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Clinical trials have demonstrated the potential of ex vivo
hematopoietic stem cell gene therapy to treat X-linked
severe combined immunodeficiency (SCID-X1) using
y-retroviral vectors, leading to immune system func-
tionality in the majority of treated patients without pre-
transplant conditioning. The success was tempered by
insertional oncogenesis in a proportion of the patients.
To reduce the genotoxicity risk, a self-inactivating (SIN)
lentiviral vector (LV) with improved expression of a
codon optimized human interleukin-2 receptor y gene
(IL2RG) cDNA (coyc), regulated by its 1.1kb promoter
region (ycPr), was compared in efficacy to the viral spleen
focus forming virus (SF) and the cellular phosphoglycer-
ate kinase (PGK) promoters. Pretransplant conditioning
of IL2rg~’~ mice resulted in long-term reconstitution
of T and B lymphocytes, normalized natural antibody
titers, humoral immune responses, ConA/IL-2 stimulated
spleen cell proliferation, and polyclonal T-cell receptor
gene rearrangements with a clear integration preference
of the SF vector for proto-oncogenes, contrary to the
PGK and ycPr vectors. We conclude that SIN lentiviral
gene therapy using coyc driven by the ycPr or PGK pro-
moter corrects the SCID phenotype, potentially with an
improved safety profile, and that low-dose conditioning
proved essential for immune competence, allowing for a
reduced threshold of cell numbers required.
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INTRODUCTION
X-linked severe combined immunodeficiency disease (SCID-X1)
is a rare disorder caused by mutations in the interleukin-2 receptor

Y gene (IL2RG) leading to a nonfunctional common y-chain pro-
tein (yc). The yc protein is a shared subunit of IL-2, IL-4, IL-7,
IL-9, IL-15, and IL-21 signaling, critical for growth and matura-
tion of lymphocyte populations.' Patients suffer from a complete
absence of mature T and natural killer (NK) cells. B cells are pres-
ent but dysfunctional in SCID-X1 humans and absent in [I2rg™"~
mice. Without treatment, patients succumb to severe, recurrent
infections within the first year of life. Bone marrow (BM) trans-
plantation from an HLA-identical donor is life-saving with a high
success rate.” However, HLA-identical donors are only available
to one out of every three patients. Non-HLA-identical BM trans-
plantation has been attempted but carries a vastly increased risk of
complications and mortality, making SCID-X1 an excellent can-
didate for clinical gene therapy trials for those patients who lack
such a donor.

The efficacy of y-retroviral (RV) gene therapy to successfully
treat SCID-X1 was demonstrated in seminal clinical trials.>*
However, some patients required immunoglobulin-replacement
therapy. Additionally, 5 out of 20 patients developed leukemia
several years post-therapy due to RV-induced insertional muta-
genesis, which in most cases was successfully treated without
reducing the effectiveness of the gene therapy.””

To increase safety of future gene therapy treatment, the use of
self-inactivating (SIN) RV and lentiviral vectors (LVs) incorporat-
ing internal promoters has been proposed, which should reduce
the risk of undesirable activation of genes adjacent to the integra-
tion site® and the bias toward integrating near transcription start
sites.'®'? LV are less vulnerable to silencing than RV** and do not
require ex vivo growth factor stimulation, thereby preventing loss
of stem cell repopulating capacity.

We generated a series of third generation SIN LVs with a
codon-optimized human IL2RG open reading frame (hereafter
designated coyc) that markedly improved mRNA transcription
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and translation.'*"® Transgene expression was driven by the strong
spleen focus forming virus (SF) promoter to determine the poten-
tial genotoxicity of the procedure. For clinical application, the
human phosphoglycerate kinase'® (PGK) promoter and a ~1.1kb
section of the native IL2RG promoter sequence' (ycPr) were
tested in II2rg™'~ mice, since cellular/physiological promoters
have been suggested to further improve vector safety.’* We found
that the clinical LVs provided safe and functional correction of
the phenotype of SCID-X1 mice, and that the level of pretrans-
plant conditioning was a critical determinant for successful B cell
reconstitution and immunoglobulin responses.

RESULTS

LV construction for SCID-X1 gene therapy

A SIN LV incorporating part of the native human IL2RG com-
plementary DNA (cDNA) driven by the viral SF promoter* was
improved for efficacy by replacement of the native IL2RG by the
coYc sequence, resulting in an average 8.4-fold increase in viral
titer, a 3.6-fold increase in transgene mRNA expression per inte-
gration, and a 33-fold increase in IL2RG protein expression cor-
responding to a threefold increase in IL2RG protein membrane
expression (Tables 1 and 2 and Figure 1). In addition, the cellular
PGK or ycPr promoter was used to control coyc expression, the
latter shown capable of driving transgene expression in lymphoid
cell lines."”

Wild-type lineage depletion (Lin™) BM cells were transduced
with a non-saturating but fixed multiplicity of infection (MOI) of
YcPROM-GFP (BM copy number per cell: 4.9), PGK-GFP (BM
copy number per cell: not determined) or SF-GFP LV vector

Table 1 Titer comparison of SF-yc and SF-coyc LV vectors

mRNA expression

Viral titer per integration Fold increase in yc
LV vector  (TU/ml) x 10¢ (picograms) protein expression
SE-coyc 1.21 1.77 33
SF-yc 0.14 0.45 1

Abbreviation: LV, lentiviral vector.

Titers, human IL-2 receptor y mRNA levels and relative yc protein levels were
determined in Hela cells for both spleen focus forming virus (SF)-yc and SF-
coyc lentiviral vector (n = 2). After 7 days the number of integrations per cell
and WPRE mRNA expression per integration were measured by quantitative
PCR of DNA and complementary DNA, respectively, and yc protein levels were
measured via ELISA assay.

Table 2 Comparison of surface yc expression between SF-yc and
SF-coyc LV

Percent ¢ Mean fluorescence LV integrations
LV vector positive intensity per cell
SE-coyc MOI 100 52.7 2890 5.43
SF-coyc MOI 10 31.3 1856 1.33
SF-yc MOI 100 15 1151 5.76
SF-yc MOI 10 5.3 1538 0.51
Negative 4.0 2057 0.00

Abbreviation: LV, lentiviral vector.

