GENE THERAPY

'.) Check for updates

Retrovirus-mediated gene transfer in primary T lymphocytes impairs their
anti—Epstein-Barr virus potential through both culture-dependent
and selection process—dependent mechanisms

Delphine Sauce, Marie Bodinier, Marina Garin, Bruno Petracca, Nicolas Tonnelier, Anne Duperrier, Junia V. Melo,
Jane F. Apperley, Christophe Ferrand, Patrick Hervé, Francgois Lang, Pierre Tiberghien, and Eric Robinet

To modulate alloreactivity after hemato-
poietic stem cell transplantation, suicide

gene—expressing donor T cells can be
administered with an allogeneic T-cell-
depleted bone marrow graft. Immune com-
petence of such cells is a critical issue.

The impact of the ex vivo gene transfer
protocol (12-day culture period including

CD3/interleukin-2 [IL-2] activation, retrovi-

ral-mediated gene transfer, and G418-
based selection) on the anti—Epstein-Barr
virus (EBV) potential of gene-modified
cells has been examined. Cytotoxic
(pCTL) and helper (pTh) cell precursor

limiting dilution assays, interferon- vy en-

zyme-linked immunospot, or fluores-
cence-activated cell sorter analysis after
tetrameric HLA-A2/EBV peptide com-

plexes revealed that the frequency of
anti-EBV T cells was lower in gene-
modified cells (GMCs) than in similarly
cultured but untransduced T cells and
was even lower than in fresh peripheral
blood mononuclear cells, demonstrating
both an effect of the culture and of the
transduction or selection. The culture-
dependent loss of EBV-reactive cells re-
sulted from the preferential induction of
activation-induced cell death in tetramer
cells. Replacing the initial CD3/IL-2 activa-
tion by CD3/CD28/IL-2 partially restored
the anti-EBV response of GMCs by reduc-
ing the initial activation-induced cell death
and enhancing the proliferation of EBV-
tetramer * cells. Moreover, the G418 selec-
tion, and not the transduction, was di-

rectly toxic to transduced tetramer  * cells.
Replacing the G418 selection by an immu-
nomagnetic selection significantly pre-
vented the selection-dependent loss of
EBV-specific cells. Overall, ex vivo gene
modification of primary T cells can result
in a significant reduction in EBV-reactive
T cells through both culture-dependent
and selection-dependent mechanisms.
Improving immune functions of GMCs
through modifications of the cell culture
conditions and transduction/selection
processes is critical for further clinical
studies. (Blood. 2002;99:1165-1173)
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Introduction

Graft versus host (GVH) disease remains a major source atcur, GCV injection should lead to the specific and selective in
morbidity and mortality after allogeneic hematopoietic stem cellivo depletion of donor alloreactive GMCs and leave unaltered the
(HSC) transplantation. It results from the recognition by maturether cells. Thus, one could preserve the beneficial effects of the T
immunocompetent donor cells present in the graft of alloantigenslls on engraftment and tumor control early after transplantation
expressed by the recipients. GVH disease can be efficiendipd throughout the posttransplantation period for patients not
prevented by T-cell depletion of the graft. However, donor T cellsxperiencing severe GVH disease. In addition, the GCV-induced
significantly contribute to important therapeutic aspects, such salective immunosuppression, restricted to proliferating donor
control of graft rejection, increased graft versus leukemia effeehature GMCs infused with the HSC graft, should resultin a weaker
and antiviral immune respons&$hus, the separation of beneficialtoxicity than the broad immunosuppressive agents presently used
and harmful properties of donor T cells remains a major goal édr GVH disease treatment.
allogeneic HSC transplantation. Another major complication of HSC transplantation is the develop-
In this setting, we have developed a new approach aimedraént of Epstein-Barr virus—associated lymphoproliferative disease
controlling donor T cells by administering, together with gEBV-LPD) in the setting of the severe immunosuppressive status of
T-cell-depleted bone marrow graft, donor T lymphocytes that hapatients receiving transplants and/or of T-cell depletidonor lympho-
been modified by ex vivo transfer of the herpes simplex thymidirg/te infusions (DLIs) of T cells remain actually the only efficient
kinase (HS-tk) gené.The expression of such a “suicide” genereatment of EBV-LPD:® The use of HS-tk—expressing GMCs should
allows for the gene-modified cells (GMCs) to be sensitive to aso contribute to prevent or treat EBV-LPD when administered together
prodrug, ganciclovir (GCV). If subsequent GVH disease were twith the HSC graft or when used as donor cells in DLIs.
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We have initiated a phase /11 clinical study aimed at evaluatingstly, theALNGFR and Neo-R genes, the first gene being downstream of
the toxicity of HS-tk—expressing GMC infusion and the possibilityhe viral Moloney long terminal repeat promoter and the second one being
of controlling GVH disease through GCV injectidrin our first downstream of the SV40 large T-antigen promoter.
cohort of 12 patients receiving escalating amounts of HS-tk—
expressing donor T cells with a bone marrow graft from aRreparation of gene-modified T cells with the
HLA-identical sibling, 3 developed an EBV-LPPAlthough these G1Tk1SvNa vector

patients were at high risk for EBV-LPD (recipient age, intensiv@eneration of gene-modified T cells required a 12-day culture period, as
conditioning regimen, low T-cell dose, use of cyclosporine and, isteviously describedt After isolation by centrifugation over Histopaque-
one patient, a second transplantation following ATG treatf)emt 1077 and washes, PBMCs were resuspended in culture medium consisting
impaired potential of GMCs to control EBV-LPD could not beof RPMI 1640 medium (Biowhittaker), 10% vol/vol human serum (EFS
excluded. Thus, we evaluated the in vitro potential of GMCs, i®ourgogne/Franche-Comt8esanon, France), and recombinant human
cultured cells that have been transduced and selected, to respori@tegeukin-2 (IL-2) (Cetus, Rueil Malmaison, France) at a final concentra-
EBV-infected cells by comparing them with fresh peripheral blooien of 500 IU/mL. Cells were activated by 10 ng/mL soluble CD3
mononuclear cells (PBMCs) or cultured, nontransduced, noné\égnoclonal antibody (mAb) (OKT3, Jansen-Cilag, Levallois Perret, France)

