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A B S T R A C T

Purpose

Reell)ctivation of Epstein-Barr virus (EBV) after allogeneic stem-cell transplantation (SCT) can lead to
severe life-threatening infections and trigger post-transplantation lymphoproliferative disease
(PTLD). Since EBV-specific T cells could prevent PTLD, cellular immunotherapy has been a
promising treatment option. However, generation of antigen-specific T-cell populations has been
difficult within a short time frame.

Patients and Methods

To improve availability in urgent clinical conditions, we developed a rapid protocol for isolation of
polyclonal EBV nuclear antigen 1 (EBNA-1) —specific T cells by using an interferon gamma (IFN-vy)
capture technique.

Results
We report on the use of adoptive transfer of EBNA-1-specific T cells in 10 pediatric and adult

patients with EBV viremia and/or PTLD after SCT. No acute toxicity or graft-versus-host disease
(GVHD) of more than grade 2 occurred as a result of adoptive T-cell transfer. In vivo expansion of
transferred EBNA-1-specific T cells was observed in eight of 10 patients after a median of 16 days
following adoptive transfer that was associated with clinical and virologic response in seven of
them (70%). None of the responders had EBV-associated mortality. Within clinical responders,
three patients were disease free by the day of last follow-up (2 to 36 months), three patients died
of other infectious complications, and one patient died as a result of relapse of malignancy.
EBV-related mortality was observed in two of 10 patients, and another patient had ongoing viremia
without clinical symptoms at last follow-up.

Conclusion

Adoptive ex vivo transfer of EBNA-1-specific T cells is a feasible and well-tolerated therapeutic
option, representing a fast and efficient procedure to achieve reconstitution of antiviral T-cell
immunity after SCT.

J Clin Oncol 31:39-48. © 2012 by American Society of Clinical Oncology

host T-cell immunity over a long time. In 10% to
50% of patients who have had SCT, EBV reactiva-

Epstein-Barr virus (EBV) is a human gamma her-
pesvirus that transforms B-cell growth with the po-
tential to induce malignancies. EBV reactivation and
post-transplantation lymphoproliferative disease
(PTLD) are an important cause of morbidity and
mortality after allogeneic stem-cell transplantation
(SCT)."® T-cell responses are essential for the con-
trol of EBV-infected B cells.*® Reconstitution of the
new, donor-derived immune system can take sev-
eral months after SCT,>'° implying deficiency of

tion can occur followed by PTLD.*"! This is a severe
and life-threatening condition in association with
insufficient EBV-specific T-cell responses.>” Both
EBV infection and PTLD are difficult to treat, be-
cause existing antiviral agents have poor efficacy
against EBV, and they have no evident impact on the
course of lymphoproliferative disease.'>'> Treat-
ment options include reducing immunosuppressive
therapy and targeting B cells with monoclonal anti-
CD20 antibodies or chemotherapy. Currently, there
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is no standard treatment for patients with EBV-related conditions
refractory to these therapeutic steps. Several studies have shown that
adoptive transfer of donor-derived EBV-specific T cells is an effective
and safe treatment option in transplantation recipients with EBV-
related complications."* > Most of the methods described are logisti-
cally and technically demanding, lasting 4 to 12 weeks because of
repetitive antigen stimulation of T cells and expansion in vitro. Such
protocols are difficult to apply in urgent clinical cases. Previous stud-
ies?® indicated that in vitro acquisition of full effector function of
adoptively transferred CD8 ™ T cells paradoxically impairs their in vivo
efficacy. Analogous to our recently published protocols for produc-
tion of adenovirus- and cytomegalovirus-specific T cells,””>° we used
EBV nuclear antigen 1 (EBNA-1) as an antigen to generate EBV-
specific CD4™ and CD8™ T cells from EBV-seropositive donors in a
time-saving and simple procedure without any in vitro expansion
steps. This approach is based on the infusion of small amounts of
donor T cells and their subsequent in vivo expansion to mount an
antiviral immune response in the recipient. The EBNA-1 protein is
involved in the replication of viral episomes and is therefore crucial for
the persistence of EBV infection. It is the only viral protein required for
replication of EBV in its latent form, and importantly it is an EBV
antigen that is universally expressed in EBV" PTLD.>">* EBNA-1 has
also been shown to contain immunodominant T-cell epitopes that
induce T-cell responses (CD4* and CD8™) in the healthy popula-
tion.”" In this article, we report our experience with 10 patients after
SCT who had chemorefractory EBV-related conditions that were
treated with transfusion of low numbers of EBNA-1-specific T cells to
restore their protective T-cell immunity against EBV and thereby
prevent EBV-related complications.

