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NFAT-controlled expression of GFP permits visualization and isolation of
antigen-stimulated primary human T cells

Erik Hooijberg, Arjen Q. Bakker, Janneke J. Ruizendaal, and Hergen Spits

We have developed a new method that
allows detection and isolation of viable,
antigen-specific, human T cells from a
heterogeneous pool of T cells. We have
engineered a self-inactivating retroviral
vector containing multiple (3 or 6) nuclear
factor of activated T-cell (NFAT)-binding
sites, followed by the minimal IL2 pro-
moter and the reporter gene  GFP. Jurkat
cells, primary T-cell blasts, and T-cell clones
were transduced with high effi  ciency (20%-
40%). Stimulation of the transduced cells

14 hours and remained stable for another
12 hours. Activation of T cells carrying
the construct containing 6 NFAT-binding
sites resulted in the highest mean fluores-
cence intensity. Cyclosporin-A and FK506
were able to block the activation-depen-
dent GFP expression. Activation of trans-
duced T-cell blasts with the superantigen
staphylococcal enterotoxin B or of trans-
duced antigen-specific T-cell clones with
cognate antigen resulted in GFP expres-
sion. After an overnight stimulation of a

expected, the cloning frequency of the
antigen-specific GFP * cells was consider-
ably higher than that of the total T-cell
population. Most of the T-cell clones were
either cytolytic, or proliferative toward JY
stimulator cells. Interestingly, we also
isolated T-cell clones that were noncyto-
lytic and nonproliferative toward JY cells,
but specifically up-regulated GFP after an
overnight stimulation with JY. (Blood.
2000;96:459-466)

heterogeneous T-cell bulk culture with an
HLA mismatched stimulator cell (JY), the
GFP expressing cells were cloned. As

with phorbol myristate acetate (PMA) and
ionomycin resulted in a high level expres-

sion of GFP that was maximal after 12 to © 2000 by The American Society of Hematology

Introduction

Triggering of the T-cell receptor (TCR) leads to signal transductiorery low. Moreover, the staining procedures used, by using X-gal
cascades and subsequent activation of gene transcription. Memloer&DG as substrates for the enzyrfegalactosidase, are sub-
of the nuclear factor of activated T cells (NFAT) family ofoptimal because the T cells have to be fixed or undergo an
transcription factors play a key role in activation of gene transcrigsmotic shock.

tion in T cells. NFAT family members and the phosphatase Here we describe the construction of a number of self-
calcineurin, which is found upstream of NFAT transcription faCtOfmactivating (SIN) retroviral constructs carrying multiple (3 or 6)
in the signal transduction pathway, have been implicated in thg-AT-inding sites, followed by the minimal IL2 promoter and the
regulation of expression of a number of cytokine genes, amoRghorter gene, green fluorescent prot@iP). Because the'd TR

which are IL-2, IFNy, and TNFe (reviewed in Rau et 8. of the retroviral vector carries a deletion in the U3 region, the

Exp ression _vector COﬂ_StrL_ICtS _have been used n the pg%moter activity of this LTR is abrogated on integration into the
containing multiple NFAT-binding sites and the bacterial reporter,

. ' enome of the transduced cell and the expression of GFP has then
genep-galactosidase (Lac2)? It has been shown that T-cell Ilnesg - P o

. .~ become dependent on binding of NFAT and AP-1 transcription
transfected with such constructs express LacZ on actlvatl?n

through the TCR. In principle, one should be able to isolaté"mtors_ tf) the m_ultlple NFAT-b!ndlng sngs. Here.we show the
antigen-specific T cells from a primary polyclonal T-cell popul(,Juimr])otentlallty of this system to V|sua.I|zeIV|abIe factlvated T .cells.
by sorting the cells that express the reporter gene product a é{f.thermore, y\(e document the application of this system to isolate
stimulation with antigen. This approach would obviate the timetntigen-specific T-cell clones from a heterogeneous T-cell
consuming in vitro stimulation and restimulations that are requirdpPulation.

to sufficiently enrich antigen-specific T cells before cloning these
cells® Also, this approach would allow direct isolation of antigen-

specific T cells from a polyclonal pool of T cells without priorMaterials and methods

knowledge of the antigen or the restriction element that is required

for isolation of T cells with HLA/peptide tetramers. The methodSe! lines

that have been used to express LacZ in Jurkat cells are, howevepgdenix cells, melanoma cells, and EBV-B cell lines, including JY cells,
limited use for primary T cells. The transfection efficiencies ofvere grown in complete medium consisting of Iscove’s (Life Technologies
primary T cells using classical methods, like electroporation, aB¥, Breda, The Netherlands) supplemented with 5% to 10% fetal calf
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serum (BioWhittaker, Verviers, Belgium), penicillin, and streptomycirself-inactivating vectors are designated SIN-(NFABFP and SIN-(NFATy
(Boehringer Mannheim, Mannheim, Germany). GFP, respectively. As a positive control for transduction efficiencies, we
have also used the LZRSpBMN retroviral veétéa kind gift from Dr G.
Nolan, Stanford University, Stanford, CA), which we modified to contain

