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A 12-year-old boy with refractory acute lymphoblastic 
leukemia received a haploidentical transplant from his 
mother. As prophylaxis for Epstein-Barr virus (EBV), cyto-
megalovirus (CMV) and adenovirus, he received ex vivo 
expanded virus-specific donor T cells 3.5 months after 
transplant. Four weeks later leukemic blasts bearing the 
E2A deletion, identified by fluorescent in situ hybridiza-
tion (FISH), appeared transiently in the blood followed 
by a FISH-negative hematological remission, which was 
sustained until a testicular relapse 3.5 months later. Clear-
ance of the circulating leukemic cells coincided with a 
marked increase in circulating virus-specific T cells. The 
virus-specific cytotoxic T-cell (CTL) line showed strong 
polyfunctional reactivity with the patient’s leukemic cells 
but not phytohemagglutinin (PHA) blasts, suggesting 
that virus-specific CTL lines may have clinically signifi-
cant antileukemia activity.

Received 23 April 2014; accepted 22 September 2014; advance online  
publication 21 October 2014. doi:10.1038/mt.2014.192

INTRODUCTION
Refractory acute lymphoblastic leukemia (ALL) remains a dis-
ease with poor prognosis, and a small percentage of patients 
that undergo allogeneic stem cell transplantation will respond.1–3 
Following allogeneic transplant, donor T cells may cause graft-
versus-host (GVH) alloreactions but also confer immunity to 
viruses and exert a graft-versus-leukemia (GVL) effect contribut-
ing to maintenance of minimal residual disease and cure of leu-
kemia.4–6 Control of viral disease can be enhanced by infusion of 
ex vivo expanded virus-specific T cells.7–14 Similar approaches to 
enhance the GVL effect are being developed to generate ex vivo 
donor T cells specific for the recipient’s leukemia targeting leu-
kemia antigens, minor histocompatibility antigens or leukemia 
cells, but clinical studies while promising are currently limited.15 
Since some malignancies such as Epstein-Barr virus (EBV)-driven 
lymphoproliferative diseases can express viral antigens, they can 
be successfully eradicated by EBV-specific cytotoxic T-cell line 

(CTL).9,16 However cross-reactivity between virus-specific T cells 
and nonviral hematological malignancies has not been described. 
Here, we report for the first time an apparent GVL effect against 
acute lymphoblastic leukemia from ex vivo expanded multivirus-
specific CTL lines in a patient receiving a haploidentical donor 
stem cell transplant.

RESULTS
Patient history
A 12-year-old boy presented with high-risk precursor B ALL, 
(based on age and white blood cell count at the time of presen-
tation) (Table 1). Cytogenetic evaluation showed loss of E2A 
(19p13). This abnormality without prognostic significance, may 
have been due to deletion of 5′ and 3′ E2A sequences, deletion of 
an intact E2A gene, or monosomy 19. Treatment under the COG 
AALL0232 protocol did not produce a complete remission and 
he subsequently received a reduced intensity allogeneic transplant 
from his haploidentical mother for his refractory ALL. Patient 
and donor high-resolution human leukocyte antigen (HLA) typ-
ing data are shown in Table 1. His conditioning regimen included 
total body irradiation 300cGy × 2 on day −6; fludarabine 30 mg/
m2 from day −5 to day −2; and alemtuzumab 10 mg/dose from day 
−5 to day −2 per our institutional protocol (HIMSUM). Serology 
indicated prior exposure to EBV. The donor was seropositive for 
cytomegalovirus (CMV) and EBV. The patient received peripheral 
blood stem cells at a dose of 7.3 × 106 CD34+ cells/kg (T cell dose 
4.8 × 104 CD3+ cells/kg) from his 43-year-old mother. Tacrolimus 
was started on day −2 for graft-versus-host disease (GVHD) pro-
phylaxis and discontinued on day +38 since the patient did not 
have any evidence of GVHD. He engrafted on day +12. On day 
+27, a bone marrow showed complete hematological remission 
and 100% donor engraftment. Three and a half months post-
transplant, he received 2 × 107 (1 × 107 cells/m2) T cells specific for 
CMV, EBV, and adenovirus.10 Six days prior to CTL infusion, a 
bone marrow biopsy was performed which confirmed complete 
remission since FISH analysis revealed that the hematopoietic cells 
were 100% donor (chromosomal analysis was 100% XX female) 
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and no cells (0/200 cells) were identified that expressed the E2A 
deletion. However, 4 weeks later, circulating leukemic blasts were 
observed in the peripheral blood, which was confirmed by FISH 
analysis which revealed that 17/200 cells were now positive for the 
E2A deletion. At this time, circulating T cells specific for CMV 
and adenovirus mounted robust and persistent interferon-γ (IFN-
γ) responses associated with a return to hematological remission 
and loss of the E2A deletion marker. Despite history of previous 
exposure to EBV, virus-specific immune reconstitution evalua-
tion showed weak responses to EBV-transformed lymphoblastic 
cell lines (EBV-LCL) compared with T cell responses to CMV and 
adenovirus (Figure 1). He remained without detectable disease 
for a further 3.5 months until he developed a testicular relapse.

