
Original Article
Development of a gene edited next-generation
hematopoietic cell transplant to enable acutemyeloid
leukemia treatment by solving off-tumor toxicity
John R. Lydeard,1 Michelle I. Lin,1 Huanying Gary Ge,1 Amanda Halfond,1 ShuWang,1 Mark B. Jones,1 Julia Etchin,1

Gabriella Angelini,1 Juliana Xavier-Ferrucio,1 Jessica Lisle,1 Kienan Salvadore,1 Yonina Keschner,1 Hannah Mager,1

Julian Scherer,1 Jianxin Hu,1 Siddhartha Mukherjee,2,3,4 and Tirtha Chakraborty1,4

1Vor Biopharma, Cambridge, MA 02140, USA; 2Department of Medicine, Columbia University Irving Cancer Research Center, Columbia University, New York, NY 10032,

USA; 3Edward P. Evans Center for Myelodysplastic Syndromes at Columbia University, New York, NY 10032, USA
Received 23 June 2023; accepted 11 October 2023;
https://doi.org/10.1016/j.omtm.2023.101135.
4These authors contributed equally

Correspondence: John R. Lydeard, Vor Biopharma, Cambridge, MA 02140, USA.
E-mail: jlydeard@vorbio.com
Immunotherapy of acute myeloid leukemia (AML) has been
challenging because the lack of tumor-specific antigens results
in “on-target, off-tumor” toxicity. To unlock the full potential
of AML therapies, we used CRISPR-Cas9 to genetically ablate
the myeloid protein CD33 from healthy donor hematopoietic
stem and progenitor cells (HSPCs), creating tremtelectogene
empogeditemcel (trem-cel). Trem-cel is a HSPC transplant
product designed to provide a reconstituted hematopoietic
compartment that is resistant to anti-CD33 drug cytotoxicity.
Here, we describe preclinical studies and process development
of clinical-scale manufacturing of trem-cel. Preclinical data
showed proof-of-concept with loss of CD33 surface protein
and no impact on myeloid cell differentiation or function.
At clinical scale, trem-cel could be manufactured reproduc-
ibly, routinely achieving >70% CD33 editing with no effect
on cell viability, differentiation, and function. Trem-cel phar-
macology studies using mouse xenograft models showed long-
term engraftment, multilineage differentiation, and persis-
tence of gene editing. Toxicology assessment revealed no
adverse findings, and no significant or reproducible off-target
editing events. Importantly, CD33-knockout myeloid cells
were resistant to the CD33-targeted agent gemtuzumab ozo-
gamicin in vitro and in vivo. These studies supported the
initiation of the first-in-human, multicenter clinical trial eval-
uating the safety and efficacy of trem-cel in patients with
AML (NCT04849910).

INTRODUCTION
Acute myeloid leukemia (AML) is the most common leukemia in
adults, with a 5-year survival rate of <30%.1,2 For decades, allogeneic
hematopoietic cell transplantation (HCT) has been the standard of
care for patients at high risk of relapse; >3,300 allogeneic HCTs for
AML were performed in 2020 in the United States.3 Yet, relapse-
free and overall survival for many patients remains poor.4,5

Antigen-specific immunotherapies, including antibody drug conju-
gates and chimeric antigen receptor (CAR)-T cells, are emerging ap-
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proaches for treating cancer. These require cell surface makers that
are exclusively or preferentially expressed on cancer cells to minimize
toxicity against healthy cells, or “on-target, off-tumor” toxicity. How-
ever, AML antigens, such as the transmembrane receptor CD33, are
also expressed on the surface of normal myeloid cells and/or myeloid
progenitors,6 thus limiting the application of antigen-directed thera-
pies. CD33-directed therapies, including anti-CD33 CAR-T cells and
the Food and Drug Administration-approved agent gemtuzumab
ozogamicin (GO, Mylotarg), have shown significant anti-leukemic
activity in both preclinical and clinical studies of AML but are
hampered by severe myelotoxicity due to on-target, off-tumor
activity.7–10

While the exact function of CD33 is poorly defined, evidence sug-
gests a role in modulating the immune response in humans.11 The
identification of humans with homozygous loss-of-function (LOF)
CD33 mutations provides compelling evidence that CD33 is
dispensable.12–15 The Genome Aggregation Database currently in-
cludes 65 individuals reported to be homozygous for CD33 LOF
mutations while analysis of the UK Biobank database identified
at least 176 individuals with homozygous LOF mutations in
CD33.12,13 Analysis of healthy phenotypes and age distributions
of those with LOF mutations suggest there is no effect on fitness
and health (supplemental material).12,14–16 Since multiple recep-
tors within the CD33-related Siglec family are expressed on he-
matopoietic cells,17,18 the absence of phenotype may be due to
functional redundancy or compensation by other family members.
Moreover, it has been demonstrated that CD33 can be experimen-
tally ablated from human HSPCs without any discernible impair-
ment of hematopoietic or immunological function. The resulting
CD33 null hematopoietic cells also display resistance to CD33-
targeted therapies.15,19,20
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Figure 1. Molecular consequence of CD33-KO

