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A Fas-based suicide switch in human T cells for the treatment of

graft-versus-host disease

Daniel C. Thomis, Sarah Marktel, Chiara Bonini, Catia Traversari, Michael Gilman, Claudio Bordignon, and Tim Clackson

Graft-versus-host disease (GVHD) is a
major complication of allogeneic bone
marrow transplantation. One strategy to
treat GVHD is to equip donor T cells with
a conditional suicide mechanism that can
be triggered when GVHD occurs. The
herpes simplex virus thymidine kinase
(HSV-tk)/ganciclovir system used clini-
cally has several limitations, including
immunogenicity and cell cycle depen-
dence. An alternative switch based on
chemically inducible apoptosis was de-
signed and evaluated. A chimeric human
protein was expressed comprising an ex-

Introduction

tracellular marker (  ALNGFR), the Fas in-
tracellular domain, and 2 copies of an
FK506-binding protein (FKBP). Primary
human T lymphocytes retrovirally trans-
duced with this construct could be puri-
fied to homogeneity using immunomag-
netic beads. Genetic integrity of the
construct was ensured by redesigning
repetitive sequences. Transduced T cells
behaved indistinguishably from untrans-
duced cells, retaining the ability to mount
a specific antiallogeneic immune re-
sponse. However, they rapidly underwent
apoptosis with the addition of subnano-

molar concentrations of AP1903, a biva-
lent “dimerizer” drug that binds FKBP
and induces Fas cross-linking. A single
2-hour treatment eliminated approxi-
mately 80% of T cells, and multiple expo-
sures induced further apoptosis. T cells
were eliminated regardless of their prolif-
eration state, suggesting that the AP1903/
Fas system, which contains only human
components, is a promising alternative to

HSV-tk for treating GVHD. (Blood. 2001;

97:1249-1257)
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In allogeneic bone marrow transplantation (BMT), the delayedeveloped against genetically engineered cells that led to
infusion of donor lymphocytes plays a central therapeutic role selective elimination of these cells (C.T.,

cg_ndqsra//:duq woJj papeojumoq

unpublished data)

the control of disease relapse (graft-versus-leukemia effect [GVLRIthough the cells expressed both H8/and the cell surfacej
and in the induction of immune reconstitutidhthe latter espe- markerALNGFR (the extracellular and transmembrane domams&f

cially in the subset of T-depleted matched transplants and in ttiee human low-affinity nerve growth factor receptor), the |mmuae

context of partially mismatched transplaftdowever, graft-versus- response was directed exclusively against HEVFhis suggests 3
host-disease (GVHD) represents a frequent and often lethal comfiat virally derived proteins were recognized by the immuaZe

cation of delayed lymphocyte infusioAsManaging the threat of system and eliminated, whereas ectopically expressed hu@an

D

GVHD while maximizing the beneficial GVL effect would broadenproducts were not targets of immune recognition. Second, &he

the scope and usefulness of allogeneic BMT procedures.

patient with chronic GVHD exhibited a partial resistance @

We and others have previously demonstrated that ex viv@CV-mediated elimination of transduced cells. This was attnbul%d
genetic manipulation of donor lymphocytes to insert a conditionab the involvement of slowly proliferating lymphocytes in chronlg

drug-inducible suicide gene provides a means for the speci®/HD and the cell cycle dependence of the HVmediated g
elimination of donor T cells with the onset of GVHD while killing. This suggests that the HS-approach may have Iimitedg"
maximizing the therapeutic benefit of the GVL effé€fAlthough usefulness for the treatment of chronic GVHDFinally, some &

a number of suicide genes have been propdSeithe herpes patients received GCV for concurrent clinical conditions otherth%n
simplex virus thymidine kinase (HS¥)/ganciclovir (GCV)-based GVHD, resulting in the expected, though undesired, clearancgof
suicide strategy appears to be the most effective and specific at@\V-tk donor lymphocytes.
has been widely adoptéd? Cells are engineered to express To circumvent these limitations, we assessed the suntabllltycga

HSV-tk; the addition of ganciclovir leads to cell death througmovel suicide switch based on the human Fas receptor to triggergell

4>

tk-catalyzed metabolism of the drug to a lethal product. In théeath in primary human T lymphocytes. Fas (CD95, APO-1) is a
current clinical tria® HSV-tk-engineered—donor T cells demon-member of the tumor necrosis—nerve growth factor receptor
strated an effective antileukemic effect, and GVHD could bsuperfamily*?2 Cross-linking of Fas results in the recruitment of a

death-inducing signaling complex, activating a proteolytic cascade

successfully treated through GCV administratiéh.

Despite this demonstration of efficacy, the study revealeaf caspases and inducing cell death by apopt3sidie and others

limitations of the HSMK/GCV approach. First, in 8 of 24 treatedhave previously described a system for activating apoptosis at will
patients, a specific cytotoxic CD8-mediated immune responaad demonstrated its function in engineered cell Iiés.A
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chimeric protein containing the membrane-anchored intracellul@sistance to 5@ug/mL puromycin. Retroviral supernatants were used to
domain of Fas is fused to the FK506-binding protein, FKBP1Mnfect human peripheral blood lymphocytes as follows. Peripheral blood
Cross-linking of these proteins by the addition of a bivalent FKBpas collected from healthy donors, and T lymphocytes were purified by
ligand (a “dimerizer”) triggers the apoptotic death signal. Recentgcoll-mstopaque (Sigma, St Louis, MO) density centrifugation followed

. s . . . magnetic selection using anti-CD3 Dynabeads (Dynal, Oslo, Norway).
we refined the system by designing a dimerizer drug, designa edad-adherent cells (224 10°/mL) were cultured for 48 hours in RPMI

AP1903, with specificity for the engineered FKBP over th‘1640 supplemented with 10% fetal calf serum, 100 ng/mL anti-CD28

endogenous proteit. (Becton Dickinson, San Jose, CA), and 50 U/mL hulL-2. T lymphocytes
In this report, we describe the experimental evaluation of thgng NIH 373 cells) were transduced with retrovirus-containing superna-

