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ARTICLE
Total body irradiation must be delivered at high dose for

efficient engraftment and tolerance in a rhesus stem cell
gene therapy model

Naoya Uchida’, R Patrick Weitzel’, Anna Shvygin', Luke P Skala', Lydia Raines', Aylin C Bonifacino? Allen E Krouse?, Mark E Metzger?,
Robert E Donahue? and John F Tisdale'

Reduced intensity conditioning (RIC) is desirable for hematopoietic stem cell (HSC) gene therapy applications. However, low gene
marking was previously observed in gene therapy trials, suggesting that RIC might be insufficient for (i) opening niches for efficient
engraftment and/or (ii) inducing immunological tolerance for transgene-encoded proteins. Therefore, we evaluated both engraft-
ment and tolerance for gene-modified cells using our rhesus HSC gene therapy model following RIC. We investigated a dose
de-escalation of total body irradiation (TBI) from our standard dose of 10Gy (10, 8, 6, and 4Gy), in which rhesus CD34+ cells were

transduced with a VSVG-pseudotyped chimeric HIV-1 vector encoding enhanced green fluorescent protein (GFP) (or enhanced
yellow fluorescent protein (YFP)). At ~6 months after transplantation, higher-dose TBI resulted in higher gene marking with
logarithmic regression in peripheral blood cells. We then evaluated immunological tolerance for gene-modified cells, and found
that lower-dose TBI allowed vigorous anti-GFP antibody production with logarithmic regression, while no significant anti-VSVG
antibody formation was observed among all TBI groups. These data suggest that higher-dose TBI improves both engraftment and
immunological tolerance for gene-modified cells. Additional immunosuppression might be required in RIC to induce tolerance for
transgene products. Our findings should be valuable for developing conditioning regimens for HSC gene therapy applications.
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INTRODUCTION

Hematopoietic stem cell (HSC)-targeted gene therapy is poten-
tially curative for various inherited diseases, and several groups
have recently reported therapeutic benefit in gene therapy tri-
als.”® Reduced intensity conditioning (RIC) regimens in the
autologous setting are desirable for HSC-targeted gene therapy,
as immunologic barriers encountered in the allogeneic HSC trans-
plantation setting are not present and the perceived need for
immunosuppression is not required. In addition, conventional
myeloablative conditioning may not be well tolerated for many
desired applications, including severe immunodeficiency due to
chronic infections and sickle cell disease (SCD) due to end organ
damage. However, in previous gene therapy trials, low gene mark-
ing was reported in peripheral blood cells,'- raising the question
that RIC might be insufficient for efficient engraftment of gene-
modified HSCs expressing neoantigens.

Conditioning regimens are designed to promote hematopoietic
stem cell engraftment by the cells administered over those cells
that reside in the marrow space. The conditioning therapy contains
two major effects: (i) myelosuppression to open the niche space
for HSC engraftment; and (ii) immunosuppression to prevent graft

rejection.” Traditionally, high-intensity myeloablative conditioning
regimens have been used for allogenic transplantation applica-
tions, which carry a high risk of treatment related morbidity, and to
a lesser extent, mortality. As such, high-intensity conditioning is less
suitable for patients with potential and/or existing organ damage,
including elder patients and adult SCD patients. In addition, con-
ventional myeloablative conditioning is important to reduce/elimi-
nate residual leukemia or lymphoma cells in patients with hemato-
logical malignancies; however, this additional goal is not relevant
to gene therapy for nonmalignant diseases.® Recently, RIC regimens
were developed to improve transplant-related mortality, and results
in adult SCD patients demonstrate acceptable safety parameters.>'°