Ex Vivo Generation of EBNA-1-Specific T Cells

The procedure is based on the ability of T cells to secrete interferon
gamma (IFN-v) after ex vivo stimulation with viral antigens.”*>° EBNA-1-
specific T cells were isolated from whole blood or unstimulated apheresis of the
same donor used for SCT (blood or apheresis was decided by the donor). All
donors were tested for the presence of T cells against EBNA-1. They were
eligible for generation of EBNA-1-specific lymphocytes if the number of
EBV-specific T cells was more than 0.01% of the CD3™ lymphocytes. Before
donor blood collection, the patients and/or their parents gave written in-
formed consent for adoptive T-cell therapy to their treating physician. The
adoptive T-cell transfer was done as a single-case treatment in accordance with
the regulations of the institutional review board. EBNA-1-specific T cells were
given on the basis of an off-label use, according to the indication set by their
individual treating physician.

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll/
Paque (Biochrome, Berlin, Germany) density gradient centrifugation, diluted
to 1 X 107 cells/mL with culture medium (RPMI 16401 [Biochrome] plus 10%
human AB-serum) and stimulated with 10 uL/mL recombinant EBNA-1
protein (tebu-bio; Le-Perray-en-Yvelines, France) in patients 1 through 7 or
with EBNA-1 Peptivator (Miltenyi Biotec; Bergisch-Gladbach, Germany) in
patients 8 through 10. Good manufacturing process (GMP) —grade EBNA-1
overlapping peptides became commercially available after patient 7, and the
protocol change was required by the regulatory authority. Appropriate change
control experiments were performed (Appendix, online only). Stimulation
was done in a humidified incubator overnight at 37°C. Enrichment of
cytokine-secreting cells was performed by using the cytokine secretion system
and the CliniMACS device for immunomagnetic separation (both Miltenyi
Biotec). EBV-specific T cells were either transfused directly after the isolation
procedure without any further in vitro expansion or they were cryopreserved.

40 © 2012 by American Society of Clinical Oncology

Microbiologic analysis of the cells was performed before transfusion. The cell
processing was done in a central GMP laboratory at the University Children’s
Hospital Tiibingen. The cells were brought to the treating center and infused
on the same day as the cell isolation procedure.

Detection of EBV-Specific T Cells

T cells were analyzed in a central laboratory and stimulated ex vivo at
37°C with 10 uL/mL recombinant EBNA-1 antigen or latent membrane pro-
tein 2 (LMP-2) Pepmix (JPT, Berlin, Germany). After addition of BrefeldinA
(Sigma, Taufkirchen, Germany) for 4 hours, intracellular cytokine IFN-y
staining was performed by using saturating conditions of the following anti-
bodies: anti-CD4 or anti-CD8 (clones SK3 or SK1), anti-IFN-vy (clone
25723.11), and anti-CD3 (clone SK7; all from Becton Dickinson, Heidelberg,
Germany). At least 1 X 10° lymphoid cells were analyzed on an FACSCalibur
flow cytometer using Cellquest software (Becton Dickinson).

Epitope specificity against major histocompatibility complex (MHC)
class II binding EBNA-1 peptides was analyzed among EBNA-1-specific T
cells. A total of 5 X 10* cells was cultivated in Iscove’s Modified Dulbecco’s
Media (Lonza, Basel, Switzerland) with 5% AB-serum, 50 wmol/L -
mercaptoethanol (Roth, Karlsruhe, Germany), 1% penicillin/streptomycin,
25 pg/mL gentamicin (Lonza), 1.5 X 10° irradiated allogeneic PBMCs, 1.5 X
10* irradiated LG2 cells, 1 pg/mL phythemagglutinine-L (Sigma), and 150
U/mL interleukin 2 (IL-2; Proleukin, Novartis, Basel, Switzerland). After 4
days of in vitro expansion and then every other day, 150 U/mL IL-2 was added.
After 2 weeks, cells were challenged overnight with 10 ug/mL of specific
peptide and were used in intracellular cytokine staining. Phorbol 12-myristate
13-acetate 150 ng/mL with ionomycin 1 umol/L (both Sigma) was used as a
positive control, and the self-peptide filamin A was used as a negative control.
Antibodies include live/dead-aqua (Invitrogen Life Technologies, Darmstadt,
Germany), anti-CD4 APC/Cy7 (BD Biosciences, Heidelberg, Germany), anti-
CD8 PerCP (BioLegend, San Diego, CA); intracellular staining with anti—
tumor necrosis factor Pacific Blue (BioLegend); anti-CD154 fluorescein
isothiocyanate and N-hydroxysuccinimide-fluorescein are amine-reactive de-
rivatives, anti-TFN-y PE-Cy7 and anti-IL-2 PE (BD). Cells were analyzed by
using an FACSCanto II flow cytometer (BD) and Flow]Jo (Tree Star, Ashland,
OR). MHC class I binding EBNA-1 peptides have been described previously>
and were synthesized as described.”*

