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Recombination activating gene 2 (RAG2) deficiency
results in severe combined immunodeficiency (SCID)
with complete lack of T and B lymphocytes. Initial gam-
maretroviral gene therapy trials for other types of SCID
proved effective, but also revealed the necessity of safe
vector design. We report the development of lentiviral
vectors with the spleen focus forming virus (SF) pro-
moter driving codon-optimized human RAG2 (RAG2co),
which improved phenotype amelioration compared to
native RAG2 in Rag2~~ mice. With the RAG2co therapeu-
tic transgene, T-cell receptor (TCR) and immunoglobulin
repertoire, T-cell mitogen responses, plasma immuno-
globulin levels and T-cell dependent and independent
specific antibody responses were restored. However,
the thymus double positive T-cell population remained
subnormal, possibly due to the SF virus derived element
being sensitive to methylation/silencing in the thymus,
which was prevented by replacing the SF promoter
by the previously reported silencing resistant element
(ubiquitous chromatin opening element (UCOE)), and
also improved B-cell reconstitution to eventually near
normal levels. Weak cellular promoters were effective in
T-cell reconstitution, but deficient in B-cell reconstitu-
tion. We conclude that immune functions are corrected
in Rag2~- mice by genetic modification of stem cells
using the UCOE driven codon-optimized RAG2, provid-
ing a valid optional vector for clinical implementation.
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INTRODUCTION

Recombination activating gene 2 (RAG2) deficiency is an auto-
somal recessive disorder causing a complete lack of mature T and
B lymphocytes leading to severe combined immunodeficiency

(SCID). HLA-identical bone marrow (BM) transplantation is
the treatment of choice, but due to limited availability of HLA-
matched donors alternative donor stem cell sources are a neces-
sity for most SCID patients, however limited in efficacy and with
variable outcomes.'

Recently, gammaretroviral gene therapy has demonstrated
long-term clinical efficacy for X-linked SCID (SCID-X1)** and
adenosine deaminase-SCID® by complementation of a correct
copy of the defected gene. However, the SCID-X1 trials also high-
lighted oncogenic risks requiring improved vector design for
clinical safety.®”

RAG?2 protein acts in a coordinated fashion with RAGI (col-
lectively referred to as RAG) to achieve V(D)] recombination of
T-cell receptors (TCRs) and immunoglobulins (Igs) to recognize
abroad diversity of antigens.®* Gammaretroviral vector RAG2 gene
therapy to treat Rag2”~ mice resulted in sustained correction,’
but the use of an LTR mutated Moloney murine leukemia virus
enhancer promoter' still carries the inherent oncogenic risk of
modifying proto-oncogene expression.

Recoding the transgene to optimize transcription and transla-
tion may improve lentiviral vector titers as well as protein produc-
tion and has been shown to significantly improve efficacy, e.g. for
RAGI SCID," X-linked SCID™ and gp91#"* ** in chronic granu-
lomatous disease. Promoter choice may also be critical in success-
ful and safe restoration of genetic defects, since viral promoters
are relatively unsafe and prone to methylation and silencing.'*
Therefore, the use of cellular-specific promoters®'” or methyla-
tion resistant elements, such as the ubiquitous chromatin open-
ing element (UCOE),'"*!* should improve long-term and safe
intervention.

HIV-based lentiviral (LV) vectors are considered further to
have an improved safety profile by a more favorable integration
pattern with no preference for proto-oncogenes and transcription
start sites,'”*' while (pre-)stimulation with growth factors is not
a strict prerequisite for efficient transduction, thereby preserving
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stem cell numbers during the transduction procedure. We investi-
gated whether recoding RAG2 for improved expression benefited
phenotype correction of Rag2™~ mice by transplantation of lenti-
viral vector gene-modified stem cells.

RESULTS

Amelioration of peripheral blood T and B cells

Six- to twelve-week-old female Rag2~ recipients of male Lin- BM
cells transduced with the gene therapy vectors after a sublethal
dose of 6-7 Gy total body irradiation showed significant long-
term populations of peripheral blood (PB) T-cell numbers for all
groups (Table 1, Figure 1a,b). At one month after transplantation,
CD3* numbers were 63-fold increased (P < 0.01) in SF-RAG2co
mice compared to SF-RAG2 mice, similar to the other gene

Table 1 Absolute peripheral T and B-cell counts in time
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therapy treated groups, but tenfold lower (P < 0.001) than those
resulting from transplanted wild-type (WT) cells.

PB T-cell numbers stabilized two months after transplanta-
tion (Table 1, Figure la,b), at which time interval PB CD3*
T-cell numbers were on average 2.5-fold higher (P < 0.001) in
the SF-RAG2co group than in the SF-RAG2 group, as were the
RAG2p-RAG2co and ycPr-RAG2co mice. The UCOE-RAG2co
group had cell numbers equivalent to normal WT levels and over-
all higher than the other groups (P < 0.005), with the exception
of the WT group that displayed sustained supranormal levels for
both T and B cells.

PB B-cell reconstitution showed differential kinetics depend-
ing on the promoter cassette (Table 1, Figure 1c-e). One month
after transplantation CD19% B-cell numbers in SF-RAG2co mice

CD3 month 12

CD3 month 2-6

CD19 month 1?2

CD19 month 2-6°

SF-RAG2
SE-RAG2co
RAG2p-RAG2co
YcPr-RAG2co

241 (N=18)

42451 (N=18)
18+27 (N=18)

125+ 165 (N = 26)

2894296 (N = 70)
719 + 496 (N = 92)
440 + 464 (N = 49)
454+ 417 (N = 56)
1091 + 608 (N = 24)

93428 (N = 10)
196+ 79 (N =19)

243 (N=17)
2+2(N=17)

107432 (N=7)

127 105 (N = 69)
411351 (N=91)
30431 (N = 44)
29424 (N = 53)
748 + 447 (N = 26)