. . . ._or with CD3 plus CD28 (B-T3, Diaclone, Besant, France) mAb-coated
lected control cells. This allowed us, using different technlc.';([lj)leads (4< 10° beads per 10cells: Dynal, Compigne, France) and

approaches (limiting dilution assays [LDAs], enzyme-linked IMMYn e bated at 37°C, 5% COAfter a 3-day culture, the cells were counted
nospot [ELISPOT] assays, and then flow cytometry [FACS]n transferred for 24 hours into the retroviral vector—containing medium
analysis staining with tetrameric HLA-A2/EBV peptide com-ypplemented with IL-2 (1000 1U/mL) and protamin sulfate (§/mL;
plexes) to determine the impact of the cell culture, transduction, 8anofi-Winthrop, Gentilly, France). A cell aliquot was cultured in parallel
selection steps on the frequency of anti-EBV cells in GM@ithout the retroviral vector. Twenty-four hours after initiation of transduc-
products and on their potential to respond to EBV. tion, cells were centrifuged, resuspended in culture medium, and incubated
for 24 hours at 37°C, 5% COFrom day 5 to day 12, positive selection was
performed by culturing the transduced cells in medium containing G418
(800pg/mL; Sigma). In parallel, an aliquot of transduced cells was cultured
without G418 (transduced, nonselected control cells). Nontransduced,
selected cells and nontransduced, nonselected cells (Co cells) were cultured
in parallel in medium with or without G418, respectively. At the end of
Whole blood was harvested from 10 healthy adults, 8 of whom weeelection (day 12), dead cells were removed by centrifugation over
seropositive for EBV (Table 1). PBMCs were isolated by Histopaque-10Histopaque-1077. Cell viability was assessed by the trypan blue dye
(Sigma, St Louis, MO) density gradient centrifugation. HLA-A and -Bexclusion assay. Viable cells were washed twice with phosphate-buffered

Patients, materials, and methods

Donors

typing (Table 1) was done using standard serologic methods. saline (PBS; Biowhittaker), resuspended in RPMI 1640 medium, 10%
volivol human serum, and either used immediately for experiments or
Donor-derived EBV-transformed B-cell lines cryopreserved with 8% vol/vol dimethylsulfoxide (Braun, Boulogne,

. . _France) in liquid nitrogen until use.
PBMCs (10X 10° cells) resuspended in 2.5 mL RPMI 1640 medium

(BioWhittaker, Emerainville, France) and supplemented with 10% vol/vol ) » )
fetal calf serum (Biowest, NuailléErance) were incubated with 2.5 mL of Preparation of gene-modified T cells with the SFCMM3 vector

supernatant from the B95-8 EBV-producing cell line (ATCC, Manassagg||s were activated by soluble CD3 mAb plus IL-2 and transduced as
VA) for 2 hours at 37°C. The cells (20nL) were then cultured in RPMI gescribed above for G1Tk1SvNa vector. However, the G418-based selec-
1640 plus 10% fetal calf serum in the presence of cyclosporine@BL;  tion was replaced by a positive magnetic-based selection at day 5 as
Sandimmune, Novartis, Basel, Switzerland). Establishment of EBYyjiows: cells were stained with culture supernatant of antihnuman NGFR
transformed B-cell (B-EBV) lines was evidenced by the appearance 9fap-secreting hybridoma (HB8737, clone 20.4, ATCC) and then incubated
clumps, usually after 3 weeks of culture. These lines were maintained,jjn goat anti-mouse immunoglobulin G ¢H.) microbeads (Miltenyi
RPMI 1640 plus 10% fetal calf serum at a concentration of>0B0° to  gjotec, Bergisch Gladbach, Germany) and positively selected with magnetic-

1 X 10° cells per mililiter. activated cell separation (Miltenyi Biotec), according to the manufacturer’s
) instructions. Selected cells were cultured until day 12 in culture medium
Retroviral vectors with IL-2 (500 IU/mL). Positively selected transduced cells are referred to

Three amphotropic retroviral vectors were used in this study: the G1Tk1SvRR ALNGFR™ GMCs.

vector? provided by Genetic Therapy (Gaithersburg, MD), and the SF

CMM3? and LNSN© vectors, provided by Pr C Bordignon (Milan, Italy). Preparation of gene-modified T cells transduced
These 3 vectors encode, respectively, the HS-tk and neomycin phosphotravit: the LNSN vector

ferase Il (Neo-R), the HS-tk and truncated NGF receppiNGFR), and, )
( ) ) CD3 plus IL-2—activated cells were transduced from day 3 to day 5 by

coculture with the LNSN packaging cell line. Transduced cells were either

Table 1. Donor HLA-A and -B typing and EBV status selected by G418 (80fig/mL) from day 7 to day 14 or were sorted by
Donor no. HLA class | EBV serology immunomagnetic selection at day 7, as described above for SFCMM3-
1 AL A2 BS B61 Positive transducgd cells_, and then cultured until day 14 in the presence of IL-2 (500
2 A2 B18 B73 Positive 1U/mL) with or without G418.
3 A2 A30 B13 B60 Positive
4 A2 A30 B13 B41 Positive Quality controls
2 22 2;1 :;SBESO Egz!?vZ The sensitivity of GMCs to GCV was assessed as previously deséribed
v and always demonstrated more than 80% inhibition of IL-2—induced
7 A31 B27 B60 Positive . . . .
) proliferation at 1pug/mL GCV. Transduction efficiency of G1Tk1SvNa-
8 A2 A28 B60 B62 Negative L .
9 A2 A26 B38 BA9 Negative transduced cells, evaluated by quantitative Neo-R gene polymerase chain
g_ _'V reaction as previously describ&l,was 7.4%* 1.6% (n= 10) after
10 A2 A68 B27 B57 Positive

CD3/IL-2 activation and 11.6% 2.0% (n=5) after activation with
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CD3/CD28 beads. Transduction efficiencies in SCFMM3- or LNSNY¥etrameric HLA—peptide complex staining

transduced cells, evaluated by indirect staining of transduced cells before . ) .

magnetic-activated cell separation selection with the antihuman NG FEOdl,JCt'on of phygoerythrln (PE)-labeled tetramerlc complgxes Of HLA-A2