Patient Characteristics

Seventeen EBNA-1-specific T-cell isolation procedures were performed
between 2007 and 2010 (Appendix Table A1, online only). Since some of the
patients received repetitive infusions and some received none (sufficient dis-
ease control was reached by conventional therapy), a total of 10 patients
received EBV-specific T cells, and they represent all cases with EBNA-1-
specific T-cell transfer for EBV-related complications after SCT (Table 1). All
patients previously underwent allogeneic SCT (Table 1) and were between 2
and 51 years of age (mean, 18 years). Viremia and/or PTLD occurred in the
first year after SCT. In patients 3, 5, and 8, a second adoptive T-cell transfer was
performed within 7 to 54 days after the first transfer.

Eligibility/indication for EBNA-1—specific T cells was refractory viremia
and/or PTLD and occurred on days 59 to 362 (mean, day 148) after SCT.
Refractory viremia was defined as a persistent or increasing number of EBV
copies in blood (detected by polymerase chain reaction [PCR]) under antiviral
treatment of more than 14 days (changes in copy numbers were defined as = 1
log change). Refractory PTLD was defined as persistence or deterioration of
bulky disease under treatment. Seven patients (1 through 3 and 5 through 8)
suffered from refractory PTLD and viremia, and two patients (4 and 9) pre-
sented with chronic viremia only. One patient (10) had a persistent cervical
lymphadenopathy (histologic B-cell non-Hodgkin lymphoma with pre-
existing viremia).

We defined safety thresholds for the first T-cell dose as = 25,000 cells
per kilogram in HLA-matched donors and = 5,000 cells per kilogram in
HLA-mismatched donors. Otherwise all EBNA-1-specific T cells that
could be isolated from 1 X 10° PBMCs were infused. In case the number of
T cells exceeded the safety thresholds, we cryopreserved cells for a second
dose. Criteria for infusion of a second cell dose were nonresponse to the
first dose.
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Fig 1. T-cell responses against Epstein-Barr virus nuclear antigen 1 (EBNA-1),
latent membrane protein 2 (LMP-2), and p54 in healthy donors. Mean frequency
of antigen-specific T cells against EBNA-1 is compared with early antigen p54 and
LMP-2 (n = 8). Antigen-specific T lymphocytes were found in all seropositive
patients. Although LMP-2 induced the strongest response among healthy
donors, we had to select EBNA-1 for adoptive T-cell transfer, because LMP-2
failed to meet good manufacturing practice criteria. In future trials, the inclusion
of LMP-2 antigens that meet good manufacturing practice criteria will enable
stronger immunogenicity for T cells. EAD, early antigen D; EBV, Epstein-Barr
virus; IFN-vy, interferon gamma.

For toxicity evaluation, institutional standard criteria for donor lympho-
cyte infusion were applied. Toxicity criteria were acute allergic reaction or any
change in vital signs during and after adoptive transfer, impairment of blood
count, liver and kidney function without another obvious cause, EBV PCR at
least weekly, as well as signs of graft-versus-host disease (GVHD) for up to 6
weeks after transfer. Antiviral chemotherapy remained unchanged after adop-
tive T-cell transfer. Heart rate, blood pressure, and oxygen saturation were
monitored and physical examinations were performed during and for 2 hours
after adoptive T-cell transfer. T-cell response was evaluated for all patientsin a
central laboratory with uniform detection threshold. Quantitative PCR of the
EBV load was done in the treating centers. Response criteria were reduction of
viral load in copy numbers = 1log and clinical and radiographic involution of
PTLD foci and lymphadenopathy.

EBV-Derived Antigens and Frequency of Specific T
Cells in Healthy Individuals

We compared IFN-y " T-cell responses in healthy donors against
early antigen p54, LMP-2, and EBNA-1. The analysis showed the
highest number of specific T cells in peripheral blood for LMP-2,
followed by EBNA-1; the lowest T-cell response was detected against
early antigen p54 (Fig 1). Since available LMP-2 failed to meet GMP
criteria in 2007, EBNA-1 was chosen as a target antigen for the pro-
duction of EBV-specific T cells.

Large-Scale Generation of EBNA-1-Specific T Cells

We isolated EBNA-1-specific T cells for patients with EBV
reactivation after SCT from their healthy stem-cell donors. All
donors were EBV seropositive with EBNA-1-specific T-cell re-
sponses. HLA profiles were not relevant for the manufacturing
process. Antigen-specific T lymphocytes were isolated under GMP
conditions. The whole procedure took about 30 hours and was
successfully performed in 16 (94%) of 17 samples. Frequency of EBV-

42  © 2012 by American Society of Clinical Oncology

specific T cells in donor samples was 0.02% to 1.51% of total T cells.
Isolation and enrichment of antigen-specific T cells was possible to a
purity of 57% * 22.6% (mean * standard deviation). The isolated
EBNA-1-specific T cells contained both CD4 IFN-y* (54.5% =+
30%) and CD8 "IEN-y™ (35.8% = 30%) T cells detected in percent
of CD3™ cells. Microbiologic contamination could be excluded in
all preparations (Appendix Table A1). Specificity of transferred T
cells to known HLA-binding peptide motifs was confirmed in 80%
of CD4" T cells with three known peptides. Polyfunctional re-
sponses on restimulation with MHC class II binding peptides
showed simultaneous secretion of IFN-v, tumor necrosis factor a
(TNF-a), and IL-2 (Fig 2).