Fas-based suicide switch for the elimination of primary human tnt either by plating on retronectin-coated wells (BioWhittaker, Walkers-

lymphocytes for the ultimate purpose of treating GVHD in BMTville, MD) or by centrifugation (90 minutes, 2000 rpm) in the presence of

patients. At the beginning of this work we identified severat wg/mL polybrene. Both methods gave similar transduction efficiencies;

features that would be required for successful use of the FQsTlymphocytes, this ranged from 10% to 50%.

switch—(1) efficient functional expression in primary human T

lymphocytes; (2) very high purity of engineered cells to permit thenmunomagnetic selection of Fas-transduced T lymphocytes

guantitative elimination of cells in vivo; (3) genomic stability of the ) )

transgene, for the same reason; (4) rapid, efficient killing diransduced T cells were_lmmunoselgcted for expression of t_he cell surface

engineered cells with low concentrations of drug; and (5) unalter rkerALNGFR as previously describéd.Briefly, cells were incubated

h mouse antihuman LNGFR monoclonal antibody 20.4 (Chromaproge,

. . . I
immune competence of engineered cells. We describe here mc?untain View, CA) and selected with goat antimouse 1gG-coated még-

deveIOpr_ner_]t and characterization of a '_:as'based system that_mﬁgﬁg beads (Dynabeads M-450; Dynal). After overnight incubation at 37&C,
these criteria. We also use our experimental system to deflnenggnetic beads were separated from the cells by pipetting and V\‘fere
drug-dosing regimen that substantially eliminates all cells angsmoved magnetically from the culture. T lymphocytes purified in ths
hence, is appropriate for clinical applications. The AP1903/Fasanner were routinely more than 95% LNGFR-positive after a single roid
system is, therefore, a promising candidate for clinical use @i selection. Cell recovery ranged between 40% and 50%. 5
controlling GVHD and should also be broadly useful for condi-

tional ablation of T-cell subpopulations for research purposes. Apoptosis—cell death assays

oneolgndyse;/

Elimination of T cells was measured by the following assay. Untransduéed

Materials and methods T cells were loaded with CellTracker Green CMFDA (Molecular Probes,
Eugene, OR) as an internal control and were used to spike immunomaggeti-
Retroviral plasmid construction cally sorted LVVFas-transduced T cells. The cell mixture X210° §

) cells/mL) was incubated with AP1903 for the indicated time, stained wflh
The CarEt;UCt LVVFas was derived from pSRNGFR-2x(F36V-FKBP)- - 7_amino-actinomycin D (7-AAD, Z.g/mL; Sigma) for 15 minutes on ice,&
Ftas-I:_l d b bybffi_:ﬂ?Val ?‘ftr:hef' Ct'tlfgg\';‘la:lK:'s t"’_‘gﬁ trl;\\#!‘:asdwas Ct?k?l d,g;\nd analyzed on a Becton Dickinson FACSort. The refpcf live-gated 3
IS:?EZS/’eFKéPSU St E'?” 0 Tr? Irs - h h"_"'h | ek C‘:\ °”‘W°| €d(by forward/side scatter and 7-AAD), LVFas-transduced cells (nonfluo=
36V'-FKBP (see below). The construct LV, which lacks the cytoplas- egcent)-untransduced cells (green-fluorescent) was used to calc@iate
mic domain of Fas, was used as a negative control. The gene cassettes Wkgific cell survival using the following formula: %Survival(R, drug-
ligated into the retroviral vector pM® that was modified to include a treated)/R, untreated)< 100%. For annexin V assays, sorted '\WFas-
puromycin resistance gene. transduced T cells (X 10° cells/mL) were incubated with 10 nM AP19033
. . . . . P
F36V'-EKBP construction At thellndlcated time, an allq_uot of 2 10° cells was taken, stained Wlth%o,
annexin V-fluorescein isothiocyanate according to the manufactur%rs
The codon-wobbled version of F36V-FKBP, called F3&KBP, was instructions (Clontech, Palo Alto, CA), and analyzed by flow cytometry. 5
constructed by a polymerase chain reaction (PCR) assembly procedure thaffo compare the AP1903/FAS suicide system with the standard ganci@o—
contained 3 overlapping oligonucleotides and a 100-fold molar excess o¥i2-HSV-tk system, human T lymphocytes transduced with théMfas g
flanking primers (sequences available on request). The expected approgiroviral vector or with the SFCMM-3 retroviral vectdr(carrying the E
mately 335-bp product was gel-purified, cloned, and sequenced to identifii&V-tk gene) were immunoselected to more than 95% purity. Cells were

/161

LE€ELLIL

correct clone. cultivated for 5 days in the absence and in the presence of 10 nM AP190§ or
) 50 nM GCV in triplicate. fH]thymidine (1w Ci/well; specific activity 87 ¥
Southern blot analysis Ci/mmol; Dupont, Boston, MA) was added 16 hours before harvesting the

Genomic DNA was isolated from T lymphocytes by standard phenoBNA anc: countlr:\g ";f aB-sc;nt;:lat(ljon counter (V\gallac(,j 'Il'urkuh, Finland,
chloroform extraction. DNA was digested widba, which cuts between 1205 p-plate). The effects of the drugs on transduced lymphocytes were

ALNGFR and the first F36V-FKBP, and in thé BTR. Blots (Hybond-N expressed as percentage of cell survival, referring to proliferation in the
nylon membrane; Amersham, Buckinghamshire, United Kingdom) We@sence of the drug.
hybridized with the Xba-Nad fragment of LVVFas encoding for

F36V'-F36V-Fas. Analysis of antiallogeneic response
Polymerase chain reaction assay of FKBP region Antiallogeneic cytotoxic T lymphocytes were induced in vitro in a mixed
in Fas transgenes lymphocyte reaction (MLR) with % 10° LV'VFas-transduced donor