T-cell blasts and T-cell clones the GFP genet0

T-cell blasts were prepared by incubation ofx5L0° peripheral blood

m‘ononuclear cells (PBMCs) per milliliter in Yssels medﬁsnpplemented‘ Production of retroviral supernatants

with 1% normal human serum (NHS) and 2 pg/mL phytohaemagglutinin

(PHA). The resulting blasts were phenotyped after 1 week and were shoWime constructs were transfected into a helper-virus free amphotropic
to contain T cells only, as all cells expressed CD3 in combination with CDgroducer cell line Phoenix-A, a derivative of the human embryonic kidney
or CD8 (data not shown). To maintain T-cell blasts and antigen-specifiell line 293 (a kind gift of Dr G. Nolan) using either calcium phosphate
T-cell clones, the T cells (& 1C° cells per well) were stimulated weekly (Life Technologies BV, Breda, The Netherlands) or Fugene-6 (Roche
with a feeder cell mixture of 1& 10°irradiated (50 Gy) allogeneic PBMCs Diagnostics), according to manufacturers protocols. Two days later, selec-
per milliliter and 1< 1P irradiated EBV-B cells (JY), supplemented with tion of transfected cells started by the addition of 2 pg/mL puromycin
100 ng/mL PHA and 10 IU/mL IL-2 (Chiron, Amsterdam, The NetherlandsiClontech Laboratories). Ten to 14 days after transfectior, 8 cells

in Yssels medium. Cell cultures were kept in incubators at 37°C iwere plated per 10-cm petri dishes (Becton Dickinson) in 10 mL complete
humidified air containing 5% C©O medium without puromycin. The next day the medium was refreshed and,
on the following day, retroviral supernatant was harvested, centrifuged, and
frozen in cell-free aliquots at 70°C. This approach affords a reproducible
rapid, large scale, and high titer retroviral production of ovex 30°

T cells transduced with the reporter construct SIN-(NFABFPs were infectious virus particles per milliliter.

isolated on the basis of GFP expression. After an overnight incubation with

stimulator cells, GFP positive cells were sorted using a FACStar plg$,nsduction method

(Becton Dickinson, San Jose, CA) and cloned by single cell deposition in

96-wells plates containing 100 pL feeder cell mixture per well. The isolatékhe recombinant human fibronectin fragments CH-296 transduction proce-
T cells were grown for 2 to 3 weeks in these plates, weekly addirdure (RetroNectin; Takara, Otsu, Japan) was based on a method developed
IL-2—containing medium, after which the clones were transferred to 24-wély Hanenberg et &k Nontissue culture-treated Falcon petri dishes (3 cm
plates containing 1 mL of feeder cell mixture, as described above. Isolatdidmeter) (Becton Dickinson) were coated with 2 mL of 30 pg/mL
clones were subsequently phenotyped and analyzed for antigen specifittgombinant human fibronectin fragment CH-296 at room temperature for 2
and function. hours or overnight at 4°C. The CH-296 solution was removed, followed by
incubation of the petri dishes with 2% human serum albumin in phosphate-
buffered saline (PBS) for 30 minutes at room termperature. Before use, the
petri dishes were washed twice with PBS. T cells were prestimulated with