HB8737 mAb and fluorescein isothiocyanate (FITC)-labeled goat an roteins folded with the GLCTLVAML peptide (GLC peptide) from the

BV BMLF (BMFL) Iytic proteinl has been previously describ&d total

0?5 X 10° to 10X 1P cells (PBMCs, Co cells, GMCs) were incubated in

0.1% BSA/PBS at room temperature for 30 minutes with PE-labeled

tetrameric complex at a 20g/mL final concentration and then labeled with

Limiting dilution assays PC5-labeled CD8 mAb (Immunotech, Marseille, France) at 4°C for 30
minutes. After 2 washes in 0.1% BSA/PBS, the cells were fixed in PBS

Sensitization of responder cells at day Responders cells (PBMCS| Co Containing 1% formaldehyde (S|gma) Samp'es were ana'yzed on a

cells, GMCs) from EBV-seropositive or, as negative control, EBVFACSCalibur flow cytometer (Becton Dickinson, Le Pont de Claix, France)

seronegative donors were plated out in RPMI 1640 medium, 10% vol/v@ing CellQuest software. Analysis was gated on CB#nphocytes. Cells

human serum, at a concentration ranging from 0 to 2(P cells per well  obtained from HLA-A2 EBV-seronegative donors (PBMCs, Co cells,

(24 replicates per input cell number, final volume 200 per well) in GMCs) were used as negative control with paired samples from EBV-

round-bottom plates (Sarstedt, Orsay, France) in the presence or absenegfpositive donors, as previously describEthe positivity threshold was

10° freshly irradiated (7.5 Gy) stimulator cells (autologous or allogeneiset in order to get 0.05% positive cells with negative control samples.

B-EBYV cell lines).

Determination of pre—T-helper cell frequenciesA total of 100uL of  Apoptosis determination

CTLL-2 cell suspension was added to each well of a 96-well round-bottom

plate (5x 10° cells per well) containing 10L.L supernatant harvested on Dioc-6 staining. Atotal of 0.1uM Dioc-6 (Interchim, Montlyon, France)

day 3 of the LDAs. Cells were incubated during 24 hours in a humidifie§as incubated with X 10P cells at the indicated times during 30 minutes at

37°C, 5% CQ, incubator. Ong.Ci (37 kBq) tritiated thymidine3H-TdR, 37°C, before performing a membrane staining (tetrameric complex and

Nen Life, Le Blanc Mesnil, France) was added for the last 8 hours of tf&C5-CD8 mADb), as previously described. After staining, cells were washed

assay, and th&H-TdR incorporation was counted by liquid scintillation.in 0.1% BSA/PBS and were immediately analyzed by flow cytometry

The wells exhibiting helper activity were scored as positivéHETdR  Without being fixed in PBS/formaldehyde. »

incorporation exceeded the average plus 3 SD of control wells (supernatantANNeXin V' staining. After performing a membrane staining (tet-

of LDA culture wells containing no responder cells). Frequency valud@meric complex and antibody PC5-CD8)x110° cells were incubated

were estimated at 37% of negative wells using the zero term of the Poisd§f? 5 L annexin V-FITC (Immunotech kit, Marseille, France) at 4°C in
equationt®14 500 pL final volume of binding buffer, according to the manufacturer’s

Determination of precytotoxic cell frequenciesA total of 100 L of recommendations. After incubation, the cells were immediately analyzed

supernatant was removed and replaced by RPMI 1640 medium, 18%/10W cytometry without being washed or fixed.
vol/vol human serum, and IL-2 (20 IU/mL) at days 3, 6, and 9. On day 12, )
10 000 51Cr-labeled (10uCi [370 kBq] 5ICr per 10 cells; Cis Bio Statistical analysis

International, Saclay, France) target cells (autologous or allogeneic B'EBéQatistical analyses were performed with the SigmaStat software (Jandel
were added to cultured cells. The plates were spun at 2000 rpm folggientific, Erkrath, Germany). Biologic data were compared using the

minutes. After a 4-hour incubation at 37°C, 5% LCGupernatants were gy gent test or Mann-Whitney rank sum test, depending on Gaussian or
harvested and transferred onto Skatron filters and counted in a 9aMPA_Gaussian distribution of values.

counter (Wallac 1470 Wizard, Evry, France). The wells exhibiting cytotoxic

activity were scored as positive when the chromium release exceeded the

mean release plus 3 SD of control wells (LDA culture wells containing no
responder cells). Frequency values were estimated at which 37% of Results
wells were negative using the zero term of the Poisson equEidn.

3.6%* 1.3% (n= 4) and 7.7%t 2.1% (n= 3), respectively.

Gene-modified T cells have a reduced frequency
of anti-EBV cytotoxic and helper precursors
ELISPOT assay
- ) ) We first used LDAs, with irradiated autologous B-EBV cell lines
The frequency of EBV-specific T cells was also determined with a hum%{g stimulatory cells, to evaluate the frequency of anti-EBV
interferons (IFN-y) ELISPOT kit (Diaclone), according to the manufactur- . ’ .
s . . . %ytotoxm (pCTL) and helper (pTh) cell precursors in GMCs
er’s instructions. Briefly, a 96-well round-bottom plate was coated with I
generated from EBV-seropositive individuals. GMCs (transduced

capture anti—IFNy antibody, incubated for 1 hour at 37°C, 5% §&@nd . i
then washed 3 times with washing buffer. The plate was saturated with f%d selected cells, cultured during 12 days) were compared with

bovine serum albumin (BSA; Sigma)/PBS (Biowhittaker) for 1 hour af’€sh PBMCs and control cells that had been cultured during 12
37°C to block nonspecific adsorption and then emptied. A totalefp ~ days but were nontransduced and nonselected (Co cells). As
responder cells (PBMCs, Co cells, GMCs) were seeded in the absencélpwn in Figure 1, the frequencies of pCTL (A,C,E) and
presence of irradiated stimulator cells (autologous or allogeneic B-EBV c@lh (B,D,F) were lower in Co cells than in PBMCs, suggesting
lines) at a 2:1 ratio in 20L RPMI 1640 medium, 10% vol/ivol human that the 12-day cell culture period was sufficient to affect the
serum, and were incubated at 37°C, 5%(X0r 24 hours. After washing, a EBV-reactive cell frequency. Moreover, frequencies of EBV-
biotinylated anti—IFNy antibody was incubated for 1 hour at 37°C. After 3specific pCTL and pTh were always lower in GMCs than in
washes, streptavidin—alkaline phosphatase was added for 1 hour at 3G cells, demonstrating that the transduction and/or selection
The plate was thgn washed, placed. on an ice bath, and 1% agarose sol mess further reduced the frequency of EBV-reactive cells.
was added. Individual IFN—producing cells were detected as blue spot hdeed, anti-EBV pCTLs in Co cells were detectable in 6 of 7