. . . .~ effector lymphocytes or untransduced cells as control and10f irradi-
Genomic DNA from Fas-engineered cells was prepared by digestion gt (g Gy) allogeneic peripheral blood mononuclear cells (PBMC) (fully
0.5x 10° cells with 50 pg/mL proteinase K. Using a standard PCRyismatched). The MLR was performed in Iscoves modified Dulbecco
reaction, the FKBP region of the Fas suicide cassette was amplified using,24i,m supplemented with 10% human serum, glutamine, and antibiotics
FKBP flanking primers (D. J. Talbot, unpublished data). in the presence of 50 U/mL hulL-2. Equal numbers of lymphocytes were
tested in a standard cytotoxicity assay 10 days later, using as target cells
51Cr-labeled phytohemagglutinin (PHA)—stimulated PBMCs from the same
Retroviral plasmids were introduced into amphotropic Phoenix cells (G. &logeneic donor and autologous PHA blasts as negative control cells.
Nolan, Stanford, CA) by lipofection. Stable transfectants were identified Byatural killer cell-like activity was blocked by cold inhibition with a

Retroviral transduction
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30-fold excess of K562 cells ovédCr-labeled specific target cells. A A
secondary MLR was performed by the addition of irradiated allogenei
PBMC (1 10F) in the presence or absence of 10 nM AP1903. Ten day, . ,,
later cells were counted, and the cytotoxic activity of equivalent numbers <LV \J
cells was measured as above.

Extracellular Cytoplasmic

[L__ALNGFR  [F36V/| F36V |

[ ALNGFR | F36V | F36V |

LVVFas FAS

LV'VFas

Results

Development of a conditional Fas suicide switch for use
in primary human T cells

The original format of the inducible Fas suicide system wapg
described by Spencer et@and comprised the cytoplasmic domain
of the human Fas death receptor fused to 2 copies of hum 3
wild-type FKBP12 and an epitope tag. This chimeric protein wa =
fused to an N-terminal myristoylation motif to localize it to the

plasma membrane. For this study, we made several modifications 1000 —
optimize the construct for clinical use in T cells. We replaced the

FKBP12 domains with the FKBP point mutant, F36V-FKBP, to 750 —

H20
313
LvV'vV
LVVFas
LV'VFas

e -+ 724bp
allow use of the more potent and specific dimerizer drug, AP1903.
We removed the C-terminal epitope tag to minimize the potenti:
immunogenicity of the protein. In addition, we replaced the 500 —
myristoylation motif with the extracellular and transmembrane L

domains of LNGFR to localize the chimeric protein to the plasm.
membrane and simultaneously provide a cell surface méiKer.

The approach physically links the conditional apoptosis cassel 1 Bl
with an affinity handle that can be used to purify transduced cell

providing a means to ensure that all resultant cells can
eliminated by adding AP1903. The resultant gene cassette is hercn:

. - S S AT 0 g
called LVVFas (Figure 1A). Figure 1. Fas constructs and PCR analysis.  (A) Schematic of Fas constructs. The

. . . . . . eonstructs LV'V, LVVFas and LV'VFas contain combinations of the following

One of the major Safety considerations of using any Suml(i%ments, as indicated: ALNGFR, the extracellular and transmembrane domains
gene approach for the treatment of GVHD is that all the eesidues 1-274) of the human low-affinity nerve growth factor receptor; F36V,
vivo—engineered T Iymphocytes to be infused into the patient mURE36 — Val36 point mutant of human FKBP12; F36V’, codon-wobbled F36V; FAS,
. . . . cytoplasmic domain (residues 175-319) of human Fas. Sizes (in amino acids) of the

e)_<press the functional suicide gene. This is of pamCUIar Conc"_:"l_ vidual components are indicated. Expression of the transgenes was driven by the
with the AP1903/Fas system because of the presence of repetitié®iLy LTR using the retroviral vector pMX. (B) PCR analysis of FKBP region in
sequences (2 copies of F36V—FKB’P5)RetroviraIIy introduced Fas-transduced NIH 3T3 cells. Fas-transduced 3T3 cells were lysed, and the integrity

.. . f the FKBP i f the Fas t lyzed by PCR. L 1, | |
transgenes containing repetitive sequences tend to have a Hight region o1 e "as transgens was analyzec by ane &, morecuiar

Wg ht standard; lane 2, control LV'VFas plasmid; lane 3, no DNA control; lane 4,
frequency of rearrangement, which very likely would compromisg@transduced 3T3 cells; lane 5, Lv'V-transduced 3T3 cells; lane 6, LVVFas-
the function of the chimeric Fas protein. Selection of transducd@nsduced 3T3 cells; lane 7, LV'VFas-transduced 3T3 cells. Arrows on the right
cells using the LNGFR surface marker does not necessarily previ§di1fa“.E the sizes of the expected band (724 bp) and a band truncated by
oximately 300 bp.
exclusion of cells expressing a rearranged transgene because the
rearrangement may not affect the LNGFR portion of the protein.
P_revious studies that used the conditional Fas suicide_ approz&%v,_FKBP prevents rearrangement of the Fas transgene
did not report problems with rearrangement, but in thescﬁjring retroviral transduction
cases nonretroviral approaches or clones of transduced cells
were used#17.19 To test the performance and genetic stability of these constructs,
To reduce the risk for rearrangement associated with thett®y were transiently transfected into amphotropic Phoenix packag-
identical copies of F36V-FKBP, we designed a “codon-wobbledhg cells, and supernatant collected 48 hours later was used to
variant of F36V-FKBP, termed F38M-KBP. These 2 constructs transduce NIH 3T3 cells. To examine the integrity of the FKBP
encode identical polypeptide chains but share only 62% homologgrtion of the Fas transgene, we used a PCR-based assay in which
at the nucleotide level by virtue of silent changes of the wobbtbe FKBP portion is amplified from the genomic DNA of trans-
bases in most codons. The construct’\/¥¥as incorporates one duced cells. Cells transduced with IWfFas yielded a single PCR
copy of F36V-FKBP and one copy of F36V-FKBP and isproduct of the expected size, 724 bp (Figure 1B, lane 7). However,
anticipated to be less recombinogenic than LVVFas (Figure 1A).ells transduced with LVVFas produced an additional band reduced
control construct, LW, lacks the cytoplasmic domain of Fas andn size by approximately 300 bp, a size difference consistent with
thus is incapable of signaling. These transgenes were cloned ittie deletion of one FKBP (Figure 1B, lane 6). This result indicates
the retroviral vector pMX8 which uses the MoMLV LTR to drive that there is a significant frequency of rearrangement with the Fas
expression and which was found to provide a higher-levebnstruct containing 2 identical copies of F36V-FKBP but that the
expression of the chimeric protein than LXSN-based vectotse of the modified F36VFKBP/ F36V-FKBP combination elimi-
(data not shown). nates this problem.