Adoptive Transfer of EBNA-1-Specific T Cells
Antigen-specific T cells were isolated from the transplantation
donors by using the previously described protocol and were con-
centrated to a small volume of approximately 5 to 10 mL. They
were then immediately infused intravenously to the transplanta-
tion recipients. The procedure took 5 to 10 minutes, and vital signs
were monitored. In three of the recipients, a second T-cell admin-
istration after 7 to 54 days was required to achieve a sustained
immunologic response. The mean T-cell dose was 5,794 CD3™
cells per kilogram of body weight (range, 150 to 53,796 CD3 " cells
per kilogram) and was determined by the yield of cells recovered
from the donor’s whole blood or leucapheresis starting fraction
(Appendix Table A1). No acute adverse reactions were observed in
any of the patients. GVHD was considered to be a consequence of
EBNA-1-specific T-cell transfer in case of new onset or worsening
less than 6 weeks after adoptive T-cell transfer (Appendix Table A2,
online only). Patient 5 developed transient grade 1 to 2 acute skin
GVHD 15 days after the first donor lymphocyte infusion, which
was thought to be related to adoptive transfer; symptoms re-
sponded well to treatment and resolved within 3 to 4 weeks.

Induction of Protective T-Cell Inmunity Through
Transfusion of EBNA-1-Specific T Cells

Before adoptive T-cell transfer, seven of 10 evaluable patients
with refractory disease had T lymphocytes but no EBV-specific T
lymphocytes, and two patients had no T lymphocytes, demonstrating
the correlation between the presence of T-cell immunity and dis-
ease control.

EBNA-1-specific T-cell levels were monitored for up to 10
months after adoptive transfer (Fig 3). Eight (80%; 1, 3, and 5 through
10) of 10 patients developed a detectable in vivo expansion of EBNA-
1-specific T cells (0.02% to 0.5% among CD3™) 3 to 43 days after
adoptive transfer, resulting in clinical and virologic responses in seven
(70%; 1, 3, 5, 6, and 8 through 10) of 10 recipients (Table 2). In vivo
expansion of T lymphocytes was found within the CD8" T-cell
compartment in all positive patients as well as in the CD4" T-cell
compartment in six patients (exclusive expansion of CD8 “IFN-y™
T-lymphocytes could be detected in patients 7 and 10). EBNA-1-
specific T cells were detected in recipients for up to 9 months after
adoptive T-cell transfer.

Three patients (3, 7, and 8) also developed significant amounts of
LMP-2-specific T cells simultaneously with expansion of EBNA-1-
specific T cells. No analysis of EBNA-1-specific T-cell expansion could
be performed in patient 2 because of fulminant PTLD; the patient died
only 2 days after adoptive transfer.
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Fig 2. (A) Peptide specificity of the Epstein-Barr virus nuclear antigen 1 (EBNA-1) -specific T-cell graft against major histocompatibility complex (MHC) class Il binding
motifs of the EBNA-1 protein. Because generation of EBNA-1-specific T cells was performed with an antigen that is used independent of the HLA type, we confirmed
the specificity with known defined HLA class Il binding peptide epitopes. Since the majority of T cells were CD4" T cells, we selected three peptides (D) that are
supposed to bind to HLA class Il according to the SYFPEITHI database and synthesized these peptides. Before analysis, the EBNA-1-specific T cells were expanded
with irradiated allogeneic peripheral blood mononuclear cells, interleukin 2 (IL-2), and phytohemagglutinin without the addition of antigen. (B) Then the EBNA-1-specific
T cells were restimulated with the synthesized MHC-II peptides, and the specific response was analyzed through CD154 expression and an intracellular stain of
interferon gamma (IFN-y), L2, and tumor necrosis factor a (TNF-a). (A) We confirmed that 80.4% of CD4* T cells responded to one of the three selected peptides,
although initial isolation of T cells was performed with an overlapping peptide mix. In (A) and (C), the mean (n = 2; negative control was subtracted) response of CD4*
T cells is shown with an analysis of the overlapping expression of the four markers for specificity (CD154, IFN-y, IL-2, and TNF-a). This analysis confirmed a high
frequency of polyfunctional T cells that secrete multiple cytokines in response to Epstein-Barr virus. Visualization of multicolor flow cytometric data was done with Spice
software (http://exon.niaid.nih.gov/spice/). PMA, phorbol 12-myristate 13-acetate.

