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ABSTRACT A retroviral vector called SAX, containing
the cloned human cDNA for adenosine deaminase (ADA), has
been constructed and used to introduce the ADA gene into
cultured T- and B-lymphocyte lines derived from patients with
ADA deficiency. DNA analysis showed that the SAX vector was
inserted intact into the T and B cells at approximately one copy
per cell. The treated cells produced the characteristic isozymes
of human ADA at a level similar to normal T and B lympho-
cytes. It is known that ADA-deficient lymphocytes are unusu-
ally sensitive to high levels of 2’-deoxyadenosine, and this is the
mechanism thought to underlie the selective lymphocytotoxic-
ity associated with ADA deficiency in vivo. Expression of the
introduced ADA gene was sufficient to reverse the hypersen-
sitivity of these genetically deficient Iymphocytes to 2'-
deoxyadenosine toxicity. These results support the suggestion
that retroviral vector gene-delivery systems show promise for
application to human gene therapy.

Retroviruses are able to transfer their genetic information at
high efficiency into eukaryotic cells. These viruses can be
genetically manipulated to replace their own genes with
exogenous genes and thereby become vectors for gene
insertion (1). Reports from several laboratories employing
retroviral vectors (2-13) have demonstrated successful trans-
fer and, in many cases, expression of exogenous genes in
various hematopoietic cell types in vitro as well as in murine
bone marrow stem cells.

Successful human gene therapy will require efficient gene
transfer as well as adequate expression of the delivered gene
in appropriate target cells (1). An initial candidate for gene
therapy is adenosine deaminase (ADA; adenosine aminohy-
1rolase, EC 3.5.4.4) deficiency, a rare genetic disorder that
underlies approximately one-quarter of all cases of severe
combined immunodeficiency (SCID), a disease with pro-
found defects of both cellular and humoral immunity (14, 15).
ADA catalyzes the irreversible deamination of adenosine and
deoxyadenosine to inosine and deoxyinosine, respectively
(16). The molecular basis for the deficiency of ADA in most
cases is the production of a catalytically defective enzyme
molecule (17). The deficiency of ADA leads to selective
toxicity affecting primarily T cells and, to a lesser and
variable extent, B cells, with consequent severe immunologic
dysfunction. This dysfunction is most likely caused by a toxic
intracellular accumulation of deoxyadenosine and its metab-
olites, particularly deoxyadenosine 5'-triphosphate (18, 19).
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We report here the use of a retroviral vector to study
transfer and expression of the human ADA gene in ADA-

deficient T- and B-lymphocyte lines.

MATERIALS AND METHODS

Generation of Viral Particle-Producing Cell Lines. The
helper virus-free 3T3 packaging cell line PA-12 (5) was used
to generate replication-defective viral particles containing the
vector SAX. This cell line provides all the functions neces-
sary for encapsidation of the vector RNA into a viral
envelope capable of infecting a wide (i.e., amphotropic) host
range without producing replication-competent virus (5).
PA-12 cells were transfected with SAX plasmid DNA by the
method of Wigler et al. (20). Stably transformed clones were
isolated by their resistance to the neomycin analogue G418
(GIBCO), conferred by the function of the SAX neo® gene.
These clones were then analyzed for viral production by
serially diluting the supernatant from their cultures and
adding it to 3T3 cells in the presence of Polybrene (8 ug/ml;
Aldrich). The medium was changed to selective medium (i.e.,
with G418 at 400 ug/ml) 48 hr later, and G418-resistant
colonies were scored after 10-12 days. More than 50% of the
clones analyzed produced viral particles containing SAX
vector at titers greater than 5 X 10° colony-forming units
(cfu)/ml. The clone used in these experiments had a viral titer
of 2-5 x 10 cfu/ml.