We previously established an HSC-targeted gene therapy
model in rhesus macaques with high gene marking in peripheral
blood cells long-term after transplantation following a myeloab-
lative dose of 10Gy total body irradiation (TBI).""'2 This large
animal model allows us to evaluate efficiency for gene marking
in hematopoietic repopulating cells, immunological reactions
to gene-modified cells, and safety (insertional mutagenesis) in
various gene therapy settings during extended follow-up.'*-'
Using our rhesus gene therapy model, in the current study, we
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Increasing doses of total body irradiation (TBI) results in higher marking levels in vivo in a rhesus gene therapy model. (a) To evaluate whether

reduced intensity conditioning (RIC) is sufficient for hematopoietic stem cell-targeted gene therapy, we performed dose de-escalation of TBI (10, 8,
6, and 4Gy) in a rhesus gene therapy model. Granulocyte-colony stimulating factor (G-CSF) and stem cell factor (SCF)-mobilized rhesus CD34 cells
were transduced with an enhanced green fluorescent protein (GFP) (or enhanced yellow fluorescent protein (YFP))-expressing lentiviral vector at
multiplicity of infection (MOI) 50, and the transduced CD34* cells were infused into rhesus macaques following various doses of TBI conditioning. At
~6 months after transplantation, we evaluated gene marking levels in granulocytes and lymphocytes, which were analyzed by GFP (or YFP) positive
rates (%GFP) and vector copy numbers (VCNs). (b) A small aliquot of transduced CD34* cells were cultured in vitro to evaluate transduction efficiency.
We observed efficient transduction (%GFP) for transduced rhesus CD34* cells in vitro among all TBI groups. (c) Increasing doses of TBI resulted in higher
%GFP with logarithmic regression in both granulocytes and lymphocytes. (d) Similar positive logarithmic correlation was observed between TBI doses
and VCNs in both granulocytes and lymphocytes. These data suggest that higher doses of TBl improve engraftment of gene-modified hematopoietic
repopulating cells.

investigated dose de-escalation of TBI as means to evaluate RIC
transplantation, and evaluated both engraftment and tolerance
for gene-modified cells.

RESULTS

Increasing doses of TBI result in higher marking levels in vivo in a
rhesus gene therapy model

To evaluate whether RIC is insufficient for (i) opening niches for
efficient engraftment and (ii) inducing immunological tolerance
for transgenes, we evaluated both gene marking levels and immu-
nological response in 20 rhesus macaques who received a dose
de-escalation of TBI (10, 8, 6, and 4Gy) in an HSC-targeted gene
therapy model (Figure 1a). The 10Gy TBI was previously established
in our rhesus macaque model and allows stable, high-level gene
marking in vivo years after transplantation, while in the current
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study, decreasing doses of TBI (8-4Gy) were used as RIC transplan-
tation. 3> The mobilized rhesus CD34* cells were transduced
with a vesicular stomatitis virus glycoprotein (VSVG)-pseudotyped
chimeric HIV-1 vector encoding enhanced green fluorescent pro-
tein (GFP) (or YFP), which allows us to efficiently transduce rhesus
hematopoietic cells as well as human hematopoietic cells.”'2'¢ The
transduced CD34* cells were transplanted into autologous animals
following 10-4Gy of TBI conditioning. We evaluated gene marking
levels in vivo in peripheral blood ~6 months after transplantation,
by quantifying the fraction of GFP (or YFP)-positive cells (%GFP) by
flow cytometry and average vector copy number per cell (VCN) by
real-time polymerase chain reaction.

To confirm whether rhesus CD34* cells were sufficiently trans-
duced with lentiviral vectors, we cultured a small aliquot of trans-
duced CD34* cells and evaluated in vitro %GFP 3-4 days after
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Figure2 The blood cell counts were more mildly and slowly reduced in the reduced intensity conditioning (RIC) animals. (a,b,c) The milder and slower
reduction of blood counts was observed in white blood cells, granulocytes, and lymphocytes among the RIC animals (8-4Gy total body irradiation (TBI)),
as compared to 10Gy TBI. (d and e) We observed relatively faster recovery of hemoglobin concentrations and platelet counts after RIC transplantation.