and counted. Data are expressed as number of spots Jegll) according . . . .
to the following formula: mean number of spots in stimulated wellsiean experiments but only in 3 of 10 experiments for GMCs (Figure

number of spots in unstimulated wells. An IL-4 ELISPOT was performeaA)' similarly, pTh cells in CO_ cells were detectable ?n 30f3
similarly with a human IL-4 ELISPOT kit (Diaclone). To demonstrate thafXPeriments but in 2 of 4 experiments only for GMCs (Figure 2B).
the secretion of IFNy or IL-4 was specific of an anti-EBV response, The observation that both pCTL and pTh were reduced sug-

stimulation of cells from EBV-seronegative donors with autologous B-EBgests that the loss of EBV-reactive cells affected both ChAd
cell lines was used as negative controls. CD8" T cells. Neither pCTL nor pTh frequencies were detectable
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E GMC F Figure 2. Reduced frequencies of EBV-specific cells in GMCs, as assessed by
1 ND v < < LDAs. Frequencies of pCTL (A,C) and pTh (B,D) in PBMCs, Co cells, and GMCs
E I ND stimulated by autologous (A-B) or allogeneic (C-D) B-EBV cell lines. Three to 10
0.8 7100 000 independent LDA experiments were performed with the EBV-seropositive donors
01 ’ listed in Table 1; pCTL and pTh were not detectable (< 0.01/10° cells) with PBMCs,
Co cells, or GMCs from the EBV-seronegative donor no. 8 (not shown). $ indicates
P < .1 as compared with PBMCs; *, P < .05 as compared with PBMCs; T, P < .05 as
0.01 compared with Co cells.

Figure 1. Determination of EBV-specific cell frequencies in PBMCs, Co cells,

and GMCs by LDAs. The pCTL (left panels) and pTh (right panels) frequencies as
determined by LDAs in PBMCs (A-B), Co cells (C-D), and GMCs (E-F). The indicated
responder cells were cultured in the absence (closed circles) or the presence of
irradiated autologous (open circles) or allogeneic (closed triangles) B-EBV cell lines
during the sensitization phase. For pCTL determination, the target cells were the
autologous (circles) or allogeneic (triangles) cell lines used for sensitization. The
frequencies are indicated for each culture, in front of their respective regression
curve. Data are from one experiment representative of those shown in Figure 2. ND
indicates not detectable.

response to autologous B-EBV cell lines were lower in Co cells and
in GMCs than in PBMCs. Similar results were obtained when
allogeneic B-EBV cell lines were used as stimulators instead of
autologous cells (Figure 3).

In 2 experiments, IFNy and IL-4 ELISPOT assays were
performed in parallel to determine whether the decreased fre-
quency of IFNy—secreting cells was compensated by an increased

frequency of IL-4—producing cells. No IL-4—producing cells were
detected (data not shown), demonstrating that a shift toward type 2
when responder cells from the 2 EBV-seronegative donors werells was not responsible for the lower frequency of EBV-reactive
stimulated with autologous B-EBV cell lines (data not shown). lgells with the IFNy ELISPOT assay.
some experiments, irradiated allogeneic B-EBV cell lines were
used in parallel as positive controls for stimulation. As shown iHLA-A2/GLC peptide tetramer staining demonstrates an early
Figure 2, there was a trend for higher pCTL and pTh frequetpss of EBV-reactive cells during GMC production

cies against allogeneic B-EBV cell lines than against autologoEf,)As or ELISPOT assays examine T-cell functions. Thus, the

B-EBV cell lines. Similarly to the situation with autologous . o

B-EBV cell lines, frequencies of pCTL (Figure 2C) and p.I_hfrequency of cells expressing EBV-specific T-cell receptors (TCRs)

(Figure 2D) reactive against allogeneic B-EBV cell lines wergmght have _been similar Wlt.hm PBMCTS’. Co cells, and GMCs,

lower in Co cells than in PBMCs and were always furthe\th”e a fraction of EBV-specific cells within Co cells and GMCs
. . . could have been anergized and, thus, undetectable in functional

decreased in GMCs, suggesting that the decreased reactivity was )

not restricted to EBV-specific cells but also affected allogssays.The apparent decrease of anti-EBV cell frequency may also

reactive cells have resulted from an induction of activation-induced cell death

Impaired anti-EBV function is confirmed by IFN- vy % 300
ELISPOT assay g
-
Production of GMCs required a 12-day culture, and the pCTL §-;,-2gn
LDAs required 12 additional culture days. GMCs and Co cells had 23 Ll * *
been cultured for 24 days at the time of tHE€r release assay, g& i
versus only 12 days for PBMCs. The differences of frequency 5""100
observed in LDAs could therefore be due at least in part to this §
longer period of culture. Thus, we compared the frequency of g 0-
= PBMG Co GMC

EBV-reactive cells in PBMCs, Co cells, and GMCs using an H-N-

ELISPOT assay, which has the advantage of requiring only one dgpre 3. Reduced frequencies of EBV-specific cells in GMCs, as assessed by

of culture. No SpOtS were observed in the autologous setting Wh%TlISPOT assay. Medlgn frequencies of EBV—react_lve cells in PBMCS,_CO cells, and
. . MCs from 6 donors, stimulated by autologous (white bars) or allogeneic (black bars)

using cells from the 2 EBV-seronegative donors (data not sShowR)egy celllinesin 8 independent ELISPOT assays. * indicates P < .05 as compared

As reported in Figure 3, IFN~secreting cell frequencies in with PBMCs; 1, P < .05 as compared with Co cells.
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Tetramer staining revealed that the cell loss occurred quickly
after CD3/IL-2 activation, because the percentage of tetramer

CD8" cells was minimal after 24 to 72 hours of culture and
remained close to the detection limit by flow cytometry throughout
the 12 days of culture (Figure 4B). Similar early reductions of
anti-EBV T cells were observed with LDAs and ELISPOT assays
(data not shown).