Lineage negative /12rg™/~ BM cells were transduced with spleen focus forming
virus (SF)-yc or SF-coyc at multiplicity of infection (MOI) 100 or 10, cultured
for 4 days, and then measured for surface yc expression via flow cytometry.
Integrations per cell were determined via quantitative PCR.
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(BM copy number per cell: 3.2) and transplanted in 6 Gy sub-
lethal TBI conditioned mice to compare promoter specificity and
activity (Figure 2). In the ycPr-GFP mice, green fluorescent pro-
tein (GFP) expression in peripheral blood 3 months post-trans-
plantation was present on average in 50% of CD3" cells, 92% of
IgM/B2207 cells and 65% of CD11b™ cells, whereas expression in
erythrocytes and platelets was negligible. Similar percentages of
GFP expression were observed in the constitutively active SF-GFP
group, with detectable GFP levels in erythrocytes and thrombo-
cytes (36-42%), similar to the constitutively active PGK promoter.
Fluorescence intensity in CD3% cells was similar across all three
promoters, but GFP intensity was for the SF-GFP group fivefold
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Figure 1 Comparison of codon-optimized yc vector versus non-
optimized in vitro. Flow cytometry images of lin- cells transduced with
either LV-SF-yc or LV-SF-coyc at a HeLa MOI of 100. Surface expression of
CD132 is much higher in the cells transduced with the codon-optimized
vector, with a similar number of integrations per cell found in both vec-
tors (5.4 for coyc and 5.8 for yc). LV, lentiviral vector; MOI, multiplicity of
infection; SF, spleen focus forming virus.
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Figure 2 Comparison of SF, PGK, and ycPr promoter expression
in vivo. (a) Represents the fluorescence intensity (mean fluorescent units
or MFU) of GFP expression in erythrocytes (ery), thrombocytes (thro),
T lymphocytes (CD3™), B lymphocytes (IgM/B220™) and myeloid cells
(CD11b%) in 12rg™~ mice 3 months after transplantation of wild-type
Lin™ cells transduced with SF-GFP (dark gray bars, n = 2), PGK-GFP (light
gray bars, n = 3) or ycPr-GFP (black bars, n = 3). (b) Shows the proportion
of GFP positive cells. GFP, green fluorescent protein; PGK, phosphoglycer-
ate kinase; SF, spleen focus forming virus.
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higher in B cells and fourfold higher in CD11b* cells compared
to the physiological promoters (Figure 2b). GFP expression in
YcPr-GFP-transduced cells was stable for 8 months. We concluded
that the yc promoter element displayed improved stable selectivity
with a lower expression level compared to the SF promoter.

T- and B-cell reconstitution following lentiviral gene
therapy for murine SCID-X1

4 x 10° SF-coyc, YcPr-coyc (both MOI 9-10) or PGK-coyc (MO1 2,
due to low vector titer) transduced male II2r¢g™’~ Lin~ bone mar-
row cells were transplanted into 6 Gy irradiated female II2rg™/~
recipients (n = 5 for PGK and n = 4 for SF and YcPr). As controls,
I12rg™"~ and wild-type Lin™ BM cells were transduced with ycPr-
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GFP and transplanted into [I2r¢g™'~ mice (n = 4 and n = 3, respec-
tively). The number of integrations per BM cell corrected for
donor/recipient chimerism was proportional to the MOI, reach-
ing 2.1, 0.9 and 2.0 for the groups SF-coyc, PGK-coyc and ycPr-
coYc respectively (Supplementary Table S1). The control groups
containing the ycPr-GFP vector on average had 4.9 integrations
for wild-type transplanted cells and 4.0 integrations for [I2rg™'~
cells. Polyclonal integration patterns were confirmed for all vec-
tors by linear amplification-mediated PCR (LAM-PCR) of BM
DNA at 8 months post-transplant (Supplementary Figure S1).
An initial, limited analysis revealed the LV characteristic preferen-
tial integration in active transcription units, with no obvious pref-
erence for transcription start sites. Of note, potential oncogenes,
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Figure 3 T- and B-lymphocyte reconstitution in peripheral blood. l12rg™~ mice were transplanted with lentiviral vector transduced wild-type or
I12rg™~ Lin~ cells. Absolute lymphocyte cell numbers in peripheral blood of gene therapy treated mice were determined monthly by flow cytometry.
(@) A comparison of all the lentiviral vectors tested is shown: [12rg™~ Lin™ cells with ycPr-GFP, SF-coyc, ycPr-coyc (n = 4 per group) or PGK-coyc (n=5),
and wild-type Lin™ cells with ycPr-GFP (n = 3). Mice were subjected to 6 Gy irradiation and received 4 x 10° cells. T and B lymphocytes are presented
as CD4*, CD8* or IgD™, IgM/B220™ cells respectively. (b) Represents a comparison of a titration in irradiation conditioning: 112rg™'~ mice were sub-

jected to 2Gy irradiation and transplanted with 5 x 10° cells, either wild-type Lin™ cells (n = 3) or lI12rg

~/~ Lin~ cells transduced with ycPr-coyc (n = 9)

or PGK-coyc (n = 7). A further five 112rg™~ mice were transplanted with 112rg™~ Lin™ cells transduced with ycPr-coyc (n = 3) or wild-type Lin™ cells
(n = 2), without pretransplant irradiation. GFP, green fluorescent protein; PGK, phosphoglycerate kinase; SF, spleen focus forming virus.
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listed in the mouse retrovirus tagged cancer gene database* were
over-represented among integrations of vectors containing the SF
promoter. Contrary to the vectors with cellular promoters, almost
15% of SF integrations were found within 100kb of a gene listed in
the retrovirus tagged cancer gene database (Supplementary Table
$3). Even in this limited data set, this difference is statistically sig-
nificant (P = 0.02).

Peripheral white blood cell counts increased in all gene
therapy treated mice and were stable for 7 months post-ther-
apy. T- and B-lymphocyte reconstitution is shown in Figure 3a.
Animals transplanted with II2rg™~ cells treated with ycPr-GFP
had 7-11% peripheral blood CD3*tCD4" cells, depending on the
time interval after transplantation, and were negative for CD8,
B220*IgM*, IgD* and CD197 cells. Animals transplanted with
112rg™"~ cells treated with SF-coyc, PGK-coyc or ycPr-coyc began
to recover T- and B-cell populations 2 months post-transplant, as
did mice given wild-type cells. Reconstitution of CD4* and CD8™*
cells were similar for the coyc-treated groups and for the wild-type
group, and T-cell populations remained stable. Two-sided analy-
sis of variance comparing to the GFP group returned P values of
<0.01 for both T and B lymphocytes for wild-type and all coyc-
treated groups at months 5-7 after transplantation. B220%, IgM™*
and IgD" cell counts were similar for the wild-type and SF-coyc
groups, whereas the PGK-coyc and ycPr-coyc mice had B-cell
counts two to fourfold lower, but prominently increased relative
to the GFP control (P < 0.001 for wild-type and coyc groups).