%20z dunf 0 uo 3sanb Aq Jpd 612 1/LEEL LOLI6YT LIS/ L6/1PA-Bl01E/POOIq AU SUOHEDIIgNdYSE//:d}Y WOy papeojumog
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Engineering of primary human T lymphocytes with Fas suicide
genes and immunomagnetic selection of transduced cells

We next evaluated the expression and stability of the conditio
Fas constructs in T cells. Primary human T lymphocytes we
isolated from peripheral blood obtained from volunteer dono

BLOOD, 1 MARCH 2001 - VOLUME 97, NUMBER 5

might be expected to cluster the Fas domains and activate
signaling, an outcome that would complicate the use of this
rocedure to isolate transduced cells. Similarly, ligation of LNGFR
the surface of L\WFas-transduced T cells with hum@merve
owth factor B-NGF) had no effect on cell viability (data not
own). The fact that these procedures do not trigger apoptosis

using anti-CD3 magnetic beads. Purified T lymphocytes wefg, . oqiq that the cross-linking of LNGFR brings together the

stimulated for 48 hours before infection with Fas recombinarf:t

as death domains in a structural context that is unproductive

retroviruses. We observed high-level expression of the transgenq@rssigna”ng
monitored by flow cytometry to detect LNGFR-positive cells To assess the integrity of the Fas transgene in transduced human

(Figure 2A), but there was a complete absence of “toxicity”
construct (data not shown). To test whether thIENGFR cell

surface marker could be used to isolate transduced T ce
LNGFR-positive cells were immunoselected 48 hours after infe
tion with anti-LNGFR magnetic beads as previously describe
We found that cells sorted in this manner were routinely more th
95% to 99% LNGFR-positive in a single round of purificationenrichment of this fragment (Figure 2B
(Figure 2A). Of note, cell viability was not compromised during th ’

selection process (data not shown). This is an important obse
tion because cross-linking of LNGFR by the antibody-coated be

A ~50% pure
Unselected
transduced
T cells
LNGFR
Immunomagnetic
Bead Selection
>95-99%
Selected pure
transduced
T cells
LNGFR
B °
" LvVVv =
Virus - LV’'VFas =
Fas s
AP1903 - - + - + - + O
-—Eew e
1627bp—-|  SREREREREE
- =
12 346586 7 8

Figure 2. Immunomagnetic selection and Southern blot analysis. (A) Immuno-
magnetic selection of Fas-engineered T lymphocytes. Fas-transduced primary
human T lymphocytes were selected with anti-LNGFR—coated magnetic beads, as
described in “Materials and methods.” Before selection, cells were 10% to 50%
LNGFR-positive; after selection, they were routinely more than 95% to 99% pure.
Histogram plots show the LNGFR staining profile of transduced (filled histograms)
and untransduced cells (open histograms). (B) Southern blot analysis of Fas-
transduced T lymphocytes. Immunomagnetically sorted, Fas-transduced primary
human T lymphocytes were either challenged with 10 nM AP1903 for 10 days (+) or
left unchallenged (—). DNAwas digested with Xbal, separated by electrophoresis and
probed with an FKBP—-Fas-specific probe. Lane 1, untransduced control lympho-
cytes; lanes 2 and 3, LVVFas-transduced lymphocytes; lanes 4 and 5, donor A
LV'VFas-transduced lymphocytes; lanes 6 and 7, donor B LV’VFas-transduced
lymphocytes; lane 8, control plasmid. Arrows indicate the size of the expected band
(1627 bp) and a band truncated by approximately 300 bp.

of th‘DI’ lymphocytes, Southern blot analysis was performed. Similar to

Eﬁu}r findings in 3T3 cells, primary human T lymphocytes trans-
ced with LVVFas yielded—in addition to a band of the expected
ize (1627 bp)—a band truncated by approximately 300 bp (Figure
B, lane 2), probably representing the deletion of one FKBP.
%allenge of LVVFas-transduced cells with AP1903 resulted in the
lane 3). This resuylt
Féuggests that approximately 10% to 15% of LWFas-transduce§ T
nphocytes harbor a rearranged transgene and that these gells
8ve lost sensitivity to AP1903-induced cell death. In contragt,
cells transduced with L\/Fas showed no aberrant-sized bands
in the absence or in the presence of AP1903 (Figure 2B, lages
4-7), demonstrating the lack of rearrangement and confirm§°lg
the integrity of the LVVFas transgene. Based on these
results, subsequent work was carried out exclusively with t%e
LV 'VFas construct. g

LV’VFas transgene confers susceptibility to AP1903-induced
cell death to primary human T lymphocytes

1Je/p00|q /18U SUo|

We next assessed the susceptibility of WFas-transduced T cells%
to AP1903-induced cell death. The Fas system has previously teen
tested in vitro in several cell lines, including HT1080, 293, Jurk&,
and Hela cellg#16.17.1%nd in vivo in a transgenic mouse moéi%l.§
Interestingly, the killing efficiency varied widely in these divers§
cell types, perhaps reflecting an intrinsic, cell type—specific suscgp-
tibility to Fas-induced apoptosis. This emphasizes that the perfor-
mance of the Fas system must be optimized for each target Rell
type—in the case of this study, primary human T cells. g