Clinical Response and Follow-Up After Adoptive
T-Cell Transfer
Eight of ten patients showed in vivo expansion of EBNA-1—

Within clinical responders, three patients were disease-free at
last follow-up (2 to 36 months), three patients died of other infec-
tious complications, and one patient died as a result of relapse of

specific T cells. This was associated with a clinical and virologic re-
sponse in seven (70%) of them, defined as decrease of viral load more
than 1log and resolution of PTLD. Patient 7 showed T-cell expansion
6 days after transfer but succumbed as a result of hemophagocytic
lymphohistiocytosis and multiorgan failure only 11 days after transfer.
In the two cases with absence of in vivo T-cell expansion, no clinical
improvement was observed.

WwWW.jco.org
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malignancy. Among evaluable patients, eight suffered from refrac-
tory PTLD. In this subgroup, six patients (75%) responded to
adoptive T-cell transfer. In two patients (2 and 8), malignant
degeneration of monoclonal PTLD into B-cell lymphoma with
cerebral involvement was present at adoptive transfer. Even at that
advanced stage of disease, adoptive immunotherapy was successful
in patient 8. EBV viremia was moderate in most patients, and
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Fig 3. In vivo T-cell response and virologic response after adoptive transfer of Epstein-Barr virus nuclear antigen 1 (EBNA-1) —specific T cells in 10 patients after post
allogeneic stem-cell transplantation who had refractory Epstein-Barr virus (EBV) —related conditions. (A) In vivo expansion of the transferred T cells within 4 to 6 weeks
after adoptive immunotherapy. Antigen-specific T cells were detected by stimulation of blood samples with EBNA-1 antigen, followed by intracellular cytokine staining
by flow cytometry. Eight patients had a successful T-cell response after adoptive transfer. Six of them showed expansion of both CD4* and CD8* T cells in vivo. Only
patients 7 and 10 developed CD8™" T cells exclusively. Patient 2 is not shown because blood samples for evaluation of response were not available. The threshold of
a positive antigen-specific T-cell response was 0.01% of viable T cells. T-cell response to EBNA-1 after adoptive T-cell transfer was compared with the response against
latent membrane protein 2 (LMP-2). Three patients also developed an LMP-2—specific T-cell response after adoptive T-cell transfer of EBNA-1-specific T cells. This could
be explained either by a coincidence of an endogenous response to LMP-2 or by potential epitope spreading through the T-cell response against EBV-infected cells.
(B) Virologic response of 10 patients to adoptive T-cell transfer in terms of viral copies in peripheral blood. Before the T-cell transfer, patients showed viremia,
lymphadenopathy, and post-transplantation lymphoproliferative disease (PTLD) unresponsive to treatment with antivirals and/or rituximab. Lymphadenopathy and PTLD
resolved in the responders with decreasing viral load. In seven patients, PTLD and viremia resolved. In patient 1, PTLD resolved completely, but viremia was recurrent
(positive). In patient 4, EBV levels were not influenced by adoptive transfer. In patient 7, viremia decreased. This patient died from intracerebral hemorrhage (ICH) 11
days after adoptive transfer. In patients 1, 3, and 5, only qualitative polymerase chain reaction results were available. In Patient 10, no viremia was present at T-cell
transfer and therefore the trend of viremia is not shown in the graph; in that case, refractory lymphoproliferative disease resolved after adoptive immunotherapy. EBVT,
Epstein-Barr virus T-cell transfer; ICH d11, died as a result of ICH 11 days after T-cell transfer; IFN-y, interferon gamma; Pat., patient; PBMC, peripheral blood
mononuclear cell; PTLD d2, died as a result of PTLD on day 2 after T-cell transfer.

44 © 2012 by American Society of Clinical Oncology JOURNAL OF CLINICAL ONCOLOGY

Downloaded from jco.ascopubs.org on November 5, 2014. For personal use only. No other uses without permission.
Copyright © 2013 American Society of Clinical Oncology. All rights reserved.



