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Ex vivo autologous hematopoietic stem cell lentiviral-based
gene therapy with betibeglogene autotemcel has been studied
in patients with transfusion-dependent B-thalassemia in Phase
III clinical trials (HGB-207 and HGB-212), with 90% of pa-
tients reaching transfusion independence (TI). Here, we
explore manufacturing parameters, drug product quality attri-
butes, and limited patient characteristics that had an impact on
clinical efficacy in HGB-207 and HGB-212. Retrospective anal-
ysis revealed that the peripheral blood vector copy number
(VCN) was related to TI, with a strong correlation between pe-
ripheral blood VCN at 6 months and gene therapy-derived
therapeutic protein (HbA™”?) expression at 6 months (corre-
lation coefficient, 0.8681; p < 0.0001; R?=0.7536). A peripheral
blood VCN threshold of >0.75 copies per diploid genome at
6 months post betibeglogene autotemcel infusion provided a
stringent surrogate biomarker for TI and was used as the
outcome variable for multivariate analysis using a random for-
est classifier. The top predictive feature of clinical efficacy was
found to be the percentage of lentiviral vector-positive cells in
the drug product. This retrospective analysis is critical to un-
derstanding the key product quality attributes that can predict
clinical efficacy in lentiviral vector gene therapy within this
clinical trial population.

INTRODUCTION

Transfusion-dependent B-thalassemia (TDT) is a severe, rare genetic
disease characterized by impaired production of the B-globin chain of
adult hemoglobin (Hb). This results in a deficiency of functional red
blood cells (RBCs), chronic anemia, serious complications, and a
shortened lifespan compared with the general population.”” Patients
undergo regular, lifelong blood transfusions and iron chelation; how-
ever, transfusions are burdensome, and many patients continue to
experience TDT-related comorbidities due to iron overload despite
improvements in care."

Gene therapy provides a potentially curative treatment option for pa-
tients with TDT.”> Ex vivo lentiviral gene therapy with betibeglogene
autotemcel (beti-cel; also known as Zynteglo) integrates a modified
HBB gene (ﬁA’TWQ-globin) into the hematopoietic stem cells
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(HSC:s) of patients with TDT, aiming to enable lifelong, stable pro-
duction of functional adult Hb and transfusion independence
(TT).*” Gene therapy with beti-cel showed positive results in patients
with TDT in Phase I/II* and Phase III" studies. In 2022, the US Food
and Drug Administration approved Zynteglo as the first cell-based
gene therapy to treat adult and pediatric patients with B-thalassemia
who require regular blood transfusions.

A total of 41 patients were treated with beti-cel in the Phase III clinical
trials HGB-207 and HGB-212. As of July 2022, 37 of 41 (90%) patients
treated in HGB-207 and HGB-212 had achieved TI (defined as a
weighted average Hb level >9 g/dL, starting 60 days after the last
transfusion in patients who had not received RBC transfusions
> 12 months), including 21 of 23 (91%) patients with non-B%B° mu-
tations in HGB-207,” and 16 of 18 (89%) patients with B°/p°, IVS-I-
110 homozygous, or IVS-1-110/B° mutations in the HGB-212 trial.

The aim of this study was to explore the impact of manufacturing pa-
rameters, drug product quality attributes, and limited patient charac-
teristics on clinical efficacy in the HGB-207 and HGB-212 Phase III
clinical trials using a retrospective multivariate analysis (MVA).
The MVA was performed with an earlier dataset (August 2021) for
37 subjects, in which 31 reached TI, 4 did not reach TI, and 2 were
not evaluable for TT status (Table S1). The patient characteristics cho-
sen were limited to readily available attributes at the time of the anal-
ysis: subject age, disease genotype, clinical site, and splenectomy sta-
tus. A comprehensive analysis of patient characteristics and their
relationship to efficacy of beti-cel is a separate study and outside
the scope of this paper.
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Figure 1. PB VCN at month 6 is an early indicator of Tl

(A) PB VCN and Tl are closely related. (B) Correlation be-
tween PB VCN at month 6 and HbA™"? concentration at
month 6.
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RESULTS

As of July 2022, all 41 patients were evaluable for TI, and 37 (90%)
achieved TI. A post hoc MVA was used to identify manufacturing pa-
rameters, drug product quality attributes, and limited patient character-
istics that determined whether a patient would reach T1. However, given
that only 4 of 41 patients within the cohort did not reach TI, TI itself
could not be used as a biomarker of clinical efficacy in our model.