T- and B-Cell Lines. An ADA-deficient T-cell line (TJF-2)
and two control normal T-cell lines (K7 and HM) were
established by using the procedure of Mitsuya et al. (21) (see
Results). T cells were maintained in RPMI 1640 medium
supplemented with 2 mM L-glutamine, gentamicin (50 ug/
ml), 10% heat-inactivated fetal bovine serum (FBS), and 10%
(vol/vol) interleukin 2 (Cellular Bioproducts, Buffalo, NY) at
37°C in 5% CO,. Fluorescence-activated cell sorter (FACS)
analysis of the TJF-2 cell line showed it to be uniformly
positive for T3 (pan-T-cell marker), T9 (transferrin receptor),
T11 (sheep erythrocyte receptor), Tac (interleukin 2 recep-
tor), and Ia (activated-T-cell marker). Approximately half the
cells were T4-positive and half were T8-positive. The cells
were uniformly negative for B1 (pan-B-cell marker) and for
T6 and T10 (intrathymic lymphocyte markers). GM2756 and
GM4258A, well-characterized ADA-deficient human B-cell
lines, were obtained from the Human Genetic Mutant Cell

Abbreviations: ADA, adenosine deaminase; HTLV-I, human T-
lymphotrophic virus type I; LTR, long terminal repeat; SCID, severe
combined immunodeficiency; SV40, simian virus 40; bp, base
ir(s); kb, kilobase(s).
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Repository (Camden, NJ). Control ADA-positive B-cell line
JM was established from cells of a normal donor by
Epstein—-Barr virus infection. CEM cells, also used as an
ADA-positive control, are a well-characterized lymphoblas-
toid T-cell line.

SAX Vector Transduction of ADA-Deficient Cells. Conflu-
ent monolayers of PA-12 cells producing SAX-containing
viral particles were changed from Dulbecco’s modified Ea-
gle’s medium with 10% FBS to RPMI 1640 with 10% FBS 24
hr before transduction. The SAX-producing cells were irra-
diated (1500 rads; 1 rad = 0.01 Gy) just prior to transduction,
in order to eliminate fibroblast contamination of T and B cells
after cocultivation. ADA-deficient T or B cells (10°-107) were
cocultured with the monolayers (containing 5 X 10® SAX-
producing PA-12 cells) for 24 hr in the presence of Polybrene
(2 ug/ml). After transduction, the lymphocytes were re-
moved from the monolayer, grown in culture for 24 hr to
allow adherence of any residual fibroblasts, pelleted, and
resuspended in fresh medium. These cells were then either
grown in mass culture or, in some cases, grown in medium
containing G418 (1.0 mg/ml) for 3 weeks, to enrich for
SAX-containing cells, prior to analysis.

Southern Blotting. DN A was prepared from cell lines by the
method of Gross-Bellard et al. (22). Thirty micrograms of
genomic DNA was digested with Sac I or EcoRI restriction
endonuclease under the conditions specified by the supplier
(Sac I, Boehringer Mannheim; EcoRI, New England Biolabs)
and then subjected to Southern blot analysis (23) as previ-
ously described (11). The probe was a nick-translated 1.6-
kilobase (kb) HindIII-BamHI fragment containing the neo®
gene isolated from pNeo (P-L Biochemicals). The copy
number of approximately one was estimated based on band
intensity compared with the intensity of other single-copy
genes run in comparison.

Assays for ADA Activity. The ['*Cladenosine assay for
ADA activity was performed essentially as described by Van
der Weyden and Bailey (24). The results were calculated as
nanomoles of inosine produced per min per 108 cells. The
starch gel electrophoretic analysis for ADA isozymes was
performed by the method of Spencer et al. (25).

Assay of 2'-Deoxyadencsine Resistance. As a functional
assay for restoration of ADA activity, the inhibition of cell
proliferation by 2’-deoxyadenosine was compared between
ADA-deficient T (or B) cells before and after ADA gene
transduction. Exponentially growing cells were plated in
96-well flat-bottomed microwell plates (Costar, Cambridge,
MA) at 50,000 cells per well in 200 ul of RPMI 1640 with 10%
heat-inactivated horse serum, 10% (vol/vol) interleukin 2,
and various concentrations of 2'-deoxyadenosine (Sigma) in
triplicate. Cells were then incubated for 24 hr at 37°C in 5%
CO,, after which [*H]thymidine incorporation over 4 hr was
measured. Results are expressed as percent inhibition of
[*H]thymidine incorporation by cells in the presence of
deoxyadenosine compared to untreated cells. The concen-
tration of deoxyadenosine that led to 50% inhibition (ICsg)
was calculated from the dose-response curves.