T-Cell Transfer After SCT

2

EBNA-1-Speci

‘uolelue|dsuel) [[90-wals ‘DS ‘oseasip aAllelajjoidoyduA|
uoneluedsuel-}sod ‘gild ‘uonoeas ureyo esesswAjod ‘YOd ‘ewoydwA| upBpoH-uou “THN ‘e|geoldde 1ou /N ‘z uleloid seuelquiew 1usle| ‘z-dIN7 ‘sisolAoonsiyoyduwA| onAoobeydowsy ‘HH ‘esessip
1S0Y-SNSIoA-1eIb ‘QHAD ‘18JSUell ||90-1 AGT '1AgT ‘SNUIA Jleg-uielsdl ‘Ag3 ‘| uebiiue Jesjonu SnJIA Jleg-uieisdl ‘| -yNg3 ‘uoissiual 8189|dwo9d 'Y) ‘elwana| piojaAul 81nde “JIAlY ‘SNIIAOUSPE ‘AQY :SUOIIRIASIgQY

Jajsuel} ||80-|

a1ep |iun Je}4e pue a.I04eq poolq Jaysuel) Ja1je sAep 9| s||99-]
d7.ld 40 @doueles|) Japuodsey 4D ‘AyredouspeydwA| pue g1ld 40 @oueles|) ul ennebeu Yod Ag3  oi1oeds—|-yNg3 80D JO uoisuedxs OAIA U| 9G.'6 LEL oL
Jaysuen
Jajsuely 19148 sAep B¢ S||90-] ouoads—|-yYNg3
(siso||iBiadsy ‘ein|iey uebionnNw) Jojsuel} || [|90-1 18yje sAep yzZ Aq L ¥dD 10 pue Jajsuel] Ja}je SAep 9z S||8o-|
elLWBIIA Jo asealoep Bolg Jepuodsey -] Jelje sAep |g pue | DS Jelje SAep Q| Yieaq peo| Ag3 Jo esealdep Bojg  oloads—|-yNg3 80D JO uoisuedxs OAIA U| 09L'L 6G 6
SuoIs8| THN I189-g
JO sIsoioau 918|dwod (UoI1984UI 100000.81US
1sow|e Ajjeaibojoisiy pue ‘epipue) ‘AQV ‘AHAD v epelb Jejsuel] ||90-] puodes Jojsuel] puodes isye sAep
‘palesd g1d ‘an|ie} uebiolNwW) Jajsuel} ||99-] pU028sS 19346 sAep £z poo|q 02 S||99-1 di198ds—z-4|N] pue oi1oads—|
|esoydued pue elusiIA Jepuodsay Je1je sAep g6 pue | DS Je1e sAep 0zz Yieeq ul sAnebeu Yod A93 -vNg3 80D Pue | QD 4O uoisuedxs OAIA U| 961'€S 1zl 8
suoIsa| THN 1199-9 Asdoine 1e suebio paiosyje
JO sIsoioau 919|dwiod 8y} Ul suolss| 0110108u Ajuo ‘paiesjd gild
1sow|e Ajjeaibojoisiy ‘Jojsuel] ||90-] 1o14e SAep € peles|o elWalIA Jajsuely ||9o-| 19JSUBI} 1841} Jolje sAep
‘paies|d q11d “(uonosyul AQY ‘AHAD 7 opeid) Jajsuell ||9o-| 1s1} 18je shep g poojq LT SI199-1 014108ds—Z-d|N T Pue d1j0ads—|
|esoydued pue eluaiIA Jepuodsey Jeyye sAep 90| pue | DS Jeie sAep 0zz yieeQ ul eAnebeu Yod A93 -vNg3 80D pue , yQD 4O uoisuedxe OAIA U| 880°'L i 8
Jaysuel} Jajsuen
dlld pue (HH 01 enp ebeyliowsy |eigeledeliul ||90-] J81je sAep || J81je sAep / s||80-] olj108ds—z-d|AT pue
BILUAIIA JO 9DUBISISIOd Jopuodsaiuon SAISSEUI) JaySuel) ||99-] Jae SAep || Yieaq peo| Ag3 Jo esealoep 6oj|  oyoads—|-yNg3 , 80D 4O uolsuedxs OAIA U| z8¢ 881 L
Jaysuen
19148 SAep ¢ s||99-1 o1j10ads—z-dIA1
Jejsued} [j9o-L pue oyoads—1-yNg3 800
BILUBIIA J1a14e 9z Aep uo poolq pue QD JO uoisuedxa OAIA Ul ‘Iajsueil
pue g71d o @oueles|) Jopuodsay 91ep [11UN YO ‘BlWaIIA pue J71d Jo 8oueles|) ur ennebau Yod Ag3 91040( 9|qe10818p S|[99-] dI1oads—z-dIA] svlL 08 9
Jajsuen
BIWBIIA asdejal AV 40 }nsal poo|q puooss Jalye sAep 0z S||eo-1 oi10ads—|
pue gild jo @doueies|) Jopuodsay e se yieap ‘g7ld Pue uonosjul Ag3 Jo 8oueles|) ul 8Alebau Yod A93 -¥Ng3 80D Pue @D 4O uolsuedxs OAIA U| 19 LGl G
Joysuel) Jape
sa14000n8| shep | s||90-1 o108ds—1-¥Ng3 80D
BILUBIIA Jaysuel) ||99-| aAndope puodes ul p|oysaiyl uonoslep pue QD JO uoisuedxa OAIA Ul ‘gjsuell
pue g71d Jo @oualsisiod Japuodsaiuon e 0} ssaibold ‘elwaliA pue g71d JO 9ouslsisied moleq annisod Ag3 91040( 9|ge10818p S||99-] dIj1oads—z-dIA] 882 /6 e
Jaysuery Jayje uoisuedxa
91ep [13UN BILWAIIA J8YMny OU 'I8ySUBI) 91048( B|geld8lep
jualsisiad ojuoly) Jepuodsaiuop pEO| [BJIA JO UONONPAI ON  POO|q Ul dAlisod YOd A9T  S|199-1 o14198ds—z-d|A T Pue oij0ads—|-vNg3 SrLL vze ¥
Jajsuell ||99-] a4 syiuow
6 01 dn s|j90-] dYoeds—|-¥Ng3 800 pue
elulalIA pue gld 21ep |11UN Y) '19jSuel} puodes pooiq L ¥@D Jo 9oualsisiad pue Jojsuei) puooss
JO 9oueles|o 918|dwo) Japuodsey 19148 7| ABp UO BILIAIIA OU ‘POAJOSaI O71d ul aAnebau Yod A93 Jeyye shep e , QD JO uoisuedxe OAIA €GL'L Sy I
Jajsuel) ||9o-] Jeye
8¢ Aep uo s81A000n8|
1Ag3 ur utebe aAisod Yod
elualIA pue gld puooas e 0} ssaiboid ‘gld JO UOIeIOloUWE  USY] PUe 1ajSuel] Jaye / Jaysuel) 11y sAep /g s||90-]
JO 90UBlIed|D JUBISUBI| Jepuodsey JUSISUBI) ‘BILUSIIA JO 80URIES|D JUBISURI]  ABp UO aAleBaU YDd A9T  oi1oads—|-YNgG3 . QD 4O uolsuedxs OAIA U| ovL'L 29¢ €
aniid
yieap jJo asneo pue HH [eigelad Jo uoissalboud jo }nsal s|qe|leAe elep
91oM HH pue g1ld Jepuodsaiuon e Se I8JSUel} ||90-] I14e SAep z palp lusiied V/N  Ou ‘Iajsuel} ||90-] Ia}je sAep g palp jusiied G/9'L 1Sl z
G| Aep uo
BILUBIIA JO 9OUBIES|D ulebe aAlsod 4od pue
Juaisuely ‘Ajere|dwod (e1njiey Aloresidsel ‘eluownaud Jajsuel) ||90-] Jeye 8 Jajsuel) Jo1je sAep G| S||90-] ol0ads—|
pales|d Q11d Japuodsey olyiedoipl) Jajsuel ||80-] Jelje sAep 9z yieeq Aep uo eAnebau Yod A3 -vYNgG3I 8D Pue QD JO uoisuedxe OAIA U] 691'C zL L
asuodsay Jo uonenieAs  snieis lualied yieaQ jo asnen Jaysuel] |[D-1 Jouy s||9) | 01109dS-AgT paiejsuel| paJalsIupy (1DS Joye ‘'ON
JUoIBAIBSQ 1SET JO 81 [IIUN BWO0DINQ [BOIUID  SY99AA 17 UONOBIU| AGT 4O JO Uoisuedx3 OAIA Uj/esuodsey olbojounwwl| Welbofy 184 SAep) Jejsuel] juaied
9sIn0)/esuodsay 2160[0IIA s|l8) .£AD  118D-1 eAndopy