LV 'VFas-transduced T lymphocytes were exposed to diﬁergnt
concentrations of the dimerizer AP1903, and survival was analyged
24 and 48 hours later. As shown in Figure 3A, the induction of cell
death was highly dose dependent. Maximal killing occurred in tﬁe
presence of 3 to 10 nM AP1903, and thed@as approximately 3
0.2 nM. In a large number of experiments, the maximal killirg
efficiency was consistently in the range of 60% to 80%, and the
ICso was reproducibly approximately 0.2 nM. We observed no
significant donor-to-donor variability of the killing efficiency (data
not shown). In addition, when CD4 and CD8 T-cell populations
were examined separately, no difference was found in the killing
efficiency or in the 1G value (data not shown). This information is
relevant because CD4 and CD8 donor lymphocytes contribute to
GVHD, as shown by donor lymphocyte infusion protocols involv-
ing the infusion of either CD4-deplet®dor CD8-depleted donor
lymphocyte€! LV 'VFas-transduced T lymphocytes demonstrated
normal viability in the absence of drug, indicating the absence of
autotoxicity—signaling in the absence of added drug (data not
shown). AP1903 treatment of L'V-transduced (Figure 3A) or
untransduced control T lymphocytes (data not shown) had no
significant effect on their survival, even at the highest concentra-
tion of AP1903 tested (M, data not shown). These results
demonstrate that the AP1903/Fas suicide system is highly effective
and specific to T lymphocytes containing the Fas transgene.
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Figure 3. Killing of human T cells.  (A) Dose-response curve of AP1903-induced
killing of Fas-transduced human T cells. Primary human T lymphocytes were
retrovirally infected, and transduced cells were immunomagnetically sorted. Cells
were incubated with the indicated concentrations of the synthetic dimerizer AP1903,
and specific survival was measured as described in “Materials and methods.” Cells
analyzed are control LV'V-transduced cells (A), LV'VFas-transduced cells analyzed
after 24 hours ([J), and LV'VFas-transduced cells analyzed after 48 hours (@). Values
are the mean = SD of duplicate points (except for LV'V). The result shown is
representative of at least 5 independent experiments. (B) Comparison of killing of

w
human T cells engineered with LV'VFas or HSV-tk. Primary human T lymphocytes §
were transduced with LV'VFas or SFCMM-3 (HSV-tk), immunomagnetically purified §
and treated with either 10 nM AP1903 or 50 nM GCV for 5 days. Survival was H "[ 0 hr I".), 6 hr _;°
measured as described in “Materials and methods.” Open bars represent untreated 'E u' L = ] =]
cells; filled bars represent cells treated with drug. Values are the mean = SD of 3 2 | 10.5% J H 48.8% g g
independent points. 3 J | }—| {‘ I—,—"-—{ S

[&] [ 1 rlJ [ b 2
= 4 L 2 L., , | | S
& )‘ l-\--.‘,,-_____ .\J.;\,-‘..:‘" ‘}'-.__ ‘r L""v'\._.f-n_.-\\fj"'l ."\_ E
As shown in Figure 3B, the extent of cell death of drug-treated o o : ) : i £
- i i i ! @
Fas-engineered T cells is comparable to that of Hi§¥éngineered 3 I 1hr lr_ I 24 hr o
cells. In this experiment a second-generation vector expressing| | 663% R N
wild-type HSVik (SFCMM-3) was usedt Because a previous % | | 28.5% | |- N | |
version of this vector (SFCMM-2, which expresses H&Weo gl | | { |
fusion) confers significantly lower sensitivity to GEVbut was g;_}-* '-ffu_\,,,__wm--"--‘ﬂ '“"J.,..-\\ J_;"'“'“-L‘__‘ o
used successfully to ablate T cells and treat GVHD in clinical - r , = S r
i 2 _ T
trle_lls, these o_Ia_ta suggest that the AP1903-Fas system may also 5[ & [ [2hr !hr.. l No Drug 24 hr
suitable for clinical use to treat GVHD. HE I |
LG as N f
2 " 42.0% IIIJ 1 i -I 17.6%
Induction of apoptosis by the AP1903/Fas system occurs § i oo i J
within 1 hour of drug addition = iy o A Ly
21 ) ST

To provide rapid mitigation of GVHD, it is important that the donor
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induced cell death. LWFas-transduced T lymphocytes were
treated with 10 nM AP1903 and stained with annexift \dt
different times (Figure 4). In as little as 1 hour, apoptotic cells were
clearly detectable. The percentage of apoptotic cells continued to
increase over time; after 24 hours of drug treatment, 68% of the
cells were apoptotic (Figure 4). In contrast, 'MFas-transduced
lymphocytes cultured in the absence of AP1903 showed only a
small increase in the proportion of apoptotic cells that could be
attributed to spontaneous cell death during culture (Figure 4).
Similarly, no significant change in the annexin V staining profile
was observed when untransduced T cells were incubated with
AP1903 (data not shown). These findings show that AP1903-
induced apoptosis is extremely fast. Furthermore, the kinetics
observed with AP1903-induced apoptosis are similar to those of
primary human lymphocytes (our unpublished observations) or the
human Jurkat T-cell line treated with anti-Fas antiboéfesiggest
ing that the same signaling cascade is triggered by both agents

Maximal killing is achieved even by short exposures to AP1903,
and additional doses increase the efficiency

01 papeojumod

To explore the AP1903 dosing regimen and administration sch?gd-
ule likely to be required in a clinical setting, we determined thie
length of time Fas-engineered T cells must be exposed to the dfug
to trigger apoptosis. LWFas-transduced T lymphocytes Wer§
treated with 10 nM AP1903 for 1, 2, or 4 hours, the drug wés
washed away, and the cells were further incubated until analysi8 at
24 or 48 hours. Surprisingly, even a 1-hour exposure resultet&in
near-maximal cell death (Figure 5A). Prolonging the duration tcﬁ’gZ
or 4 hours did not significantly increase the killing efficiency, arﬁ:l
the continuous presence of the drug had only a small additiofal
effect at the 48-hour time point (Figure 5A). 3
The fact that a single AP1903 dose eliminates 60% to 80%;®f
engineered cells raises the question of whether the remaining dglls
are intrinsically resistant to AP1903-induced apoptosis. This i%a

