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ABSTRACT To explore the possibility of using gene trans-
fer to provide iduronate-2-sulfatase (IDS; EC 3.1.6.13) enzyme
activity for treatment of Hunter syndrome, an amphotropic
retroviral vector, L2SN, containing the human IDS coding
sequence was constructed and studied for gene expression in
vitro. Lymphoblastoid cell lines (LCLs) from patients with
Hunter syndrome were transduced with L2SN and expressed
high levels of IDS enzyme activity, 10- to 70-fold higher than
normal human peripheral blood leukocytes or LCLs. Such
L2SN-transduced LCLs failed to show accumulation Of 3sSO4
into glycosaminoglycan (35SO4-GAG), indicating that recom-
binant II)S enzyme participated in GAG metabolism. Cocul-
Wmre of L2SN-transduced LCLs with fibroblasts from patients
with Hunter syndrome reduced the accumulation of -"SO4-
GAG. These results demonstrated retroviral-mediated IDS
gene transfer into lymphoid cells and the ability of such cells to
provide recombinant enzyme for intercellular metabolic cross-
correction.

Hunter syndrome, or mucopolysaccharidosis (MPS) type II,
is an X chromosome-linked recessive inborn error of metab-
olism resulting from the deficiency of lysosomal iduronate-
2-sulfatase (IDS; EC 3.1.6.13) enzyme activity and the con-
sequent systemic accumulation ofglycosaminoglycan (GAG)
substrates, heparan sulfate and dermatan sulfate (for review,
see refs. 1-3). The disorder is clinically manifest as coarse
facial features, dysostosis multiplex, joint contractures, he-
patosplenomegaly, and obstructive airway disease. In the
severe form, children experience progressive mental retar-
dation and die before 15 years of age. Patients with relatively
mild forms have normal intellect, but typically succumb to
cardiac and respiratory disease in early adulthood.
Proposed therapies for Hunter syndrome have been based

on early experiments with fibroblasts from patients with
Hunter syndrome that showed that normal catabolism of
GAG could be achieved by coculture with fibroblasts from
patients with other MPS diseases (4). More recently, similar
results have been obtained by coculture with normal lym-
phocytes or macrophages (5-8). Such studies provided im-
portant insights into the posttranslational processing, traf-
ficking, and reuptake of lysosomal enzymes. Early attempts
to replace IDS enzyme activity in patients with Hunter
syndrome by infusion of normal plasma (9) or leukocytes (10)
yielded equivocal results. However, clinical trials of alloge-
neic bone marrow transplantation have provided evidence of
metabolic correction in some tissues (11). Unfortunately,
application of bone marrow transplantation is limited by lack
of histocompatible donors, a significant mortality rate of
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20-50%o, and complications such as graft-versus-host dis-
ease.
As a means of circumventing problems associated with

marrow transplantation, gene transfer targeted at autologous
marrow cells has been proposed as an alternative treatment
for lysosomal storage diseases (12-15). To explore gene
transfer for treatment for Hunter syndrome, we recon-
structed the full-length IDS cDNA in a Moloney murine
leukemia virus-based vector. Retroviral-mediated IDS gene
transfer into lymphoblastoid cell lines (LCLs) produced very
high levels of IDS enzyme activity. Furthermore, we ob-
served that expression of recombinant IDS enzyme contrib-
uted to GAG metabolism not only in transduced lymphoid
cells but also in nontransduced fibroblasts grown in cocul-
ture.

MATERIALS AND METHODS
DNA Manipulations. Restriction enzymes were obtained

from New England Biolabs. DNA polymerase I (Klenow
fragment) and T4 DNA ligase were obtained from Bethesda
Research Laboratories. Plasmids were maintained in Esch-
erichia coli K-12 294 and harvested by alkaline lysis (16).
Sequencing was performed using Sequenase (United States
Biochemical) and dideoxynucleotide chain-termination (17).
PCR was conducted using Taq DNA polymerase (Cetus) in
an automated thermal cycler (Perkin-Elmer/Cetus).