We have made 2 SIN retroviral constructs carrying multiple (3 or G?HA12 or with a feeder cell mixture containing PHA and IL-2 for 32 to 48
NFAT-binding sites, followed by the minimal IL2 promoter (ILlR&in) and ~hours before transduction to get them into cycle. Subsequently, the target
the reporter gene, encoding the enhanced green fluorescent protein (E@#s Were plated on RetroNectin-coated dishes (maximumi®® cells
from Clontech Laboratories, Palo Alto, CA). We have constructed tHeer Petri dish) in 0.5 mL of complete medium mixed with 1 mL of thawed
SIN-(NFAT)x-GFP constructs as follows: the two ghosphorylategrimers retroviral supernatant. Cells were cultured at 37°C for 6 hours or overnight,
NFAT | (AATTAGGAGGAAAAACTGTTTCATACAGAAGGCGTCAA- washed, and transferred to 24-well culture plates (Falcon plastics, Becton
TTGTC) and NFAT Il (CCGGGACCAATTGACGCCTTCTGTATGAAA-  Dickinson).
CAGTTTTTCCTCCT)(Perkin Elmer, Nieuwerkerk a/d Yssel, The Nether-
lands) were mixed in equimolar amounts, melted, reannealed, and subsgy| stimulations with PMA and ionomycin, staphylococcal
quently ligated into pBluescript KS(Stratagene, La Jolla, CA) cut with
EcoRl and Xmd to yield pBS-NFAT#1 (all restriction enzymes were
obtained from Roche Diagnostics Nederland BV, Almere, The NetheFhe percentage GFP positive cells, as determined by flow cytometric
lands). This plasmid was cut witMunl and Xmd to ligate the next analysis 3 to 4 days after transduction, was used as a measure of
NFAT-binding site generating pBS-NFAT#2. This last step was repeaté@nsduction efficiency with the standard LZRS-GFP construct. The effi-
once more to obtain pBS-NFAT#3. To double the number of NFAT-bindingiency of transduction of T cells with SIN-(NFAFGFP constructs was
sites, pBS-NFAT#3 was cut wittkhd and EcoRV and in here the determined by measuring the GFP expression after overnight stimulation of
Xha-Smad fragment from pBS-NFAT#3 was ligated, resulting inthe cells with PMA (final concentration 10 ng/mL) in combination with
pBS-NFAT#6. ionomycin (final concentration 2.2 umol/L), assuming that this stimulation
The IL2 minimal promoter (pos:60 to —6) was amplified by means of protocol stimulates all transduced cells. To block induction of GFP, we used CsA
polymerase chain reaction (PCR) with primersP-2 (GAGCCCGGGA- (Sigma Chemical, St Louis, MO) or FK506 (Tacrolimus, Fujisawa Ireland
CATTTTGACACCCCCATAAT) and ILP-3' (CGCGGATCCAAC- Ltd, Kerry, Ireland) in the final concentrations mentioned in the figure legend.
CCATGGAATTCAGGAGTTGAGGTTACTGTGAGTAG) from plasmid T-cell stimulations with the superantigen SEB (Sigma) were performed
NFATZ,2 hereby also directly optimizing the translation initiation site foras previously described. In brief, T cells (10X 10%) were incubated
Kozak consensusThis amplicon was cut wittKmd and BanHl, ligated  overnight (14-18 hours) in the presence or absence of autologous EBV-B
into pBS-NFAT#3, and pBS-NFAT#6 cut with the same enzymes obtainirgglls (1 10% in round-bottom wells in a total volume of 200 pL Yssel's
pBS-NFAT#3-ILZPmin and pBS-NFAT#6-ILPmin. Between thé&lcd and  medium, in the presence or absence of the indicated concentrations of SEB.
BanH| sites of these vectors, the GFP was ligated generating pBS- T-cell stimulations with JY cells, autologous EBV-B cells, or melanoma
NFAT#3(#6)-IL2Pmin-GFP. cells were performed overnight (14-18 hours) in round-bottom wells in a
The sequences of all subsequent steps were confirmed by fluoresdetal volume of 200 pL Yssel's medium. T cells (010%) were incubated
sequencing using Dye-terminator chemistry and 373A sequencer (Periith target cells (10< 10%) in the presence or absence of saturating
Elmer). These NFAT#3/#6-GFP cassettes were shuttled to the SIN retrovitehcentrations of blocking antibodies. The antibodies used were specific for
construct RetroTét using the uniqueXhd and BanH| sites. These HLA class | (hybridoma supernatant from clone W6/32, ATCC, Rockville,
constructs were further modified by introducing the EBNA/OriP an®1D), HLA-DR (diluted ascitesfluid from clone R3E2; a kind gift from Dr
Puromycin selection cassette from the LZRSpBMN vettogking use of RAW van Lier, CLB, Amsterdam, The Netherlands), or HLA-DQ (hybrid-
the Rcd sites in both retroviral vectors. These final episomal retrovirabma supernatant from clone SPV-L3, isolated in our laboratory).

Isolation and cloning of antigen-specific T cells

Construction of retroviral vectors

enterotoxin B, EBV-B cells, or melanoma cells
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Flow cytometric analysis ;;;(,v&;lg;g e |03 R —fveam s %zA P )_
Antibodies against the human molecules CD3, CD4, CD8, CD20, and I

HLA-DR (all from Becton Dickinson), directly labeled with phycoerythrin, ! mRNA AU;
were used for flow cytometric analysis. Stained cells were analyzed using a

FACScan (Becton Dickinson) and FACS data were processed with Cell

Quest computer software (Becton Dickinson). * Transduction and integration in T cells

3
Chromium release assays 1T cells: MH(NFATM -2 }—C GFP )— R|US
Cytotoxicity of T-cell clones was determined using a standard chromium ! AU3
I
I

release assay described previod$lpll assays were performed in the

* Transcription and packaging of RNA

ipe RNA
presence of a 50-fold excess of unlabeled K562 cells to block nonspecific = >
lysis of the target cells. The spontaneous release varied between 10% to
40% of the maximum. Standard deviation of triplicate determinations never Translation ¢GFP expression

o . !
exceeded 10% of the means. A clone was considered to be cytotoxic when SIN-(NFAT) -GFP retroviral construct.  The SIN-(NFAT)-GFP—

the percentage specific chromium release on JY target cells was 300/9e%{)viral vector contains a puromycin resistance gene for selection purposes, and
higher at an effector-to-target ratio of 30:1. A clone was considered to BgNA sequences to maintain high copy numbers of the transfected construct in the
noncytotoxic when the lysis was less than 15% at an effector-to-target ragiophotropic producer line Phoenix, enabling the production of high titer viral
of 90:1. supernatants. Transduction of target T cells with the retrovirus, containing the
5'LTR-(NFAT),-GFP-3'LTR only, ensures that expression of the reporter gene is
dependent on binding of transcription factors to the multiple NFAT-binding sites,
Proliferation assays because an introduced deletion in the U3 region of the 3'LTR (which, on integration,
will function as the upstream LTR) prevents promoter activity of this LTR. Thus only