(A) HL-60 cells were electroporated with the Cas9-RNP (CD33-KO) or without the Cas9-RNP (control); n = 3 per condition. Editing frequency was assessed by ICE analysis,

transcript expression by ddPCR (CD33 normalized to glucuronidase beta and percentage of averaged control), and CD33 cell surface protein expression by flow cytometry

(percentage of control). Data are represented asmean ± SD. Comparisons were performed using Student’s t test; *p < 0.05. (B) Frequency of the most common indels in HL-

60 CD33-KO cells 7 days post-electroporation, as a percentage of total editing events. Data are represented as mean ± SD, n = 3. (C) DNA sequence of the CD33 target

region, gRNA+PAM ±5 nucleotides. Dash represents deletion, “C” represents the identified nucleotide insertion. Each indel results in an amino acid substitution at position

143 of the coding sequence, leading to a downstream frameshift (fs) and subsequent termination (Ter). The number following “Ter” represents the number of amino acids

following the insertion.
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We have developed an approach to eliminate on-target toxicity of
CD33-directed therapies by genetically ablating CD33 from healthy
donor HSPCs using CRISPR-Cas9 (Figure S1). The CD33-null HSPC
drug product is referred to as tremtelectogene empogeditemcel (trem-
cel; formerly VOR33). Trem-cel is an allogeneic, human leukocyte an-
tigen-matched, genome-edited product intended for administration to
HCT-eligible patients with AML who are at high risk for leukemia
relapse and post-transplant mortality. The reconstituted hematopoietic
compartment of patients receiving trem-cel is expected to be resistant to
cytotoxicity induced byCD33-targeted agents such asGOand therefore
allow delivery of these therapeutics with minimal toxicity against the
transplanted hematopoietic cells. This approach has the potential to
enable CD33-directed therapies by allowing administration at optimal
doses and schedules without dose delays or omissions.Herewe describe
the preclinical assessment and scale-up process for trem-cel, in
preparation for clinical manufacturing, which supported the ongoing
first-in-human clinical trial of trem-cel in patients with AML.

RESULTS
Gene editing resulted in loss of CD33

In HL-60 CD33-knockout (KO) cells, we observed >90% editing by
day 3 post-electroporation and near-complete loss of CD33 surface
2 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
protein at day 7 after electroporation (Figure 1A). As this was a single
guide RNA (gRNA)-mediated edit, we wanted to ensure that the
CD33 transcript was promptly degraded otherwise it could lead to
generation of aberrant and potentially undetectable polypeptides.
As editing plateaus 3 days post-electroporation, CD33 transcript
decreased to �35% of control (Figure 1A). Repair of the Cas9-
induced DNA double-strand break by the non-homologous end-
joining (NHEJ) repair pathway can lead to nucleotide indels that
can disrupt the open reading frame and result in loss of the full-length
protein. The most common indels observed were 1-base pair (bp) de-
letions, 2-bp deletions, and 1-bp insertions (Figure 1B), all of which
resulted in a frameshift and premature termination in the immuno-
globulin-like constant-2-type domain encoded by exon 3 (Figure 1C).

CD33 deletion did not affect distribution of HSPC

subpopulations

Next, we assessed the impact of CD33 protein loss on primary human
HSPCs generated at research scale. Human CD34+ HSPCs represent
a heterogeneous cell population that consists of both stem and mul-
tiple progenitor subpopulations, including long-term hematopoietic
stem cells (LT-HSCs).21–23 Two of the defining features of LT-
HSCs are their ability tomaintain long-term engraftment and support
er 2023
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Figure 2. CD33 KO does not impact HSPC populations or myeloid function

(A) HSPC subpopulation frequency (percentage of total live cells) at 48 h post-electroporation in CD33-KO and control human CD34+ HSPCs. Mean ± SD from three donors

shown. Statistical analysis was performed using ANOVA with �Sidák multiple comparisons test (left panel). Editing frequencies in the overall HSPC population (bulk) and each

of the subpopulations were plotted as mean ± SD from three donors (middle panel). Indel spectra from bulk and each subpopulation were plotted as mean ± SD from three

donors (right panel). MLP, multi-lymphoid progenitors; CMP, commonmyeloid progenitors; MPP, multipotent progenitors; LT-HSCs, long-term hematopoietic stem cells. (B)