The biomarker peripheral blood vector copy number (PB VCN), which
largely stabilizes after 6 months, was determined to be closely related to
TI (Figure 1A). PB VCN at 6 months post-beti-cel infusion was, there-
fore, explored for its potential to serve as a surrogate clinical biomarker
and early predictor of the likelihood of achieving therapeutic levels of
HbA™?Q (and consequently TT) by 12 months in a larger cohort of
63 TDT patients treated with beti-cel during overall clinical develop-
ment, including Phase I/II trials HGB-204 and HGB-205 and Phase
III trials HGB-207 and HGB-212. In these patients, a linear fit of PB
VCN/(1 + PB VCN) revealed a strong correlation between PB VCN
and HbA™ < expression in PB at 6 months post treatment (correlation
coefficient, 0.8681; p < 0.0001; R?=0.7536; Figure 1B). Separate analysis
of data from non-B°/B° patients showed only that patients with this ge-
notype produced, on average, 2.5 g/dL endogenous Hb. Therefore, pa-
tients who achieved at least 6.5 g/dL of HbA™? expression in PB at
6 months went on to reach sum total Hb levels of >9 g/dL (ie., the
Hb level that is necessary for achieving TT). Using the correlation in Fig-
ure 1B, a value of 6.5 g/dL HbAT®’< expression in PB was equivalent toa
PB VCN of 0.75 copies per diploid genome (c/dg). Patients with PB
VCN <0.75 ¢/dg at 6 months had variable outcomes, with only some
achieving TI. Thus, a PB VCN threshold of >0.75 c/dg at 6 months
post-beti-cel infusion provided a stringent surrogate biomarker for TI
in both non-B%p° and B%/p° patients and was used as the outcome var-
iable for the subsequent MV A using a random forest classifier.

Variables (n = 27) consisting of manufacturing parameters, drug
product quality attributes, and limited clinical characteristics
(Table S2) were included as features in the random forest classifier
to assess which features best predicted clinical outcome, defined by
PB VCN >0.75 c/dg at 6 months post infusion. A cohort of 37 pa-
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the analysis (Table S1). The remaining patients
were either lacking some of the 27 variables or
their clinical follow-up was <6 months at the
time of this analysis.
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The top predictive features were found to be drug

product quality attributes and not manufacturing

parameters or limited patient characteristics.
Specifically, all of the predictive features were correlated measures
of transduction efficiency (Figure 2A). These included the percentage
of transduced lentiviral vector-positive (LVV+) cells in the drug
product (%LVV+ cells), percentage of LVV+ burst-forming unit-
erythroid (BFU-E) colonies, mean VCN among BFU-E colonies,
VCN from cytokine cell culture, and VCN from pooled colony-form-
ing cells. Figure 2A shows that the %LVV+ cells are the most predic-
tive attribute of PB VCN at month 6 and subsequently T1, with higher
%LV V+ cells being positively associated with PB VCN and, thus, ul-
timately a surrogate for TI. All TI-evaluable patients, regardless of ge-
notype, with a PB VCN >0.75 ¢/dg at 6 months achieved TT (Fig-
ure 2B). All of the patients who did not achieve TI had PB VCN
levels <0.75 ¢/dg at 6 months.

Many features did not predict clinical efficacy as defined by the above-
established PB VCN biomarker, despite their importance in deter-
mining the success of allogeneic HSC transplantation (allo-HSCT).
The minimum cell dose for the HGB-207 and HGB-212 studies
was 5 x 10° cells/kg; however, the total cell dose (defined in
Table S2) was not found to be predictive of achieving PB VCN
>0.75 c/dg at 6 months. The dose of CD34" subpopulations, such
as CD90"CD133" HSCs and CD90~CD133" cells that include multi-
potent progenitors (MPPs), was not found to be predictive.