10 107 1p?
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10° 10! 1w0? 10d 1wf
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CDS - PE-Cy5 T-cell culture induces rapid early AICD of EBV-reactive cells

B Because EBV-reactive T cells are mainly CD45R@emory T
cells” we supposed that EBV-specific T cells present in the PBMC
suspension were more sensitive to AICD than non—-EBV-specific T
cells and that they died preferentially from AICD during the first
hours of culture, after CD3/IL-2 activation. Thus, we examined the
kinetics of apoptosis from day O to day 4 by triple staining with
Dioc-6, HLA-A2/GLC peptide tetramer, and PC5-CD8. The percent-
age of Dioc-6 (apoptotic) cells within CD8 tetramer cells
increased quickly after CD3/IL-2 activation (Figure 5A) and
decreased at day 2. Additional studies, using annexin V-FITC
staining, further confirmed the results obtained with Dioc-6. As
shown in Figure 5B, the fraction of annexin"\(apoptotic) cells
within tetramer CD8" cells increased after activation, reached a
maximum within a similar time frame to that with Dioc-6, ie,
between 24 to 48 hours, and decreased thereafter. When CD3/IL-2—
stimulated cells were compared with nonstimulated cells, the
percentage of annexinVcells within tetramer CD8* cells was
higher in CD3/IL-2—stimulated cultures than in nonstimulated
cultures, demonstrating that the observed increase of apoptosis
after CD3/IL-2 activation was due to AICD. Moreover, the
(AICD) of EBV-reactive cells after B-EBV stimulation during percentage of apoptosis in the tetramiaction was higher than in
these functional assays. We therefore used a cell phenotype ashaytetramer fraction of CD8 cells, both in nonactivated and
based on the staining of EBV-specific T cells with HLA-A2activated cultures, demonstrating that EBV-specific Clls
tetramers complexed with an EBV-derived peptide (GLC) and CDBere more susceptible than other CD8ells to spontaneous
mADb. One representative staining is shown in Figure 4A. lapoptosis and AICD (Figure 5B). At day 12, less than 15%
agreement with Tan et &t frequencies of EBV-reactive T cells in tetramet cells were annexin Y (data not shown).

PBMCs were higher when using tetramer staining than with an

ELISPOT assay apd even higher than with LDAs. However, ss of EBV-reactive cells can be prevented in part by

observed when using LDAs or ELISPOT assays, the percentage,f,iial cD3/cD28/IL-2 activation

tetramer cells within the CD8 lymphocytes was lower in Co cells

than in PBMCs and was even lower in GMCs (Figure 4A). Thedeur data point to the initial T-cell activation being an important
data demonstrate that the decrease of anti-EBV-reactive T-a@lent responsible for the loss of EBV-reactive cells. However, we
frequencies in Co cells and GMCs was due to a loss of anti-EBMave previously demonstrated that replacing the initial CD3/IL-2—
cells during the production of GMCs, resulting in part from thénduced activation by CD3/CD28 mAb-coated beads and IL-2
12-day culture (as assessed by the comparison between PBM@Gsld prevent the occurrence of TCRBYV repertoire alterati®ns.
and Co cells) and in part from the transduction and/or selectidoreover, CD28 costimulation has been shown to reverse CD3
process itself (as assessed by the comparison between Co agliesponsivenef¥sand to exert antiapoptotic effed%22Thus, we
and GMCs). tested whether an initial activation by CD3/CD28 beads and IL-2

ad
o

within CD8* cells

©o e oo
©Q o N wW A O
F

% tetramere-positive cells

(-]

2 4 6 8 10 12
Length of culture (d)

Figure 4. Reduced frequencies of EBV-specific cells in GMCs, as assessed by
tetramer staining. (A) Representative FACS profile of PBMCs, Co cells, and GMCs
(donor no. 2) after staining with a PE-labeled HLA-A2/GLC tetramer complex and
PC5-CD8 mAb. The fraction of tetramer™* cells (upper right quadrant) within the CD8*
cells (upper and lower right quadrants) are indicated above each dot plot. PBMCs, Co
cells, and GMCs generated from donor no. 8 (HLA-A2", EBV-seronegative) were
used to set up the positivity level (not shown). Similar profiles were obtained with 3
additional HLA-A2* EBV-seropositive donors. (B) Kinetics of tetramer staining during
cell culture. PBMCs activated by CD3/IL-2 were cultured in the presence of IL-2 until
day 12. Data are from 1 of 4 representative experiments.

% annexin-V positive cells

10¢ 10 ! 10?2 e®
DIOCH DIGCE

10!

Time (h)

Figure 5. Induction of apoptosis in EBV-specific CD8 + cells. (A) PBMCs were activated by CD3/IL-2 and stained with Dioc-6, PE-labeled HLA-A2/GLC tetramer, and
PC5-CD8 mAb. The percentage of apoptotic (Dioc-6-) cells, gated on CD8" tetramer™ cells, is indicated for each time of culture. (B) Nonstimulated (dashed lines, open
symbols) or CD3/IL-2—activated (full lines, closed symbols) PBMCs were stained at the indicated time with FITC-labeled annexin V, PE-labeled HLA-A2/GLC tetramer, and
PC5-CD8 mAb. The percentage of apoptotic (annexin V*) cells are shown in CD8%, tetramer* (circles) and CD8*, tetramer~ (triangles) subsets. Data are from 1 of 4
representative experiments.
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«n 100 Table 2. Cell growth of tetramer * and tetramer ~ CD8* cells
E 90 after CD3/IL-2 versus CD3/CD28/IL-2 activation
é 80 Type of  Tetramer Cell growth* Fold
§ 70 Donor no. cells subset CD3/IL-2  CD3/CD28 improvementt
‘>.= 60 2 Co Positive 3.77 17.51 4.6
'5 50 Negative 12.76 22.66 1.8
g 3 Co Positive 12.29 23.75 1.9
< 10 Negative 51.04 47.50 0.9
30 GMC Positive 0.35 1.49 4.3
0 20 40 60 80 Negative 4.67 1.26 0.3
Time (h) 4 Cco Positive 8.51 32.68 38
Figure 6. Activation-induced cell death of EBV-specific CD8 + cells after Negative 179.43 151.63 0.8

CD3/IL-2 versus CD3/CD28/IL-2 activation. PBMCs were cultured for 3 days in the GMC Positive 0.17 1.53 8.9
absence (dashed line, open symbol) or in the presence of CD3 /IL-2 (full line, closed Negative 5.67 13.13 23
symbol) or CD3/CD28/IL-2 (dashed line, closed symbol) activation. The percentage
of annexin V* cells is indicated for tetramer® CD8* cells. Data are from 1 of 3
representative experiments.