CD33-KO and control mobilized peripheral blood human CD34+ HSPCs frommultiple donors were induced to differentiate down granulocytic or monocytic lineages. Editing

frequency was assessed by ICE analysis. Flow cytometry was used to identify CD33+ cells (indicated by percentages). Data are represented as mean ± SD. (C) Myeloid

function assessment in CD34+ HSPCs in vitro after myeloid differentiation. Phagocytic function of differentiated cells is shown as uptake of fluorescent E. coli bioparticles.

Each dot represents one replicate; mean ± SD shown by box and error bars. Statistical analysis was performed using two-way ANOVA comparing conditions with or without

addition of cytochalasin: ****p < 0.0001. Inflammatory cytokine secretion (IL-6, TNFa) was evaluated. Each dot represents one replicate; mean ± SD shown by box and error

bars. Statistical analysis was performed using two-way ANOVA comparing unstimulated/basal condition versus lipopolysaccharide (LPS) stimulation, or basal condition

versus R848 stimulation: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Two-way ANOVAwith the �Sidák multiple comparisons test was performed to compare CD33-KO

versus control for each stimulation condition. IL-6, interleukin-6; LPS, lipopolysaccharide; TNFa, tumor necrosis factor alpha.
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multilineage differentiation. For a CD33-KO graft to provide a bene-
ficial therapeutic impact, LT-HSCs must be successfully gene edited
while retaining the aforementioned attributes. There were no signifi-
cant differences in the distribution of cell subpopulations between
CD33-KO cells and control cells, including LT-HSCs, indicating
that CD33 editing and consequent loss of CD33 protein does not
skew the distribution of subpopulations (Figure 2A). The editing fre-
quency and indel profile in the overall CD34+ HSPC population was
Molecular T
representative of each subpopulation, including LT-HSCs, and was
like those observed in HL-60 cells, indicating that CD33 editing is
not selective for specific subpopulations (Figure 2A). The exception
was MLPs, which tended to have a higher number of insertions,
even beyond +1 or +2 bp. This is somewhat expected due to expres-
sion of the enzyme terminal deoxynucleotidyl transferase in early
lymphoid cells to facilitate V(D)J recombination, which favors inser-
tions in NHEJ-based repair.24–26
herapy: Methods & Clinical Development Vol. 31 December 2023 3
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CD33 deletion did not affect myeloid cell differentiation and

function

Since CD33 expression is mostly restricted to the myeloid compart-
ment, we assessed the impact of editing on myeloid differentiation
and function in CD33-KO HSPCs through in vitro differentiation
to either monocytic or granulocytic lineages. CD33-KO and control
cells were assayed for CD33 gene editing throughout differentiation.
In both monocytic and granulocytic lineages, >80% gene editing
was achieved at 4 days post-electroporation (Figure 2B). In the
CD33-KO arm, loss of CD33 surface protein was observed and stabi-
lized at almost background level by day 5 after electroporation in both
lineages, whereas there was no loss of CD33 expression in control cells
(Figure 2B). Cells differentiated from CD33-KOHSPCs displayed the
acquisition of standard myeloid markers (Figure S2) and cell function
(phagocytosis, cytokine release) that were comparable with unedited
control cells (Figure 2C), despite rapid and near-complete loss of
CD33 surface expression.

Trem-cel manufacturing at clinical scale is robust and

reproducible

Based on the promising preclinical data, a scaled-up trem-cel
manufacturing process was developed. The trem-cel product was
manufactured reproducibly and reliably at two manufacturing sites.
In 30 independently manufactured batches, we achieved clinically
relevant doses (>3 � 106 viable CD34+ cells/kg) based on critical
quality attributes (dose, viability, purity, editing efficiency, and resid-
ual T cells), despite variation in donor material, operator, and
manufacturing sites (Figure 3A). CD34 enrichment was efficient,
>90% of selected cells stained positive for CD34, <2% stained positive
for the T cell marker CD3, and gene editing efficiency >70% was
achieved (Figure 3A). We performed extended characterization on
seven batches of trem-cel, including those used in pharmacology
and toxicology assessments (described below). We also assessed the
differentiation potential of trem-cel generated at clinical scale using
colony-forming unit (CFU) assays and found no impact of editing
on multilineage potential in vitro (Figure 3B). After monocyte differ-
entiation, a substantial loss of CD33 surface expression was observed
in trem-cel samples compared with controls, as was observed at
research scale (Figure 3C).