UCOE-RAG2co 45443 (N=6)
WT Tx 13134267 (N=9)
WT baseline 666 + 353 (N = 16)°

2533+ 1002 (N = 45)

3001 799 (N = 10)
1338 567 (N = 12)¢

4191 + 1160 (N = 45)

Abbreviations: RAG, recombination activating gene; SF, spleen focus forming virus; UCOE, ubiquitous chromatin opening element; WT, wild type
Quantification of absolute cell numbers in peripheral blood in time after gene therapy treatment.
Number of mice. °"Number of data points. “Average counts for nontransplanted wild-type mice. Cells/ul are presented as mean * SD.
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Figure 1 Reconstitution of T and B cells in peripheral blood (PB). A 6 months follow-up of the absolute number (a) CD3tCD4%, and (b) CD3tCD8*
T-lymphocytes, and (c) CD19%, (d) CD11b-B220%IgM*, (e) CD11b-B220%IgD™ B-lymphocytes. The gray area in the graphs depicts the range of

absolute PB cells in untreated wild-type mice.
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were similar to UCOE-RAG2co and SF-RAG2 treated mice,
and ~100-fold higher (P < 0.05) than RAG2p-RAG2co or YcPr-
RAG2co mice, which remained barely detectable over time. Of
note, B cells in all groups were significantly lower than those in
recipients of WT cells (P < 0.001).

B-cell levels continued to increase 2 months after transplanta-
tion with the average CD19" values of SF-RAG2co mice three-
fold higher than the SF-RAG2 group (P < 0.001), but on average
twofold lower than the UCOE-RAG2co group (P < 0.005). The
CD19% B cells in the SF-RAG2co group were significantly lower
than WT and untreated WT mice (P < 0.001), whereas the UCOE-
RAG2co group eventually reached near normal WT levels.

Thymic development and T-cell responses

Rag2™~ mice have an early arrest at the double negative (DN) 3
stage (CD44-CD25%) in the thymus (Figure 2a). Six months after
transplantation, all gene therapy groups displayed a reduction of
DN3 percentages. Progression into double positive (DP) T cells
was improved in SF and UCOE mice, but percentages were lower
in the ycPr and RAG2p treated mice. Variable smaller popula-
tion sizes of single CD8% and CD4™ cells were also detected in
all groups, except Rag2~~ mice. However, absolute thymocyte cel-
lularity was significantly lower in all gene therapy treated groups
relative to recipients of WT cells (Table 2), and a considerable
number of mice in the SF treated groups displayed low DP per-
centages (Table 3).

Thymic architecture in the SF-RAG2co and UCOE-RAG2co
mice was assessed by histological and immunohistochemical
staining (Figure 2c). In WT mice, hematoxylin and eosin and
cytokeratin 5 and 8 (CK5 and CK8) staining highlighted a normal
cortico-medullary differentiation with fully mature medullary
thymic epithelial cells (mTECs) expressing both Ulex europaeus
agglutinin (UEA) and AutoImmune REgulator (AIRE) protein.
Terminal deoxynucleotidyl Transferase (TdT) and CD3 staining
showed normal distribution of maturing thymocytes. Mature
T-regs have been highlighted in the medulla by Foxp3 immunos-
tain and caspase 3 (Casp 3) positive cells were detected into both
the cortical and medullary regions, indicating normal lymphocyte
selection. Rag2™~ mice showed a virtual lack of cortico-medullary
demarcation with only small foci containing rare mature mTECs;
CKS5, AIRE, UEA, TdT and CD3 staining revealed widespread dis-
tribution of immature thymocytes, highlighting the focal mature
medullary-like regions. Foxp3t cells were consistently absent,
showing lack of mature regulatory T cells. Moreover, activated
caspase 3 were only rarely positive, indicating severe deficiency of
thymocyte selection (Figure 2¢, higher panels).

At 5 months after transplantation, thymi of both SFE-RAG2co
and UCOE-RAG2co treated Rag2™~ mice displayed a clear corti-
co-medullary demarcation along with focal aggregation of fully
mature mTEC expressing CK5%, AIRE and UEA binding as well
as normal distribution of developing thymocytes expressing TdT
and CD3. Foxp3 was present within the medullary regions, and
Casp 3 expression was improved compared to the Rag2~~ mice
(Figure 2c, lower panels), demonstrating that for both SF-RAG2co
and UCOE-RAG2co adequate rescue was achieved.

Six months after transplantation, populations of T cells in the
spleen (Figure 2d,e) and lymph nodes (Figure 2f,g) also showed
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improved rescue in SF-RAG2co and UCOE-RAG2co mice relative
to the other treatment groups, despite absolute spleen cell numbers
being low compared to recipients of WT cells (Table 2). CD8™ cells
were particularly low in spleens of SF-RAG2 mice. Additionally,
UCOE-RAG2co mice displayed a normal distribution of naive
cells (CD62LMeCD44"), effector cells (CD62L°*CD44M¢") and
central memory cells (CD62LM"CD44"") in the lymph nodes
(Supplementary Figure S1).

Spleen cell proliferation responses to mitogens were assessed
by in vitro stimulation with CD3 antibody, ConA or interleukin-2
(Figure 2h). The SF-RAG2co, YcPr-RAG2co, and UCOE-RAG2co
mice (RAG2p-RAG2co not done) responded similar to WT trans-
planted mice, showing that T cells were functional, except for a
poor response in SF-RAG2 mice.

TCR and Ig repertoire in gene therapy treated mice
In PB, CD4 and CD8 positive TCR V3 isotypes 4 6, 7, 8.1/8.2, 9,
10b, 13 and 14 were measured by flow cytometry to assess func-
tional RAG recombination to obtain a variety of TCR receptors
(Figure 3a,b). All gene therapy treated mice resembled the nor-
mal TCR V isotype distribution as observed in WT Tx mice in
both CD4" and CD8 cells, except for the SF-RAG2 mice. These
mice had dominant TCR V3 isotypes (Supplementary Table S1),
which might explain the poor T-cell responses to mitogens.