T cells (1(5) were incubated in the absence or presence of target Ce% (1gctivation of the T cell will lead to expression of GFP. eGFP, enhanced EFP.
in round-bottom plates in a total volume of 200 pL. As a control, T cells and

target cells were incubated in separate wells. Cells were allowed 19d varied between 20% and 40%. which is comparable to the

proliferate for 3 to 4 days, after whictH-thymidine was added for an . . . i
additional incubation period of 8 to 16 hours. The assay was harvestreeoSUItS obtained with the control virus LZRS-GFP (data not

using the Packard Filtermate system and the radioactivities were meastﬁggwn)'_ In Flgure 2A, we show the kinetics of induction of GFP
on a TopCount (Packard Instruments, Meriden, CT). Clones were consfPr€SSIon in transduced Jurkat cells and bulk T-cell blasts from a

ered to be proliferative toward stimulator cells when the incorporated ceftgalthy donor after stimulation with PMA and ionomycin. The
per minute in the presence of stimulator cells was at least 2 times as higH@gults are expressed relative to the maximal level of GFP
the sum of cells per minute of T cells alone plus stimulator cells alonexpression that was reached after 12 to 14 hours and remained
Clones were considered to be nonproliferative toward the stimulator ceftable for another 12 hours in all cases. The percentages of GFP
when the counts per minute in the presence of stimulators did not exceedpfssitive cells that were induced from cells carrying either the 3 or

counts per minute of either T cells alone or stimulators alone. the 6 NFAT-binding site constructs were similar. However, large
differences between the 2 different NFAT constructs were observed
Cytokine production assays in the mean fluorescence intensity (MFI). In Jurkat cells (Figure

) ) ) . 2B), the MFI ratio of SIN-(NFAT}-GFP over SIN-(NFAT}-GFP is
The production of cytokines was measured after a 48-hour incubation OB}Ound 4 and in T-cell blasts (HSP) (Figure 2C), the ratio is 2 at any
million T cells in a total volume of 1 mL of complete medium in the absenCﬁme point after stimulation. Similar results We,re obtained with T

or presence of PMA and ionomycin or equal numbers of EBV-B cells.

Cell-free supernatants were collected and used in appropriate dilutionscﬁﬁIIS from 2 other donors (data not shown). Importantly, not only

sandwich enzyme-linked immunosorbent assays (ELISAs). Pelikine Cor”—"kat cells and total T-cell blasts can be triggered to express GFP
pact ELISA kits were used for IL-4, IL-10, and IRN according to after stimulation with PMA plus ionomycin, but also sorted CD4
manufacturer’s protocols (CLB, Amsterdam, The Netherlands). The cytd3nd CD8 T cells (Figure 2D and data not shown). Activation and
kine production experiments were performed 3 times, all determinatiosslbsequent GFP expression can be blocked by CsA and by FK506
were performed in duplicate. Data from representative experiments gféigure 2D). Note that FK506 is a much more potent inhibitor of
shown in the figures as production in picogram per million cells peGFP expression than CsA. Only 10 nmol/L of FK506 is sufficient to
24 hours. block GFP expression completely, whereas 300 nmol/L of CsA is
needed for the same effect. GFP expression is blocked completely
in transduced Jurkat cells at 100 nmol/L CsA and 10 nmol/L FK506
Results (data not shown).

Stimulation with the combination of PMA and ionomycin to
estimate the transduction efficiencies results in a slight underestima-
tion thereof. Around 10% of cells properly transduced with either
We have constructed a number of self-inhibiting retroviral vectors the retroviral constructs remain unresponsive to such a stimulus
containing 3 or 6 NFAT-binding sites, followed by the minimal(data not shown). The observed bimodal expression pattern is
IL-2 promoter and the reporter gel@FP (Figure 1). To test the consistent with the data of others, using either a different NFAT-
functionality of the constructs, we transduced Jurkat cells amésed reporter systémr the mouse IL2 promoter region linked to
T-cell blasts derived from PBMC of healthy donors. As a contréhe LacZ reporter geng.
for the transduction efficiency, we also transduced part of the cells ) ) ) ) )
with a control virus containing GFP under transcriptional control gf*P'ession of GFP atfter triggering of the TCR with SEB in bulk
the intact viral LTRI The efficiency of transduction with SIN- |-Cell Plasts transduced with SIN-(NFAT) - ¢-GFP
(NFAT)x-GFP containing retroviruses was estimated from the GFHRaving demonstrated that the constructs are functional with the
expression after overnight stimulation with PMA and ionomycitombination of PMA and ionomycin as stimulus for the transduced