*Cell growth was calculated as the ratio of absolute numbers of tetramer*, CD8*
or tetramer—, CD8" cells in Co cells or GMCs to absolute numbers in the initial
PBMC suspension.

TImprovement of CD3/CD28/IL-2 over CD3/IL-2 stimulation was calculated as
could limit the loss of EBV-reactive T cells. Induction of AICD the ratio of cell growth after CD3/CD28/IL-2 activation to the cell growth after
after CD3/CD28/IL-2 activation was lower than after CD3/|L-2-D%/!L-2 activation.

activation, as assessed by the lower percentage of annéxiel\é

among tetramer cells (Figure §, leading to reduced loss of ywhen using beads coated with CD3 mAbs only, instead of CD3
tetramer cells during the first 3 days of culture (Figue 7 plus CD28 mAbs, the frequency of tetramegells was similar to
An additional effect of CD3/CD28 beads could be directlfhat observed with soluble CD3 mAbs (data not shown), demonstrat-

related to the proliferation of cells that escaped apoptosis. Thus, W8 that the beneficial effects of CD3/CD28 beads was due to CD28
calculated the cell growth of tetramferCD8" T cells after yap and not solely to CD3 mAb immobilization.

CD3/IL-2 or CD3/CD28/IL-2 activation and compared it with the
cell growth of tetramer CD8" T cells, within either Co cells or G418-based selection, and not the transduction per se,

GMCs (Table 2). As expected from previous studiethe relative further impairs the EBV-reactive cell frequency

growth of Co cells was higher than for GMCs. In addition, the cell )

growth was higher for tetramerCD8" cells than for tetramer As reported above, the frequency of EBV-reactive cells was
CD8" cells, in GMCs and Co cells, confirming the decrease in tfgproducibly lower in GMCs than in Co cells, demonstrating that,
fraction of tetramer cell percentage during the culture. MoreoverpeSideS an effect of the cell culture itself, an additional effect of
replacing the initial CD3/IL-2 activation by a CcD3/CD28/IL-2 transduction and/or seleption process accounted for this Iovyer
activation improved cell proliferation, as reflected by the increaségauency. To further delineate between the effect of transduction
cell numbers in the latter situation. Interestingly, such improvemeffd/or selection process on the anti-EBV cell frequency of GMCs,
was more significant in the tetranfesubset (1.9- to 8.9-fold PBMCs were transduced with an HSAKNGFR-coding retrovi-
increase) than in the tetramesubset (0.3- to 2.3-fold increase),r@l vector, SFCMM3, followed by immunomagnetic sorting of
demonstrating that cell growth of EBV-specific cells was prefererttNGFR™ GMCs. Both theALNGFR™ andALNGFR™ fractions
tially enhanced after CD3/CD28 activation (Table 2). Thus, w&eré compared with HS-tk/Neo-R-transduced, G418-selected
compared the frequency of EBV-reactive cells at day 12 in GMC3MCs and nontransduced Co control cells. As shown in Table 3,
generated after CD3/IL-2 (GM&p3y-2) or CD3/CD28/IL-2 activa

tion (GMCc¢pa/cpasiia- As shown in Figure 8the loss of EBV-
specific T cells was partially prevented, as compared with PBMCs
when analyzed by tetramer staining or IRNELISPOT assay.
However, the pCTL frequencies remained undetectable by LDA&

. . @
both in GMGepsy2 and in GMGeps/cpzsi2Cells (data not shown). 2
E
2
1.4 [
F
a2 i donor no. 3 (tetramer)
3 = donor no. 2 (tetramer)
g donor no. 6 (ELISPOT)
'IEn donor no. 4 (ELISPOT)
g v ¥
3 & N
: & N
B 9
g G 6-}"’
® G
—
GMC

no. 2 no. 3 no. 4
Donor

Figure 8. Prevention of EBV-specific CD8 * cell loss by CD28 costimulation after
a 12-day culture. Frequency of EBV-reactive cells from 4 donors, as assessed by

Figure 7. Prevention of EBV-specific CD8 * cell loss by CD28 costimulation after

a 3-day culture. Data are expressed as percentage of tetramer* cells in CD8" cells
from fresh (black bars) or 3-day—cultured PBMCs after CD3/IL-2 (white bars) or
CD3/CD28/IL-2 (hatched bars) activation.

HLA-A2/GLC peptide tetramer staining or by ELISPOT assay (after stimulation by an
autologous B-EBV cell line), in PBMCs and GMCs generated after an initial PBMC
activation by CD3/IL-2 or CD3/CD28/IL-2. Data are representative of 3 tetramer
staining experiments and 4 ELISPOT experiments.
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Table 3. Frequency of tetramer * cells within CD8 * control cells and GMCs obtained after G418 or immunomagnetic selection

Cell type Transduction Selection Donor no. 2, % Donor no. 3, % Donor no. 4, % Mean, %
PBMCs Nontransduced 0.63 0.53 2.32 1.16
Cultured cells Nontransduced Nonselected 0.36 0.17 0.50 0.34
Cultured cells G1Tk1SvNa-transduced G418-selected 0.17 0.05 0.04 0.09
Cultured cells SFCMM3-transduced ALNGFR™ fraction 0.27 0.07 0.30 0.21
Cultured cells SFCMM3-transduced ALNGFR* fraction 0.60 0.42 0.49 0.50