DISCUSSION

In the Phase I/II studies, HGB-204 and HGB-205, 12 of 14 patients
aged 12-35 years with TDT and a non-B°/p° genotype achieved TI af-
ter infusion of beti-cel.* However, only 3 of 8 patients with 8%/° ge-
notypes achieved TI in HGB-204. Based on these data, we hypothe-
sized that higher transduction rates may be required for patients
with B%/B° genotypes to achieve TI, consistent with published
ex vivo studies.” Therefore, process changes were implemented to
improve transduction efficiency for clinical studies HGB-207 and
HGB-212 and and future commercial manufacturing.” The aim of
these process changes was to increase the percentage of CD34" cells
in beti-cel that are transduced with LVV (%LVV+ cells). Conse-
quently, the median VCN in beti-cel was higher in the HGB-207
and HGB-212 Phase III studies than in the Phase I/II studies, and
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resulted in higher VCN in PB mononuclear cells, higher Hb levels,
and a higher incidence of TI than in the previous studies.

In this analysis, we found a positive association between %LV V+ cells
in the drug product and PB VCN at 6 months in subjects from the
Phase III studies HGB-207 and HGB-212 (Figure 2B). Moreover,
with the exception of 2 nonevaluable patients at the time of this anal-
ysis (August 2021 dataset, Table S1), all of the patients with a PB VCN
at 6 months of > 0.75 c¢/dg achieved TI (Figure 2B), indicating that PB
VCNs >0.75 ¢/dg are sufficient for clinical efficacy in this population.
Increasing PB VCN up to 3 c/dg further increases HbA™’? expres-
sion (Figure 1B), which is beneficial to patients beyond reaching
the minimum requirement of TI. However, there is a strong negative
correlation between endogenous Hb and HbA™ < production, as
demonstrated at months 6 and 12 (month 6: coefficient —0.79,
p < 0.0001; month 12: coefficient —0.77, p < 0.0001; Table S3), but
endogenous Hb appears to have no statistically significant impact
on total Hb production either in vitro or in subjects in HGB-207
and HGB-212 (Figure S1; Table S3). Of note, Figure 2B shows that
two patients with low %LVV+ cells in the drug product (both at
34%) and a PB VCN <0.75 c/dg at 6 months still reached TI. These
patients achieved TI despite the low %LVV+ cells in the drug product
because they had relatively high endogenous Hb levels. Therefore,
although it is possible to achieve TI with PB VCN <0.75 c¢/dg at
6 months, exceeding this stringent biomarker threshold maximizes
the odds of achieving TI. In addition, we confirmed our hypothesis
that PB VCN levels are not influenced by the B-thalassemia genotype,
supporting the use of this parameter as a surrogate clinical biomarker
to represent drug product quality in our MVA model.

In 37 patients from the Phase III trials of beti-cel, HGB-207 and HGB-
212, the attribute %LVV+ cells in the drug product were found to be
the top predictor of achieving a PB VCN > 0.75 c/dg, a stringent sur-
rogate biomarker for TI. It is notable that a single drug product attri-
bute measured before infusion can predict clinical efficacy despite the
inherent physiological variability among the 37 subjects who met the
HGB-207/HGB-212 clinical trial inclusion criteria,” broadly repre-
senting the real-world population that may benefit from treatment
with beti-cel.

% Lentiviral Vector Positive Cells

Additional analysis of Phase III data showed that there was a relation-
ship between HbA"®’? expression at month 24 and the %LV V+ cells in
the drug product (Figure 3B). Moreover, a threshold of %LVV+ cells
was identified that could discriminate subjects who achieved TI from
subjects who had variable outcomes (Figure 3A). This threshold was
used to establish prospective acceptance criteria for future release
and clinical use of beti-cel, thus providing increased assurance around
the quality of the drug product and maximizing the chances of
achieving TI with beti-cel treatment. A robust and defined
manufacturing process was established that results in consistently effi-
cient transduction such that CD34" cells from all of the subjects met the
%LV V+ threshold necessary to achieve TI, regardless of donor-donor
propensity to transduction with BB305 LVV. As a consequence of this
manufacturing strategy, a substantial number of drug products end up
with >80% %LVV+ cells, resulting in a PB VCN of >2 (Figure 2B).