To further study the influence of conditioning intensity and
cell number on engraftment, 30 I12rg™'~ mice were treated with
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LV-ycPr-coyc or LV-PGK-coyc transduced I12rg~'~ cells or wild-
type cells with the pretransplant conditioning reduced to 2 Gy
(n = 13 for ycPr-coyc, n = 7 for PGK-coyc and n = 3 for wild
type) or no conditioning radiation (“0 Gy”) (ycPr-coyc n =5
and wild type n = 2). Four ycPr-coyc treated mice in the 2 Gy
group received 10° transduced cells compared to the 5 x 10°
cells given to the other mice. Reconstitution of T and B cells is
shown in Figure 3b. Reduction of pretransplant conditioning
from 6 Gy to 2 Gy had little or no effect on the reconstitution of
T and B cells in either coyc treated mice or the wild-type con-
trols. Eliminating pretransplant conditioning altogether resulted
in reduced T- and B-cell counts for ycPr-coyc treated mice (P <
0.01 for B cells compared to the 2 Gy group), whereas increased
T-cell counts and reduced B cells seen in wild-type 0 Gy con-
trols were lower, but not statistically significant relative to the 2
Gy wild-type group. Mice injected with 10° ycPr-coyc transduced
cells had ~25% lower T-cell counts relative to mice given 5 X
10° cells, however, this difference was not statistically significant
either (data not shown). Mice were killed at 9 months post-ther-
apy and T- and B-lymphocyte markers were determined in BM
and spleen (Figure 4). Spleen T-cell populations were similar for
mice treated with coyc vector transduced cells and recipients of
wild-type cells. Mice treated with YcPr-GFP lacked CD8™ cells
and had reduced levels of CD4% cells. BM of conditioned mice
treated with coyc vectors or wild-type cells had similar levels of
B lymphocytes, whereas GFP-treated II2r¢g™'~ mice had virtually
no B lymphocytes (Figure 4a). Similar results were found in the
spleens (Figure 4b).
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Figure 4 Percentages of CD8" and IgD™ cells in spleen and bone marrow (BM). Percentages of CD3/CD8% and IgD/B220™ cells in (a) BM and
(b) spleens of experimental mice. Mice were subject to 6 Gy, 2 Gy or 0 Gy irradiation and transplanted with 5 x 10° wild-type Lin™ cells (n=17) or
5% 10% 12rg™'~ Lin~ cells transduced with SF-coyc (n = 4), PGK-coyc (n = 11), ycPr-coyc (n = 27) or ycPr-GFP (n = 4). All groups consist of mice from
two separate experiments, excepting the PGK and SF groups. Significant differences are seen in the percentages of IgD/B220% cells between mice
given pretransplant conditioning and those who did not (*P < 0.05, **P < 0.01). GFP, green fluorescent protein; PGK, phosphoglycerate kinase; SF,

spleen focus forming virus.

1870

www.moleculartherapy.org vol. 19 no. 10 oct. 2011



© The American Society of Gene & Cell Therapy

Lentiviral IL2RG Gene Therapy for SCID-X1

Plasma IgM ELISA b Anti-Pneumo23 IgM ELISA
1,500 . 7 .
6 v
1,200 . £ . Y .
— L] So 5 at —— .
E 900 - - 254
g _.l_ L L] %'U 3 “ | | L
'y L
600 o : E 2 " " v ° . N
3004 % 1 = o
- 0 T v
0+ - ™ - — >N I q)@* r&* I (;:
S D B & < voov ° S
O &P & @ 4 & EEEE
@ &0 & &N g
SO ) K
& & Q¢ Q €
Q¥ ®
Plasma IgG1 ELISA Anti-Pneumo23 IgG1 ELISA
1257 o 8 -
z 7
100 a ; 6{ *
£ 75 R ¢ 251 .0,
= g 4 .
2 - 2 B
50 — " . 83 A —
A = _* S P T
251 + . o 271 a - . + o
adk wm . . g1 =¥ 5o
- " i 0
@0‘\ @0* @ @Co* 00* Fy %0* e Q)@\ q'@\ 0(5\ g
N
c_,cS@ oo'@ c_,o@ RANIRN A\ cJo“e oo“e &¢ ¢ A\
é(' ®{~ QY ('5’“ Q¢
Q S <Q €
Anti-TNP-KLH ELISA Anti-tetanus IgG1 ELISA
1.0 18 v
> 08 . - 15 v *
3 " e*
§ oo 4 . . 2 .
= > 9 vy s
[ L =
S 0.4 " . 6 ah m .
o w
o ] .
0.2 o o 3 :
0.0 . T T - 0 T Ss
@® bo* NS «Qe»* q}g (L@ & Q)@x w® °@x &
PSRN B R N
C’}F o 4_9 Q&
7 X & §

Figure 5 Response of plasma immunoglobulin levels to immunization. (a) Plasma immunoglobulin levels quantified for IgM, IgG1 or trinitrop-
henol keyhole limpet hemocyanin. /2rg™'~ mice were transplanted with wild-type Lin™ cells (n = 3) or /I2rg™'~ Lin™ cells transduced with ycPr-coyc

(n = 4), SF-coyc (n = 4), PGK-coyc (n = 5) or ycPr-GFP (n = 4, group designated //2rg™'™). Plasma was collected at 15 weeks after transplantation.
All coyc-treated groups are significantly different than the GFP control group for levels of plasma IgM, IgG1 and anti-trinitrophenol keyhole limpet
hemocyanin antibodies (P < 0.05). (b) Quantification of Pneumo23 and tetanus-specific immune responses. /2rg™'~ mice transplanted with 5 x 105
1i2rg™'~ Lin™ cells or wild-type (WT) cells were subjected to a Pneumo23 immunization scheme 6 months after transplantation, with plasma collected
10 days later. Shown are fold changes in Pneumo23-specific IgM and IgG1 antibody levels before and after immunization. Mice had been transduced
with ycPr-coyc (n = 5) or PGK-coyc (n = 6) after 2Gy irradiation, or given /I2rg™'~ Lin™ cells with no vector (n = 4), or given wild-type cells after 6 Gy,
2 Gy or 0 Gy irradiation (n = 4 for 6 and 2 Gy and n = 3 for 0 Gy group). All groups except for the WT 0 Gy group are significantly different than the
1i2rg™'~ control group (P < 0.05). One month later, the surviving mice were subjected to a tetanus toxoid immunization scheme. Tetanus injections
were repeated 2 times at 2-week intervals. Shown are plasma IgG1 antibody levels 2 weeks after the last boost. No antibodies to either Pneumo23 or

tetanus were observed prior to immunization. GFP, green fluorescent protein; PGK, phosphoglycerate kinase; SF, spleen focus forming virus.