PBMCs transduced with the SFCMM3 (HS-tk/ALNGFR) vector or G1Tk1SvNa (HS-tk/Neo-R) vector were selected, respectively, by positive magnetic sorting (ALNGFR*
fraction) or by G418 resistance (G418 selected). The frequency of EBV-reactive cells in these GMCs was compared with cultured, nontransduced, nonselected cells and
PBMCs. Data are expressed as percent tetramer™ cells within CD8" cells after 12 days of culture.

the percentage of tetramecells was higher in CD8 ALNGFR*

GMCs than in Co control cells, suggesting that the transduction ggliscussion

se is not deleterious. This also demonstrates that the expression of

HS-tk gene per se is not deleterious to EBV-reactive T cells.  Administration of donor T cells expressing the HS-tk gene with an
To further explore the mechanism of G418-induced loss ¢fSc transplantation could allow, if GVH disease were to occur, a

EBV-reactive cells, PBMCs were transduced with a vector codingjective in vivo depletion of these T cells by the use of GQYe

for both theALNGFR and Neo-R genes (LNSN vector). Transugministration of low numbers of HS-tk—expressing T cells early

duced cells were either G418 selected or immunomagneticaflyoying an HLA-identical bone marrow transplantation is associ-

selected. ThALNGFR" sorted cells were then further cultured,eq with no acute toxicity, persistent circulation of the GMCs, and
either in the presence of IL-2 or with IL-2 and G418. As eXpeCte@CV—sensitive GVH diseaseHowever, during our phase I/l
from the comparison of G1Tk1SvNa- versus SFCMMS-transduc%ﬂnica| trial of GMC administration, we observed 3 cases of

cells, the percentage of tetramecells after LNSN transduction EBV-LPD# Although these patients were at high risk for EBV

was higher in immunomagnetically selected GMCs than in CIO o ; . o .
. - mphoma (recipient age, intensive conditioning regimen, low
control cells P = .04), thus demonstrating that a direct, G418-y P (recip g g reg

. . T—é:ell dose, use of cyclosporine and, in one patient, a second
independent effect of Neo-R expression per se can be eXdUdter hsplantation following ATG treatméiitand despite the observa
Moreover, the G418-selected GMCs had a lower frequency ofnsP 9 P

tetramer cells thanALNGFR* GMCs (P = .05), suggesting that FIOI’I t.hat one patient developed a complete response after deilayed
the G418-based selection is deleterious to EBV-reactive Ce"gfuspn of GMCs{ we examined whether the process for ex.vwo
Furthermore, whel\LNGFR* GMCs were cultured in the pres retr.oylral-base(.j gene transfer could be a parameter affecting the
ence of IL-2 and G418, the percentage of tetrameells was 2antiviral potential of GMCs.
decreased, as compared with NGFR* GMCs cultured in the Using 3 .dlfferent methods (LDAs, ELISPOT assay, and tet-
presence of IL-2 but without G418 (= 0.05; Figure 9), further ramer staining), we demonstrate that the gene transfer process
demonstrating that G418 directly affects EBV-reactive GMC§ignificantIy reduces the frequency of EBV-reactive T cells in
despite the presence of the Neo-R transgene within GMCs. WheffMCs as compared with PBMCs and Co cells. We have identified
cells were transduced by the SFCMM3 or LNSN vectors, tht least 2 critical events responsible for the loss of EBV-reactive
percentage of tetramecells was higher in thALNGFR* fraction ~Cells during GMC production. The first one is a rapid, culture-
than in theALNGFR™ fraction (P = .03; Table 3 and Figure 9), dependent loss of EBV-specific cells, because Co cells that are
suggesting that EBV-reactive cells were preferentially transduceatitivated and cultured for 12 days but are nontransduced and
This is further supported by the observation that the frequency énselected demonstrate a lower frequency of EBV-reactive cells
tetramet cells within nontransduced Co cells was usually interméhan PBMCs. Our data demonstrate that the G418-based selection,
diate between those observed\bNGFR* andALNGFR™ cells.  and not the transduction per se, is the second event responsible for
an additional loss of EBV-reactive cells among GMCs with, as a

Wietramury celle result, a reduced frequency of EBV-reactive T cells in G418-

m;_ m“w nu“w o selected GMCs when compared with the Co cells.
: ; . no. 4 Mean A K .
Using HLA-A2/GLC peptide tetramer staining of CD8ells, we
PBMC 205 | 208 | 232 | 214 show that the ex vivo culture-dependent loss results, at least for CD8
cells, from a CD3/IL-2 activation-induced cell death. This AICD is
lontransduced cells L2 > 1.19 | 1.16 | 0.43 | 093 preferentially restricted to tetrame(EBV-reactive) cells and is eb

served at a lower level in tetrame(non—EBV-reactive) CD8 cells.
Thus, the AICD results in a clonal deletion of tetrameells, probably

ALNGFR-cells — L2 ——>{1.10 | 0.66 | 0.45 | 0.74 . .
because of their memory-activated phenotype, as suggested by data
ALNGER salection from Janossy et al, who demonstrated that the CD45R@ned T cells
- \ el e e Rl o preferentially die upon activatics.
Tramasiieni. ol ALNGFR: cells The initial stimulus seems to be critical for preventing the loss
™ N iL2+ca1s »oss | 077 | 033 | 00 of antigen-specific cells. Because of the known antiapoptotic effect
G418 selection of CD28 costimulatior?%-22 we replaced the CD3/IL-2 activation