Trem-cel has no significant off-target effects

To ensure efficacy and safety of trem-cel, the gRNA must display
high on-target editing efficiency for CD33 but minimal editing at
off-target sites. We used an ensemble approach to enable rigorous
assessment of unintended and off-target events (Figure 3D). Long-
range PCR and PacBio long-read DNA sequencing revealed struc-
tural variation of <10% in CD33-KO cells with no foreseeable
adverse impact as the primary mechanism of CD33 disruption is
preserved (Figure S3). G-banded karyotyping revealed no detectable
gross chromosomal abnormalities across multiple batches of CD33-
KO cells (both research and clinical scale), indicating that trem-cel
displays preserved genomic stability (data not shown). We per-
formed in silico and laboratory-based assays to nominate potential
off-target sites. Sequence-based in silico prediction nominated
4 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
3,076 potential off-target sites. GUIDE-seq on four research-scale
batches nominated a total of 29 potential off-target sites, with 10
sites shared with in silico prediction. The remaining 19 sites had
moderate/poor homology (seven or more mismatch/gaps). In seven
clinical-scale trem-cel batches, indel frequencies at nominated sites
were assessed by hybrid capture sequencing. Sites sequenced with
read depth of more than 500 in four out of seven batches were sub-
ject to further statistical testing following the previous study.27

Across batches, no significant and reproducible off-target sites
were observed (Figure 3D).
In vivo pharmacology indicates maintenance of hematopoietic

function in trem-cel

The mouse xenograft study assessed long-term engraftment and mul-
tilineage differentiation with trem-cel (Figure 4A). Comparison of the
number of nucleated human blood cells showed no significant differ-
ence in chimerism or multilineage differentiation in the bone marrow
(BM) in trem-cel-treated versus control mice (Figure 4B). As ex-
pected, there was loss of CD33 expression in the trem-cel samples,
but no impact on myeloid cell frequency compared with control (Fig-
ure 4C). Similar trends were observed in peripheral blood (Figure S4)
and spleen (Figure S5). This indicates that trem-cel manufactured at
clinical scale persists long-term in hematopoietic tissue and supports
effective multilineage repopulation and proper functioning of CD33-
null HSPCs in mice.

Assessment of BM samples showed persistence of CD33 editing at
week 16 in all engrafted animals and maintenance of indel distribu-
tion pattern. The most common indels (1-bp and 2-bp deletions) per-
sisted from trem-cel input material to each engrafted BM sample,
indicating no selective advantage or disadvantage for a specific indel
after engraftment of edited cells (Figure 4D).

CFU assays of mouse BM samples after long-term of engraftment of
trem-cel showed no differences versus control samples in the
numbers of multipotent hematopoietic progenitors giving rise to
GEMM colonies, committed granulocyte-macrophage progenitor
cells giving rise to GM/G/M colonies, and erythroid precursors
that eventually differentiated into erythrocytes and formed BFU-E
colonies (Figure 4E). Therefore, it can be concluded that lack of
CD33 expression in trem-cel did not impact colony formation, indi-
cating no impairment of early hematopoietic potential for differen-
tiation. Quantification of genome editing events of single colonies
derived from engrafted mouse BM showed that editing events
were predominantly biallelic (Figure 4F), reflecting homozygous
CD33 KO and maintenance of biallelic editing. These observations
align with those made following the same assessments in CD33-
KO cells manufactured at research scale (data not shown).
GLP toxicology assessment did not reveal significant adverse

findings for trem-cel

In immunocompromised NSG mice receiving a single dose within
24 h of total body irradiation (Figure 5A), trem-cel was well-tolerated,
er 2023
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Figure 3. Trem-cel manufacturing at clinical scale and characterization

(A) Critical quality attributes of 30 batches of independently manufactured trem-cel products (dose, viability, purity, editing efficiency, and residual T cells) from two different sites.