Construction of pL2SN. For construction of the retrovirus
pL2SN (Fig. 1), the 3' portion of the IDS coding sequence
was generated by reverse transcription linked to PCR using
totalRNA extracted from human leukocytes as template (20).
A BamHI site was introduced at base 1669 (enumerated
relative to the translational start site) by reamplification ofthe
3' product using an antisense oligonucleotide primer IDS2
(5'-CATTTGGGATCCATGGTTGG-3') and a sense primer
IDS3 (5'-ATGAAAACGTCAGCCAGTCC-3'). PCR condi-
tions were 60 s at 94°C, 60 s at 55°C, and 60 s at 72°C for 30
cycles. The 3' segment of the IDS cDNA (bases 1347-1669)
was cloned into the BamHI site ofpBluescript II (Stratagene)
and recovered as an EcoRI-BamHI fragment (bases 1425-
1669). The 5' portion ofthe IDS coding sequence was excised
from pc2S15 (generously provided by J. J. Hopwood, Ade-
laide Children's Hospital, North Adelaide, Australia) as an
EcoRI fragment (bases -18 to 1425). The 5' and 3' segments
of the IDS cDNA were then inserted in a three-way ligation
between the EcoRI and BamHI sites of the retroviral vector
pLXSN (21). Correct assembly of the retroviral vector,
including orientation of the 5' region of IDS in pL2SN, was
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FIG. 1. Schematic diagram of retrovirus construct L2SN. The
vector was assembled by reconstruction of the IDS coding sequence
in the Moloney murine leukemia virus-derived vector LXSN (18).
The complete IDS coding sequence was obtained by combining a
1.4-kb EcoRI-EcoRI segment from pc2S15 (19) with the 3'-end
segment derived in this laboratory by reverse transcription-PCR.
For construction of L2SN, six clones containing the 3'-end BamHI-
BamHI fragment were isolated and sequenced. One had the silent
mutation G1660 -+ A (presumably resulting from Taq polymerase
infidelity of during PCR amplification) and was incorporated into
L2SN as an identifying marker. The sequence of the IDS coding
region was otherwise identical to the published coding sequence (19).
The final L2SN construct contained the IDS cDNA transcriptionally
regulated by the long terminal repeat (LTR) and the selectable
marker gene for neomycin phosphotransferase (neo) regulated by the
simian virus 40 early promoter. Other sequences are Moloney murine
leukemia virus and Moloney murine sarcoma virus LTRs and simian
virus 40 early promoter (SV). The locations of BamHI and EcoRI
sites used for construction of the IDS sequence and the Kpn I sites
used for Southern blot analysis (Fig. 2) are indicated.

confirmed by restriction mapping and sequence analysis of
the entire IDS coding region.
Mammalian Cell Culture and Retroviruses. Epstein-Barr

virus-transformed LCLs established from peripheral blood
lymphocytes of normal individuals (LCLNo.mln) and patients
with Hunter syndrome (LCLMps) were obtained from the
Immunobiology Research Center, University of Minnesota.
Specific mutations of IDS-deficient LCLs were identified as
described (20, 22), one cell line having a complete deletion of
the coding region (LCLMpsdel) and the other a point mutation
C'530 -* A (LCLMpsp469H). LCLs were grown in plastic flasks
(T-75, Falcon, Becton Dickinson) at 0.5-2 x 106 cells per ml
in RPMI 1640 medium (GIBCO) with 15% (vol/vol) heat-
inactivated fetal calf serum (HyClone). Cultured human
fibroblasts were grown in plastic dishes (3003, Falcon) in
Dulbecco's modified Eagle's medium (DMEM, GIBCO) with
10% heat-inactivated fetal calf serum. NIH 3T3 cells and
murine retroviral-packaging cell lines GP+E86 (23) and
PA317 (18) were grown in DMEM with 10% heat-inactivated
newborn calf serum (HyClone). All media were supple-
mented with 2 mM glutamine (Sigma), penicillin (50 units/
ml), streptomycin sulfate (50 mg/ml), and Fungizone (125
mg/ml) (GIBCO). Penicillin, streptomycin sulfate, and Fun-
gizone were omitted for experiments employing 35SO4 label-
ing ofGAG (below). Cultures were incubated in a humidified
atmosphere of 5% C02/95% air at 37°C.

Retrovirus constructs were packaged by transfection into
GP+E86 cells using DNA-calcium phosphate coprecipita-
tion (24, 25). Transiently generated virus was then used to
transduce PA317 cells (21) isolating G418-resistant (0.4 mg of
active base per ml, GIBCO/BRL) clones and screening for
those producing the highest titer ofG418-resistant virus using
NIH 3T3 cells as targets (26).

Transduction and Selection. LCLs were transduced by
incubating overnight for 3 consecutive days with retroviral
supernatant (2:1 colony-forming units/cell ratio) and Poly-
brene (8 ,g/ml, Sigma). LCLs were expanded for 2 weeks.
To select for transductants, LCL cultures were then grown in
medium containing G418 (0.4 mg/ml) for 2 additional weeks
and, thereafter, maintained in medium containing G418 (1.0
mg/ml).