transduction. Efficient transduction (22-71%) was observed for rhe-
sus CD34* cells among all TBI groups, and there was no correlation
between TBI doses and in vitro %GFP (R*=0.05, P=0.31) (Figure 1b).
After RIC (8-4Gy TBI) and transplantation of transduced CD34* cells,
reductions in blood cell counts progressed more slowly in white
blood cells, granulocytes, and lymphocytes, as compared to 10Gy
TBI (Figure 2a,b,c). Predictably, we also observed a relatively faster
recovery of hemoglobin concentrations and platelet counts in the
RIC animals (Figure 2d,e). GFP-positive cells were initially observed
in peripheral blood cells among all animals. In the animals receiv-
ing a myeloablative dose of 10Gy TBI conditioning, intermediate
%GFP (22-25%) and VCNs (3.0-3.6) were observed in peripheral
blood cells ~6 months after transplantation (Figure 1¢,d). Increasing
doses of TBI resulted in higher %GFP with logarithmic regression in
both granulocytes (R? = 0.64, P < 0.01) and lymphocytes (R? = 0.67,
P < 0.01) (Figure 1c). A similar positive correlation was observed
between TBI doses and VCNs in both granulocytes (R* = 0.54, P <
0.01) and lymphocytes (R* = 0.52, P < 0.01) (Figure 1d). These data
demonstrate that higher doses of TBlimprove engraftment of gene-
modified hematopoietic repopulating cells.

Lower doses of TBI allow anti-GFP antibody production in a rhesus

gene therapy model

At lower doses of TBI, we initially observed very high %GFP (89—
97%) confined to the granulocyte fraction of peripheral blood
cells at early time points (1-3 months) after transplantation, as
compared to the lymphocyte fraction (P < 0.05 in 6-4Gy at ~3
months post-transplant) (Figure 3), suggesting an immunological
response against GFP and subsequent phagocytosis.” To evaluate
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Figure 3 Very high %GFP was initially observed in granulocytes ~3
months after lower-dose total body irradiation (TBI) conditioning. In
lower doses of TBI conditioning animals (6-4Gy), we initially observed
very high %GFP (close to 100%) specific for the granulocyte fraction
of peripheral blood cells at ~3 months after transplantation (not in the
lymphocyte fraction), suggesting immunological responses to GFP and
subsequent phagocytosis.

immunological tolerance for gene-modified cells, we measured
both anti-GFP and anti-VSVG antibody titers using serum samples
obtained ~6 months after transplantation. The animals receiving
myeloablative conditioning of 10Gy TBI did not produce either
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Figure4 Lower doses of total body irradiation (TBI) induces anti-GFP antibody production. (a) To evaluate immunological tolerance for gene-modified
cells, we measured both anti-GFP and anti-vesicular stomatitis virus glycoprotein (VSVG) antibody titers in the transplanted rhesus macaques. Lower-
dose TBI allowed anti-GFP antibody production with logarithmic regression. (b) No such effect on anti-VSVG antibody was observed among all TBI
groups. The background levels in no antigen-coated controls were 1e2 for the anti-GFP antibody and undetectable for the anti-VSVG antibody. These
data demonstrate that higher dose TBl is important to induce immunological tolerance for gene-modified cells in a rhesus transplantation model.

anti-GFP or anti-VSVG antibodies after transplantation (Figure 4a,b).
However, RIC transplantation at lower-dose TBI allowed for high-
titer anti-GFP antibody production with logarithmic regression (R?
=0.84, P < 0.01) (Figure 4a). No such effect on anti-VSVG antibody
production was observed among all TBI groups (R* = 0.003, P = 0.87)
(Figure 4b). The background levels in no antigen-coated controls
were detectable in only the lowest dilution of serum (1e2) for the
anti-GFP antibody and undetectable for the anti-VSVG antibody.
These data demonstrate that higher-dose TBl is important to induce
immunological tolerance for transgene products in gene-modified
cells in our rhesus gene therapy model.

DISCUSSION

In this study, we investigated de-escalating doses of TBI condition-
ing in our rhesus gene therapy model with lentiviral transduction,
and demonstrated that high-dose TBI (10Gy) is important for both
more efficient engraftment of gene-modified cells and induc-
tion of immunological tolerance for the transgene product (GFP).
Previously, we demonstrated that immunologic tolerance can be
induced at 10Gy TBI'” and that at lower doses of TBI, residual CD4*
cells remain in immune tissues.' Utilizing RIC doses of TBI (8-4Gy),
lower gene marking levels and high anti-GFP antibody produc-
tion were observed with regression in the transplanted rhesus
macaques.