RESULTS

Construction of the SAX Vector. The ADA gene-containing
vector SAX was c¢loned in a multistep fashion. The parental
plasmid vector N2 is a Moloney murine leukemia virus-based
vector with the region coding for viral structural genes
deleted and the bacterial neomycin-resistance gene (neo®)
inserted as a dominant selectable marker (11). A fusion gene
was created between the simian virus 40 (SV40) promoter and
the ADA structural gene as described in the legend to Fig. 1.
This SV40 promoter-ADA gene fusion product was inserted
into the single Xho I site of the N2 vector with the same
polarity as the parental vector, so that the initiation of

Proc. Natl. Acad. Sci. USA 83 (1986)

S PP E P 4 P P EC S
— [ - 1 | [
LTR w NEOR SV40 hADA LTR
L 1 1 L 1 | | I 1 1 | 1 |
0 0.5 1.0 1.5 20 25 3.0 3.5 4.0 4.5 5.0 5.5 6.0
kb

Fic. 1. Map of SAX vector. SAX was made by inserting a
SV40-promoted human ADA cDNA into the previously described
(11) parental vector N2. A fusion gene was created between the SV40
promoter and the ADA structural gene by placing the 400-base-pair
(bp) Kpn I-HindIII fragment containing the enhancing and promoting
elements of the SV40 early promoter immediately upstream of a
1300-bp sequence containing the full-length ADA cDNA [EcoRI-Acc
I fragment of clone ADA 211 (26)]. The following regions are
indicated: 0-1.5 and 4.7-5.5 kb, Moloney murine leukemia virus
sequences; 1.5-2.8 and 4.6-4.7 kb, neomycin-resistance gene (neo®)
from Tn5 transposon (the hatched area is the coding sequence);
2.9-3.3 kb, Kpn I-HindllI fragment of the SV40 early promoter;
3.3-4.6 kb, human ADA cDNA (hADA, black box); LTR, viral long
terminal repeat; ¢, viral packaging signal. Restriction sites: S, Sac I;
P, Pst 1, E, EcoRI; C, Cla 1.

transcription of the ADA gene would occur in the SV40
promoter and terminate in the 3’ long terminal repeat (LTR)
of the vector (Fig. 1). The name SAX thus stands for S (SV40
promoter), A (human ADA gene), X (inserted into the Xho I
site of N2).

Characterization of the SAX Vector. The SAX vector was
initially used to infect 3T3 cells. After infection and selection
in medium containing 0.5 mg of G418 per ml, the cells were
biochemically analyzed. By blot hybridization analysis of
electrophoretically fractionated poly(A)* RNA, three vector-
specific transcripts were shown to be present, two presum-
ably initiating within the 5 LTR and the other, shorter
transcript presumably initiating within the SV40 promoter
(data not shown).

Gene Transfer into T and B Cells. This SAX retroviral
vector was used to transduce the human ADA gene into
ADA-deficient T and B cells. The ADA-deficient T-cell line
TJF-2 was established from a 2-year-old patient (JF) with
ADA-deficient SCID by infection of peripheral blood mono-
nuclear cells with human T-lymphotrophic virus type I
(HTLV-I), using the procedure of Mitsuya et al. (21). Two
control normal T-cell lines (K7 and HM) were similarly
established by HTLV-I infection. Southern blot analysis of
the transduced T- and B-cell lines showed that the integrated
proviral vector DNA is intact (Fig. 2). Since Sac I cuts once
in each LTR (Fig. 1), an intact provirus would release a 4.9-kb
fragment. This fragment was present in Sac I-digested DNA
from SAX-transduced TJF-2 (lane 1) and two SAX-
transduced B-cell lines (lanes 2 and 3) but was absent in the
nontransduced T-cell line (lane 5). Further analysis with the
restriction endonuclease EcoRI, which produces a 3.3-kb
internal fragment (lanes 6-8), confirmed that at this level of
analysis the vector DNA present in the transduced cells is
intact. Quantitative analysis of Southern blots from a popu-
lation of SAX-transduced TJF-2 cells revealed that they
contain, on the average, one proviral copy per cell. The
overall efficiency of infection ranged between 23% and 50%
in different experiments as determined by DNA dot blot
analysis of individual clones of T cells derived by limiting
dilution following SAX infection (data not shown).