Our study indicates that increasing %LVV+ cells affords a quanti-
fiable benefit for achieving TI, but it also inevitably increases drug
product VCN (Figure S2), and as a result, PB VCN therefore in-
creases the hypothetical risk of insertional oncogenesis following
beti-cel therapy.®” The primary safety concern for LVV-trans-
duced HSCs is the potential occurrence of LVV-mediated inser-
tional oncogenesis, a form of genotoxicity. However, current
LVVs used for gene therapy have inherent and engineered proper-
ties that limit this risk.'” The BB305 LVV used in beti-cel trials is
self-inactivating, with diminished potential for influencing the
expression of nearby genes by the removal of viral enhancer and
promoter sequences, and has a preference for integrations within
introns.''~'* Expression of the BB305 transgene is controlled by
a tissue-specific promoter that limits expression to erythroid line-
age cells.*® Furthermore, a ratio of VCN to %LVV+ cells can be
calculated before drug product infusion, and upper limits for
drug product VCN and VCN/LVV+ cells can be used to control
for disproportional transduction, where VCN increases without
the beneficial increase to %LVV+ cells (Figure S2). With these
design elements and controls in place, no cases of insertional
oncogenesis or malignancy have been observed with the BB305
LVV to date (as of February 2023: 122 patients infused with
BB305 LVV-derived drug products, 534 total patient-years of
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Figure 3. Relationship between % LVV+ cells in drug product and Tl or
HbAT®7@ concentration

(A) All subjects infused with drug products above the identified %LVV+ cell threshold
achieved Tl. (B) Correlation with HDA™"?, in g/dL, expression at month 24 versus
%LVV+ cells in drug product. Phase Il (HGB-207 and HGB-212) data are included.
The red dotted circle highlights 2 patients who achieved Tl with PB VCN at 6 months
<0.75 c/dg (same 2 patients as in Figure 2).

follow-up). In cases in which oligoclonality was observed in a
separate clinical study using a different vector design for the
expression of BA’TMQ—globin,15 the abundance of the HMGA2-
driven clone diminished over time'® and has not led to oncogen-
esis. Thus, the risk of insertional oncogenesis related to higher
%LVV+ cells that lead to higher drug product VCNs, higher PB
VCNs, and increased odds of achieving TT remains only a hypo-
thetical and nonquantifiable risk associated with beti-cel.

Allo-HSCT is a potentially curative treatment option for patients with
TDT, but it is limited by donor availability and patient age and is asso-
ciated with transplant-related complications."” The identification of
new biomarkers and predictors for the clinical efficacy of autologous
gene therapies is, therefore, important, because their availability could
contribute to the development of therapeutic and prognostic strate-
gies. Moreover, predictors of clinical efficacy help to determine the
threshold for optimal clinical outcomes and generate improved clin-
ical practices for the minimization of adverse effects. Lastly, they may
support the establishment of product quality acceptance criteria for
gene therapies, as demonstrated in Figure 3. In this context, our find-
ings have a broader relevance and may be applicable to lentiviral gene
therapy approaches in other disease areas.

Limitations of the study
This study focused on manufacturing parameters and product attri-
butes and not on many possible clinical characteristics. For example,

Molecular Therapy: Methods & Clinical Development

it remains to be seen whether patient baseline iron levels and ineffec-
tive erythropoiesis are predictors of success in achieving TI with beti-
cel therapy. This analysis is also limited to a post hoc analysis based on
subjects who met the inclusion criteria for HGB-207 and HGB-212,
and the findings may not be applicable in patients who do not meet
the inclusion criteria. The identified threshold %LVV+ cells needed
to reach TT is specific to the LVV construct and manufacturing pro-
cess used for beti-cel, and as such the threshold should be reevaluated
for other LVV constructs and clinical studies. Finally, the mechanism
governing the plateau in HbA™®Q levels observed with increasing
VCN has not been fully investigated.

MATERIALS AND METHODS

Patients

A total of 41 patients with TDT was treated with beti-cel in the HGB-
207 (n = 23) and HGB-212 (n = 18) single-group, open-label, single-
dose, Phase III clinical trials. Patients in the HGB-207 study had non-
B%/B° genotypes, whereas patients in the HGB-212 study had either
B°/B® genotypes or IVS-1-110 homozygous or IVS-I-110/8° muta-
tions, which were considered in these studies to be equivalent to a
B° mutation.

The beti-cel drug product was prepared as previously described,” and
the manufacturing process is shown in Figure 4. In brief, HSCs were
mobilized with granulocyte colony-stimulating factor plus plerixafor
and then harvested by apheresis. The target minimum number of
CD34" HSCs and progenitor cells to be collected for manufacturing
the drug product was >12 x 10° CD34" cells/kg. The collection of
sufficient cells for drug product manufacture and backup cells was
achieved through 1 cycle of mobilization/apheresis for most patients
(78% of patients underwent 1 cycle). CD34" cells were enriched, stim-
ulated, and transduced ex vivo with BB305 LVV to create the beti-cel
drug product. The BB305 LVV is a replication-defective, self-inacti-
vating, third-generation HIV-1-based LVV carrying the human
B-globin gene with a single modification at codon 87 (pA7 ThrGln
[B*~"#7Q]-globin).”