T cells transduced with SIN-(NFAT) ,-GFP are triggered, by PMA
and ionomycin, to express the reporter gene GFP
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A 100 B 400 Figure 2. Time course of induction of GFP in SIN-
(NFAT)4-GFP transduced Jurkat cells and primary
- T-cell bulk cultures. (A-C) Unsorted, SIN-(NFAT)s-
wE %‘ GFP- (open symbols and bars) or SIN-(NFAT)s-GFP—
=3 c 3004 (filled symbols and bars) transduced, Jurkat T cells (panel
8 g -og B; panel A, squares) and bulk T cells from a healthy donor
g é 10 '; (H.S.P.) (panel C; panel A, circles) were stimulated with
= £ Q PMA in combination with ionomycin. The percentage of
8 e 5 200 - GFP expressing cells, relative to the maximal level, which
E— g 8 varied between 20% to 40%, and the MFI of GFP positive
=] 'g g cells are plotted against the time in hours after initial
B3 @ 3 stimulation. Shown are representative data from 3 inde-
= i 100 pendent experiments. (D) GFP expression in SIN-(NFAT)e-
1 ! ! 1 T T © GFP-transduced cells is blocked by CsA and by FK506. T
0 4 8 12 16 20 24 % cells transduced with the SIN-(NFAT)s-GFP construct
Time in hours were incubated overnight in medium containing PMA and

0- ionomycin. The percentage of GFP positive cells reached
0 4 8 12 16 20 24 Was set to 100%. Next, CsA or FK506 (final concentra-
tions are shown), which are inhibitors of calcineurin and

Time in hours thus of expression of GFP, were added 30 minutes before
the addition of PMA and ionomycin. Indicated is the
C 400 D 100 Thoubation with CSA or FKE06| percentage of GFP positive cells. Bars represent the
g following: bulk T-cell blasts (black), sorted CD4" T cells
> g (hatched), and sorted CD8* T cells (dotted) all derived
‘0 300 E 80 from donor K.W.E., and bulk T-cell blasts from donor
5 e H.S.P. (striped). Shown are representative data from 3
_E ; independent experiments.
§ 200 H ]
;
3 p
P = 404
e 8
= 100+ 2
c =
P § 20|
" =
£ 0

0 4 8 12 16 20 24

Time in hours

10
Final concentration in nm

cells, we examined the consequences of triggering of the TCR Bjtigen-specific triggering of the TCR leads to expression of
superantigens. We have used the superantigen SEB, which binds#® in an alloreactive CD4 + T-cell clone and in a melanoma
MHC class Il on antigen-presenting cells (eg, EBV-B cells) and tepecific CD8 *+ T-cell clone.
relevant \B regions of the TCR®17

T-cell blasts derived from a healthy donor were transducediggering of the TCR by its cognate antigenic peptide bound to the
with SIN-(NFAT)s-GFP. In preliminary experiments, we observed@ppropriate MHC molecule should lead to GFP expression in T-cell
that a small proportion (0.5%-2%) of the transduced cells eglones transduced with the reporter construct SIN-(NEAGFP.
pressed GFP constitutively. This is presumably due to insertid t€st this, we used a well-characterized T-cell clone, JS136,
of the GFP gene in a transcriptionally active region. Therefore, th¥hich is an HLA-DRE restricted, CD4T-cell clone able to lyse
transduced T cells were first sorted to remove cells expressiwg B-cell line JY in V|tro%8~l_9 |ncubat|on_ of SIN'(NFATQ'_GFP_
GEP constitutively. Subsequently, these cells were incubatg nsduced JS136 T cells with JY cells induced expression of GFP

overnight with autologous EBV-B cells in the presence of increas-

ing concentrations of SEB. Incubation of the T cells in medium Medium lonomycin + PMA
alone or in the presence of autologous EBV-B cells did not lead to ]
the expression of GFP. Stimulation of T cells with EBV-B cells {
and increasing concentrations of SEB gave rise to increasing y
numbers of T cells expressing GFP (Figure 3). At the highest '
concentrations of SEB used, 4% of the cells expressed GFP, EoV.B sale SEB 0.05 gL $E8 0.5 pgmL SEB 5 pgimL
which equals around 20% of the cells carrying the SIN-(NFBAT) e
GFP construct (as the maximum percentage of GFP positive cell
after PMA and ionomycin stimulation was 19%). Although the
percentage of SEB reactive T cells varies among individual donors,
our findings are in good agreement with the expected percentage _ S _
of SEB reacive T cells fom an average donor, which rang§E? 5% reentatonsepeent it o 0P SN s G7F
from 10% to 30% of total T cell¥’ More important than the were stimulated overnight in the presence of different concentrations of SEB
quanitative aspect of these findings i the notion that physologlerees o b 0, S oo o Lot s e
triggering of the TCR of SEB reactive T cells induces th y '

) %ells with PMA in combination with ionomycin. Indicated in the figure is the percentage of
expression of GFP. GFP positive cells. Shown are representative data from 2 independent experiments.