Southern Blot Analysis. To verify transduction and integrity
of proviral integrants by Southern blot analysis, genomic
DNA was isolated, digested with Kpn I, and electrophoresed
in 0.8% agarose gel prior to transfer to Zetabind membrane
(Cuno). The membrane was baked at 80°C for 2 hr and then
washed twice in 0.1x standard saline citrate (SSC)/0.1%
SDS at 60°C for 1 hr. Prehybridization was in 5.4x standard
saline/phosphate/EDTA (16)/1500 units (U) of heparin/llx
Denhardt's solution/0.8% SDS/salmon sperm DNA (200
Mg/ml)/50% (vol/vol) formamide for 6 hr at 42°C. To probe
for IDS sequences, the EcoRI fragment of pc2S15 was
purified and 32P-radiolabeled by random priming (27). After
overnight hybridization in prehybridization solution and IDS
probe, the membrane was washed three times in 0.1 x SSC/
0.1% SDS for 15 min at ambient temperature and three times
in 0.lx SSC/0.1% SDS for 30 min at 60°C.

Determination of Enzyme Activities. Peripheral blood leu-
kocytes and LCLs were disrupted by one freeze-thaw cycle
and then sonicated (three 15-s bursts at level 7, Branson
Sonifier 450) in 1% Triton X-100. Cell sonicates, or culture
media, were then desalted into distilled water by centrifugal
column chromatography (Bio-Gel P-10, fine mesh, Bio-Rad).
IDS enzyme activity was measured in extracts using the
tritiated disaccharide substrate L-O-(a-iduronate-2-sul-
fate)-(l -- 4)-D-0-2,5-anhydro[1-3H]mannitol 6-sulfate (Re-
search and Development Limited Partnership, Toronto) as
described (28, 29). Protein concentration was measured with
Coomassie blue (Bio-Rad) by the method of Bradford (30).
One unit of enzyme activity was defined as 1% of total 3H
substrate converted to product.
Lysosomal glycosidase activities were measured using the

appropriate fluorogenic 4-methylumbelliferyl-glycoside sub-
strates and expressed as nmol per mg of protein per hr for
cells or as nmol per ml of medium per hr for culture medium.
35SO4-GAG Labeling and Assay. For studies assessing

GAG metabolism, cultured cells (i.e., LCLs, fibroblasts,
etc.) were grown for 2 days in minimal essential medium
[22300, GIBCO, NaHCO3 (pH 6.9) at 1.6 g/liter] with CaCl2
(140 mg/liter)/15% fetal calfserum/2mM glutamine. Cellular
GAG was metabolically labeled by addition of 35 O4 (Amer-
sham) to culture medium (4 ,uCi/ml; 1 Ci = 37 GBq). To study
GAG clearance, fibroblasts were labeled 2 days in 35 O4 and
then subcultured by trypsinization into 30-cm2 plates (3002,
Falcon). After cocultivation with LCLs for 2 additional days,
adherent fibroblast monolayers were washed twice with
phosphate-buffered saline, harvested by trypsinization, col-
lected, lysed with 0.1 ml of0.5M NaOH, and then neutralized
with 0.05 ml of 1 M HCI. Macromolecular material was
separated from unincorporated 35S04 by centrifugal column
chromatography.

RESULTS
Construction and Packaging of Retroviral Vector L2SN. To

assess the potential of gene transfer for correcting the met-
abolic defect in cells from patients with Hunter syndrome, we
constructed a recombinant retroviral vector, pL2SN (Fig. 1).
L2SN was packaged by shuttling into PA317 cells, thus
establishing an amphotropic virus-producer cell line that
generated an overnight supernatant with a titer of 2 x 106
G418-resistant colony-forming units/ml.
L2SN Transduction of Lymphoblastoid Cell Lines from

Patients with Hunter Syndrome. Epstein-Barr virus-
transformed LCLs from patients with Hunter syndrome
(LCLMpS) and normal individuals (LCLNom.1) were trans-
duced with the L2SN vector or the control vector LXSN
(Fig. 1). Heterogeneous populations of transductants were
selected in medium containing G418. Presence of the full-
length provirus L2SN in LCLMpS-L2SN was verified by PCR
(data not shown). Further confirmation of intact L2SN trans-
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FIG. 2. Southern blot analysis. Genomic DNA was digested with
Kpn I, blotted, and probed with the partial IDS cDNA clone pc2S15.
Lanes contained DNA (as indicated, from left to right) from the
following sources: 2 and 10 pg of pL2SN, murine PA317 packaging
cell line, PA317-L2SN virus-producer cell line, LCLNo,l-LXSN
transduced cell line, LCLMPSP469H (LCLMps) cell line (untrans-
duced), transduced cell line LCLMpsp469H-LXSN after selection with
G418, and transduced cell line LCLMpsp469H-L2SN after G418 se-
lection. Migration of molecular size standards is indicated on the left
(in kb), and locations of the L2SN provirus and the endogenous IDS
gene are indicated on the right.