Annexin V Annexin V

T cells be neutralized as quickly as possible. In contrast to

HSV-tk—induced cell death, Fas-induced apoptosis is expected

FJ[%Jre 4. Annexin V kinetics of AP1903/Fas-induced apoptosis. LV'VFas-
transduced primary human T lymphocytes were incubated with 10 nM AP1903, and

be a rapid event that occurs within hours of the appropriate Signﬁ’quots of cells were stained with annexin V after 1, 2, 6, and 24 hours. As a control,
Some of the earliest detectable events in the apoptotic pathway @ie were stained at the beginning of the treatment (0 hour) and after 24 hours in the
the loss of the cytoplasmic polarization of p|asma membraﬁl@sence of drug. Cells were analyzed by the use of flow cytometry, and the annexin V

phosphatidylserine and the fragmentation of nuclear DRg&:23

staining profile is shown. Percentages of annexin-V—positive (apoptotic) cells are
indicated. Untransduced T cells incubated with 10 nM AP1903 showed no significant

We used the former readout to determine the kinetics of AP1903ange in their annexin V staining profile (data not shown).
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linking of endogenous Fas on the surface of stimulated primary
100 O24h human T lymphocyte§27 or human Jurkat T ceR&29 kills only
q [J48h 40% to 80% of the cells. Although the phenomenon is not yet fully
- 804 understood, temporary resistance of T cells to Fas-induced cell
g g death may reflect stochastic variations in intracellular levels of
'S 60 antiapoptotic molecules such as bcl-2 and Rt XIAP,32 or
5 | c-FLIPZ3 leading to transient blockage of the Fas signal.
wn 401 Interestingly, AP1903 treatment of Fas-engineered lymphocytes
32 i caused the rapid down-regulation of the’MFas protein in cells
that were not killed by the drug (data not shown). This disappear-
207 ance from the surface is dependent on the Fas signaling domain; the
0' expression level of the LW control transgene is not affected by

the drug (data not shown). However, the down-regulation of
LV'VFas expression is only temporary. Expression levels recover
Pl-l'se Tlme (h) within 24 to 48 hours after withdrawal of the drug (data not shown).

- cont

B AP1903/Fas-induced cell death of primary human T
100 - D No Drug lymphocytes is not dependent on the proliferation

D+AP1 903 state of the cell

801 T lymphocytes are a highly heterogeneous population of cells \I\Eﬂh
T different antigen specificities, and they exist in various stateszof
60 activation and differentiation. One of the inherent limitations of trfi'fe
. HSV-tk suicide system is that only cells that progress through the
40 - S-phase of the cell cycle are killed by GCV administration. En
essence, this means that only activated, rapidly proliferating T c8lls
are eliminated efficiently, whereas cells that are in a restilﬁg,
i nonproliferation state are relatively resistant. In the clinical trlgl
0 _-—l involving the infusion of HS\tk—engineered lymphocytes, thlsg
Doses M @ 1 2 resulted in the partial re&stgnce of chronlc_ GVHD to Gcg
treatmen®!! By contrast, Fas-induced apoptosis does not requre
Figure 5. Short-term and multidosetreatmem. ’ (A)Short-termtrea?mem(“pulsing") S-phase entri/? The AP1903/Fas suicide system iS, therefor?g,
s were ncubatedith 10 AVAP1903 or 1,2, 4 nours andwerewasheq | €XPected to function independently of the proliferative state of §
extensively, and survival was assayed after 24 (open bars) or 48 (shaded bars) hours,  Cell. In addition, the transgene-derived Fas-fusion protein s
as described in “Materials apd methodg.” As a control, cells were incubated in the expressed constitutive|y, and there is less than a 2-fold differenC§ in
absence of AP1903 (=) or in the continuous presence of 10 M AP1903 (cont). - gy pression levels between activated and resting T cells (datazhot
Values are the mean *= SD of duplicate points. (B) Multidose treatment of . . &
Fas-transduced T cells. LV'VFas-transduced T lymphocytes were treated once or shown). Therefore, AP1903-induced apoptosis should Operate
twice (48 hours apart) without drug (open bars) or with two 2-hour pulses (doses) of  independently of activation-induced Fas-receptor up-regulétiof
1Q nM AP1903 (.f,haded bars). In parallel, asapontrol, cells were treated identically and it should be dependent 0n|y on the sequential activatiorﬁof
without the addition of drug (open bars). Survival was assayed 48 hours after drug o
treatment. Values are the mean + SD of 2 independent experiments. caspases, which are known to be constitutively expre§§éd P
The cell cycle dependence of the AP1903/Fas system was teéted
by taking advantage of the transient nature of the activation ofin
significant question because clinical use to mitigate GVHD wouldtro—stimulated T lymphocytes. After the initial stimulation, cell§
be optimal if all engineered cells could be eliminated. Weroliferated rapidly and remained in a highly activated state fr
investigated whether cells surviving the first drug challenge coupproximately 2 weeks, after which proliferation slowed down agd
be eliminated by a second drug administration. As shown in Figutieey gradually returned to a less activated (“resting”) state. To
5B, a first dose of AP1903 (2-hour pulse with 10 nM) resulted in theeasure the proliferation/activation state of the Fas-engineered T
elimination of approximately 72% of LWFas-transduced T cells, we examined 2 parameters: the expression of the IL-2
lymphocytes. Forty-eight hours after the first dose, the survivingceptorx chain (CD25) and the incorporation ¢HJthymidine.
cells were treated with a second 2-hour pulse of AP1903. This As shown in Figure 6A, L\WFas-transduced T lymphocytes
second dose resulted in the killing of more than 60% of thexpressing high levels of CD25 (top panel) were eliminated by
remaining cells. Together, the 2 pulses (doses) resulted in AR1903 with 66%=* 7.5% (n= 10) efficiency. When cells were
aggregate killing efficiency of approximately 90% (Figure 5B). Irexamined after CD25 expression returned to basal levels (Figure
contrast, control L\VFas-engineered cells subjected to the san®A, bottom panel), 63%t 4.7% (n= 9) killing was observed after
procedure but without the addition of AP1903 showed only a smallP1903 treatment. Taken together, these results show that there is
decrease in viability (Figure 5B). These findings indicate that celf® statistically significant differenc& (= .17) between the killing
not killed by the first AP1903 treatment have not acquiredfficiencies of highly activated (CD25 T cells and cells that have
resistance and are only temporarily refractory to AP1903/Fa®turned to a less activated state (CDR5We then analyzed
induced cell death. This is supported by the absence of rearranggdling and noncycling LXVFas-transduced T cells based on their
transgene-bearing cells before or after AP1903 treatment (Figumeorporation of $H]thymidine. Again, there was no significant
2B, lanes 4 to 7). Rather, the presence of cells surviving AP19@8ference between rapidly cycling and noncycling cells with
treatment is probably attributable to properties intrinsic to T-celespect to their killing efficiencies (Figure 6B). These results
biology?® and is consistent with previous observations that crosdemonstrate that the AP1903/Fas suicide system functions equally
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Figure 6. AP1903-induced killing is independent of the proliferation state of
human T lymphocytes. (A) LV'VFas-transduced primary human T cells were
stained for CD25 at different times after the initial stimulation, and the killing efficiency
of CD25" (top panel) and CD25~ (bottom panel) cells was measured 24 hours after
treatment with 10 nM AP1903. Representative CD25 staining profiles (filled histo-
grams) with the isotype control (open histograms) are shown on the left side. Survival
percentages of AP1903-treated cells are shown on the right side. (B) Five, 12, or 21
days after the initial stimulation LV'VFas-transduced primary human T cells were
incubated with [3H]thymidine in the absence of AP1903 to assess proliferation activity
(open bars) or in the presence of 10 nM AP1903 to assess relative survival (closed
bars). Values are the mean = SD of 3 independent points.