Mice given wild-type or ycPr-coyc-treated cells with no pre-
transplant irradiation conditioning had significantly lower per-
centages of IgD/B220% cells in their spleens and BM than mice
given similar cells with conditioning. The average numbers of
integrations per BM cell corrected for donor/recipient chimerism
were 2.2 for the PGK-coyc mice and 3.5, 3.2 and 2.4 for the ycPr-
coyc mice given 0 Gy TBI/5 x 10° cells, 2 Gy TBI/5 x 10° cells and
2 Gy TBI/10° cells, respectively (Supplementary Table S1).

To confirm that the ycPr-coyc vector could effectively restore
T- and B-cell populations even at a low MOI, another 19 II2rg™'~
mice were administered 2 Gy irradiation and treated with 5 x
10° II2rg™'~ LV-ycPr-coyc transduced cells (n = 15) or wild-type
cells (n = 4). Cells transduced with LV-ycPr-coyc using a HeLa
transducing unit (HTU) MOI of 10, 3 or 1 were transplanted

Molecular Therapy vol. 19 no. 10 oct. 2011

into I12r¢g™'~ mice (n = 5 per group). Reducing the MOI of the
YcPr-coye from 10 to 3 had no effect on the efficacy of leukocyte
reconstitution, whereas reducing the MOI to 1 resulted in a more
protracted course of T-cell reconstitution to reach levels of T and
B cells similar to the MOI 10 and 3 ycPr-coyc groups at 5 months
post-therapy (Supplementary Figure S2). Mice were killed at 8
months post-therapy and the average vector copy per BM cell,
corrected for donor/recipient chimerism, was 1.9, 1.0, and 0.2 for
the mice given cells transduced with a HTU MOI of 10, 3, and 1,
respectively (Supplementary Table S1).

Humoral immune responses

At 15 weeks post-transplant, peripheral blood plasma was
tested for basal immunoglobulin levels. Plasma concentrations
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Figure 6 Spleen cell responses to stimulation with ConA/IL-2. Spleen
cells were collected from wild-type mice, /I2rg™'~ mice, and /12rg™/~ mice
transplanted with //2rg™'~ Lin™ cells transduced with ycPr-coyc, SF-coyc
or PGK-coyc (N = 3 for all groups). Measurements of coyc groups were
adjusted for levels of spleen cell chimerism (Supplementary Table
$1). Wild-type and coyc-treated groups were significantly different com-
pared to /12rg™/~ group (**P < 0.01) for both Con A and Con A + IL-2
stimulation, whereas the gene therapy treated mice did not significantly
differ from the wild-type mice. IL-2, interleukin-2; PGK, phosphoglycer-
ate kinase; SF, spleen focus forming virus.

of IgM and IgG1 were similar among the wild-type group and
the two coyc treated groups (Figure 5a) and clearly distinct
from the absent antibodies in GFP-treated I12rg™'~ mice (P <
0.05). Natural antibodies specific to trinitrophenol keyhole lim-
pet hemocyanin® were absent in GFP-treated II2r¢g™/~ mice but
present in PGK-coyc mice as well as wild-type controls. We con-
clude that natural antibodies normalized as well in successfully
treated mice.

To confirm that a specific T-cell dependent antibody response
was restored in YcPr-coyc and PGK-coyc mice, a tetanus toxoid
immunization scheme was started at 4 months after transplanta-
tion in wild-type and ycPr-coyc recipient mice in the 2 Gy radia-
tion groups (Figure 5b). Mice were injected three times with
tetanus toxoid at 2-week intervals. Tetanus-specific IgG antibody
levels increased over time in all groups with similar antibody
responses between wild-type and coyc treated mice. The antibody
titers were also similar among ycPr-coyc treated mice receiving
5x 10° or 1 x 10° Lin™ cells. The specific antibody response was
absent in plasma of 1I2rg™'~ mice.

A T-cell independent antibody test was performed in mice
that received wild type, PGK-coyc or ycPr-coyc-treated cells in the
2 and 0 Gy radiation groups (Figure 5b). Mice were injected with
Pneumo23 and plasma was collected after 10 days had passed.
IgM and IgG antibody levels in coyc and wild-type cell treated
mice were clearly normalized relative to the nonresponding
GFP-treated mice. Of note, in the 0 Gy TBI recipients of ycPr-
coyc transduced cells, three out of four mice immunized failed to
produce antibodies, significantly different from all other treated
groups (P =0.001) and consistent with the severely reduced B-cell
reconstitution in these mice.

To assess T-lymphocyte response to cytokine signaling, the
proliferative potential of spleen cells was determined in response
to ConA and IL-2. As shown in Figure 6, cells of mice treated
with SE, PGK or YycPr containing coyc vectors showed similar lev-
els of cellular expansion in response to ConA and IL-2. A response
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Figure 7 Genescan analysis of murine T cell receptor 3 (TCRp) reper-
toire. PCR was performed on cDNA synthesized from total spleen RNA,
using a specific primer for the Constant part of the TCRf chain in com-
bination with 21 Variable (V) gene segment-specific primers. Of the 21V
gene segments tested, the most representative samples are shown here.
Diverse peak patterns indicate the rearranged TCR genes are derived
from a polyclonal cell population, whereas samples with only a few
peaks reflect inability to form a broad T-cell receptor repertoire.

was not obtained in spleen cells of II2rg™"~ mice treated with GFP
(P <0.01).