In developing conditioning therapies for HSC transplantation,
myelosuppression is thought to be important to open stem cell
niches in the bone marrow.” According to our current understand-
ing, HSCs (and primitive progenitor cells) can attach to the stem cell
niche, and through this attachment, HSCs maintain their properties
of self-renewal and multipotency.’® Once HSCs are released from
the niche, HSCs start differentiation and progressively lose these
features. Following RIC transplantation for gene therapy applica-
tion, the gene-modified HSCs must therefore compete with remain-
ing host HSCs (native, unmodified HSCs, which presumably retain
their attachment to the HSC niche) in order to gain access to open
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niche for engraftment, much like musical chairs. In allogeneic HSC
transplantation, the donor lymphocytes contained within or deriv-
ing from the graft can remove the remaining recipient HSCs from
their niche through immunological mechanisms permitting donor
HSC engraftment, which can be enhanced further by donor lym-
phocyte infusions.” This could in part explain the much higher level
of myeloid engraftment (mean donor chimerism at 3.6 years of 86%)
seen in our recipients of allogeneic HSC transplantation after low-
dose TBI at 3Gy in conjunction with alemtuzumab and sirolimus in
adults with SCD.? However, this mechanism for enhanced engraft-
ment does not occur in the gene therapy setting, and both gene-
modified HSCs and remaining unmodified host HSCs can remain
stably in the niches, since autologous HSCs are used for gene modi-
fication and the gene-modified graft cells should immunologically
recognize the remaining host HSCs as self. Additionally, whether
lower-dose TBI, such as that used in our allogeneic clinical trials for
SCD, would be sufficient for obtaining high-level engraftment if the
immunologic barrier were overcome has not been answered in the
current study. We observed consistently in our rhesus gene therapy
model that higher doses of TBI resulted in more efficient engraft-
ment of gene-modified cells. Therefore, sufficient myelosuppres-
sion to open HSC niches appears paradoxically more important for
efficient engraftment in autologous gene-modified HSC transplan-
tation, as compared to allogeneic HSC transplantation.

In allogeneic HSC transplantation, immunosuppression is crucial
to prevent immunological rejection, and additional immunosup-
pressive therapies are generally used to also reduce the risk of graft
versus host disease.”® In the gene therapy setting, immunosuppres-
sion has long been deemed unnecessary, since autologous HSCs are
used for gene modification (lentiviral transduction). This certainly
held true for the immunodeficiencies which were initially targeted
for gene therapy applications.® However, we hypothesized that
therapeutic transgene products and/or lentiviral components could
induce immunological rejection from remaining host lymphocytes
to gene-modified graft derived cells. In our rhesus gene therapy
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model, 10Gy TBI resulted in efficient engraftment with no antibody
production to either GFP or the VSVG envelope, while lower doses
of TBI (8-4Gy) indeed permitted high-titer anti-GFP antibody pro-
duction at 6 and 4Gy, suggesting immunological rejection. At 8Gy
TBI, long-term engraftment was observed. These data suggest that
additional immunosuppression may be helpful to induce immu-
nological tolerance for transgene products (GFP) to allow RIC in
gene therapy applications targeting HSCs. On the other hand, gene
therapy trials utilizing vectors that encode a protein to which the
patient is already tolerant may not require such additional immuno-
suppression as we observed no immunologic reaction to viral vec-
tor components.

The availability of an intravenous formulation of the long-utilized
alkylating agent, busulfan, has made this drug an attractive agent
for a RIC regimen for gene therapy."?* In recent gene therapy trials
for B-thalassemia and SCD,* a myeloablative dose of busulfan con-
ditioning is used, and currently these trials are ongoing at several
institutions. While TBI conditioning regimens are effective for both
myelosuppression and immunosuppression, busulfan condition-
ing is predominantly myelosuppressive, with a relative sparing of
the immune system. Theoretically, a myeloablative dose of busulfan
conditioning should be sufficient to open niches, resulting in effi-
cient engraftment of gene-modified cells, but this leaves the concern
that additional immunosuppression should be added to the condi-
tioning to induce immunological tolerance against a therapeutic
B-globin transgene. On the other hand, SCD patients encode simi-
lar proteins, including sickle globin and 8-globin, which may confer
immunologic tolerance for a therapeutic B-globin protein without
additional immunosuppression. We have previously demonstrated
that busulfan produces dose-dependent engraftment in the murine
setting with a prolonged window for HSC infusion.” Furthermore,
busulfan pharmacokinetics is predictable in the rhesus.??' We have
now begun further experiments to investigate whether additional
immunosuppression will permit immunological tolerance for trans-
gene products including highly immunogenic proteins such as GFP
or proteins to which the animals are presumably tolerant such as
B-globin or y-globin following busulfan conditioning in our rhesus
gene therapy model.