Furthermore, TCR rearrangements were determined for 20
VP gene and Ig segments (Cu and Cy) on spleen cDNA of WT,
SF-RAG2co and UCOE-RAG2co mice, as described before.'"?
At 4 months after transplantation, variable peak patterns were
observed for both TCR and Ig that were indistinguishable from
WT mice, indicating the presence of polyclonal diversity of rear-
rangements (Figure 3cand Supplementary Figure $2). Consistent
with our expectations, analysis of Rag2~~ spleen cDNA resulted in
no detectable peaks (data not shown), indicating that the antigen
receptor rearrangements were absent.

Additionally, TCRVP rearrangements were quantified
on genomic DNA of a WT, Rag2™~, SF-RAG2co and UCOE-
RAG2co mouse, confirming the potency of the therapeutic
approach to acquire full diversity (Supplementary Table S2 and
Supplementary Figure S3).

B-cell development and reconstitution

In BM of Rag2”~ mice, B cells arrest at the pro-B cell stage
(B220TCD43*IgM IgD") as shown (Figure 4a). Following trans-
plantation of WT cells, the pro-B cell number was strongly reduced
and B lymphocytes developed into pre-B, immature transitional
IgM* and mature IgD" expressing cells.

In the gene therapy treatment groups, reductions in the pro-
portion of pro-B cells was smaller, and appreciable populations
of immature and mature B cells were observed only in SF-RAG?2,
SF-RAG2co, and UCOE-RAG2co mice. In the same groups,
peripheral B lymphocytes in spleen (Figure 4b-e) and lymph
nodes (Figure 4f,g) were increased substantially to near normal
levels. SF-RAG2co treated mice presented with large quantities of
cells expressing complement receptor CD21 and the low-affinity
receptor IgE (CD23, Figure 4d,e), but in the UCOE-RAG2co and
the SF-RAG2 the numbers were slightly reduced (Figure 4d,e).
Plasma Ig isotypes were quantified at 5 months after gene therapy
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treatment (Figure 4h,i and Supplementary Figure S4). All mice
were able to produce significant levels of Ig isotypes, despite low B
cells numbers in peripheral organs.

Regaining specific antibody responses requires diversity in
TCR receptor repertoire and Ig, and was analyzed by subject-
ing mice to T-cell dependent tetanus immunization as well as
a T-cell independent Pneumo23 immunization. Significant
IgM responses were observed for both tetanus (Figure 4j) and
Pneumo23 (Figure 41) for WT transplanted mice, SF-RAG2co
and UCOE-RAG2co mice. As expected, a much more profound
IgG response was observed for tetanus toxoid as well as Pneumo23
(Figure 4k,m). Although SF-RAG2 mice had significant B-cell
numbers, tetanus toxoid IgG responses were not observed, in line
with the few functional T cells present in these mice.

Hematopoietic chimerism, vector copy number per
cell and promoter methylation

The male contribution to the overall blood cell production (chi-
merism) as well as copy number per cell is shown (Figure 5).
The proportion of Y-chromosome positive BM cells in the gene

100 -

Cells (%)

SF-RAG2co Ragz” WT

UCOE-RAG2co
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therapy treated mice is consistent with the sublethal irradiation
dose applied to the mice before transplantation (Figure 5a).
SE-RAG2co mice had a lower average copy number per male BM
cell (2.3£2.0, n = 17; Figure 5b) than SF-RAG2 treated mice (3.0
+ 0.9, n = 7). Lower copy numbers were calculated for RAG2p
(0.5+ 0.4, n =9) and ycPr groups (0.5 £ 0.5, n = 11), consistent
with the lower T and B cells numbers in the peripheral organs. It
is of note that the initial transduction efficiencies in Lin~ cells in
these treatment groups were on average similar and ranged from
1 to 5 (data not shown), but RAG2 protein expression could have
been too low for positive selection towards T and B cells. Finally,
the UCOE-RAG2co treated mice had on average near 1 copy per
cell, which confirmed the relatively low initial Lin~ transduction
efficiency of ~25% of the cells determined by qPCR (data not
shown).

Strong RAG2co expression clearly increased reconstitution,
but some SF-RAG2co mice barely had detectable DP T-cell popu-
lations in the thymus. We therefore investigated whether methy-
lation and potentially subsequent silencing would explain the
small DP populations, and eventually would jeopardize long-term

b
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efficacy of treatment. To this end, we performed high-through-
put quantification covering 50% of the CpG sites of the SF ele-
ment, which were averaged and compared for BM, spleen and
thymus gDNA. As expected, transduced and cultured Lin™ cells
(Figure 5c) displayed low methylation percentages, but signifi-
cant increases in methylation were observed in gDNA of BM and
spleen of LV vector treated mice at 6 months after transplantation.

© The American Society of Gene & Cell Therapy

Remarkably, the methylation percentage was elevated even more
in the thymus (Figure 5c). Additionally, the individual CpG sites
did not considerably differ in the level or distribution of methyla-
tion within this SF region (Supplementary Table S3). On average,
the methylation of the UCOE element was below values of 5-7%,
to be considered as not methylated in view of the sensitivity of the
method used (Figure 5c and Supplementary Table S4).

d P<0.01 e P <0.005
l—l—|
30 - P<0.001 . . 10.0 - P<0.05 _
VJ_‘
+<l' 20 1 b
8 S
® 2]
o a
(&) (&)
2 10 A S
00 - o
I o o o
@’\ & & L & K
NN S PN S &
A SR
& & S
X ¢ O
N Q\‘?“
f g
3 2
(&) (&)
2 2