Virus-specific activity of the adoptively transferred 
cytotoxic T cells
The infused T cell line displayed predominant reactivity against 
CMV antigens (Figure 2a,b), and epitope mapping9,16 indi-
cated broad reactivity with a number of pp65-derived epitopes 
(Figure  2c), including 1.88% of CD8+ T cells that recognized 
the HLA-A24-restricted pp65 epitope QYDPVAALF (QYD) 
(Supplementary Figure S1a,b). Within 2 weeks, post-CTL 
infusion markedly increased frequencies of CMV, and adenovi-
rus-specific T cells were detectable in the patient (Figure 1), sug-
gesting that the virus specific T-cells expanded in vivo.

Adoptively transferred virus-specific T cells exhibit 
leukemia-specific activity
The occurrence of leukemic relapse followed by remission at the 
peak of virus-specific immune reconstitution suggested that virus-
specific T cells were reactive against host leukemia. The observa-
tion conformed more with a GVL rather than a GVH effect since 
the patient did not develop GVHD following the T cell infusion 
and no antirecipient CTL activity was demonstrated (Figure 2b). 
To explore leukemia-specific targeting by the virus-specific CTL, 

the T cell line was incubated with patient PHA blasts, patient ALL 
blasts (obtained at diagnosis), and with donor EBV-LCL loaded 
with the CMV pp65 peptide library.17–19 As shown in Figure 3a,b, 
strong reactivity against pp65-pulsed autologous EBV-LCL 
by CD4+ and CD8+ T cells was seen. There was no recognition 
of patient PHA blasts. However, CD4+ T cells, and, to a lesser 
extent CD8+ T cells, displayed a strong, polyfunctional reactivity 
against patient leukemia blasts, indicating that the virus-specific 
T cells were cross-reactive with the leukemia cells (Figure 3a,b). 
Additionally, as shown using IFN-γ ELISpot, the virus-specific T 

Table 1 Clinical information

Age/gender Twelve year old/male

Diagnosis Precursor B ALL—high-risk NCI group

Cytogenetics Loss of E2A (19p13)

Therapy COG AALL0232 high-risk ALL therapy

HSCT donor Mother—haploidentical donor

Conditioning regimen TBI; fludarabine; and alemtuzumab

GVHD N/A

Date of engraftment Day +12

Date of relapse post 
HSCT

4.5 months post-HSCT

Patient and donor high-resolution HLA typing

HLA-A HLA-B HLA-C HLA-DRB1 HLA-DQB1

Patient 0101, 2402 2702, 3501 0202, 0401 0407, 1501 0302, 0602

Donor 2402, 3201 1302, 3501 0401, 0602 0407, 0701 0202, 0302

ALL, acute lymphoblastic leukemia; GVHD, graft-versus-host disease; HLA, human leukocyte antigen; HSCT, hematopoietic stem cell transplant; TBI, total body  
irradiation.