duction and proviral integration in PA317 and LCLMpS was
obtained by Southern blot analysis (Fig. 2). Probing Kpn
I-digested genomic DNA from these cell lines with an IDS-
specific fragment from pc2S15 (19) revealed a 4.3-kb proviral
band that comigrated with Kpn I-digested plasmid pL2SN.
No cross-hybridization with the endogenous murine IDS
gene was observed in samples from the packaging cell lines.
IDS Enzyme Activity in Normal and Transduced Lymphoid

Cells. IDS enzyme activity was assayed in sonicates of
LCLMpS-L2SN, control-transduced, and normal cell popu-
lations (Table 1). IDS was not detectable (<10 U per mg per
hr) in LCLMpS or in LCLMpS-LXSN cells but LCLNo,1n1 cells
contained readily measurable IDS enzyme activity (mean,
829 U per mg per hr). In contrast, LCLMpsp469H-L2SN cells
contained substantially increased levels of IDS activity
(mean, 8770 U per mg per hr), levels -10-fold greater than
LCLNoUal or normal leukocytes (mean, 807 U per mg per hr).
Another transduced cell line, LCLMPSd1,-L2SN, contained
even higher levels ofIDS activity (mean, 55,800 U per mg per

Table 1. IDS enzyme activity in leukocytes and cultured LCLs
IDS enzyme activity,

U per mg of protein per hr

Cell type Mean t SD (n) Range
WBC, uncultured
WBCNonn1 807 ± 252 (23) 418-1250
WBCMpIs <10 (3)

Untransduced LCL*
LCLNormal 829 ± 131 (8) 641-970
LCLMpS <10 (7)

Transduced LCLt
LCLMPSP469H-LXSN <10 (10)
LCLMYSP469H-L2SN 8770 t 3400 (10) 3100-12,300
LCLMPsdei-LXSN <10 (5)
LCLMPsdel-L2SN 55,700 ± 18,700 (5) 27,700-76,500
WBC, leukocyte.

*Cultured without G418.
tSelected for LXSN-transduced or L2SN-transduced cells by culture
with G418.

hr), :70-fold greater than LCLNormIl. The highest levels were
obtained after 2 months of G418 selection.
Lysosomal Enzyme Release. To determine the effect of

retroviral transduction and overexpression of reCombinant
IDS on lysosomal enzyme release, transduced cells were
cultured for 2 days in fresh medium and then studied for
several lysosomal enzyme activities. Cellular IDS activity in
LCLMPSdel-L2SN was relatively high (mean, 58,200 U per mg
per hr), =120-fold greater than control LCLN0Xlaj-LXSN
levels (mean, 489 U per mg per hr). The levels ofIDS activity
in medium that had not been exposed to cells (mean, 1.72 U
per ml per hr) or levels in medium harvested from LCLMps-
LXSN (3.31 U per ml per hr) were relatively low in compar-
ison to levels in medium after culture with LCLNorm-LXSN
(10.1 U per ml per hr). IDS enzyme activity in medium from
LCLMpS-L2SN was 46.0U per ml per hr, -5-fold higher than
that of LCLNorma-LXSN cells.

In LCLmps-L2SN cells, a-mannosidase (197 ± 40.9 nmol
per mg per hr; mean ± SD) was significantly reduced
compared to LCLMps-LXSN (301 + 63.7 nmol per mg per hr;
matched pairs P = 0.025). Similarly, a-fucosidase in
LCLMpS-L2SN (85.0 ± 14.1 nmol per mg per hr) was reduced
compared to levels in LCLMpS-LXSN (157 ± 31.3 nmol per
mg per hr; P = 0.029). However, other lysosomal glycosidase
activities (,B3mannosidase, total a-galactosidase, ,B-galacto-
sidase, ,B-hexosaminidase A, and f3-glucuronidase) were not
significantly altered.

In the medium of LCLMpS-L2SN cells that were overex-
pressing IDS enzyme, none ofthe glycosidase activities were
significantly different from levels in the medium of either
LCLNormai-LXSN or LCLMpS-LXSN control cultures.
35SO4-GAG Accumulation in LCLs. To evaluate the ability

ofL2SN transduction to correct the metabolic defect, 3SO4-
GAG levels were studied in LCL cultures (Fig. 3). After
initial incorporation of 35SO4 during the first 24 hr, no further
accumulation was observed in LCLNorm-LXSN. In con-
trast, IDS-deficient LCLMpS-LXSN showed continued accu-
mulation of 35S04-GAG through 3 days in culture. However,
when LCLMpS was transduced with L2SN, a steady state of
35SO4 metabolism was observed similar to LCLNor-LXSN
with no accumulation after the initial day of incorporation.
Thus, transduction by L2SN not only produced high levels of
IDS activity but also corrected aberrant GAG metabolism in
L2SN-transduced LCLMpS cells.
35SO4-GAG Clearance: Metabolic Cross-Correction. To