TCR repertoire

Functional T-cell receptor (TCR) rearrangement was determined
from spleen cDNA with primers specific to the Constant (C) part
of the T-cell antigen receptor B chain and one of the Variable
(V) gene segment-specific primers.** A total of 21V gene seg-
ment primers were used to create PCR products, which were then
diluted and analyzed on an ABI 3130xl sequencer. Peak patterns
for mice treated with coyc vectors or wild-type cells were diverse,
indicating the existence of a polyclonal T-cell population that is
able to create a diverse, functional repertoire of antigen receptors
(Figure 7). Peak patterns for II2rg™'~ mice treated with the GFP
control vector tended to have only a few peaks, indicating that
the antigen receptor repertoires in T cells in these mice had no or
limited functionality.

Secondary transplants

All mice in these studies were killed 8-9 months after transplanta-
tion and BM cells were retransplanted into one or two II2rg™'~
mice following 6 Gy irradiation (2 x 10° total BM cells per
mouse). The secondary transplants were monitored monthly by
blood counts and flow cytometry as described for up to 8 months.
Reconstitution was universally inferior to the primary trans-
plants, with reduced circulating B-cell counts (for the ycPr-coyc
secondary recipients group 0.1 £ 0.0 x 10° versus 1.2 + 0.2 x 10°
IgM*B220% B cells/l and for wild-type secondary recipients, 1.9 +
0.2 x 10° versus 4.7 + 0.5 x 10° IgM*B220" B cells/l) and poor
antibody responses to Pneumo23 and tetanus seen in mice given
coYyc-treated or wild-type cells (data not shown). Some secondary
transplants had undetectable levels of B cells, with this effect most
often seen when the primary transplants were treated with physi-
ological promoters or received no pretransplant conditioning.

NK cell reconstitution

A pilot experiment to obtain insight into NK cell reconstitution
following transplantation of cells transduced with the thera-
peutic yc gene was performed in Rag2™~/Il2rg~'~ C57BL/6
mice, also using the opportunity to compare the LV-ycPr-coyc
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vector to the LV-UCOE-IL2RG construct published earlier.”
I12rg™~ lin- cells were transduced using an MOI of 15 and of 10
for the ycPr and UCOE vectors, respectively, and transplanted
into Rag2™'~/II2rg~'~ recipients. Wild-type C57BL/6 mice and
untreated Rag2™/~/II2rg~'~ C57BL/6 mice were used as controls.
Percentages of CD3", B220%, and NK1.17 cells were similar for
the two vectors, and also similar to those obtained with the SF
and PGK vectors in recipients at a BALB/c background, although
the mice treated with the ycPr vector had a higher number of vec-
tor copies per cell (Supplementary Table S2), again stressing that
vector copy number/cell has no major impact above a certain
threshold level.

DISCUSSION

To address the risk of y-retroviral vector-mediated insertional
mutagenesis in gene therapy of SCID-X1, we generated SIN
HIV-1 derived LVs' containing the bPRE4* element described
previously.® These vectors integrate with high efficiency in
hematopoietic stem cells by an overnight transduction without
the requirement of prestimulation with growth factors and have
a reduced likelihood of integrating near transcription start sites,
as well as improved resistance to silencing.'®* Vectors for transfer
of the therapeutic transgene were driven by the SE, PGK or ycPr
promoters. Lineage negative II2rg™'~ cells transduced with these
vectors and transplanted in clinically feasible numbersinto II2rg™'~
recipient mice proved effective in restoring immune competence,
as measured by T-cell numbers, polyclonal TCRf gene rearrange-
ments, ConA/IL-2 stimulated T-cell proliferation, T-cell depen-
dent and independent B-cell antibody responses, and by restored
levels of natural antibodies. All three vectors proved effective at
restoring T-cell populations and immune system functionality to
wild-type levels, provided a minimum level of pretransplant con-
ditioning was applied. A series of GFP vectors served as controls,
and additionally demonstrated improved selectivity of the ycPr
promoter for expression in white blood cells.

We compared the efficacy of the SF-coyc, ycPr-coyc and
PGK-coyc vectors at reconstituting T- and B-cell populations
in II2rg™’~ mice. The levels of T- and B-cell reconstitution in
SE-coyc vectors, which approach recovery rates of wild-type
cells, are similar to the initial results of retroviral gene therapy
for murine SCID-X1.” Likewise, the lymphocyte numbers and
the results of a spleen cell proliferation assay compare favorably
with a more recent approach to murine SCID-X1 gene therapy
with LVs using a similar MOL? The ycPr-coyc and PGK-coyc
vectors fully restored T-lymphocyte populations in the periphery,
BM and spleen, but were less effective in restoring B-cell popula-
tions. Mice treated with coyc vectors regained immune function
as shown by spleen cell reactivity to proliferation signals and
displayed a repertoire of TCRP gene rearrangements. Although
the B-cell populations were reduced, PGK and ycPr-coyc vector
treated mice had plasma levels of IgM and IgG1 similar to mice
given wild-type cells with a comparable pretransplant condition-
ing regimen, as well as fully normalized antibody responses to
Pneumo23 and tetanus toxoid. The reduced number of circu-
lating B cells in ycPr-coyc treated animals apparently does not
negatively influence specific antibody production resulting from
T-cell dependent or T-cell independent responses.
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Due to a low vector titer, the MOI of the PGK-coyc vector
was fivefold lower than the other vectors with a corresponding
reduction in the number of integrations per cells. The integrations
per cell were also dissimilar for the comparison study between
the UCOE and ycPr vectors, which aimed at measuring NK cell
levels. However, we demonstrated that reducing the ycPr MOI to
0.2 integrations per cell had no significant effect on reconstitu-
tion, thus allowing comparisons at different numbers of integra-
tions per cell.

Although full functional restoration was accomplished, the
reduced number of circulating B lymphocytes in ycPr-coyc and
PGK-coyc treated mice compared to those from SF-coyc and
wild-type groups is noteworthy. This might be the result of spe-
cies-specific differences in lymphocyte development: humans
with SCID-X1 are able to produce high levels of B cells through
non-yc-dependent pathways,' whereas II2rg™~ mice do not have
this ability. Another possibility is that the lower levels of yc pro-
tein expression driven by ycPr and PGK relative to that by the SF
promoter reduces the selective advantage of B precursor cells to
repopulate bone marrow, leading to lower circulating levels and/
or proliferation. This may also underline the importance of pre-
transplant conditioning.