Figure 1 Rapid reconstitution of antiviral immunity. The patient 
received a single dose of donor-derived trivirus-specific T cells 3.5 months 
following haploidentical transplant from the same donor. Peripheral 
blood samples were obtained pre- and post-cytotoxic T-cell line (CTL) 
infusion. Patient peripheral blood mononuclear cells obtained pre versus 
post infusion were incubated with Epstein-Barr virus-LCL, cytomegalo-
virus (CMV) pp65 pepmix and Adeno hexon pepmix, and interferon-γ 
responding T-cells quantified using ELISpot analysis (reported as spot-
forming cells per 1 × 105 cells).
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cells not only recognized viral-derived overlapping peptides, but 
also peptides derived from the tumor-associated antigens, Wilm’s 
tumor-1 (WT-1), preferentially expressed antigen in melanoma, 
and melanoma-associated antigen-3 (MAGEA3) known to be 
expressed at high frequencies on ALL blasts (Figure 3c).20 In order 
to eliminate the possibility that the effect was mediated by antileu-
kemic natural killer cells, determination of CD4+ T cell reactivity 
was performed after gating CD4+ and CD8+ T cell subpopulations 

from the CTL line, separately. Despite a temporary remission, our 
patient eventually relapsed in the testis, recognized as an immune 
privileged leukemia sanctuary site21 and at a time when CMV-, 
EBV-, or AdV-specific T cells were no longer detectable in the 
peripheral blood (data not shown).

DISCUSSION
Alloreactions in haploidentical donor:recipient pairs involve both 
major and minor major histocompatibility complex (MHC) anti-
gens as well as other poorly defined antigens. We recently showed 
that T cell alloreactivity against non-self peptide-HLA complexes 
in CD4+ and CD8+ T cells are present within both the naive and 
memory T cell compartment.22 Furthermore, we showed that 
virus-specific T cell lines cross-react with allogeneic peptide-
MHC complexes,23 in line with a previous report.24 However, a 
retrospective analysis of virus-specific T cell infusions in HLA-
mismatch settings showed that despite clearly detectable in vitro 
alloreactivity against the recipient cells, no patients developed 
de novo GVHD. In this study, while the absence of alloreactiv-
ity against the patient’s PHA blasts predictably correlated with the 
absence of GVHD, our in vitro and in vivo findings suggest that 
the virus-specific CTL line had clinically significant leukemia-
specific reactivity.

Over the past few years, evidence for a role of virus reacti-
vation in reducing leukemia relapses post-allogeneic transplant 
has accumulated.25,26 This is, to our knowledge, the first report 
of a virus-specific T cell line with heterologous reactivity against 
ALL cells. We found that the virus- specific T cells cross-reacted 
in vitro with the patient’s leukemia, recognized tumor-associated 
antigens known to be expressed by leukemia cells20 and may have 
contributed to the remission of disease. The absence of GVHD at 
the time of maximum CTL expansion coinciding with a remis-
sion of the leukemia suggests a GVL rather than a nonspecific 
GVHD mechanism. Such T cell reactivity by the CTL line could 
be directed against either leukemia-specific antigens or minor his-
tocompatibility antigens restricted to the B cell leukemia, or viral 
antigens expressed by the leukemia especially since normal B cell 
numbers continued to rise as would be expected.27,28 Our flow-
based approach also eliminated the possibility that the antileuke-
mia effect was due to natural killer cells. Thus, it seems unlikely 
that the effect could represent a CMV-driven natural killer cyto-
toxicity as has been previously described. Furthermore, antileu-
kemic natural killer cell reactivity has only been reported against 
myeloid malignancies.29–31

While the observed antileukemic effect may have been due to 
residual alloreactive or tumor-associated antigen-reactive clones 
in the CTL line, the absence of GVHD and the lack of detectable 
tumor-specific T cells in the line suggest that this report under-
lines the need for further studies to identify how frequently virus-
specific CTL lines can recognize and kill leukemia. Such studies 
are important because our findings suggest an unexpected further 
antileukemic benefit from the use of virus-specific CTL to treat or 
prevent reactivation from common viruses.

MATERIALS AND METHODS
Patient. This patient was treated on a protocol under an estab-
lished Investigational New Drug approved by the US Food and Drug 