19%

0.6%

2% ’}g 1 oa%

FSC
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inthe T cells (Figure 4A). The expression of GFP could be blocked
by antibodies directed against HLA-DR, but not by HLA-class | or A
by HLA-DQ antibodies. The same results were obtained in a
chromium release assay using JS136 as effectors and JY cells as
targets (results not shown). Not only SIN-(NFATGFP-trans-
duced CD4 T-cell clones can be triggered to express GFP after

stimulation with the appropriate target cells, but also CD&cell

clones. To demonstrate this point, we have used a melanoma-
specific T-cell clone that is HLA-A2 restricted and specific for the
Mart-1/MelanAy;_ssepitope (Figure 4B and data not shown). These
experiments show that T cells can be induced to express GFP after
specific triggering of the TCR. As is the case in classical
cytotoxicity assays, this specific activation of the T-cell clone via
the TCR can be blocked with appropriate antibodies directed

against the presenting MHC molecule.

Isolation of viable allo-specific T-cell clones from a
heterogeneous T-cell pool

Next we wanted to test whether alloreactive T cells can be isolated
from a heterogeneous T-cell pool using the NFAT-GFP reporter
system. For this purpose, we used donor (W.B.O.)-derived T cells
(HLA-A24,° A291° B7, B58}” Cw7, DR1?, DR13(w6), DR52,
DQ1, DQ3) and HLA-mismatched (partly) stimulator cells: JY
(HLA-A2, B7, DR4, DRw6). Donor T cells transduced with

A Medium alone: <1% JY cells: 7% JY + W6/32: 7%

4

.

0 50 100 150 200 250

0 50 100 150 200 250

PMA + ionomycin: 25% JY + anti-DR: <1% JY + anti- DQ: 7,5%

c
K] 1 E
[
1]
4 1
o 3 s 4 ?
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-« I'_ . N
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Figure 4. Expression of GFP in JS136 and melanoma-specific T cell clone. (A)

Induction of GFP expression in T-cell clone JS136 transduced with SIN-(NFAT)e-GFP
by its specific target JY is inhibited by anti-HLA-DR antibodies. JS136 T cells
transduced with the reporter construct SIN-(NFAT)s-GFP were incubated with JY
target cells in the presence or absence of anticlass | (W6/32) or class Il (anti-HLA-DQ
or -DR) antibodies. Indicated is the percentage of GFP positive T cells after an
overnight incubation with JY target cells. Non-JY EBV-B targets were used as
negative controls and did not induce GFP expression (data not shown). Stimulation of
cells with PMA and ionomycin served as a positive control. Shown are representative
data from 3 independent experiments. (B) Melanoma cells induce expression of GFP
in a Martl/MelanA specific CD8" T-cell clone. Melanoma specific T cells transduced
with the reporter construct SIN-(NFAT)s-GFP were incubated with autologous
melanoma cells or EBV-B cells. Indicated is the percentage of GFP positive cells.
Stimulation of cells with PMA and ionomycin served as a positive control. Shown are
representative data from 2 independent experiments.
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Single-cell sort of
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JY reactive-T cells
Figure 5. Isolation of viable alloantigen specific T cells from a heterogeneous
T-cell pool. Donor (W.B.O.)-derived unfractionated T cells transduced with SIN-
(NFAT)s-GFP were incubated overnight with JY cells as stimulators at a ratio of 1:1. T
cells expressing GFP were sorted by means of flow cytometry and subsequently
cloned at a single cell per well. As controls, we incubated T cells in medium in the
presence or absence of PMA and ionomycin. All cells within the life gate are shown.
Transduction efficiency was 30%. The percentage of GFP positive cells in the gate
used to sort was approximately 0.2% to 0.3%.

SIN-(NFAT)s-GFP were incubated overnight with JY cells. T cells
expressing GFP were sorted by FACS and subsequently cloned by
single cell deposition (Figure 5). In the first experiment, we
compared the plating efficiencies and the proportion of antigen-
specific clones isolated from T cells that were cloned from unsorted
or from GFP-sorted T-cell blasts. The plating efficiencies were
comparable; 29% and 31%, respectively. Six of the 23 €CD4
clones obtained from the unsorted population proliferated to JY but
not to the autologous EBV-transformed B-cell line. The proportion
of clones proliferating to JY is quite high, but whether all of these
clones were specific for class Il MHC antigens was not further
investigated. By using the reporter system, we found a 2-fold
higher proportion of CD4 T-cell clones (23 of 45) that specifically
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Figure 6. Up-regulation of GFP in T-cell clone 84 after stimulation with JY target