Expression of the Transferred Genes in T and B Cells. Starch
gel electrophoresis for ADA isozymes was performed on cell
lysates to assess the expression of the introduced gene (Fig.
3). The control B- (lane 1) and T- (lane 7) cell lines show a
normal pattern of three human ADA isozymes. ADA-defi-
cient B (lane 2) and T (lane 4) cells show no ADA activity.
However, after transduction with the SAX vector, the
nonselected uncloned population of cells shows ADA activity
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FiG. 2. Southern blot of ADA-deficient and ADA-deficient,
SAX-transduced T- and B-cell lines. Thirty micrograms of genomic
DNA was loaded per lane except for lanes 2 and 7, which received
10 ug. Lanes 1-3: Sac I-digested DNA from TJF-2 (lane 1),
GM4258A (lane 2), and GM275 (lane 3) cells transduced with SAX
virus and selected with G418. Lane 4: SAX plasmid DNA (30 pg)
digested with Sac 1. This amount of plasmid gives a band intensity
equivalent to =1 gene copy per genome. Lane 5: Sac I-digested DNA
from uninfected TJF-2 cells. Lanes 6-8: EcoRI-digested DNA from
TIF-2 (lane 6), GM4258A (lane 7), and GM2756 (lane 8) cells
transduced with SAX virus and selected with G418. Lane 9: SAX
plasmid DNA (30 pg) digested with EcoRI. Lane 10: EcoRI-digested
DNA from uninfected TJF-2 cells. Markers at right show migration
positions and sizes (kb) of HindIII fragments of phage A DNA.

comparable to the ADA* B- and T-cell normal controls (lanes
3 and 5). Therefore, the transduced ADA-deficient T and B
cells produce apparently normal ADA enzyme. The produc-
tion of enzymatically active protein is not due to the activa-
tion of the endogenous mutant ADA gene as a nonspecific
consequence of retroviral infection, since cells transduced
with a vector similar to SAX but not containing the ADA gene
(viz., the parental N2 vector) do not produce enzymatically
active ADA protein (Table 1).

ADA enzymatic activity in lysates of the T- and B-cell lines
was quantitated by measuring the conversion of [**Cladeno-
sine to [**Clinosine (Table 1). ADA-deficient T- and B-cell
lines produced =~1% of the adenosine-deaminating activity of
normal T and B cells, in agreement with previous reports (27,

Y2 8 A I BT

FiG. 3. Starch gel electrophoresis of ADA-deficient and ADA-
deficient, SAX-transduced T- and B-cell lines. Lysate from 2 x 10°
cells was added per lane. In situ chemical staining for human
isozymes of ADA was done according to the method of Spencer et
al. (25). Lane 1: ADA-positive B-cell line VSD-O. Lane 2: ADA-
deficient B cells (GM2756). Lane 3: ADA-deficient B cells (GM2756)
transduced with SAX virus and selected in G418. Lane 4: ADA-
deficient T cells (TJF-2). Lane 5: ADA-deficient T cells (TJF-2)
transduced with SAX virus and selected in G418. Lane 6: blank.
Lane 7: ADA-positive T-cell line CEM.
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Table 1. ADA activity and susceptibility to inhibition by
2'-deoxyadenosine of normal ADA-positive, ADA-
deficient, and SAX-transduced T and B cells

Cell type ADA activity* ICs,t uM
T-cell lines
HM (normal ADA*) 413 + 55 2940
TJF-2 (ADA")
Not transduced 47+ 1.5 100
SAX-transduced 147 + 46 280
SAX-transduced, selected* 1020 =+ 136 2600
SAX-transduced, selected;#
+ 10 uM 2'-deoxycoformycin <1.0 <100
N2-transduced 4.5 110
B-cell lines
JM (normal ADA™) 454 =+ 119 8100
GM2756 (ADA")
Not transduced 27+ 04 210
SAX-transduced 314 + 9 1100
SAX-transduced, selected¥ 1250 = 134 7400

*The [*“Cladenosine assay for ADA activity was performed essen-
tially as described by Van der Weyden and Bailey (24). Results are
expressed as nmol of inosine produced per min per 10® cells (mean
+ SEM for 5 determinations, except N2-transduced TJF-2, for
which the value is the result of a single determination).

fConcentration of 2'-deoxyadenosine that inhibits incorporation of
[*H]thymidine to 50% of control value after 24 hr of culture.