s||eD 1 o110ads—|-yNg3 0 Jajsuel] aAndopy 0} asuodsey ‘g ajqel

45

© 2012 by American Society of Clinical Oncology

Downloaded from jco.ascopubs.org on November 5, 2014. For personal use only. No other uses without permission.

WwWw.jco.org

Copyright © 2013 American Society of Clinical Oncology. All rights reserved.



Icheva et al

Time Since T-Cell Transfer (days)

Before T-cell transfer

After T-cell transfer

1.6e+5 »
- 0.10 E
— 1.4e+5

3 =
o ) ©
o +—
o 1.2e+5 F0.08 Q9
= kS
% 1.0e+5 - - Day vEBV copies/mL blood =
@ Py =& Day v CD3+ - 0.06 »
g— =O= Day v CD4+ 2
o 8.0e+4 =¥= Day v CD8+ [&5]
© =
E 6.0e+4 -o004 2
g =
; 4.0e+4 UT)-

E ® - 0.02 - Fig 4. Clinical course of in vivo T-cell

2.0e+4 << response and virologic response in patient

% 8: expansion of Epstein-Barr virus nuclear

04 ° PS Lo (W} antigen 1 (EBNA-1) -specific T cells after

20 0 20 40 60 80 100 120 adoptive transfer was associated with fast

decrease of viral load and clearance of post-
transplantation lymphoproliferative disease.
EBV, Epstein-Barr virus.

resolution of PTLD was associated with decrease of viral load in
responders (Figs 3 and 4).