w
g

F
o

1
@
o

D Proliferation
(cpm x 10-3)
8 8

2

-
o
1

well in rapidly cycling, highly activated T cells and in noncycling,
resting T cells. This is in good agreement with the finding that

FAS-BASED SUICIDE SWITCH IN HUMAN T CELLS FOR GVHD 1255

To test whether the cytotoxic activity of Fas-engineered T cells
can be inhibited by AP1903 treatment, cells from the primary MLR
were restimulated with allogeneic PBMCs in the absence or
presence of 10 nM AP1903. As expected, 60% to 80% of the
Fas-engineered cells were killed by the drug in the secondary MLR
(data not shown). Interestingly, cells surviving the drug treatment
exhibited significant reductions in lytic activity relative to Fas-
engineered cells restimulated in the absence of AP1903 (Figure
7B). This result suggests that in addition to the 60% to 80%
reduction of cytotoxic activity associated with AP1903-induced
cell death, the lytic activity against an allogeneic target cell of
Fas-engineered T cells is significantly reduced after exposure to
AP1903, an issue particularly relevant in the treatment of GVHD.
This result is in good agreement with the previous observation that
antiallogeneic lymphocytes challenged with the relevant target cell
showed a reduction in proliferation of approximately 35% when
they were preincubated with anti-Fas antibé#ly.

Discussion

woJj papeojumoq

In this report, we examined the feasibility of using the AP1903/Fas
suicide strategy for the treatment of GVHD after allogeneic BV
by examining its performance in vitro in genetically engineergd
primary human T lymphocytes. We showed that a modified I%ps
cassette that incorporates a cell surface marker allows transdgced
cells to be purified to homogeneity without activating apoptos’wﬁ
We demonstrated that a “codon-wobbled” version of F:%GV—FK@3
is a crucial element to prevent the rearrangement of the éas
transgene, an important safety consideration in gene ther?py
applications using retroviral vectors. We showed that primqiy

allo-
PBMC
LV'VFas -/+ AP1903
T cells
10 days L 10 days'; LR

CTL CTL
assay A assay B

20z dunf 0 uo 3senb Aq Jpd 612 L/LECLLILIGYTLISILE)

stimulated primary human T cells expressing endogenous FaA - B
could be killed with anti-Fas antibodies or FasL, regardless of their , | & %)
proliferation or activation stat€. s =
o o
= 404 = 404
Fas-transduced T lymphocytes are able to mount a specific § | :;, |
antiallogeneic response ; 204 ; 204
To determine whether Fas-transduced T lymphocytes are immun o:
functional, and in particular whether they retain the ability to s 101 30 LA S [ B
generate a specific antiallogeneic response, an MLR was pel E:T Ratio E:T Ratio

formed. LV'VFas-transduced lymphocytes were stimulated withigure 7. Immune potential of Fas-engineered T lymphocytes. A schematic

irradiated, aIIogeneic PBMCs, and specific cytotoxic activity Wa@stration of the mixed lymphocyte reactions carried out is shown (see also
“Materials and methods”). Untransduced or LV'VFas-transduced primary human T

m_easured in a chromium release assay 1(_) qays later. As ShOV\_/E‘ehQ were incubated with allogeneic PBMC for 10 days (1° MLR). Cultures were
Figure 7A, LV'VFas-transduced T cells exhibited the same specifi@ided in half, and a second MLR was performed by another addition of allo-PBMC
lytic activity against allogeneic target cells as untransduced T celfgd in the absence or presence of 10 "M AP1903 (2° MLR). The cytotoxic activity of

. : : ivalent numbers of cells from the 1° MLR or the 2° MLR was measured in a
SqueStmg that transduced cells are immune functional and ts%dard chromium release assay. (A) Cytotoxic T-lymphocyte (CTL) assay with cells

activation on encounter with a specific antigen does not triggfém the 1° MLR: specific antiallo () and antiautologous (2) response of LV'VFas-
spontaneous apoptosis. Because donor T cells play a cenérgineered cells; and specific antiallo (M) and antiautologous (CJ) response of
therapeutic role during allo-BMT in providing a GVL effect, thesémtransduced cells. (B) CTL assay with cells from the 2° MLR: specific antiallo