Each point represents a single batch and upper and lower horizontal lines indicated the standard error. (B) Quantification of BFU-E, CFU-GM/G/M, and CFU-GEMM colonies

plated at 200 cells/plate for control and trem-cel-derived samples (seven batches each). The average number of colonies from two technical replicates across all batches is

plotted. The horizontal lines represent mean of all batches. All p-values (Wilcoxon matched-pair signed rank test) for trem-cel versus control for all colony types were >0.05. (C)

Loss of CD33 surface protein was assessed by flow cytometry in control and trem-cel-derived cells differentiated to monocytes (five batches each). Each symbol represents

a single batch, the horizontal lines represent themean± SD. (D) In silico and laboratory-based approaches used to nominate off-target editing events. Combined Fisher exact test

(p value <0.05) and >0.2% indel frequency difference between edited and control samples were used to determine that no significant off-target sites were observed.
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with no adverse effects attributed to trem-cel in any of the parameters
assessed (hematology, clinical chemistry, and histopathology), and no
abnormal clinical observations or mortality. Consistent with the pre-
vious in vivo studies, engraftment and multilineage differentiation in
the BM (Figure 5B) and peripheral blood and spleen (Figure S6) were
Molecular T
unaffected in trem-cel samples in the bone marrow and CD33 editing
was maintained over 20 weeks (Figure 5C). The dose tested in the
toxicity study approaches the maximum feasible dose that can be
administered intravenously in mice. Overall, the toxicology studies
demonstrated a favorable safety profile for trem-cel.
herapy: Methods & Clinical Development Vol. 31 December 2023 5
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Figure 4. In vivo pharmacology study

(A) Experimental schema of xenotransplant study. (B) Chimerism andmultilineage differentiation by flow cytometry. Levels of humanCD45+ cell engraftment, and lymphoid (B

cells: CD19+; T cells: CD3+) and (C) myeloid lineages in BM harvested frommice 16 weeks after engraftment of trem-cel (two independent batches). Each symbol represents

one mouse; mean ± SD are shown by box and error bars. ****p < 0.0001; ns, not significant (p > 0.05) by unpaired t test (n = 12 mice per condition). (D) (left panels) Total

editing rates for all samples from two independent batches of trem-cel in BM from trem-cel engrafted and control mice. Cells used for engraftment (input) were included as an

additional control. (right panels) Distribution of indel species in trem-cel-treated BM samples and trem-cel input cells. (E) Enumeration of BFU-E, CFU-GM/G/M, and CFU-

GEMM colonies from engrafted samples plated at 5� 104 cells/well (two independent batches). Mean ± SD shown by box and error bars; each dot represents one mouse.

Top row represents trem-cel batch 1, bottom row represents trem-cel batch 2. (F) Single cell-derived CFU colonies were genotyped and categorized as biallelically edited,

monoallelically edited, or unedited. The numbers indicated on the pie chart represent the percentage and number of colonies of each type.
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CD33-edited cells are resistant to CD33-directed therapies

As predicted, CD33-KO AML cell line HL-60 was resistant to GO
cytotoxicity, whereas unmodified HL-60 cells were highly sensitive
to GO (Figure 6A). The CD33-independent killing seen in the
control line and at high GO doses, hypothesized to be an endocytosis
mechanism, is consistent with previous observations seen at GO
concentrations 100-fold or greater needed for blast saturation.28

In CD33-KO HSPCs generated at research scale, differentiated
in vitro, and then exposed to GO, half maximal inhibitory concentra-
tion (IC50) values calculated from the dose-response curve were
29-fold higher (granulocytes) and 68-fold higher (monocytes) versus
6 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
control cells (Figure 6B), confirming that loss of CD33 protein pro-
tects myeloid cells from GO cytotoxicity.

An in vitro potency assay was conducted to assess the relationship
between gene editing, CD33 surface protein loss, and resistance to
GO. We assessed three independent batches, one generated at
research scale and two at clinical scale. Gene editing frequency
showed an inverse linear correlation with CD33 protein expression
(Figure 6C). We observed an editing-dependent resistance to GO,
where even a low editing frequency of 30% resulted in resistance
compared with control cells. Higher editing frequency resulted in
greater protection.
er 2023
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We next assessed if CD33-KO HSPCs or their progenies are resistant
to GO cytotoxicity in a mouse model (Figure 6D). There was no
impact on human chimerism or multilineage differentiation in the
vehicle-treated control or CD33-KO animals (Figures 6E, 6F, and
S7) as previously shown (Figures 4 and 5). Treatment with GO resulted
in a significant reduction of CD33+ cells in control animals. Due to
highly efficient editing in the donor human HSPCs (Figures 6G and
S7), the CD33-KO group showed a near-complete loss of CD33+ cells
irrespective of GO treatment (Figures 6E, 6F, and S7). GO treatment
led to near-complete elimination of CD14+ monocytes in the BM of
the control group, as CD14+ monocytes are almost all CD33+,
whereas the CD33-KO group was resistant to GO-mediated toxicity
displaying a 36- to 61-fold increase in the fraction of CD14+ mono-
cytes versus controls (Figures 6E, 6F, and S7). The CD11b population
also showed protection from GO treatment while the majority of
CD11b+ myeloid cells in the control group were eradicated. These
findings demonstrate that depletion of CD33 confers substantial resis-
tance in myeloid cells against GO cytotoxicity in vivo.