INo stim

H CD3

gm ConA P <0.01 P<0.05
=lL-2

. 5000
2500
0° N O &<+
4 QS (bo° o K
O
Q‘{b Q'Q\ QR‘O QR“O QS‘O @
< o2
QO
N

Figure 2 Thymic development and T-cell responses to mitogens. (a) After 6 months after transplantation, T-cell differentiation stages in the thy-
mus are gated on the double negative (DN, CD4-CD8-) T-cell population by detection of CD44 and CD25. The differentiation stages CD44TCD25-
(DNT), CD447CD25% (DN2), CD44-CD25% (DN3) and CD44-CD25- (DN4) show a block at DN3 in Rag2~- mice, which was markedly reduced by
all promoters (n = 3-9). (b) Further development into double positive CD4tCD8™ cells occurs mainly in the SF-RAG2, RAG2co and UCOE-RAG2co
treated mice with progression into single CD4" and CD8" cells (n = 3-12). () Thymic stainings for hematoxylin and eosin (H&E), CK5 and CK8
assess the cortico-medullary demarcation (CMD; depicted with a broken line in the H&E left panel): AIRE and binding to fucose-specific lectins (UEA)
highlights mature mTECs; TdT and CD3 staining show distribution of maturing T lymphocytes, Foxp3 staining highlights medullary mature Treg and
caspase 3 (Casp3) have been used as a marker for T-lymphocyte selection. Top panel represents WT thymi, compared to Rag2~- thymi (middle upper
panel) and gene therapy treated mice, SF-RAG2co (middle lower panel) and UCOE-RAG2co (bottom panel). Original magnification x10 and x40
(AIRE, UEA and Foxp3), and Bar = 200 um and Bar = 50 um. Assessment of T-cell percentages in (d,e) spleen and (f,g) lymph nodes, shows detect-
able populations for all treatment groups, but the SF-RAG2co and UCOE-RAG2co in general resulted in a larger T-cell subset. (h) Mitogen mediated
proliferation response of splenocytes to CD3 stimulation, ConA and IL-2 were similar to wild-type in the SF-RAG2co, ycPr and ubiquitous chromatin
opening element (UCOE) treated mice (n = 3-9) (No stim = no addition of mitogens) cpm, counts per minute.
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Table 2 Absolute cell counts in hematopoietic tissues

Thymus Spleen Bone marrow

x10¢ x10¢ x10¢ per femur

SE-RAG2 31+£28(N=9) 41+11(N=9) 10+5(N=12)

SE-RAG2co 60+95(N=9) 68+48(N=12) 12+5(N=13)

RAG2p-RAG2co  2.6+39(N=5) 45+18(N=11) 12+4(N=10)

YcPr-RAG2co 11.8£199(N=4) 34%£22(N=10) 10+x5(N=11)
UCOE-RAG2co  24+24(N=5) 18+15(N=5) 12+x6(N=5)
Rag2"~ 27+08(N=3) 15+3(N=3) 12£2(N=4)
WT Tx 30.8+19.1(N=9) 124+42(N=9) 16+2(N=9)

Abbreviations: RAG, recombination activating gene; SF, spleen focus forming
virus; UCOE, ubiquitous chromatin opening element; WT, wild type.
Quantification of absolute cell numbers in thymus, spleen and bone marrow
after six months after transplantation in the gene therapy treated groups.
Mean * SD.

Table 3 Double positive population in thymus

DP < 10% DP > 30%
SF-RAG2 N=7 N=4
SE-RAG2co N=6 N=6
UCOE-RAG2co N=0 N=6
WT Tx N=0 N=9

Abbreviations: RAG, recombination activating gene; SF, spleen focus forming
virus; UCOE, ubiquitous chromatin opening element; WT, wild type
Quantification of the number of mice with low (<10%) or high (>30%) double
positive T- cell populations in thymus (DP, double positive) treated with lentiviral
vectors with the SF promoter or the UCOE promoter.

Adverse effects

Vector related adverse effects have not been observed during follow-
up monitoring of the cohorts presented here, which consisted of 56
mice treated with SF-RAG2co, 18 with SF-RAG?2, 18 with RAG2p-
RAG2co, 18 with ycPr-RAG2co and 28 with UCOE-RAG2co. In
the SF-RAG2co mice, five mice died inadvertently. Two mice died
at days 197 and 129, respectively, with an enlarged spleen and thy-
mus, attributable to expansion of CD4/CD8 positive cells, identified
as recipient cells harboring no vector copy as determined by qPCR
on the HIV 5’LTR. A third mouse died at day 145 with an enlarged
thymus, spleen and liver, and neither had detectable vector copies in
spleen and thymus cells, while the fourth mouse died at day 251 with
an enlarged thymus and liver and a reduced peripheral blood white
cell count without detectable vector copies in BM. A fifth mouse died
at day 144, had a slight expansion of CD11b/GR-1 positive cells with
an enlarged spleen and vector copy numbers ranging between 0.3
and 1.9 per cells in BM, spleen, and thymus, death being attributed
to an infectious complication. We conclude that the majority, if not
all of these undue deaths are attributable to the underlying pheno-
type and/or the irradiation used as conditioning rather than to the
genetic modification of the transplanted cells.