After lower doses of TBI conditioning (6-4Gy), we observed very
high %GFP (92.8+9.4%) in the granulocyte fraction at ~3 months
after transplantation. However, these GFP-positive cells had low VCNs
(0.10+0.14) and VCNs declined to undetectable levels (<1%) at ~6
months. These data suggest that the GFP is not vector-encoded in
these cells, but that the GFP protein is phagocytized by these cells in
the granulocyte fraction ~3 months after transplantation. We previ-
ously observed strong T-lymphocyte reactions to GFP-positive cells
in vitro, in rhesus RIC transplantation,' suggesting that both humoral
and cellular immune responses are involved in the GFP reaction.

In summary, higher doses of TBl increased gene-marking levels in
transplanted rhesus macaques, while lower doses of TBI permitted
anti-GFP antibody production leading to graft rejection. Additional
immunosuppressive therapy might be required in RIC to induce
immunological tolerance for transgene products. Our findings
should be valuable to consider conditioning regimens for clinical
gene therapy.

MATERIALS AND METHODS
Rhesus HSC-targeted gene therapy model with TBI dose de-
escalation

We previously developed a chimeric HIV-1-based lentiviral vector (xHIV vec-
tor) system, in which the HIV-1 genomes were packaged into the simian
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immunodeficiency virus capsid to efficiently transduce rhesus hematopoi-
etic cells as well as human cells.”'>'¢ Granulocyte colony-stimulating factor
(Amgen, Thousand Oaks, CA) and stem cell factor (Amgen)-mobilized rhesus
CD34* cells were transduced with VSVG-pseudotyped xHIV vectors encod-
ing GFP (or YFP) at multiplicity of infection (MOI) of 50, and the transduced
cells were transplanted into rhesus macaques following a dose de-escala-
tion of TBI (10, 8, 6, and 4Gy)."'-'*'> The TBI conditioning was performed over
two equal doses (2x5Gy, 2x4Gy, and 2x3Gy) except for 4Gy TBI (1x4Gy). The
10Gy TBI was known as a myeloablative dose, while the TBI doses decreased
as RIC regimens (8-4Gy).

At ~6 months after transplantation, we evaluated both %GFP in periph-
eral blood cells by flow cytometry (FACSCalibur; BD Biosciences, Franklin
Lakes, NJ), and the VCNs by real-time polymerase chain reaction, as previ-
ously described.'"?? For the statistical analysis, animals transplanted in com-
petitive repopulation assays were scored by doubling the %GFP and VCNs
derived from the half of CD34* cells transduced with the xHIV vector.

Evaluation of anti-GFP or anti-VSVG antibody production by
enzyme-linked immunosorbent assay (ELISA)

We performed ELISA to quantitate anti-GFP or anti-VSVG antibodies in the
rhesus serum ~6 months (2-10 months) after transplantation, as previously
described.” Briefly, we coated a 96-well plate with a recombinant GFP pro-
tein (Clontech, Mountain View, CA) or a VSVG envelope protein produced
in transfected 293T cells, and added serial dilutions of monkey serum into
these wells. After incubation and washing, anti-monkey IgG secondary anti-
body conjugated to horseradish peroxidase (Abcam, Cambridge, MA) was
added to detect GFP- or VSVG-bound immunoglobulin, and tetramethyl-
benzidine reaction signals were detected by absorbance at 450 nm.

Statistical analysis

Statistical analyses were performed using the JMP 11 software (SAS Institute,
Cary, NC). The averages in various conditions were evaluated by Dunnett’s
test (one-way analysis of variance for a control). Two averages were evalu-
ated by the student’s t-test. Correlations were evaluated by R square in loga-
rithmic regression and p values in correlation coefficient. A P value of <0.01
or <0.05 was deemed significant. Standard deviations were shown as error
bars in all figures.
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