV-specific CTLs may
indirectly promote lymphoma immune reaction by activating
TIM proliferation, in addition to their direct tumor cytotoxic
effect. These results may provide a basis for further research
on EBV-related NHL immunotherapy.
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