The presence of vector sequences in the genomic DNA (gDNA) of
differentiated cells was detected using qPCR, with results expressed
as VCN with units of vector copies per diploid genome. Drug product
VCN was measured in gDNA from pooled colony-forming cells after
in vitro culture in methylcellulose, and PB VCN was measured in
gDNA from PB cells. The %LVV+ cells was measured by PCR using
individual flow-sorted cells from the drug product after cell culture in
cytokine media. Drug product VCN and %LVV+ cell assays are per-
formed on every drug product lot, and the drug product must meet
acceptance criteria for these parameters before the patient undergoes
the conditioning regimen for beti-cel infusion. Details on cellular
phenotypes included in this study are in Table S4.

The primary endpoint of both HGB-207 and HGB-212 was TI. TI was
defined as a weighted average Hb level of at least 9 g/dL starting
60 days after the last transfusion in patients who had not received
RBC transfusions for >12 months. Of the 41 patients who received
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Figure 4. beti-cel gene therapy manufacturing process

beti-cel, 38 patients were evaluable for TI at the time of this analysis
(August 2021).

Model description

The retrospective Phase III clinical trial data were mined for variables
that could serve as a surrogate biomarker for TT status, to provide an
output feature that could be used in the MVA model to extract pre-
dictors of postinfusion outcomes. Graphical analysis revealed that
PB VCN at 6 months was closely related to TL. A linear fit of PB
VCN/(1 + PB VCN) was applied to calculate the correlation coeffi-
cient between HbA™? levels and the surrogate biomarker PB
VCN at 6 months. p < 0.05 was regarded as statistically significant.

The prediction model for TI was constructed using a random forest
classifier, with PB VCN at 6 months as the output variable. A total
of 27 variables consisting of limited clinical characteristics,
manufacturing parameters, and drug product characteristics
(Table S2) were available for 37 of 38 patients in the studied cohort
at the time of analysis (August 2021; Table S1). These variables were
input as the covariates of the prediction model (Figure 5). Other
variables, such as baseline iron levels and markers of ineffective
erythropoiesis, were not investigated in the model because the full
numerical dataset was not available at the time of the analysis for
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* Medical history

* Manufacturing
data

* Drug product

\ attributes /
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Figure 5. Model description
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all of the patients. The random forest is a popular tool for classifi-
cation and regression, which shows a powerful ability to construct a
predictive model for new biomarkers. The random forest is less
prone to overfitting problems and can handle a large amount of
noise."”

A random forest model was trained to categorize patients reaching PB
VCN at 6 months > 0.75 c¢/dg or not, using the ranger and tidymodels
R packages'®'? and the 27 variables described above as model input.
Collinearity of the variables was assessed with Spearman rank corre-
lation, and a representative variable for groups of highly correlated
variables (tho >0.8) was automatically selected if necessary. The com-
plete dataset (n = 37 patients; Table S1) was split randomly 80:20 into
training and validation datasets. Upsampling strategy of the lowest
abundance class was used during training to combat class imbalance
but not model performance assessment or variable importance mea-
surement. Hyperparameters were tuned using a 10-fold cross-valida-
tion strategy, and the parameters leading to the highest cross-vali-
dated receiver operating characteristic (ROC) area under the curve
(AUC) were selected. The final model performance was assessed by
calculating accuracy, F1 measure, ROC AUC, precision, recall, and
negative predictive value on the validation set as well as on 50 resam-
plings of the full dataset (50 random versions of the validation
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I Predictive inputs
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clinical attributes
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Output Feature I

h___-
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dataset). Similarly, the corrected impurity across validation and re-
sampled sets was measured to identify variables that best predicted
TI status. p < 0.05 was considered significant.

DATA AND CODE AVAILABILITY

Appropriately deidentified patient-level datasets and supporting doc-
uments may be shared following the attainment of applicable market-
ing approvals and consistent with criteria established by bluebird bio
and/or industry best practices to maintain the privacy of study
participants. For more information, please contact datasharing@
bluebirdbio.com.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtm.2023.101155.
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