evaluate the ability of LCLMpS-L2SN to effect metabolic
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FIG. 3. 35S04-GAG accumulation by transduced LCLs. Trans-
duced LCLs were grown in sulfate-free medium supplemented with
355Q4* Mfter growth for the specified interval, cells were washed and
assayed for macromolecular 35S. Cellular 35SO4-GAG incorporation
was expressed as cpm/mg of protein. Data are the mean ± SD; n =
3 for cell lines LCLMPSP469H-LXSN (o), LCLMPSP469H-L2SN (e), and
LCLNormal-LXSN (O).
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correction in neighboring nontransduced cells (i.e., cross-
correction), enzyme-deficient fibroblasts from a patient with
Hunter syndrome were grown in 35So4 for 2 days to pulse-
label a pool of 35S04-GAG. Labeled fibroblasts were then
cocultured with either LCLMps-LXSN or LCLMps-L2SN in
35S04-free medium to assess the rate of clearance of accu-
mulated 35SO4-GAG. Fibroblasts cocultured for 2 days with
various doses of LCLMpS-LXSN (0.5, 1.0, 2.5, or 4.0 x 106
cells per ml) showed some reduction in 35S04-GAG (to 46, 31,
57, and 45% of initial cpm, respectively). In contrast, coc-

ulture with LCLMps-L2SN resulted in significant (matched
pairs t test, P = 0.019) and nearly complete clearance of
35S04-GAG (to 16, 15, 5, and 7%, respectively). These results
suggested that recombinant IDS was expressed in a form that
was exported from L2SN-transduced LCLMpS and, subse-
quently, taken up by cocultured fibroblasts.
Comparison of Cross-Correction by LCLNOrr-LXSN and

LCLMps-L2SN. Because L2SN-transduced LCLMpS had
much higher levels of IDS enzyme activity than LCILNorml,
we predicted that LCLMpS-L2SN might also be more effec-
tive at accomplishing cross-correction. To test this hypoth-
esis, fibroblasts from patients with Hunter syndrome were
cultured with 35 O4 under four conditions. Fibroblasts were
cultured alone or cocultured with one of the three transduced
cell lines: LCLMps-LXSN, LCLNOmja-LXSN, or LCLMps-
L2SN. After metabolic labeling for 2 days, adherent fibro-
blasts were washed of medium and nonadherent LCLs and
then analyzed for 35S04-GAG content. As shown in Fig. 4,
accumulation of 35S04-GAG after coculture with LCLmps-
LXSN was not significantly different from that of fibroblasts
cultured alone (P = 0.42). However, fibroblasts cocultured
with LCLNo0 ,-LXSN showed decreased 35 O4 accumula-
tion (mean, 68% of fibroblasts cultured alone), which was
significantly different (P = 0.04) from fibroblasts cocultured
with LCLMps-LXSN. Fibroblasts cocultured with LCLMps-
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FIG. 4. Accumulation of 35SO4-GAG by enzyme-deficient fibro-
blasts cultured alone or cocultured with transduced LCLNoI,TI or
LCLMpsp469H (LCLMps). IDS-deficient fibroblasts from patients
with Hunter syndrome were cultured alone or cocultured with
retrovirus-transduced LCLs (3 ml of 0.8 x 106 LCLs per ml in
9.6-cm2 plates) for 2 days in medium containing 35SO4. Fibroblasts
were then washed, extracted, and assayed for macromolecular 35S.
The 35SO4-GAG remaining in fibroblasts cocultured with transduced
LCLs is expressed as a percent of that remaining in fibroblasts
cultured alone (mean ± SEM; n = 3 fibroblast cell lines derived from
different patients with Hunter syndrome).

L2SN demonstrated even lower 35S04-GAG accumulation
(58%), a reduction that was significantly different (P < 0.01)
from fibroblasts cocultured with LCLMpS-LXSN. This
greater metabolic cross-correction by LCLMpS-L2SN was
presumably the result of increased retroviral IDS enzyme
expression, release, and uptake by fibroblasts.