DISCUSSION
The preclinical, safety, and clinical scale-up studies reported here sup-
ported the clinical development of trem-cel, a gene edited allogeneic
HSPC transplant for AML patients that has the potential of solving
the on-target, off-tumor toxicity of CD33-directed therapies by
increasing the therapeutic index. We have demonstrated a clinical-
scale trem-cel manufacturing process that is robust, reproducible,
and reliable. Preclinical studies showed proof-of-concept for CD33
ablation using gene editing. Editing was highly efficient, with near-
complete loss of CD33 surface protein, but no impact on overall
HSPC cell populations or their distribution, including the frequency
of LT-HSCs, which ultimately give rise to long-term engraftment after
transplantation.29 Trem-cel cells lacked expression of CD33 but
maintained normal myeloid differentiation and function. This corre-
lates with previous findings that naturally occurring homozygous
LOFmutations in CD33 do not appear to have any detrimental effects
on health.14,16 Coupled with the observation that the CD33 gene is
tolerant of protein-truncating variation, this provides compelling ev-
idence of the functional redundancy of this molecule in humans and
supports the removal of CD33 expression as a therapeutic approach.
Loss of the CD33 protein did not appear to significantly alter the
normal composition of the cell subpopulations in the reconstituted
hematopoietic compartment, and although a slight but not significant
decrease in chimerism was observed in some batches, long-term
in vivo engraftment was unperturbed, and editing was maintained.

Importantly, CD33-KO cells were resistant to the cytotoxicity induced
by the CD33-targeted agent GO both in vitro and in vivo, which aligns
with previous studies demonstrating that cells with reduced or no
CD33 expression are resistant to CD33-targeted therapies.15,19,20,30

We did observe a batch-specific decrease of overall hCD45+ chime-
rism in mice transplanted with CD33-KO HSPCs treated with GO
that had a lower input editing efficiency (Figure 6F compared with
Figures 6E and S7). This further indicates that higher editing frequency
and subsequent CD33 protein loss results in better protection. Potency
Molecular T
assays demonstrated a positive correlation between CD33 gene editing
and resistance to GO cytotoxicity. The robustness of these data indi-
cates that gene editing can serve as a surrogate measure of resistance
to CD33-targeted killing (i.e., a measure of potency).

The preclinical safety studies demonstrated a favorable safety profile
for trem-cel with no apparent differences in the safety parameters
assessed compared with unedited control cells. There were no trem-
cel-related adverse effects observed in the toxicity study at the highest
dose tested (1 � 106 cells/animal), which is >10 times higher than
the proposed minimum dose for the human clinical trials, thus repre-
senting a high safety margin. No significant off-target editing was
identified for trem-cel, with no discernable differences in off-target
frequencies in batches generated using different lots of gRNAs,
manufacturing scales, and the indel profile confirmed that the editing
event was consistent. The assessment of off-target editing utilizes a
rigorous and clinically translatable safety framework in which to eval-
uate genotoxicity in CD34+ HSPC-based cell therapies for the treat-
ment of relapsed/refractory AML.

These data supported the initiation of a first-in-human, multicenter,
Phase 1/2a clinical trial of trem-cel in patients with AML in the United
States andCanada (NCT04849910), with neutrophil engraftment being
the primary endpoint with secondary endpoints including platelet re-
covery, incidence of graft-versus-host disease, incidence of graft failure,
incidence ofGO-related toxicities, relapse-free survival, and overall sur-
vival. Trem-cel is the first gene-editedHSPC transplant candidate ther-
apeutic indevelopment for the treatment of hematologicalmalignances.
The trem-cel clinical trial will also allow the true biological dispens-
ability of CD33 to be studied for the first time in a clinical setting.

In the context of AML treatment, trem-cel is anticipated tomitigate the
hematological toxicity associated with anti-CD33 cellular therapies.
The strategy of identifying dispensable gene editing targets through
analysis of human genetic databases andmodifying them in normal he-
matopoietic cells opens a therapeutic window. This approach provides
an important therapeutic framework for enabling selective tumor tar-
geting by many of the cancer immunotherapies currently in develop-
ment, with the potential to improve patient survival.

MATERIALS AND METHODS
Gene editing of CD33

CRISPR-Cas9 was utilized to genetically ablate CD33. A panel of
gRNAs were designed to specifically target and disrupt exon 3, com-
mon to all transcripts (Figure S1).19 The lead gRNA was identified af-
ter evaluation of candidate gRNAs for editing efficiency, molecular
characterization, impact on cell function, and off-target analysis as
described above. To generate CD33-KO cells, the Cas9 protein and
the gRNAwere co-delivered into cells as a pre-complexed ribonucleo-
protein (RNP) via electroporation. Control cells were generated by
mock electroporation without the Cas9-RNP cargo.