cells. T cells of W.B.O. clone 84, which is noncytolytic and nonproliferative toward JY
cells, were incubated in medium alone, or together with autologous EBV-B cells or
with JY cells. Shown is the up-regulation of GFP after an overnight incubation. Gates
were set to exclude CD20* B cells.
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together, cloning from GFP-sorted cells yielded a greater than
5-fold higher proportion of JY-specific T-cell clones (32 of 100)
than cloning from unsorted cells (7 of 121). The data from the
random cloning indicate an alloreactive T-cell precursor frequency
of about 6%. The transduction efficiency of the T-cell blasts used
was 30%. On the basis of the data obtained with the JS136 T-cell
clone and the melanoma specific T-cell clone, we estimate that one
fourth to one third of the cells in a given clone can be triggered to
express GFP after an overnight stimulation. Simple multiplication
of these numbers (0.08 0.30 X 0.25= 0.0045) would indicate
that maximally 1 of 222 & 0.45%) of the T-cell blasts should
up-regulate GFP after optimal stimulation with JY target cells. This
is in good agreement with the percentage of GRRlls sorted
(Figure 5).

In the second experiment, we repeated the cloning of transduced
T-cell blasts of the same donor W.B.O. to characterize in more
detail the clones obtained from SIN-(NFAIBFP—-transduced
T-cell blasts stimulated with JY cells. Twenty-three of the 41
isolated T-cell clones were specific for JY, consistent with the
results of the first experiment. Both cytotoxic CD8-cell clones
(9 of 23 isolated clones) and proliferative CDZ%-cell clones (10
of 23 isolated clones) were isolated. Apart from cytolytic and
proliferative T-cell clones, we also isolated 4 clones that are not
cytolytic, or proliferative (as defined in “Materials and methods”),
toward JY cells, but specifically up-regulated GFP after stimulation
with JY cells (4 of 23 isolated clones). A representative example of
such a clone is shown in Figure 6. The expression of GFP is

proliferated on JY targets and not on the autologous EBV-B calp-regulated in these T cells after incubation with JY target cells
line. Only 1 of 98 CD8 clones obtained from unsorted T cells waut not after incubation in medium alone or in the presence of
able to lyse JY cells and not the autologous EBV-B cells, whereagifitologous EBV-B cells. Three of these clones could be evaluated
of 55 clones from the GFP-sorted cells were JY specific. Tak@f cytokine production assays. In parallel to the modest but

Interleukin 4 production

Log picogram cytokine/million cells/24 hours

>
g

& &
Figure 7. Cytokine production by isolated T-cell clones that are not cytolytic, or
proliferative, toward JY cells.  Cytokine production assays were performed with 3
W.B.O. T-cell clones (79, 84, and 89), which are noncytolytic and nonproliferative toward
JY cells. CTL clone 110 was included as a positive control. Clone 84 is CD4™", the
others are CD8". Indicated is the production in log picogram cytokine per million cells
per 24 hours. Bars indicate the following: T cells in medium (CJ), in medium plus PMA
and ionomycin (E), T cells incubated with JY (M), or autologous EBV-B (N) stimulator
cells. Note that the scale for IFNvy is 2 logs higher that the other 2. Neither the
autologous EBV-B cells nor the JY cells produce any of the 3 cytokines tested here.

significant up-regulation of GFP, clone 84 produced IL-4 (840 pg)
and IL-10 (2960 pg), but no IFN after incubation with JY
stimulator cells for 48 hours (Figure 7). This clone 84 has the
typical cytokine production profile of an antigen specific, Tell.

Two other clones (79 and 89) also specifically up-regulated GFP
after stimulation with JY cells (data not shown). Clone 79 produced
8 times more IL-4 in the presence of JY (160 pg) compared with the
background levels in the presence of autologous EBV-B cells (20
pg). Clone 89 did not respond by producing any of the cytokines
tested, but may produce yet other cytokines after specific stimula-
tion with JY. Incubation with PMA and ionomycin showed the
intrinsic capacity of these clones to produce large amounts of IL-4
and IFNy. It is important to note that none of these clones produced
IFN+y on stimulation with JY cells. As expected, stimulation of T
cells with PMA and ionomycin did not stimulate IL-10 production.
Cytolytic (CTL) clone 110 is lytic toward JY and was included in
these experiments as a positive control as it specifically produces
IL-4, IL-10, and IFNy on stimulation with JY cells.