DISCUSSION
We constructed a recombinant retroviral vector L2SN to
mediate insertion and expression of human IDS cDNA in
lymphohematopoietic target cell populations. As a model
system for studying gene transfer, expression ofenzyme and
metabolic correction, LCL established from patients with
Hunter syndrome were targeted for L2SN transduction. Cells
transduced with L2SN were selected in medium containing
G418 and were found to contain a remarkably high level of
IDS enzyme activity, levels 10- to 70-fold greater than either
normal LCLs or normal human leukocytes. Recombinant
IDS enzyme appears to undergo essentially normal posttrans-
lational modification and trafficking to lysosomes as indi-
cated by a substantial reversal of GAG substrate accumula-
tion, not only in L2SN-transduced LCLMpS but also in
cocultivated Hunter fibroblasts.
We propose that this high level of IDS expression mediated

by the strong heterologous promoter is characteristic of
lysosomal enzymes in general. Several recent studies dem-
onstrating expression of cDNA for other human lysosomal
enzymes have observed similarly high levels of expression
from heterologous promoters. Arylsulfatase A was expressed
in fibroblasts at levels 10-fold greater than that ofnormal cells
(31), acid sphingomyelinase was expressed 16-fold above
normal (32), arylsulfatase B was overexpressed by 36-fold
(33), a-L-iduronidase was expressed at 50- to 250-fold (12),
and a-L-fucosidase was expressed 30- to 400-fold over normal
levels (34). Our results with IDS are thus consistent with the
high levels of lysosomal enzyme expression after gene trans-
fer when the coding sequence is transcriptionally regulated
by strong heterologous promoters. Conversely, this implies a
relatively low level of basal expression by endogenous ly-
sosomal enzyme genes in the native state.
As early as 1963, Bemlohr (35) suggested that expression

of lysosomal enzymes at normal levels is well in excess of the
metabolic demand and that altered kinetics of an aberrant
enzyme would lead to a higher steady-state concentration of
substrate or even progressive accumulation in affected indi-
viduals. More recently, Sandhoff and colleagues expanded
upon this kinetic model proposing a relationship between the
phenotype (e.g., age of onset and clinical severity) and small
quantitative differences in residual enzyme activity (36); they
subsequently provided experimental data correlating the
residual activity of lysosomal enzymes and the turnover of
substrate in cell culture (37). This model implies that only a
small increment in catalytic activity may be sufficient to
prevent progressive substrate accumulation and achieve a
steady state of substrate metabolism. These observations
thus suggest that overexpression of the appropriate cDNA by
a small number of transduced cells, with increased release
and transfer, may provide sufficient therapeutic enzyme to
normalize lysosomal metabolism systemically in genetically
deficient patients. This prediction has been borne out by
stem-cell gene transfer studies in the MPS VII murine model
for which a very small amount of enzyme reversed pathology
(15).
The phenomenon of lysosomal enzyme transfer and nor-

malization of substrate accumulation was first observed in
experiments studying genetic complementation by coculti-
vation of fibroblasts from patients with Hunter syndrome and
other MPS diseases (4). Such studies have provided the
rationale for enzyme replacement therapy. The success of
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allogeneic bone marrow transplant to provide a source of
enzyme that results in clearance of GAG from tissues in
humans (38-41) and in animals (42, 43) has fueled speculation
that gene transfer into autologous lymphohematopoietic cells
may provide an alternate therapy.
Recent in vitro studies of retrovirus-mediated gene expres-

sion have shown that several recombinant lysosomal en-
zymes become localized to the lysosome of transduced cells
(12, 31) and normalize substrate degradation (12, 15, 31),
suggesting that posttranslational modification and trafficking
of recombinant enzyme is normal. Other studies of purified
recombinant lysosomal enzymes have suggested that these
enzymes are properly glycosylated for uptake (12, 44, 45).
However, extreme overexpression may result in intracellular
aggregation of recombinant enzyme (45) or interference with
trafficking of other lysosomal enzymes and optimal substrate
catabolism (12). To our knowledge, it was not previously
known whether transduced cells were capable of direct
enzyme release and reuptake by nontransduced cells. Here
we observed that L2SN transduction corrected GAG metab-
olism in retrovirus-transduced LCLMpS and, importantly,
also in nontransduced fibroblasts grown in coculture. Thus,
transduced cells are shown to provide a direct source of
transferable recombinant enzyme capable of mediating inter-
cellular cross-correction. Notably, we observed increased
release of IDS into the culture medium; we did not observe
the generalized pattern of lysosomal enzyme release that
occurred with overexpression of a-L-iduronidase (12) but was
not observed with overexpression of a-galactosidase (45).
The very high level ofIDS activity expressed by retroviral-