#Grown for 3 weeks in medium containing G418 at 1 mg/ml.

28) in which a non-ADA aminohydrolase was detected in
ADA-deficient cells with =1% of normal activity. After
introduction of a normal ADA gene by the SAX vector, these
cells produced ADA activity at levels approximately half that
of normal cell lines (Table 1). The expression of the intro-
duced human ADA gene in human T and B cells is dependent
upon the type of promoter used to facilitate transcription of
the ADA gene. The ADA vector SAX, containing the early
promoter of SV40 (a virus with tropism for primate cells),
produced a considerably greater increase in ADA activity in
TIF-2, GM2756, and GM4258A cells than similar vectors
promoting ADA gene transcription with either the mouse
metallothionein or the Moloney LTR gene promoter (data not
shown).

The T and B cells transduced with the SAX vector also
express a second enzyme, neomycin phosphotransferase (the
product of the neo® gene), at levels adequate for selection in
medium containing the neomycin analogue G418. Growth of
cells in the presence of G418 allows the evaluation of ADA
expression in an enriched population of transduced cells
because cells do not survive in the presence of G418 unless
they express the neo® gene. Selection of the SAX-transduced
cells with G418 (1 mg/ml) resulted in cell populations with
levels of ADA activity in the normal range (Table 1).

Protection of SAX-Transduced TJF-2 Cells from 2'-
Deoxyadenosine Toxicity. Proliferation of ADA-deficient lym-
phocytes is inhibited by much lower concentrations of
2’-deoxyadenosine than is the proliferation of normal lym-
phocytes (29). Populations of ADA-deficient T and B cells
that were transduced with the SAX vector were tested for
growth inhibition in the presence of 2'-deoxyadenosine. Both
T and B cells treated with this vector showed a substantially
increased resistance to 2'-deoxyadenosine (Fig. 4 and Table
1). SAX-transduced cells isolated after selection with G418 (1
mg/ml) were fully restored to normal levels of resistance to
2'-deoxyadenosine toxicity. Addition of 2’-deoxycoformy-
cin, a specific inhibitor of ADA activity (30), rendered these
transduced cells sensitive to 2'-deoxyadenosine, demonstrat-
ing that the resistance to 2’'-deoxyadenosine of the SAX-
transduced cells is, in fact, due to the production of functional
ADA enzyme activity (Table 1).
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Fi1G. 4. Inhibition of proliferation of TJF-2 cells by 2’-deoxyad-
enosine. O, TJF-2; A, SAX-transduced TJF-2; 0, SAX-transduced,
G418-selected TJF-2. Points m and A represent 50%-inhibitory
concentrations for K7 and HM, two nonleukemic ADA-positive
T-cell lines derived by transformation with HTLV-I during one
typical experiment, presented for reference. All points represent the
geometric means of 3-5 separate experiments, each with triplicates.

Individuals heterozygous for ADA deficiency, as well as
rare individuals with partially defective ADA protein, may be
immunologically normal and yet have only a fraction (5-50%)
of the normal concentration of ADA enzyme activity (14, 17).
Furthermore, transfusions with ADA-positive erythrocytes
can occasionally improve the immune function of ADA-
deficient SCID patients (31-33). It appears, therefore, that a
small percentage of ADA-positive cells can partially correct
the metabolic disturbances in ADA deficiency and restore
immune function in some patients. To test whether a similar
effect could be observed in vitro, we added increasing
proportions of irradiated (10,000 rads; 1 rad = 0.01 Gy),
SAX-transduced, G418-selected TJF-2 cells, as a nonpro-
liferating source of detoxifying ADA activity, to ADA-
deficient TJF-2 cells cultured in inhibiting concentrations of
2’-deoxyadenosine. Fig. 5 shows that in the presence of 300
uM 2'-deoxyadenosine, proliferation of the ADA-deficient T
cells was restored to normal levels when 10-20% of the cells
in the cultures were ADA-positive. This experiment not only
demonstrates that functional ADA was obtained by gene
transfer with SAX but also suggests that beneficial in vivo
effects may be obtained when only a minority of the patient’s
lymphoid cells are transduced with the ADA gene.