DISCUSSION

RAG?2 immunodeficiency is a disorder that results in an arrest in
T- and B-cell differentiation, thereby compromising immunity.
Gene therapy may be a valid option if complementation of RAG2
is efficient and safe. In this paper, we report a recoded human
RAG?2 sequence that resulted in sufficient expression in lentivirus
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Figure 3 T-cell receptor (TCR) and Ig diversity in gene therapy
treated mice. Flow cytometric analysis of peripheral blood (a) CD4% and
(b) CD8* TCR VB isotypes at 4 months after transplantation (n = 4-10).
The large variation in the SF-RAG2 treated mice was caused by pres-
ence of dominant TCR V clones. (¢) TCR and Ig repertoire analysis of
spleen cDNA derived from mice transplanted with transduced Lin- cells,
4 months after transplantation. Depicted are the polyclonal rearrange-
ment patterns of seven VB genes and two immunoglobulin heavy chains
Cu (IgM) and Cy (IgGs). The other fourteen VB genes are presented in
Supplementary Figure S2. The gene therapy treated SF-RAG2co and
UCOE-RAG2co mice have detectable rearrangements indistinguishable
from the WT mice.

vector transduced Lin- cells transplanted in sublethally irradiated
Rag2”~ mice to improve T and B cells in peripheral blood, BM,
thymus, and spleen, if expression was driven by the SF and UCOE
elements."'"® Codon-optimization of RAG2 improved protein
production and provided a robust reconstitution of lymphocyte
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subsets with superior restoration of B-cell function, as well as
recovery of T-cell dependent, but less profoundly T-cell inde-
pendent immune responses. The use of more cellular restricted
promoters, such as the ycPr, that provided significant therapeutic
correction for SCID-X1," or the native RAG2 promoter did result
in T-cell reconstitution, but often contained low CD8* T cells
in spleen or limited diversity of T-cell isotypes, as well as lacked
proper B-cell reconstitution, and consequently, B-cell function
was insufficient to respond to antigen presentation.

Recoding transgenes has resulted in significant increases in
titers as well as protein expression, depending on the parameters
included in the optimization algorithm, as was previously shown
for RAGI," gp91#"=,"% and interleukin-2 receptor y gene (IL2RG)."
Inclusion of RAG2co in the lentiviral vector constructs did not
increase titer, did modestly increase protein expression in HeLa
cells, but was sufficient to robustly improve reconstitution in vivo.
The detection of RAG2 in HeLa cells may have been an underes-
timation, since this protein is periodically degraded during cell-
cycling by a conserved signal.?*

In the gene therapy treated mice studied, overcoming the early
arrest at the DN3 stage restored T-cell development completely or
partially. Further differentiation into DP thymic cells was restored
in the UCOE treated mice, in most mice with SF-containing vec-
tors, was only partial in the ycPr mice, and rare with the RAG2
promoter. Since the ycPr and RAG2p are weak promoters, this
observation underlines that relatively strong expression of RAG2
is required for optimal reconstitution. However, a significant
number of SF promoter treated mice did not have DP T-cell popu-
lations at 6 months after transplantation. As previously described,
SF promoter methylation may increase significantly over time
in vitro as well as in vivo."* We confirmed by high-throughput
analyses that SF sequences are strongly methylated in BM, spleen
and even more profoundly in thymus gDNA, which might be
related to physiologic methylation intrinsic to T-cell differen-
tiation.* Since the cell fate of developing lymphocytes requires
changes in overall programs of gene expression, in part regulated
by DNA methylation, developing T cells may be prone to DNA
methylation. Specific entrapment of developing precursor T cells
with methylation induced reduced RAG2 expression may result
in the significantly higher methylation levels in the thymus. The
presence of the existing peripheral T cells in older mice should
then have been derived from developing progenitors in the initial
months after transplantation. All mice treated with the UCOE ele-
ment did have normal thymic DP T-cell populations, even at the
lower average copy number per cell, which may be due to its natu-
ral resistance to methylation and silencing as confirmed in this
paper.'* Since RAG2 expression by the UCOE element is lower
than the SF promoter, transgene toxicity to hematopoietic stem
cells may also have played a role in the presence of DP populations
at older age.

Additionally, absolute thymic cell numbers were low in all
gene therapy treated groups compared to WT Tx mice, similar
to observations made by Yates et al.” Nonetheless, substantial
T-cell populations were found in peripheral blood, spleen, and
lymph nodes with a high diversity in TCRs, and normal distribu-
tion of naive, effector and memory T cells similar to previously
reported.” Additional pretreatments may be required to improve

1974

© The American Society of Gene & Cell Therapy

thymic reconstitution. Despite the low numbers, restoration of
compartmentalization of the thymus was achieved in SF-RAG2co
and UCOE-RAG2co treated mice as shown by immunohistologi-
cal staining of phenotypic markers, and the functionality of the T
cells was demonstrated by responses to mitogens, to T-cell depen-
dent vaccination and by the distributions of TCR Vf isotypes
in PB, which were similar to those in WT mice, except for the
SF-RAG?2 treated mice. A more thorough analysis into the diver-
sity of the TCR V3 repertoire showed that the SF-RAG2co and
UCOE-RAG2co treated mice acquired highly diverse polyclonal
TCR repertoires.

BM B-cell development in Rag2~~ mice is arrested at the pro-B
cell stage, and consequently, there are no peripheral B cells. As
opposed to the T-cell numbers, B-cell development was more dif-
ficult to recover. In the SF groups and the UCOE group, small but
detectable B-cell percentages were observed in the BM, and larger
populations of mature B cells were observed in spleen and lymph
nodes. In contrast, the weaker ycPr and RAG2p containing vector
treated mice had barely detectable B-cell numbers, pointing out
that there is a threshold of RAG2 expression required for substan-
tial B-cell development. In the SF-RAG2co and UCOE-RAG2co
mice, the T-cell independent immune responses were less strongly
than in the WT transplanted mice as expected, but were signifi-
cantly increased compared to SF-RAG2, ycPr or RAG2p treated
mice, consistent with the notion that the latter groups had reduced
B-cell numbers.

All groups had on average normal plasma Ig isotype lev-
els similar to WT transplanted mice. Low B-cell counts in the
periphery apparently did not correlate with the Ig levels in vivo,
i.e., low circulating B cells can provide normal Ig levels, as has
been previously shown by us and others.”'"'*** Additionally, the
gene therapy mice did not present any obvious features resem-
bling Omenn syndrome, which is caused by mutations that impair
but not abolish RAG1 and RAG2 functions. Omenn patients often
have normal T-lymphocyte levels®*® with a large proportion of
activated T cells and skewing of TCR repertoires,” not observed
in the UCOE-RAG2co treated mice. In a previously published
Omenn mouse model, B cells were substantially reduced similar to
Omenn patients, but certain isotype Ig levels were within normal
range.””* Finally, the diversity in Ig repertoire in the SF-RAG2co
and UCOE-RAG2co mice was similar to that in WT or WT trans-
planted mice.