The CD33-expressing human myeloid leukemia cell line HL-60
was obtained from ATCC (Manassas, VA, USA). HL-60 cells were
herapy: Methods & Clinical Development Vol. 31 December 2023 7
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Figure 5. Trem-cel in vivo toxicology study

(A) Experimental schema of in vivo toxicology study. (B) Levels of human CD45+ cell engraftment, and lymphoid (B cells: CD19+) and myeloid lineages in BM harvested from

mice 20 weeks after engraftment of trem-cel. Data are shown separately for male and female mice. Each dot represents one mouse. Boxes and error bars showmean ± SD.

(C). (left panel) Total editing rates in input samples and BM from trem-cel-treated mice for all samples (right panel) Distribution of indel species in input samples and BM

samples from trem-cel-treated mice.
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electroporated on the Lonza Nucleofector system according to manu-
facturer’s recommendations. To assess the molecular consequences of
genetic ablation of CD33, CD33-KO and control HL-60 cells were
cultured for 7 days and cells were collected every 24 h for analysis.
The HL-60-derived CD33-KO cells described in Figure 6A were gener-
ated by electroporation of two unique CD33-targeting gRNAs.

In all instances, CD33 edited cells generated at research scale are
referred to as CD33-KO cells, whereas the drug product generated
at clinical scale is referred to as trem-cel (see below). To generate
CD33-KO HSPCs at research scale, mobilized peripheral blood
CD34+ HSPCs from healthy human donors were obtained from He-
macare Donor Center (Northridge, CA, USA) and Stem Express
(Folsom, CA, USA) and electroporated on the Lonza Nucleofector
8 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
system. The CD33-KO HSPCs described in Figures 6C and S7 were
generated with an alternative CD33 exon 3-targeting gRNA.

Gene editing frequency

Genomic DNA was extracted for PCR amplification of the target
genomic amplicon. Editing frequency and insertion or deletion (in-
del) event type was assessed by Sanger sequencing followed by infer-
ence of CRISPR edits (ICE).31

CD33 expression

CD33 RNA transcript expression was assessed by digital droplet PCR
(ddPCR). Cells were counted on Nexcelom Cellometer K2 before
RNA extraction via QIAGEN RNeasy Mini kit (Qiagen, German-
town, MD, USA). RNA was quantified via Qubit RNA BR
er 2023
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Figure 6. CD33-KO cells are resistant to GO cytotoxicity

(A) HL-60 CD33-KO and control cells were treated with increasing concentrations of GO for 72 h and the number of viable cells was determined by flow cytometry. (B)

Following 7 days of myeloid differentiation to either granulocytes or monocytes, CD34+ HSPC CD33-KO and control cells were exposed to increasing concentrations of GO

for 72 h. Live cell percentages were determined by flow cytometry and dose-response curves were determined. IC50 values were compared between CD33-KO and control

cells using the unpaired Student’s t test (p = 0.0475 for granulocytic cultures and p = 0.0003 for monocytic cultures). (C). Three separate batches of CD33-KOCD34+HSPCs

were assessed (one research-scale, two clinical-scale trem-cel). CD33-KO cells were diluted with unedited cells to generate an editing titration curve from 10% to 90%editing

frequency, with 90% being CD33-KO cells alone. Following 9 days of in vitro myeloid differentiation to monocytes, CD33 surface protein expression (flow cytometry) was

correlated with CD33 editing frequency (ICE) (left panel). Cells were also exposed to increasing concentrations of GO for 72 h and live cell percentages were determined by

flow cytometry, a representative sample (batch 1) is shown in the middle panel. IC50 values were plotted forCD33-KO and control cells (right panel). (D) Experimental schema

of the in vivo GO-challenge studies from two independent batches of CD33-KO cells. (E) Batch 1 and (F) Batch 2. Levels of human CD45+ cell engraftment and lymphoid