Reduction of the pretransplant conditioning of recipient mice
from 6 Gy to 2 Gy had no significant effect on the efficacy of the
gene therapy treatment, consistent with the principles of condi-
tioning for autologous stem cell engraftment earlier established
in thalassemic mice.”® However, also in line with the latter obser-
vations, eliminating the pretransplant conditioning altogether
severely reduced the efficacy of the treatment in mice transplanted
with either ycPr-coyc treated or wild-type cells, with a correspond-
ing drop in donor cell BM chimerism, percentage of lymphocytes
present in spleen and BM, and failures to produce antibodies upon
immunization. [I2rg™'~ recipients of wild-type cells but not pre-
conditioned displayed low to undetectable B cells levels in blood,
BM and spleen, and many of these mice had poor plasma antibody
levels and specific immune responses. This is similar to conditions
applied in the first y-retroviral vector SCID-XI1 trials,* resulting
in some of the patients requiring immunoglobulin-replacement
therapy. To our knowledge, this is the first paper underlining the
importance of pretransplant conditioning for murine SCID-XI.
Extrapolation of this observation to human SCID-X1 gene ther-
apy predicts improved immune reconstitution by applying mild
conditioning and a reduced threshold of cell numbers required,
thereby improving both efficacy and safety.

Titration of the LV-ycPr-coyc vector demonstrated convinc-
ingly that lowering the vector dose to reach the preferred one
copy per cell for clinical application had no significant effect on
the reconstitution of T-and B-cell lineages, in contrast to results
previously described by Zhou et al.*® Using an HTU MOI of
1 resulted in on average 0.2 vector copies per BM cell in vivo,
compared to 1.9 copies/BM cell in a mouse given an MOI of 10,
with no significant difference in the T- and B-cell counts seen
in these animals at 6 months post-therapy. Likewise, reduction
of the Lin™ cell number transplanted to 10°/mouse (4 x 10°/kg,
equivalent to 4 x 107/kg unfractionated BM cells or roughly 10/
kg CD347 cells in humans) did not noticeably influence immune
reconstitution.
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In this manuscript, we also provide evidence that the codon
optimization proved essential for improved viral vector titers,
transgene transcript levels and protein production, as has been
shown before for other vectors," allowing immune reconstitution
at a level of one transgene copy per cell. This is in contrast to a
recent report in which low copy numbers per cell of a vector with
a 233-bp human EFlo. promoter resulted in significantly reduced
B and NK cell reconstitution and IgG plasma levels.”

The use of strong retroviral enhancer/promoter sequences is
not desirable for clinical application since the leukemia cases that
occurred in the initial gene therapy trials were caused by integra-
tions in vulnerable regions near proto-oncogenes resulting in sub-
sequent upregulation and constitutive expression.®” Furthermore,
viral promoters are at risk of being silenced by methylation in
mammalian cells.* The SF promoter in particular has been
shown to modify gene expression in regions greater than 100kb,*
reducing the potential of activating neighboring genes by cellular
promoters'® may be beneficial for clinical application. In a recent
study, Zhou et al.® tried to address whether a 233-bp human EFlo.
promoter was able to upregulate LMO2 with a LMO2 activation
assay in human leukemic Jurkat T cells when inserted in the LMO2
locus, and compared to a y_ genomic sequence inserted in the
reverse orientation. However, LVs integrate throughout genes, not
at fixed locations or orientations, and have shown no preference
to integrate near oncogenes or near transcription start sites. In the
present study, we encountered a significant number of integrations
of the SF vector in the immediate vicinity of retrovirus tagged can-
cer gene database listed proto-oncogenes, which was not observed
for the PGK or ycPr vectors (Supplementary Table S3).

Constitutive IL2RG expression has been postulated to pose
an increased risk of oncogenesis.”®> However, this implication
of IL2RG acting as an oncogene under certain circumstances is
controversial,® since aberrant constitutive expression of LMO2
results in a differentiation block of developing T-cell precursors
under proliferative pressure,’® which by itself would be sufficient
to explain the onset of leukemia after a secondary oncogenic
event. In this scenario, IL2RG expression is permissive, not caus-
ative. More recent evidence supports the notion that IL2RG and
LMO?2 require additional cooperating mutations.” In addition, a
novel model of SCID-X1 reconstitution suggests that the SCID-X1
phenotype itself causes cells to be more susceptible to insertional
leukemogenesis by murine leukemia viruses or y-retroviral vec-
tors.” Of note, no insertions were detected in the Lmo2 locus after
thorough integration analysis of the leukemic clones obtained in
the course of this study.

The study involved 70 primary recipients, of which bone mar-
row cells have been retransplanted 8 months after transplantation
into secondary recipients to increase the proliferative pressure on
the transduced cell population. Secondary recipients had poor
lymphocyte reconstitution, particularly in the B-cell compart-
ments. Current observation times of primary and secondary recip-
ients are at least 15 months after transplantation. While we have
detected leukemia and T-cell malignancies in some mice, none of
these adverse events were shown to be vector-derived after quan-
titative PCR (qPCR) and LAM-PCR analysis and as such were
concluded to be background malignancies inherent to the radia-
tion exposure, mouse strain or other factors in the procedure.*!
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The mice and their retransplants will be monitored life-long in
the context of a larger study directed at potential adverse effects
and at a full integration analysis, to be reported separately. Some
mice treated with similar vectors in experiments not included in
this manuscript have developed leukemia that are likely vector
derived, which will be reported on separately.

We conclude that the ycPr-coyc vector, as well as the PGK-
coyc vector, provides an attractive, required alternative to replace
constitutive viral promoters, allowing the development of effica-
cious therapeutic LV mediated gene transfer for the correction of
SCID-X1 with a potentially improved safety profile both by the
use of the SIN lentiviral backbone*>** and as judged from an ini-
tial integration analysis. Additionally, our study underscores the
importance of pretransplant conditioning for consistent success-
ful correction, which should have an impact on current clinical
protocol development.

MATERIALS AND METHODS

Mice. BALB/c and II2rg™'~ mice were bred in the Experimental Animal
Center of Erasmus MC. II2rg™'~ single KO mice with a targeted yc dele-
tion were derived from a 10th generation backcross of BALB/c Rag2™~/
Yc™/~ mice, kindly provided by Dr Spits,* with syngeneic BALB/c wild-
type mice. All mice were used at 6-10 weeks of age and were maintained
in specified pathogen free conditions. Experiments were approved by the
institutional Animal Ethical Committee of Erasmus MC in accordance
with legislation in the Netherlands. Comparison studies between the
LV-ycPr-coyc vector described here and a LV-UCOE vector were per-
formed using I2rg”'~ donor mice and Rag2™/~/II2rg™'™ recipients, plus
wild-type controls (C57BL/6 background). These experiments were con-
ducted at University College, London, UK according to their protocols,*
with approval in accordance with legislation in the UK.