Adoptive transfer of T-cell immunity is a promising approach, but it
has been restricted to only a few centers in the past. Now, logistic
matters present an obstacle for application of adoptive T-cell transfer
in an urgent clinical setting, and availability is delayed through an
extensive and laborious production period. Therefore, in the future,
application of adoptive T-cell transfer will depend on the availability of
adequate transfer protocols. We describe a fast and simple method
that takes 30 hours to isolate polyclonal EBV-specific T cells from
donor lymphocytes ex vivo by using their EBNA-1-specific IFN-y
secretion properties as a selection marker. This enables the direct
transfusion of functionally active IFN-y—secreting T cells. Isolation
and stimulation is not dependent on donors’ HLA profiles. No in vitro
expansion steps were included in the protocol, since even a single
antigen-specific T cell can repopulate distinct T-cell subsets in vivo,*
and in vitro expanded cell lines showed reduced efficacy in vivo.*®
Thus, loss of expansion potential because of terminal differentiation
during in vitro culture could be avoided. Even a T-cell dose of 150 cells

46 © 2012 by American Society of Clinical Oncology

per kilogram of a recipient’s body weight (patient 6) was shown to be
sufficient for a successful T-cell expansion. The isolation of IFN-y—
secreting cells enables the generation of CD4* and CD8™ T-cell re-
sponses to multiple epitopes.*® The provision of CD4™ T-cell help is
essential for a physiologic and sustained immune response, whereas
CD8™ T cells are considered to exert rapid but potentially transient
antiviral effects.>”*® Therefore, a combination of CD4" and CD8" T
cells for adoptive transfer is beneficial for restoring a protective and
sustained immunity.

In this article, we summarize our clinical experience in 10 pa-
tients with refractory EBV infection or PTLD after SCT. Transfusion
of low numbers of EBNA-1-specific T cells could restore protective
T-cell immunity against EBV and treat chemorefractory disease in
seven of 10 patients with PTLD. None of the patients with an in vivo
expansion of EBNA-1-specific T cells died of EBV-related complica-
tions. This suggests a strong correlation between in vivo expansion of
EBNA-1-specific T cells and clinical response. Interestingly, the suc-
cess of adoptive T-cell transfer was not related to the T-cell dose. A
tendency toward improved outcome and sustained antiviral response
in patients who received repetitive EBV-specific T-cell transfers was
observed, suggesting that iterative transfusions could be more advan-
tageous and of longer-lasting effect.
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Furthermore, patients suffering from PTLD with CNS involve-
ment showed a fulminant course of disease, indicating that in these
cases, a small window of opportunity is available to reverse the process.
Since the time needed for virus-specific T cells to expand in vivo is 3 to
28 days, early measures should be taken to perform a T-cell transfer
before progression of PTLD. This is underlined by the clinical course
of patient 8, who had a complete response with clearance of peripheral
PTLD lesions and almost complete necrosis and involution of cerebral
lesions assigned to repetitive adoptive T-cell transfer in combination
with local irradiation. CNS response was delayed compared with pe-
ripheral response in that patient.

Compared with unselected T-cell boosts, adoptive T-cell transfer
offers the advantage of a well-targeted treatment with lower rates of
GVHD because of the low alloreactivity of virus-specific T lympho-
cytes'®*%?? and the low number of potentially alloreactive T cells.

Three of the patients also developed significant amounts of LMP-
2—specific T cells simultaneously with expansion of EBNA-1-specific
T-cells. This could be explained by either a coincidence of an endoge-
nous response to LMP-2 or by potential epitope spreading through the
T-cell response against EBV-infected cells.

Our method has some limitations. For example, it is not suitable
for EBV-seronegative donors or for seropositive donors with an ex-
tremely low frequency of CD3IFN-y* cells and IFN-y low-
expressing T cells. In vivo expansion of EBV-specific T cells was
achieved in 80% of patients, which is in accordance with the clinical
response (70%). For more successful T-cell expansion in vivo, optimal
recipient conditions need to be investigated, as well as extension to
other EBV antigens and improved purity and viability of T-cell prep-
arations in the future. Despite encouraging results, controlled and

randomized clinical trials with a larger number of patients are needed
to analyze the benefit of EBV-specific T-cell transfer when applied in
addition to standard therapy. The optimal time point and frequency of
adoptive immunotherapy still remains to be determined. Adoptive
transfer of EBV-specific T cells has the potential to become a valuable
clinical extension to existing treatment in the initial phase of EBV
reactivation and for EBV positive malignancies.
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