Figure 2 Virus- and viral epitope specificity of the cytotoxic T-cell 
line (CTL). (a) Virus specificity was assessed in an ELISpot assay in which 
the virus-specific CTLs were challenged with the lymphoblastic cell lines 
(LCLs) from donor, or peptide libraries covering the open reading frames 
of cytomegalovirus (CMV) pp65, CMV IE1, Epstein-Barr virus (EBV) LMP2, 
or adenovirus hexon antigen. (b) Cytotoxic activity of the CTL line was 
evaluated in a 51Cr-release assay against viral peptide-pulsed phytohe-
magglutinin (PHA) blasts. The trivirus-specific CTL were incubated with 
51Cr-loaded, peptide library (CMV pp65 or adenovirus hexon) pulsed 
or unpulsed PHA blasts, adenovirus hexon peptide library-pulsed PHA 
blasts or CMV pp65 peptide library-loaded PHA blasts, EBV-LCL from the 
patient or donor for 4 hours at 37 °C, after which supernatants were har-
vested to determine lysis. To determine whether the CTL line exhibited 
reactivity against healthy cells (i.e., alloreactivity), unpulsed PHA blasts 
derived from the patient were also used as targets. (c) Epitope mapping 
of the CTL indicated reactivity against known CD8 restricted epitopes 
for EBV and adenovirus as well as broad reactivity with known CD8+ 
epitopes as well as multiple unidentified epitopes in the pp65 antigen.

1,200

1,000

800

S
F

C
 p

er
 1

 ×
 1

05 
ce

lls
S

F
C

 p
er

 1
 ×

 1
05 

ce
lls

600

400

200

0

0%

400

350

300

250

200

150

100

50

pp65 peptide library

0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

21
/2

2

C
T

L.
.

Ratio 40:1 Ratio 20:1 Ratio 10:1

Effector: Target

Ratio 5:1

25%

50%

%
 s

pe
ci

fic
 ly

si
s 75%

100%

CTL+LCL CTL+pp65 CTL+IE1 CTL+LMP2 CTL+hexon

Auto LCL
Allo LCL
PHA Blasts

PHA Blasts+pp65 pepmix
PHA Blasts+hexon pepmix

Medium

a

b

c

Molecular Therapy vol. 23 no. 1 jan. 2015 181



© The American Society of Gene & Cell Therapy
Graft Versus Leukemia Response Without Graft-versus-host Disease

Administration, the Institutional Review Boards, and the National Marrow 
Donor Program’s Institutional Review Boards. The protocol included 
recipients of allogeneic donor stem cell transplants at risk for CMV reacti-
vation with a CMV seropositive stem cell donor, who had no less than 50% 
donor chimerism in either peripheral blood or bone marrow or relapse 
of their original disease, no evidence of GVHD >Grade II at the time of 
enrollment, a life expectancy >30 days, no severe intercurrent infection or 
organ disease, no antiviral therapy and ≥ 30 days post-transplant with no 
evidence of significant CMV reactivation or evidence of CMV disease.10

Cells. Bone marrow and peripheral blood were obtained from the patient 
at diagnosis. The marrow contained >85% leukemic blasts. Both patient 
and donor cells were obtained under Institutional Review Boards-
approved protocols and in accordance with the Declaration of Helsinki. 
Mononuclear cells were isolated using Ficoll-Hypaque density-gradient 
centrifugation and cryopreserved in the vapor phase of liquid nitrogen 
using standard procedures. EBV-LCL and PHA-stimulated T cell blasts 
(PHA blasts) were generated from patient pretransplant and from the 
donor peripheral blood mononuclear cells following standard proce-
dures,10 and a trivirus- (EBV, CMV- and adenovirus) specific T cell line was 
generated from donor peripheral blood mononuclear cells as previously 
described.10 The EBV-LCL was cultured in RPMI 1640 supplemented with 
10% heat-inactivated fetal bovine serum, glutamine, penicillin, and strep-
tomycin (complete medium), and the PHA blasts in complete medium 
plus 100 IU interleukin (IL)-2/ml.

Flow cytometry reagents. The following fluorochrome-conjugated mono-
clonal antibodies (mAbs) were purchased from commercial vendors: 
(i)  anti-CD8 H7-allophycocyanin (H7APC), anti-CD4 V500, anti-gran-
ulocyte-macrophage colony stimulating factor phycoerythrin, anti-tumor 
necrosis factor-α Cy7PE (BD Biosciences, San Diego, CA); (ii) anti-CD3 
Quantum Dot-605, anti-CD14 Pacific blue, anti-IFN-γ APC, anti-IL-2 
eFluor 710-peridinin chlorophyll protein (Invitrogen, Burlingame, CA). 
The fixable violet amine reactive dye (ViViD; Invitrogen/Molecular Probes, 
Eugene, OR) was used to eliminate dead cells from the analysis.32 For intra-
cellular cytokine detection-mixed lymphocyte reaction experiments, the 
CTL was labeled with the green fluorescent dye carboxyfluorescein diace-
tate, succinimidyl ester (Invitrogen) to allow discrimination from stimu-
lator cell populations as described.23 The Pentamer QYD was purchased 
from Proimmune (Oxford, UK).