LV plasmids. Third generation SIN LV incorporating the yc cDNA were
constructed using the HIV-1 vector backbone'>** with SF promoter and
a modified woodchuck post-translational regulatory element (bPRE4*) as
described previously, * but now incorporating the yc cDNA. The native
human IL2RG ¢DNA was cloned from a LZRS-IL2RG-IRES-EGFP retro-
viral plasmid,* kindly provided by Dr Pike-Overzet, Dept of Inmunology,
Erasmus MC, Rotterdam, the Netherlands, and cloned into pRRL.PPT.
SEEGFP.WPRE4*.SIN (LV-SF-GFP) to create LV-SF-yc. Codon-optimized
human IL2RG sequence (coyc) predicted by GeneOptimizer software
(GeneArt AG, Regensburg, Germany) was cloned into LV-SE-Yc to gener-
ate the LV-SF-coyc vector.

The human IL2RG promoter fragment (ycPr) was obtained by PCR
amplification of a ~1.1kb human DNA region" using the following
primers: 5-CTCGAGAGGATGTCTTGTTGGTCT-3",and5’-GGATCCC
GCTTGCTCTTCATTCCC-3" with restriction sites underlined
(Eurogentec, Maastricht, The Netherlands). Post-PCR, the fragment
was ligated into pCR-TOPO-TA vector (Invitrogen, Carlsbad, CA) and
verified by restriction digest and sequencing. The ycPr was subsequently
ligated into a GFP LV in place of the PGK promoter by digestion with
Xhol and BamHI to create LV-ycPr-GFP. Similarly, ycPr and PGK were
cloned into SF-coyc to produce LV-ycPr-coyc and LV-PGK-coc.

Production of lentiviral particles and titration. LVs were produced by
standard calcium phosphate transfection of HEK 293T cells" with the
packaging plasmids pMDL-g/pRRE, pMD2-VSVg and pRSV-Rev. LV were
concentrated by ultracentrifugation at 20,000 r.p.m. for 2 hours at 4°C and
stored at —80°C. Viral vector titration was performed on HeLa cells by
serial dilutions to determine transducing units (HTU) per ml. The trans-
duced cells were harvested on day 11, DNA and total RNA were purified
and the copy number per cell was determined by real-time qPCR.
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Real-time qPCR. qPCR to quantify the integrated proviral copy num-
ber* was performed on the ABI Prism 7900HT Sequence Detection
System (Applied Biosystems, Foster City, CA) with 100 ng genomic DNA
template and SYBR Green PCR Master Mix (Applied Biosystems) with
HIV primer, 5- CTGGAAGGGCTAATTCACTC-3, and 5-GGTTTC
CCTTTCGCTTTCAG-3’ resulting in a 274bp fragment of the proviral
DNA. The PCR conditions were 95°C for 10 minutes and 45 cycles as fol-
lows: 95°Cfor 15 s and 62 °C for 1 minute. A standard calibration curve was
determined from flow sorted mouse 3T3 cells transduced with LV-SF-GFP
at a MOI of 0.06 containing one integration per genome. All PCR reactions
were performed in triplicate and analyzed with SDS 2.2.2 software.

Determination of WPRE mRNA levels. Total RNA of transduced HeLa
cells was converted to cDNA via the QuantiTect Reverse Transcription
kit (Qiagen, Venlo, The Netherlands). gqPCR reactions were performed
using 5ng ¢cDNA and primer 5-ATTGCCACCACCTGTCAACT-3’
and 5-CCGACAACACCACGGAATTA-3" to amplify a fragment of the
WPRE. qPCR reactions were performed on the ABI Prism 7900HT using
a serial dilution of SF-IL2RG plasmid as the standard curve and a 55°C
annealing temperature.

Chimerism assay. qPCR reactions were performed on spleen and BM
DNA from II2rg™'~ mice transplanted with male donor cells transduced
with LV vectors to amplify a region of the Y chromosome as described
by Pujal et al.*® using 100ng of genomic DNA and primers 5-TCATCGG
AGGGCTAAAGTGTCAC-3" and 5-TGGCATGTGGGTTCCTGTCC-3".
A standard curve was generated using spleen and BM DNA from male
BALB/c mice.

Ligation-mediated PCR and LAM-PCR. High-resolution insertion-site
analysis by LAM-PCR and ligation-mediated PCR was performed on BM,
peripheral blood or spleen DNA from II2rg™'~ mice transduced with LV
vectors. For LAM-PCR," restriction enzymes Tsp5091 or Msel were used
with the lentiviral (HIV) primer set. PCR products were run on high-
resolution polyacrylamide (Spreadex) gel. To the nested primers of the
ligation-mediated PCR** protocol, the following primers were added
to create the sequencing tags: 3’-GCCTCCCTCGCGCCATCAG-5" +
MID (multiplex identifier) to the primer annealing to the viral LTR, and
3’-GCCTTGCCAGCCCGCTCAG-5" + MID to the primer annealing to
the linker.

Transduction and transplantation of lineage negative BM cells. BM
cells from male II2rg™'~ and congenic wild-type mice were purified by
Lin™ (BD Biosciences, Santa Clara, CA). Lin~ BM cells were transduced
overnight at 10° cells/ml in serum free modified Dulbeccos medium with
supplements™ in the presence of murine stem cell factor 100 ng/ml, human
FMS-like tyrosine kinase 3-ligand 50 ng/ml and murine thrombopoietin
10ng/ml at HTU MOI 9, except for the PGK-coyc vector (MOI 2) and
a vector dose titration of ycPr-coyc from MOI 10 to 3 to 1. Subsequently,
5 x 10% 4 x 10° or 10° cells were injected into the tail vein of 6 Gy or 2 Gy
irradiated female II2rg™™ recipients or without conditioning.