Discussion

Here we describe a retroviral reporter system that can be used to
isolate viable, antigen-specific, cytotoxic, or helper T cells. T-cell
blasts transduced with SIN-(NFAFGFP up-regulate GFP after
activation with either polyclonal stimuli or with cognate antigen.
As expected, the NFAT-controlled GFP expression was blocked by
the calcineurin inhibitors CsA and FK506. We have tested 2
retroviral constructs differing in the number of NFAT-binding sites.
No differences were observed in the percentage of GFP positive
cells between the SIN-(NFAPGFP and the SIN-(NFAE)GFP
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after triggering of the T cells with PMA and ionomycin. However, act that NFAT-binding sites are implicated in the control of
NFAT-binding sites allow for a considerably higher expression axpression of multiple cytokines, among which IL-2 (reviewed in
GFP after activation than 3 binding sites, indicating that the level &au et al). Interestingly, apart from these “classical” clones, we
GFP expression is dependent on the promoter activity of complexaso isolated T-cells clones that specifically up-regulated GFP after
of transcription factors bound to the multiple NFAT-binding sites. lan overnight stimulation with JY target cells but were not cytolytic
is possible that the level of GFP expression after activation of proliferative toward JY cells. Some of these clones also
transduced T cells can be enhanced by a further increase of $pecifically produced IL-4 and/or IL-10, but no IRNafter
number of binding sites incorporated in the reporter construct. V¥émulation with JY cells but not with the autologous EBV-B cells.
observed that a small percentage of cells expressed GFP cons@ueh T-cell clones would not have been isolated using cytotoxicity
tively. Single-cell sorting of these cells yielded clones that alser proliferation as the only read out of functional activity. Nor
expressed GFP constitutively whether they were activated or n@iould these clones have been isolated using cytoplasmic staining
The proportion of cells expressing GFP constitutively is najr ELISPOT-assays, as these assays are based on the production of
significantly influenced by the number of triplets used in theFN~y. It can therefore be envisioned that the present reporter
reporter construct. We conclude therefore that constitutive Glsstem allows for isolation of T-cell clones with functions other
expression is a reflection of random integration near an actiugan classical helper (Y or CTL activities, for example, T cells
promoter region in the genome of the targeted cells. with regulatory activities (Fqcells)?:

The SIN-(NFAT)}-GFP construct was used to test some aspects |t is clear that the current NFAT-GFP reporter system allows for
of this reporter system in an antigen-specific CDRcell clone an easier and more rapid isolation of antigen-specific T-cell clones
(JS136), which is both cytotoxic and proliferative toward JY cellghan the frequently used method of repeated in vitro stimulations of
Incubation of this clone with its target cell JY resulted in expressiqﬁmydonm T cells, followed by random cloning of the responding T
of GFP. This interaction is specific because the reactivity can Be|ls by limiting dilutior? or single-cell deposition. The recently
blocked with antibodies directed against HLA-DR. Interestingl\jeveloped tetramer technology also allows the visualization and
notall the T cells within the population of cloned cells responded & hsequent isolation of antigen-specific T-cell clones from a
stimulation with its target cell in an overnight incubation. We haVSoncIonaI population of T cell® The use of tetramers has the
observed that 7% of the JS136 T cells up-regulated GFP affghitation that prior knowledge of the MHC restriction element and
stimulation with JY, whereas 25% of the cells responded f#pe antigenic peptide is required for their application. This is not
stimulation with the combination of PMA and ionomycin. We hav@ecessary for the reporter system presented here.
also seen this discrepancy in other clones with different specifici- However, some drawbacks of the current system are that the T
ties (Figure 4B and results not shown). These observations indicg{fis need to be brought in cycle before being transduced and that
that approximately one fourth to one third of the cells within e transduction efficiencies are well below 100%. Moreover, not
given population of cloned T cells is capable of responding @y cells within a clonal population of T cells up-regulate GFP on
antigen stimulation by up-regulating GFP. This finding is well ictivation. Future improvements of this system include insertion of
agreement with observations that use intracellular staining for theémarker under control of a constitutive promoter element in the
production of cytokines in T-cell cloné8 studies on cloned Jurkat same retroviral construct, which would permit isolation of the
cells stably transfected with an NFAT-LacZ expression vet&o  ransduced cells before activation. A further improvement of our

studies on cloned T-cell hybridomas carrying a vector with thg stem would be the use of vectors that allow transduction of
mouse IL-2 promoter region coupled to the LacZ reporter géne. g iescent T cells.

After having obtained proof of concept, we tested the possibility
of isolating alloreactive T cells from a heterogeneous T-cell pool in
2 separate experiments. A very high proportion o.f clongs Ob,tai”ﬂ%knowledgments
from T cells that expressed GFP after overnight stimulation with JY
cells were antigen specific. As expected, this proportion wage thank Dr H. M. Blau for the original self-inactivating retroviral
considerably higher than that of clones obtained from randoconstruct, Dr G. Nolan for the original LZRSpBMN retroviral
cloning (without selecting the GEReells) of the same T-cell blasts. vector and the virus producer cell line Phoenix-A, Dr L. A.
Both cytotoxic CD8 and proliferative CD#4 T-cell clones were Herzenberg for plasmid NFATZ, Dr J. Borst for the T cell line
obtained, indicating that our reporter system allows for isolatio#5136, Dr R. A. W. van Lier for HLA-DR (R3E2) antibodies, and
not only of IL-2—producing CD4 T cells but also of CD8 CTL, Mr E. Notenboom and Mrs A. Pfauth for expert technical assistance
that mostly do not produce IL-2. This finding is consistent with then FACS-sorting.
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