DISCUSSION

Genetic diseases in which the primary pathology is localized
to the lymphohematopoietic system are likely to be early
candidates for gene therapy, since the tissue can be readily
explanted, manipulated ex vivo, and reimplanted. Retrovi-
ruses provide an efficient means by which this type of genetic
manipulation can occur. Part of the retroviral life cycle
involves the infection of susceptible cells, followed by the
reverse transcription of its RNA into double-stranded circu-
lar DNA and then the integration of this DNA into the host
cell’s genome. This system has been manipulated to facilitate
the transduction of exogenous genes into hematopoietic cells
several orders of magnitude more efficiently than other
gene-transfer systems such as, for example, calcium phos-
phate precipitation (1). Retroviral vectors have been utilized
to successfully introduce the bacterial neo® (2, 4), human
hypoxanthine phosphoribosyltransferase (3, S, 7), human
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FiG.5. Reversal of 2’-deoxyadenosine inhibition of proliferation
of TJF-2 cells by addition of ADA-positive cells. The ADA-positive
cells were TJF-2 transduced by SAX and selected in G418. Prior to
addition of these cells to cultures of 50 x 10> ADA-deficient TIF-2
cells, they were lethally irradiated (10,000 rads). 2'-Deoxyadenosine
was present at 300 uM. One hundred percent thymidine incorpo-
ration was 35,000 cpm. Fifty thousand irradiated SAX-transduced
TIJF-2 cells incorporated 316 cpm.

ADA (6), murine granulocyte/macrophage colony-stimulat-
ing factor (8), and murine dihydrofolate reductase (13) genes
into murine (2, 6, 8) or human (3, 7) hematopoietic cells in
vitro or into mouse bone marrow in vivo (4, 5, 13). Retroviral
vectors have also been used to introduce the neo® gene at
high efficiency into long-lived stem cells of murine bone
marrow in vivo (9-11). Recently, we have obtained prelim-
inary data demonstrating that the SAX vector can success-
fully transfer the ADA gene into primates by means of an
autologous bone marrow transplantation protocol (12).

Two prior reports (6, 34) have demonstrated construction
of retroviral vectors containing the human ADA gene. Both
of the vectors produced ADA transcripts using the Moloney
LTR promoter. Introduction of these vectors into murine
lymphoid (6) or 3T3 cells (34) resulted in levels of human
ADA activity equal to or greater than the level of murine
enzyme activity. In this report, we have constructed and used
the SAX vector to deliver an SV40-promoted human ADA
gene into human ADA-deficient T and B cells. Human ADA
enzyme activity with a normal isozyme pattern was detected
in the transduced T and B cells. Quantitation of the ADA
activity in the total unselected population indicated an
increase from 1.1% to 35% of normal for TJF-2 (T cells) and
from 0.6% to 69% of normal for GM2756 (B cells). The
G418-selected TIJF-2 and GM2756 populations both demon-
strated total ADA activity that reached or even exceeded the
range of values for an identical number of normal human T or
B cells. The gene transfer and conferred ADA enzyme
activity in ADA-deficient cells led to functional correction of
the hypersensitivity to 2’-deoxyadenosine toxicity character-
istic of ADA deficiency. An example of the effects that
genetically corrected cells have on ADA-deficient cells was
shown when irradiated, SAX-transduced cells were used as
a source of enzyme to detoxify 2’'-deoxyadenosine in the
medium of ADA-deficient cells.

For gene therapy to be clinically useful, the transferred
gene must be capable of expressing enzymatically active
protein in physiologic quantities in the proper target cells. T
cells or their precursors are the cells that are most severely
affected in ADA deficiency. Peripheral lymphoid cells, es-
pecially T lymphocytes, are not readily obtainable from
patients with ADA deficiency due to the severe lymphopenia
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that is a characteristic finding in SCID. To our knowledge,
the TJF-2 cell line represents the first ADA-deficient T-cell
line available to assess ADA functional activity. It is not
clear, however, what relation HTLV-I-immortalized T cells
have to normal T cells, much less to the pluripotent stem cell
(or the lymphoid-lineage stem cell) that would be the cell that
needs to be corrected in vivo in ADA deficiency. Nonethe-
less, the experiments described here, together with the
studies previously published (2-13), do provide encourage-
ment that retroviral-based vectors may provide the clinical
means for correcting ADA deficiency and other genetic

diseases.
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