mediated gene transfer in LCLs furthers the argument that
genetic manipulation of autologous cells may provide greater
quantities of enzyme than is supplied by bone marrow
transplantation. Our results extend this observation also
demonstrating that L2SN-transduced LCLs have an in-
creased ability to mediate cross-correction. Importantly, this
in vitro model of gene therapy using LCLs as the target for
retrovirus transduction parallels a currently feasible maneu-
ver exploiting IDS expression in lymphocytes, the therapeu-
tic system currently being evaluated in clinical trials of
-lymphocyte gene therapy for adenosine deaminase defi-
ciency (46, 47). Experimentally, lymphoid cells have been
shown to mediate lysosomal enzyme transfer to cultured
fibroblasts by mechanisms involving cell-cell contact (8) and
may also contribute enzyme for uptake by mannose-6-
phosphate receptors in patients treated by allogeneic bone
marrow transplant (48). The use of genetically manipulated
autologous cells as a source of enzyme may be appropriate
for patients with mild Hunter syndrome facing the life-
threatening complications of obstructive airway disease but
who lack a suitable donor for marrow transplant. However,
the most therapeutically challenging manifestation of Hunter
syndrome is the neurological disease of severely affected
patients; it is currently unclear whether recombinant IDS
enzyme expressed in lymphocytes would enter the central
nervous system.
We thank J. J. Hopwood for the kind gift of pc2S15 and A. D.

Miller for pLXSN. We are indebted to B. Blazar for review and
insights. This work was supported by grants from the National
Institutes of Health (ROlDK39891) and the Daniel Molinaro Foun-
dation.
1. Hopwood, J. J. & Morris, C. P. (1990) Mol. Biol. Med. 7, 381-404.
2. Neufeld, E. F. & Muenzer, J. (1989) in The Metabolic Basis ofInherited

Diseases, eds. Scriver, C. R., Beaudet, A. L., Sly, W. S. & Valle, D.
(McGraw-Hill, New York), pp. 1565-1587.

3. Whitley, C. B. (1992) in McKusick's Heritable Diseases of Connective
Tissue, ed. Beighton, P. (Mosby, St. Louis), pp. 367-499.

4. Fratantoni, J. C., Hall, C. W. & Neufeld, E. F. (1968) Science 162,
699-706.

5. Dean, M. F., McNamara, A. & Jenne, B. M. (1985) J. Cell Sci. 79,
137-149.

6. Olsen, I., Dean, M. F., Muir, H. & Harris, G. (1982) J. Cell Sci. 55,
211-231.

7. Olsen, I., Dean, M. F., Harris, G. & Muir, H. (1981) Nature (London)
291, 244-247.

8. Di Natale, P., Annella, T., Daniele, A., Negri, R. & Nitsch, L. (1992)
Biochim. Biophys. Acta 1138, 143-148.

9. Di Ferrante, N., Nichols, B. I., Donnelly, P. V., Neri, G., Hrgovcic, R.
& Berglund, R. K. (1971) Proc. Natl. Acad. Sci. USA 68, 303-307.

10. Knudson, A. G., Di Ferrante, N. & Curtis, J. E. (1971) Proc. Natl. Acad.
Sci. USA 68, 1738-1741.

11. Warkentin, P. I., Dixon, M. S., Schafer, I., Strandjord, S. E. & Coccia,
P. F. (1986) Birth Defects 22, 31-39.

12. Anson, D. S., Bielicki, J. & Hopwood, J. J. (1992) Hum. Gene Ther. 3,
371-379.

13. Fink, J. K., Correll, P. H., Perry, L. K., Brady, R. 0. & Karlsson, S.
(1990) Proc. Natl. Acad. Sci. USA 87, 2334-2338.

14. Parkman, R. (1986) Science 232, 1373-1378.
15. Wolfe, J. H., Sands, M. S., Barker, J. E., Gwynn, B., Rowe, L. B.,

Vogler, C. A. & Birkenmeier, E. H. (1992) Nature (London) 360, 749-
753.

16. Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989) Molecular Cloning:A
Laboratory Manual (Cold Spring Harbor Lab. Press, Plainview, NY).

17. Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. Natl. Acad. Sci.
USA 74, 5463-5467.

18. Miller, A. D. & Buttimore, C. (1986) Mol. Cell. Biol. 6, 2895-2902.
19. Wilson, P. J., Morris, C. P., Anson, D. S., Occhiodoro, T., Bielicki, J.,

Clements, P. R. & Hopwood, J. J. (1990) Proc. Natl. Acad. Sci. USA 87,
8531-8535.

20. Crotty, P. L. & Whitley, C. B. (1992) Hum. Genet. 90, 285-288.
21. Miller, A. D. & Rosman, G. J. (1989) Biotechniques 7, 980-982.
22. Crotty, P. L., Braun, S. E., Anderson, R. A. & Whitley, C. B. (1992)

Hum. Mol. Genet. 1, 755-757.
23. Markowitz, D., Goff, S. & Bank, A. (1988) J. Virol. 62, 1120-1124.
24. Graham, F. L. & van der Eb, A. J. (1973) Virology 52, 456-467.
25. Gorman, C. (1985) in DNA Cloning: A Practical Approach, ed. Glover,

D. M. (IRL, Oxford), pp. 143-190.
26. McIvor, R. S., Johnson, M. J., Miller, A. D., Pitts, S., Williams, S. R.,

Valerio, D., Martin, D. J. & Verma, I. M. (1987) Mol. Ceal. Biol. 7,
838-846.