N e sl lase | el s by CD3/CD28 beads and IL-2. Activation with CD3/CD28/IL-2
induced less AICD of EBV-reactive cells than CD3/IL-2 activation
Figure 9. Comparison of G418 versus NGFR-selected GMCs. Cells transduced and partially prevented the culture-induced cell loss of EBV-
with a ALNGFR/Neo-R—coding vector were selected at day 8, either by immunomag- . . . .
netic sorting and were then cultured for 7 days in the presence of IL-2 or IL-2 plus reactive cells. These results are in agreement with our observation
G418, or were selected for 7 days in the presence of IL-2 plus G418. that alterations of the TCRBV repertoire observed in GMC cultures
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are prevented by replacing the initial CD3/IL-2 activation byurther cultured in the presence of G418 after immunomagnetic
CD3/CD28 beads and IL-2.In addition, CD3/CD28/IL-2 activa sorting. This last result clearly indicates that the deleterious effect
tion may preferentially improve the proliferation of tetrameells of G418 selection results from a direct toxic effect of G418 on
(ie, memory EBV-specific celtd) over the tetramercells (which EBV-reactive transduced cells despite the presence of the Neo-R
contain cells of both naive and memory phenotype). This is thansgene in these cells. Importantly, non—-G418-treAtediGFR*
agreement with data from Sallusto efalyhich demonstrated that cells were maintained in IL-2 during 7 days before analysis, thus
memory cells have higher proliferative responses than naive celiscluding cell culture per se as a cause for the additional
Another effect of CD3/CD28/IL-2 activation could be an enhances418-related loss in EBV reactive GMCs. The reasons for such a
ment of EBV-reactive cell transduction efficiency of EBV-reactivgs418 sensitivity despite the presence of the Neo-R transgene
cells. Indeed, we and othéfhiave observed an increased retroviralremain unknown and are presently being investigated.
mediated T-cell transduction efficiency after CD3/CD28/IL-2 co- The observation that the reactivity of G1Tk1SvNa-transduced
stimulation when compared with CD3/IL-2 activation. GMCs and Co cells against allogeneic EBV-transformed cell lines
CD3/CD28/IL-2 activation prevents the loss of EBV-reactivgyas |ower than those of PBMCs is reminiscent of our study
cells in GMCs only when using short-term assays (ie, tetramggmponstrating that concanavalin A-activated, 12-day—cultured
staining or ELISPOT) and not long-term assays (LDAS). Thigyrine splenocytes exhibited a reduced alloreactivity in vivo, as
observation may be explained by the existence of 2 distinglijenced by a delayed onset of GVH disease and a reduced GVH
memory T-cell subsets, called effector memory,{Tand central yisease_related mortality when injected into mice that underwent
memory (T cells?> Such cells have also been described iR oqeneic bone marrow transplantatirwhether this loss of
persistent EBV infectiofi! Although both subsets are detectabley;q e activity results from the same mechanisms as those for the

W'th teFrz;l?Ters, 0r|1|y Ilf“t cellg, Wlh'(’?h raplﬂlyhseége\t/edlFN-ug)(();nLc|OSS of EBV-reactive cells remains unknown. This issue needs to be
activatior> (namely, after stimulation with the -aerive evaluated in both minor and major histocompatibility settings

o 4 ) o
39?'16& aqd télr_rgrllegl%/_ dlfferentlateljgtz\j eﬁlj ctor Ce"SBShOUId b ecause alloreactive cells are, at least in part, cross-reactive T cells
clectable in assays or S. Fowever, because with antiviral specificities, such as anti-HSV and anti-EBV T

cells are expected to have a shorter lifespan thgncElls, as .
P P &l cells28-30 Moreover, because most of the graft versus leukemia

indicated by shorter telomere lengftthey could be lost during the c]affect is apparently due to the recognition of leukemic cells by

!‘DA culture and nondetectable in LDAs despite being deteCtaba(?loreac'[ive cell¥ rather than by tumor-specific T cells, the
in the ELISPOT assay.

The frequencies of EBV-reactive cells are reproducibly lower iﬁecreased alloreactivity of GMCs suggests that the graft versus

GMCs than in Co cells, suggesting that, in addition to early eve %ukemia potential of polyclonal gene-modified T cells might also

following T-cell activation, the transduction and/or the selecti(;he decreased when compared with fresh cells. Indeed, a lower than

process may be another parameter responsible for EBV—spec?fﬁpeCted frequency of response rates in CML has been reported
T-cell loss. with DLIs using HS-tk—expressing donor T celksin fact, the

Replacing the HS-tk/Neo-R vector (G1Tk1SvNa) by HS_tki[nprovements we sugggst in this paper to enhance the an_ti-EBV
ALNGFR (SFCMM3) or ALNGFR/Neo-R (LNSN) vectors and response of gene-modified T cells (usg of CD3/CD28_costlmuIa-
performing an immunomagnetic selection of transduced celf@n: cell surface marker—based selection process) might also be
allowed prevention of further loss of EBV-reactive cells. Thi®eneficial for the antitumor potential of suicide gene—expressing T
demonstrates that the retroviral transduction is not toxic per se48!lS- However, further studies will have to confirm this possibility.
EBV-reactive cells. On the contrary, these cells are preferentially In conclusion, we have demonstrated that GMCs have an
transduced, as assessed by the observation that the percentad®@Rftired anti-EBV potential, which may have implications for
tetramet cells was higher in thaLNGFR* fraction than in the their ability to control EBV-LPD. The mechanisms involved in this
ALNGFR- one. Further studies are presently underway to explofi€crease of anti-EBV reactivity involve both culture-dependent
how polyclonally stimulated EBV-reactive T cells can be preferefthenomena, such as clonal-restricted AICD, and selection-
tially retrovirally transduced. In addition, neither the HS-tk genéependent mechanisms. Despite these results, complete response to
nor the Neo-R gene expression per se are toxic to EBV-reactigelayed infusion of GMCs after EBV-LPD has been observed in
cells, because no further loss of EBV-reactive cells is observed wRHr study and in the study by Bonini et &lthus suggesting that
SFCMM3 or LNSN vectors after immunomagnetic selectioranti-EBV reactivity was not completely lost. However, finding
Rather, our data point to the G418 selection as a deleteriougys to prepare GMCs while preserving their immune functions,
parameter toward EBV-reactive cells. This is further substantiatedch as by replacing the initial CD3/IL-2 activation by CD3/CD28/
by the observation thaiLNGFR/Neo-R-transduced cells have dL-2 activation and preferring a cell surface marker sorting process
high percentage of EBV-reactive cells when immunomagneticaltp Neo-R/G418-based selection, is essential to enhance the thera-
selected ALNGFR selection) but have low levels of EBV-reactivepeutic potential of suicide gene—expressing donor T cells to
cells when directly selected by G418 or whebhNGFR* cells are modulate alloreactivity after HSC transplantation.
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