It was previously shown that retroviral vector copy number
in gene-modified transplanted stem cells and nonlymphoid cells
was significantly lower than in lymphoid cells’ pointing out that
lymphoid cells containing more than one vector copy conferring
high transgene expression have a selective advantage in vivo, con-
solidating our rationale to codon-optimize the RAG2 transgene.
Similar observations that both T- and B-lymphoid cells have a
proliferative advantage with high copy number or expression lev-
els were made for RAGL."* In the current study, SF-RAG2 and
SE-RAG2co mice had several vector copies per cell on average.
Methylation of the SF promoter may have contributed to the pro-
liferative advantage of cells containing high copy number. In con-
trast, the UCOE-RAG2co mice had near one vector copy per cell.
This minimal number was sufficient to correct the murine pheno-
type. Although RAG2 shares 88% identity with the murine Rag2
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gene,’ interaction with the human RAG1 may even improve phe-
notype correction at the desirable one therapeutic transgene copy
per cell.

During TCR and Ig rearrangements executed by the RAG
complex, RAG1 represents the catalytic subunit while RAG2 acts
as a regulatory subunit that is essential for all activities.* Both
RAGI and RAG2 are strictly regulated during T- and B-cell devel-
opment. In follow-up studies, it will be important to determine if
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constitutive RAG2 expression may lead to pathological abnormal-
ities or malignancies, whether caused by RAG2 or LV integration.
However, RAG2 is regulated post-translational during cell-cycle,
which may itself provide an additional safety feature for cells dur-
ing rapid cell division. Additionally, RAG is also indirectly con-
trolled by restricting its access to recombination signal sequences
substrates within the appropriate antigen receptor locus and
developmental stages.*
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Although retroviral gene therapy has been shown to be effective
to treat immune deficiencies such as X-linked SCID,** Wiskott-
Aldrich syndrome® and adenosine deaminase SCID,’ 5 out of 20
patients developed T-cell leukemia in the SCID-X1 trials, four of
which were treated successfully with maintenance of immune func-
tions.*” In a more recently initiated Wiskott—Aldrich gene therapy
trial, 9 out of 10 children were corrected, but one patient devel-
oped acute T-cell leukemia related to the treatment (Press Release

© The American Society of Gene & Cell Therapy

Hannover Medical School, 2010), and in these trials integrations
near LMO2 were observed. Additionally, the SF promoter was
involved in insertional activation of the oncogene EVII and the
resulting clonal expansion in chronic granulomatous disease gene
therapy.** In the SF promoter treated groups of the present study,
undue deaths were observed in 5 out of 56 mice, of which three
developed leukemia, but these were all recipient derived and did not
contain vector as determined by qPCR on the HIV 5’LTR. Potentially
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Figure 4 Bone marrow B lymphocyte maturation populations in spleen and lymph nodes. (a) Bone marrow B-cell differentiation was as-
sessed within B220" gated cells for pro-B (82207CD43*IgM-IgD-), pre-B (B2207CD43-IgM-IgD-), immature (Imm; B220*CD43-IgM*IgD-) and
mature (B2201CD43-1gM*IgD™) cells (n = 4-9). (b,c)Spleen B-cell percentages of B220tCD19%IgM* and B220TCD19%IgD*, and (d) specifica-
tion into CD21*tCD23" follicular B cells and (e€) CD21*tCD23- marginal zone B cells and (f,g) B-lymphocytes in the lymph nodes. Normalization
of the immunoglobulin plasma levels determined for (h) IgM and (i) IgG1 as well as isotypes IgG2a, 1gG2b, 1gG3, IgA, which are presented in
Supplementary Figure S4 (n = 4-10) occurs in the gene therapy treated mice, 4 months after transplantation of transduced Lin- cells. Rag2~~
mice do not have detectable Ig levels (data not shown). Four months after transplantation, T cell dependent specific (j) IgM and (k) IgG responses
to antigen were determined by tetanus toxoid administration. Tetanus toxoid was three times injected intraperitoneally at two week intervals, and
blood was collected before every injection and two weeks after the last injection. IgM was determined at day 14 after the first injection, IgG at 14
days after the last injection. Shown are the fold changes in optical density relative to pre-immunization values. Furthermore, T-cell independent
immune response was induced by Pneumo23, and fold changes are presented for (I) IgM and (m) IgG at day 10 after immunization.
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Figure 5 Bone marrow chimerism and copy number. (a) Bone marrow chimerism determined by qPCR for male Y-chromosome. (b) Lentiviral
vector copy number per cell determined on genomic bone marrow DNA, and corrected for chimerism (n = 6-17). (¢) Quantification of methylation
of the spleen focus forming virus (SF) promoter determined by pyrosequencing of the 5 end of integrated vector 6 months after transplantation.
Lin- cells have low methylation levels, with a significant increase 6 months after reconstitution in bone marrow (BM) and spleen gDNA, and a further
significant increase in thymus (THY). Average methylation levels of the ubiquitous chromatin opening element (UCOE) were below 5-7%, and could

be considered non-methylated.

oncogenic events were not observed in a total of 28 UCOE-RAG2co
treated mice. Safety analysis is under thorough investigation, as will
be reported separately in conjunction with the ongoing integration
analysis. However, the use of SIN lentiviral vectors with an internal
promoter cassette reduces the genotoxic potential significantly as
determined by cell based assays in vitro™®* and in vivo in mice,"*?!
showing that physiologic promoters reduce the risk of insertional
oncogenesis significantly,® in large part by a reduction in the abil-
ity to deregulate gene expression near integration sites.” Since the
UCOE element provides bidirectional expression, the use in its cur-
rent form may not be preferred, and further modifications may be
necessary to improve safety of this element. In the present study,
the copy number of the UCOE-RAG2co treated mice was kept at
a minimum, while still conveying full therapeutic efficacy. In fol-
low-up studies it will be important to determine the minimum cor-
rected hematopoietic stem cell numbers required, further improve
stem cell transduction, preferably restricting transduction to “true”
hematopoietic stem cells, e.g., by using single-chain antibodies tar-
geting the viral vector to hematopoietic stem cell-specific antigens,*
and expand the stem cells by ex vivo stimulation with cytokines to
reduce the number of transduced cells required.