27. Hallerman, E. M., Schneider, J. F., Gross, M., Liu, Z., Yoon, L., Her,
L., Hackett, P. B. & Kapuscinski, A. R. (1990) Anim. Biotechnol. 1,
79-93.

28. Clarke, J., Willard, H. F., Teshima, I., Chang, P. L. & Skomorowski,
M. A. (1990) Clin. Genet. 37, 355-362.

29. Wasteson, A. & Neufeld, E. F. (1982) Methods Enzymol. 83, 573-578.
30. Bradford, M. M. (1976) Anal. Biochem. 72, 248-254.
31. Rommerskirch, W., Fluharty, A. L., Peters, C., von Figura, K. &

Gieselmann, V. (1991) Biochem. J. 280, 459-461.
32. Suchi, M., Dinur, T., Desnick, R. J., Gatt, S., Pereira, L., Gilboa, E. &

Schuchman, E. H. (1992) Proc. Natl. Acad. Sci. USA 89, 3227-3231.
33. Peters, C., Rommerskirch, W., Modaressi, S. & von Figura, K. (1991)

Biochem. J. 276, 499-504.
34. Occhiodoro, T., Hopwood, J. J., Morris, C. P. & Anson, D. S. (1992)

Hum. Gene Ther. 3, 365-369.
35. Bernlohr, R. W. (1973) in Birth Defects, eds. Desnick, R. J., Bernlohr,

R. W. & Krivit, W. (March of Dimes, Baltimore), pp. xi-xiii.
36. Conzelmann, E. & Sandhoff, K. (1983) Dev. Neurosci. 6, 58-71.
37. Leinekugel, P., Michel, S., Conzelmann, E. & Sandhoff, K. (1992) Hum.

Genet. 88, 513-523.
38. Hobbs, J. R., Hugh-Jones, K., Barrett, A. J., Byrom, N., Chambers, D.,

Henry, K., James, D. C., Lucas, C. F., Rogers, T. R., Benson, P. F.,
Tansley, L. R., Patrick, A. D., Mossman, J. & Young, E. P. (1981)
Lancet ii, 709-712.

39. Krivit, W., Pierpont, M. E., Ayaz, K., Tsai, M., Ramsay, N. K.,
Kersey, J. H., Weisdorf, S., Sibley, R., Snover, D., McGovern, M. M.,
Schwartz, M. F. & Desnick, R. J. (1984) N. Engl. J. Med. 311, 1606-
1611.

40. Whitley, C. B., Ramsay, N. K. C., Kersey, J. H. & Krivit, W. (1986)
Birth Defects 22, 7-24.

41. Whitley, C. B., Belani, K. G., Chang, P.-N., Summers, C. G., Blazar,
B. R., Tsai, M. Y., Latchaw, R. E., Ramsay, N. K. C. & Kersey, J. H.
(1993) Am. J. Med. Genet. 46, 209-218.

42. Birkenmeier, E. H., Barker, J. E., Vogler, C. A., Kyle, J. W., Sly,
W. S., Gwynn, B., Levy, B. & Pegors, C. (1991) Blood 78, 3081-3092.

43. Shull, R. M., Hastings, N. E., Selcer, R. R., Jones, J. B., Smith, J. R.,
Cullen, W. C. & Constantopoulos, G. (1987)J. Clin. Invest. 79,435-443.

44. Bielicki, J., Hopwood, J. J., Wilson, P. J. & Anson, D. S. (1993)
Biochem. J. 289, 241-246.

45. Ioannou, Y. A., Bishop, D. F. & Desnick, R. J. (1992) J. Cell Biol. 119,
1137-1150.

46. Blaese, R. M. & Anderson, W. F. (1990) Hum. Gene Ther. 1, 327-362.
47. Human Gene Therapy Subcommittee (1992) Hum. Gene Ther. 3, 233-

248.
48. Blazar, B. R., Whitley, C. B., Desnick, R. J., Pierpont, M. E., Filipo-

vich, A. H., Ramsay, N. K., Kersey, J. H., Orr, H. T., Yasmineh,
W. G., Tsai, M. Y., Vitek, C. R., Neudorf, S. M. L. & Krivit, W. (1986)
Birth Defects 22, 135-152.

Proc. Natl. Acad Sci. USA 90 (1993)