Enzyme-linked immunospot (ELISpot) assay. ELISpot assay was used 
to determine the frequency of IFN-γ secreting T cells after exposure to 
EBV, adenoviral, and CMV antigens as previously described33 as well as 
the tumor-associated antigens WT-1, MAGEA3, preferentially expressed 
antigen in melanoma, and Survivin (JPT, Berlin, Germany). Spot-forming 
cells and input cell numbers were plotted, and the frequency of T cells spe-
cific to each antigen was expressed as specific spot-forming cells per 105 
input cells.

Intracellular cytokine detection assay. Intracellular cytokine detection 
was performed as previously described.23 In brief, the carboxyfluores-
cein diacetate, succinimidyl ester-labeled CTL line was stimulated for 6 
hours with irradiated patient bone marrow mononuclear cells, patient 
PHA blasts, and CMV pp65-pulsed donor EBV-LCL in the presence of 
monensin and brefeldin A to prevent cytokine secretion. Next, cells were 
stained with ViViD, surface antigens, fixed and permeabilized, and stained 

Figure 3 Recognition of patient leukemic cells by the virus-specific 
donor T cell line. The trivirus-specific T cell line was labeled with car-
boxyfluorescein diacetate, succinimidyl ester and incubated with patient 
phytohemagglutinin (PHA) blasts, patient bone marrow, containing 
85% leukemia blasts, or with cytomegalovirus (CMV)-pulsed Epstein-
Barr virus (EBV)-LCL (cognate Ag) for 6 hours in the presence of cytokine 
secretion inhibitors at 37 °C, 5% CO2, and subsequently examined for 
the production of granulocyte-macrophage colony stimulating factor, 
interleukin (IL)-2, interferon (IFN)-γ, and tumor necrosis factor (TNF)-α 
within CD4+ (a) and CD8+ (b) T cells by intracellular cytokine detec-
tion as outlined in the Materials and Methods section. Indicated in each 
plot is the percentage of the respective subset producing cytokine in 
response to each separate stimulation. The data show a strong reactivity 
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of donor CD4+ T cells with patient leukemic marrow but not with patient 
PHA blasts, while CD8+ T cells show only marginal antileukemia cross-
reactivity. (c) Reactivity against known leukemia-associated tumor-asso-
ciated antigens was tested in an IFN-γ ELISPOT assay using overlapping 
peptides for tumor-associated antigens. Cells alone indicate cells without 
any antigen, and actin represents an irrelevant mixture of overlapping 
peptides. Error bars indicate standard deviation from the mean.
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intracellularly with mAb against cytokines. The cells were washed, fixed 
one last time, and acquired on a Becton Dickinson LSRII Fortessa. The fix-
ation and permeabilization buffers contained 1 mmol/l EDTA to prevent 
quenching of the quantum dot and eFluor fluorochromes due to the pres-
ence of heavy metals in the fixatives.34 Data were analyzed using FlowJo 
version 7.6.3 (Treestar, San Carlos, CA) as previously described.23

Cytotoxicity assay. Donor and patient PHA blasts and donor derived EBV-
LCL, either unpulsed or pulsed with CMV pp65 or adenovirus hexon pep-
mixes, were used as targets of the T cell line in a standard 51Cr release assay 
as described.35 The targets were incubated with the T cell line at 40:1, 20:1, 
10:1, and 5:1 ratios for 4 hours, after which supernatants were harvested 
to determine the amount of 51Cr with a scintillation counter. Spontaneous 
and maximum 51Cr release were determined by culturing the 51Cr loaded 
targets alone and in the presence of Triton X-100, respectively. Percentage 
specific lysis was calculated as follows: 100 × (experimental release cpm − 
spontaneous release cpm)/(maximum release cpm − spontaneous release 
cpm).

SUPPLEMENTARY MATERIAL
Figure S1. T cell recognition of Viral Antigens.
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