From the present study we conclude that the UCOE element
in combination with RAG2co ameliorated the disease pheno-
type sufficiently to warrant its further development for clinical
implementation.

Molecular Therapy vol. 20 no. 10 oct. 2012

MATERIAL AND METHODS

Construction of lentiviral vector plasmids. The human RAG2 con-
sensus cDNA was recoded (RAG2co) with OptimumGene technology
(Genscript, Piscataway, NJ), with the addition of a Kozak sequence and
two TGA stop codons to improve transcription and translation. EGFP was
replaced by RAG2co in the LV pRRL.PPT.SEEGFP.bPRE4*.SIN described
previously,” to obtain SF-RAG2co, which contains the spleen focus form-
ing virus promoter (SF). The SF-RAG2co vector was compared to the
SE-RAG2 vector containing native RAG2 sequence. For the weak cellular
promoters SF was replaced by a 1505 bp human RAG2 promoter sequence
(RAG2p;'>'¢ primer sequences see Supplementary Table §4) or a ~1.1kb
Y chain promoter element'? (YcPr), that provided significant expression to
correct SCID-X1 mice." Finally, a UCOE"' was combined with RAG2co.
All constructs were verified by restriction digests and sequencing. LV pro-
duction was done according to standard procedures.'>***! and titered as
previously described.*

Animals. Congenic Rag2~~ mice were derived from 10th generation back-
cross of BALB/c Rag2™/yc™~ mice® with syngenic WT BALB/c mice (WT)
and bred in the Erasmus MC Experimental Animal Center (Rotterdam, The
Netherlands). The animals completely lack mature T and B-lymphocytes,
which mirrors the human disease.* All experiments were approved by an
ethical committee of Erasmus MC, Rotterdam in accordance with legisla-
tion in the Netherlands.

Lentiviral hematopoietic stem cell transduction. Donor BM hematopoi-
etic progenitors from four- to twelve-week-old male Rag2”~ mice were
enriched by lineage depletion (Lin™ ; BD Biosciences, Santa Clara, CA).
These Lin  cells were subjected to overnight LV vector transduction at a
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cell density of 10° cells/ml and a multiplicity of infection of 2-10, in serum
free medium with standard cocktail of growth factors.” The following day,
5 x 10°-1 x 10° transduced Lin cells were injected in the tail vein of 6-7
Gy sublethally irradiated six- to ten-week-old female Rag2~~ recipients.

Immunological phenotyping. PB cells were counted monthly using VET
ABC counter (Scil animal care company GmbH, Viernheim, Germany),
and leukocytes were prepared as described' for staining T- and B-cell
markers. At the end of the experiments, spleen, thymus, BM and lymph
nodes were prepared for flow cytometry with anti-mouse antibodies to:
CD3, CD4, CD8, CD25, CD44, CD62L, CD21/CD35, CD23, B220, CD19,
CD43, IgM, IgD, and CD11b (all antibodies BD Biosciences), and mea-
sured on a FACSCalibur or FACS LSRII (Becton Dickinson, Erembodegem,
Belgium).

Histopathology. Two micrometers of formalin fixed paraffin embedded
thymic sections were subjected to routine hematoxylin and eosin staining
for assessment of basic histopathological changes and immunohistochem-
istry. Briefly, sections were dewaxed, rehydrated, endogenous peroxidase
activity blocked by 0.3% H,O,/methanol for 20 minutes and heat induced
antigen-retrieval was performed by either microwave treatment or incuba-
tion in a thermostatic bath using EDTA buffer pH 8.0 or citrate buffer pH
6.0. The following primary antibodies were used: rabbit anti-cytokeratin 5
(CKS5, clone AF 138, 1:100; Covance, Princeton, NJ); rat anti-cytokeratin
8 (CKS8, clone TROMA-I, 1:200); rabbit anti-caspase 3 active (Casp 3 act.,
1:600; R&D systems, Minneapolis, MN); rabbit anti-CD3 (1:100; Dako
Cytomation, Glostrup, Denmark); rabbit anti-Terminal Deoxynucleotidyl
Transferase (TdT, 1:100; Dako), rabbit anti-AIRE (AIRE, 1:2000; rat anti-
Foxp3 (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), or Ulex euro-
paeus agglutinin I (UEA, 1:600; Vector Laboratories, Burlingame, CA).
Immunostains were revealed using Real EnVision Rabbit HRP Labeled
Polymer system (Dako) or biotinylated rabbit anti-rat mouse pre-absorbed
(1:200; Vector Laboratories) followed by streptavidin conjugated HRP and
chromogen diaminobenzidine (Dako). Nuclei were counterstained with
Hematoxylin. Digital imagines were acquired by Olympus DP70 camera
mounted on Olympus Bx60 microscope using CellF Imaging software
(Soft Imaging System GmbH, Muenster, Germany).