. . Fres onse of LV'VFas-engineered cells cultured in the absence (M) or the presence
proDertles are Important for the eventual use of the AP1903/ @#Jof 10 nM AP1903; and antiautologous control response of LV'VFas-engineered

system to combat GVHD. (~) and untransduced cells (CJ).
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human T lymphocytes can be engineered to express high leveldefiths in vitrol! Although a single exposure of LVFas-
the Fas transgene and can then be eliminated by the AP1903/farsduced lymphocytes to AP1903 is not as efficient as GCV in
system with high efficiency, potency, and specificity. Importantlkilling transduced lymphocytes, 'VFas-engineered T cells can
Fas-transduced lymphocytes retain their immune potential, ba eliminated nearly completely by repeated exposure to the drug.
relevant issue for the GVL effect. The redesigned Fas casseferthermore, killing of T cells expressing the Fas suicide gene is
therefore, fulfills the criteria we identified at the beginning of thisnore rapid than that of cells expressing H&Win vitro. Fas-
study, required for clinical usefulness for combating GVHD. engineered cells show signs of apoptosis within 1 hour of drug
Spencer et &1° have found that expression of Fas in tranaddition and killing is nearly complete after 24 hours, whereas cell
siently transfected cells induces apoptosis in the absence of ddeath induced by HSYk occurs over a time course of several days.
addition. Most likely this basal toxicity (“autotoxicity”) is causedWe provide evidence that AP1903/Fas-induced cell death, unlike
by the self-association of the death dom#&@onsistent with these HSV-tk 1t occurs independently of the proliferation state of the cell.
findings, we observed high autotoxicity with the WFas con- Thus, engineered T cells should be eliminated with high efficiency
struct in transiently transfected cell lines. However, when theven in patients with chronic GVHD, in which GVHD effector
LV "VFas construct was introduced in cells by retroviral infectiorgells likely are low-proliferating cell$t The drug used to trigger
there was a complete lack of autotoxicity, both in cell lines and isuicide in the Fas system is AP1903, a synthetic, small-molecule
primary human T lymphocytes. These findings suggest that autot@empound that was specifically designed to interact with the
icity is only observed when Fas is expressed at extremely highgineered F36V-FKBP but not with endogenous FKBF1R2
levels, as is the case in transiently transfected cells. This is in gogshtrast, the HS\tk system requires GCV, an antiviral drug with §
agreement with the finding that Fas toxicity is significantlfow therapeutic index because of myelotoxiéftand moreover a §
decreased when the amount of DNA transfected is redtfced.  drug broadly used for treatment of cytomegalovirus infectfon.
Although this study was undertaken to investigate potential Our experiments provide information that will be useful i
clinical use of the Fas T-cell suicide system, the conditionaefining the dosing regimen for use in GVHD applications.
elimination of T is also useful as a research tool. Condition@pecifically, delivery of short (1- to 2-hour) pulses of drug that a@e
ablation of subpopulations of T cells, for example in transgeniepeated at approximately 24- to 48-hour intervals should m|rg|c
mouse model$34°provides a means to probe their importance ighe conditions found to induce efficient elimination ofengmeerecg‘r
specific aspects of the immune response. Our data suggest thaicdli in vitro. The pharmacologic properties of AP1903 in healtBy
modified Fas construct with an integral cell surface marker coulliman volunteers were recently determined in a phase 1 trial mat
also be useful in these research applications. demonstrated the safety of the drug and established a direct reldion
Recent clinical experience with the HSksuicide system has hetween the plasma concentrations and the dose administered @ D.
identified several significant limitations to its use in treating GVHDuliucci, unpublished data). No clinically meaningful adver@
associated with allo-BM¥#! Immune responses against infuse@ffects were observed at plasma AP1903 concentrations urx to
HSV-tk-engineered T lymphocytes developed in several patient®0-fold above the maximally effective in vitro concentration.  $
resulting in the elimination of the cells and precluding the Based on our experiments showing safety, specificity, k|||r%g
possibility of future infusions. In addition, chronic GVHD couldefficiency, and immune competence of Fas-engineered lym-€
only be partially controlled by GCV administration, a finding thaphocytes and on the results of the phase 1 clinical trial of AP1983,
was attributed to the cell cycle dependence of HEWlling.*  we propose the AP1903/Fas system as a novel, safe, and efficadious
Finally, GCV administration for concurrent clinical conditionssuicide strategy to induce a controlled GVL effect in allogeneic
other than GVHD resulted in the undesired clearance of #SV-marrow transplantation. Our data indicate that Fas-engineeged
donor lymphocytes and, hence, in the loss of the GVL effect.  donor lymphocytes should be as efficacious as H&¥ngineered g
The AP1903/Fas system offers several potential advantaggshor lymphocyte infusions in controlling disease relapse [t
over the HSWW/GCYV strategy. Unlike HSVK, all the functional able to bypass the intrinsic limitations of the HSWGCV
protein components of AP1903/Fas are of human origin and ajgicide system.
less likely to elicit immune responses. The only potential for
immunogenicity in the construct are the point mutation in F36V-
FKBP and 3 junction peptides. We demonstrate that with a single
treatment of AP1903, 60% to 80% of Fas-engineered cells afgcknowledgments
eliminated. This is in comparison with 30% to 50% in vitro killing
of HSV-tk—neo-engineered T cellsusing the same constructWe thank Zulma Magnani, Franklin Cerasoli Jr, and Patrizia
(SFCMM-2) that was used successfully in clinical trialehe most  Rovere for helpful discussion; Carl Rollins, Daniela Maggioni, and
recent retroviral vectors carrying the wild-type H8¥Vsuicide Scott Wardwell for technical assistance; and Dale Talbot for
gene are more efficient in killing highly proliferating cells—adeveloping the FKBP PCR assay. In addition, we thank the various
single administration of the prodrug results in more than 90% T cddlood donors for enabling us to conduct these experiments.
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