Immunophenotyping by flow cytometry. Flow cytometric analyses
were performed on cells obtained from blood, bone marrow and spleen.
Peripheral blood was collected monthly in EDTA tubes by retro-orbital
puncture under isoflurane anesthesia. Complete blood cell counts were
measured using a Vet ABC hematology analyzer (Scil animal care,
Viernheim, Germany). Blood was lysed and leukocytes were washed three
times with HanK’s balanced salt solution (Invitrogen) containing 0.5%
(wt/vol) bovine serum albumin and 0.05% (wt/vol) sodium azide (HBN).
Cells were incubated for 30 minutes at 4°C in HBN containing 2% heat-
inactivated normal mouse serum and antibodies against CD3, CD4, CD8,
B220, CD19, IgM, IgD, CD11b Sca-1, C-kit and TCRp directly conjugated
to R-phycoerythrin, peridinin chlorophyll protein or allophycocyanin (all
antibodies BD Biosciences). Subsequently, cells were washed and measured
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on a FACSCalibur (Becton Dickinson, San Jose, CA). BM and spleen cells
were evaluated similarly. Additionally, GFP expression was measured in
mice treated with the LV-SF-GFP or LV-ycPr-GFP vectors.

Determination of surface yc expression. Lineage negative Il2rg™~ BM
cells were purified as described above and transduced with LV-SF-yc or
LV-SF-coyc vectors at a HeLa MOI of 100, 10 or 1. Transduced cells were
cultured for 4 days, washed and then surface yc expression was determined
via flow cytometry. A CD132-pe antibody (BD Biosciences) was used to
determine yc expression.

Immunizations and ELISAs. HeLa cells were transduced with a fixed MOI
for either LV-SF-yc or LV-SF-coyc and kept in culture for 7 days. Copy
number per cell was confirmed by qPCR. An enzyme-linked immuno-
sorbent assay (ELISA) was performed on extracts from these transduced
cells coated on the plates, which were normalized for protein content.
Biotinylated goat anti-human common y-chain (BAF284; R&D Systems,
Minneapolis, MN) was applied to these plates, and signal was detected
with streptavidine-peroxidase. The relative fold increase in yc expression
was determined, adjusted for copy number per cell.

An ELISA was done on peripheral blood plasma collected 15
weeks after transplantation to determine basal IgM and IgGl plasma
levels. Briefly, Covalink 96-well plates (Nunc A/S, Roskilde, Denmark)
were coated first with dithiobis (succinimidyl propionate) (Pierce
Biotechnology, Rockford, IL) in methanol and then with unlabeled
(capture) anti-mouse IgM (1B4B1) or IgGl (H143.225.8) antibodies
(SouthernBiotech, Birmingham, AL) for 2 hours. The wells were blocked
overnight at 4°C with 1% bovine serum albumin in phosphate-buffered
saline. The next day the plates were washed six times with phosphate-
buffered saline/0.05% Tween 20 and incubated with serially diluted serum
for 1 hour at room temperature. Plates were washed and incubated with
a goat anti-mouse horseradish peroxidase—conjugated antibody at room
temperature for 1 hour. After subsequent washing the wells were stained
with TMB substrate (Kirkegaard and Perry Laboratories, Gaithersburg,
MD) and the reaction was stopped after 10 minutes by adding 1 mol/l
phosphoric acid. The absorbance of each plate was then read at 405nm
using a FLUOstar Optima plate reader. Antibody concentrations were
calculated by using purified IgM (M5909) and IgG (I5381) antibody
standards (Sigma, St Louis, MO).

An ELISA for natural antibodies to trinitrophenol keyhole limpet
hemocyanin was done on peripheral blood taken from PGK-coyc-treated
mice as well as mice given WT and I12rg™'~ cells. The ELISA was performed
as described, using TNP(17)-KLH (T-5060-5, Biosearch Technologies,
Novato, CA) and anti-KLH (12B4.G3.A8) antibody (AbCam, Cambridge,
UK). Optical density was used to measure the antibodies.

T-cell dependent specific antibody responses were determined by
intraperitoneal immunization with 16 IU of tetanus toxoid. This process
was repeated twice at 2-week intervals, and plasma was collected 2 weeks
after the last immunization. An ELISA was performed on plates coated
with tetanus toxoid, and horseradish peroxidase goat-anti-mouse IgG1
(Invitrogen) was used to measure signal. Anti-tetanus antibody TetE3 was
used to make a standard line (AbCam).

T-cell independent responses were obtained by subcutaneous
immunization with 0.5pg of each 23 purified pneumococcal capsular
antigens (PNEUMO 23; Sanofi Pasteur MSD, Brussels, Belgium),
and plasma was collected 10 days later. ELISA plates were coated with
Pneumo23 and goat-anti-mouse IgM or goat-anti-mouse IgGl were
used to measure signal (Invitrogen). Optical density was measured
of preimmunization and postimmunization plasma to determine the
antibody response.

In vitro spleen cell proliferation assay. Spleen cells were cultured at
1 x 10° cells/ml in Dulbeccos modified Eagle’s medium supplemented
with 10% fetal calf serum and antibiotics (pen/strep). Concanavalin
A (Con A, 2.5pg/ml, Sigma) was added with or without human IL-2
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(500 units/ml; Biogen Idec, Badhoevedorp, The Netherlands). On day 3,
0.5 pCi *H-thymidine was added to each well. On day 4, cells were washed
and *H-thymidine incorporation was measured on a TopCount microplate
scintillation counter (GMI, Ramsey, MN).

Genescan. Genescan analysis of murine TCR repertoire was performed
on cDNA derived from 2pg total RNA purified from fresh spleen cells
using the Allprep DNA/RNA kit (Qiagen). cDNA was synthesized using
the QuantiTect Reverse Transcription kit (Qiagen). PCR was performed
on the cDNA using a specific primer for the Constant (C) part of the T cell
antigen receptor 3 chain (5-FAM-CTTGGGTGGAGTCACATTTCTC-3")
in combination with 21 Variable (V) gene segment-specific primers to form
PCR products between 140 and 240bp as described.” All PCR products
were analyzed on an ABI 3100 or 3130xl sequencer.

Statistics. Statistical analysis was performed using SPSS 11 (SPSS, Chicago,
IL) and Graphpad Prism (GraphPad Software, San Diego, CA). Significance
of difference was determined by a Mann-Whitney test, for categorical data
by Fisher’s Exact test. Data are presented + SEM where applicable.

SUPPLEMENTARY MATERIAL

Figure S1. LAM-PCR of bone marrow DNA in gene therapy mice.
Figure S2. LV-ycPr-coyc titration FACS data.

Table $1. Averages of chimerism and proviral copies per BM.
Table $2. T, B and NK cell percentages in spleen.

Table $3. Viral integrations near RTCGD genes, by promoter.
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