Detection of RAG2 protein, immunoglobulin levels and humoral immune
response. SE-RAG2 or SF-RAG2co transduced HeLa cells were kept in cul-
ture for 7 days, and enzyme-linked immunosorbent assays were performed
as previously described.” Briefly, enzyme-linked immunosorbent assay
plates were coated with serially diluted cell lysates at room temperature.
After washing and blocking, wells were incubated with rabbit polyclonal
anti-human RAG2 (GeneTex, Irvine, CA) for 1 hour and washed again.
Signal was detected after incubation with goat anti-rabbit HRP by stain-
ing with TMB substrate (Kirkegaard and Perry Laboratories, Gaithersburg,
MD) and the reaction was stopped by adding 1 mol/l phosphoric acid. The
absorbance was read at 405nm using a FLUOstar Optima plate reader
(BMG LABTECH GmbH, Ortenberg, Germany). The relative fold increase
in RAG2 expression was determined, normalized for protein levels, and
adjusted for copy number per cell.

Baseline levels of IgM, IgG1, IgG2a, IgG2b, IgG3, IgA were measured
in mouse plasma by multiplex assay kit (Beadlyte Mouse Immunoglobulin
Isotyping kit, Millipore, Billerica, MA) and run using a Bio-Plex reader
(BioRad Laboratories, Hercules, CA).

Mice were immunized with Streptococcus pneumoniae (PNEUMO 23,
Sanofi Pasteur MSD) and tetanus toxoid. Enzyme-linked immunosorbent
assay was performed as described previously.'?

In vitro spleen cell proliferation assay. Spleen cells were cultured at 1 x
10° cells/ml in DMEM supplemented with 10% heat-inactivated fetal calf
serum, antibiotics penicillin/streptomycin and concanavalin A (Con A,
2.5ug/ml) or human interleukin-2 (1000 units/ml) or in precoated wells
with mouse anti-CD3¢ antibody (250 ng/well, clone 145-2C11, BioLegend,
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San Diego, CA). On day 3, 0.5uCi *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).

TCR and Ig rearrangement analysis. Repertoire analysis of murine
TCR B (TCRP) and Ig segments was performed on ¢cDNA synthe-
sized with the QuantiTect Reverse Transcription kit (Qiagen, Venlo,
The Netherlands) derived from 2pg total RNA fresh purified spleen
cells using the Allprep DNA/RNA kit (Qiagen). PCR products were
obtained by amplifying the cDNA using a constant 3 gene specific
primer  (5-FAM-CTTGGGTGGAGTCACATTTCTC-3') in
bination with 20 VP gene segment-specific primers or FAM-labeled
constant Cp (IgM) or Cy (IgG) gene segment-specific primer (Cpi:
5-FAM-TCTCTGCGACAGCTGGAATGG-3" and Cy. 5-FAM-
GGACAGGGATCCAGAGTTCCA-3") with a consensus V, primer
(5"-AGGTCAAACTGCAGCAGTCTGG-3') as described previously.'"'>?
All PCR products were analyzed on an ABI 3130XL sequencer, and graphs
generated with PeakScanner (Applied Biosystems, Foster City, CA).

T-lymphocyte repertoire diversity on DNA template was measured
using ImmunTraCkeR test (ImmunIDTechnologies, Grenoble, France).
Diagnostic of Divpenia and NDL score were analyzed using the Constel'TD
software (ImmunID). Multiplex PCR was performed as described*>* using
an upstream primer specific of all functional members of a given V family
and a downstream primer specific of a given ] segment. This assay allows
the simultaneous detection and resolution of several V-] rearrangements
in the same reaction. By using this technique, it is possible to detect near
100% of the possible TRBV] combinatorial rearrangements. In order to
perform semiquantitative analysis, PCR reactions were stopped at the
exponential step of the PCR.

com-

Quantitative PCR of lentiviral integrations. The LV copy number per
cell was determined on 100ng genomic BM DNA (gDNA) by qPCR with
SYBR Green PCR Master Mix (Applied Biosystems) and measured in a
ABI PRISM 7900 HT sequence detection system (Applied Biosystems)
as previously described.** Integrated HIV provirus copy number was
corrected for chimerism determined by qPCR on the Sry locus of mouse
Y-chromosome, normalized for mouse Gapdh (primer sequences pro-
vided in Supplementary Table S4). Samples were analyzed with SDS2.3
software.

Promoter methylation assay. Pyrosequencing of eleven CpG sites of the
SF enhancer/promoter of SF-RAG2 and SF-RAG2co vectors and 43 CpG
sites of the UCOE element was performed by Varionostic GmbH (Ulm,
Germany) based on techniques previously described” (Supplementary
Figures S5 and $6 and Supplementary Tables S5 and $6). Briefly, genomic
DNA was extracted from 7-day cultured Lin- cells, and from BM, spleen
and thymus 6 months after transplantation. The sequences before and after
bisulfite conversion are depicted (Supplementary Figures S5 and S6)
with the amplification and sequencing oligonucleotides (Supplementary
Table S5). For the PCR, HotStar master mix (Qiagen), forward primer,
5’-biotinylated reverse primer and bisulfite converted DNA template were
mixed, and amplified accordingly: 95°C for 15 minutes, followed by 50
cycles of 94°C for 35 seconds, 54°C for 35 seconds, and 72°C for 1 min-
ute, and finally 72°C for 10 minutes. Sample preparation was carried out
using a Vacuum Prep Tool; 40-50 pl PCR product was immobilized to 3l
Streptavidin Sepharose HP beads (GE Healthcare, formerly Amersham
Biosciences, Hoevelaken, The Netherlands) followed by annealing to 2l
sequencing primer (5umol/l) for 2 minutes at 80°C. The PSQ ID System
was used with the dispensation orders assigned for the assays. CpG analy-
ses were done with Pyro Q-CpG software.

Statistical analysis. Statistical analysis was performed with SPSS 11 (IBM
SPSS Statistics, Armonk, NY). Significance of differences was determined
by one-way analysis of variance or Mann-Whitney U test for comparing
two groups. A significant difference was assumed if P < 0.05.
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Figure $6. Original and converted DNA sequence used for UCOE
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of gene therapy treated mice.

Table $3. Methylation assay of the SF promoter.
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