(CD19+) and myeloid lineages among total human leukocytes in the BM of CD33-KO engrafted and control animals were analyzed by flow cytometry. Each dot represents

one mouse. Boxes and error bars show mean ± SD. One-way ANOVA with Tukey’s multiple comparisons test was used to compare between mice that received the same

cells but different treatment (GO or vehicle), or to compare between mice that received the same treatment but different cells (CD33KO or control cells). (G). Input cell editing

frequency determined by ICE.
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(ThermoFisher, Waltham, MA, USA) before 100 ng of RNA extract
was converted to cDNA via QuantiTech Reverse Transcript kit (Qia-
gen) and 0.5 ng of cDNA was utilized for ddPCR analysis. cDNA
(0.5 ng), CD33 (6-FAM) (0.005 nmole probe/0.01 nmole primers)
and ACTB (SUN) (0.005 nmole probe/0.01 nmole primers) primers
(IDT, Coralville, IA, USA) were combined and utilized with ddPCR
Supermix for Probes (Bio-Rad, Hercules, CA, USA) and analyzed
Molecular T
with Bio-Rad QX200 ddPCR System. The number of transcripts
per sample was determined from positive droplets as analyzed with
Bio-Rad QX Manager Software. The amount of CD33 transcript
was normalized to both ACTB (a control gene), and a control sample
as per the following equation: % of Mock = (CD33 sample/ACTB
sample)/(CD33 of Mock/ACTB of Mock) � 100. The primer se-
quences are as follows: CD33 Primers (Forward: AACGTCACCTAT
herapy: Methods & Clinical Development Vol. 31 December 2023 9
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GTTCCACAG; Probe:/6-FAM/CTCTTGTTT/ZEN/CCCTGAGCC
ATCTCCTG/3IABKFQ/; Reverse: CAGAGACAAAGAGCGAGCAG)
and GUSB Primers (Forward: GCCCATT ATTCAGAGCGAGTA);
Probe:/5SUN/TCATCCATG/ZEN/GTGAGCTGGCGG/3IABKFQ/;
Reverse: GTTTTTGATCCAGACCCAGATG).

CD33 protein expression was assessed by flow cytometry using a
monoclonal anti-CD33 antibody. Cells were stained for 20 min in
the dark at room temperature in fluorescence-activated cell sorting
(FACS) staining buffer (Biolegend, San Diego, CA, USA). Live cells
were identified by Live-Dead Near IR (ThermoFischer). CD33 surface
protein expression was determined from the live population by anti-
CD33 clone 67.6 (Biolegend, San Diego, CA) antibody via flow cy-
tometry on either Cytek Auora (Fremont, CA, USA) or Novocyte
Quanteon (Santa Clara, CA, USA).

Analysis of HSPC subpopulations

At 48 h post-electroporation, 2.4–6.5 � 107 CD33-KO HSPCs were
sorted by FACS into the subpopulations of multi-lymphoid progeni-
tors (MLPs), commonmyeloid progenitors (CMPs), multipotent pro-
genitors (MPPs), and long-term hematopoietic stem cells (LT-HSCs)
by gating on well-defined cell surface markers21,22,32 using fluores-
cence minus one control cells. The frequency of each subpopulation
was defined as the percentage of total live cells in each sample.

In vitro myeloid differentiation and functional assessment of

HSPCs

At 48 h post-electroporation, CD33-KO and control CD34+ HSPCs
were transferred into granulocytic or monocytic inducing media sup-
plemented with cytokines (Stemcell Technologies, Cambridge, MA,
USA) and cultured for 14 days. Assessment of differentiated lineages
was performed at day 16 post-electroporation by flow cytometry us-
ing granulocytic and monocytic differentiation markers CD15 and
CD14, respectively, and CD11b for pan-myeloid lineage. Functional
assessment was performed by analysis of cytokine release and phago-
cytic capacity at day 16 post-electroporation.

Assessment of cytokine release was performed by stimulating
differentiated cells with the Toll-like receptor (TLR) 4 agonist
lipopolysaccharide (LPS) or the TLR7/8 agonist R848 for 24 h. Su-
pernatant was then harvested and analyzed for interleukin (IL)-6
and tumor necrosis factor alpha (TNFa; kits from Millipore
Sigma, Darmstadt, Germany) using the Luminex FLEXMAP 3D
platform (Luminex Corp., Austin, TX, USA). Phagocytic capac-
ity was assessed using fluorescent pHrodo E. coli BioParticles
(ThermoFisher Scientific, Waltham, MA, USA) and evaluated by
flow cytometry. Cells were pre-treated with cytochalasin D, an in-
hibitor of actin-polymerization, which allows the assay to distin-
guish engulfment of particles from simple adhesion, the latter
serving as the basal level of fluorescence for this assay.

Trem-cel manufacturing process development and scale-up

A scaled-up trem-cel manufacturing process was developed under
Good Manufacturing Practice (GMP)-like conditions with GMP-
10 Molecular Therapy: Methods & Clinical Development Vol. 31 Decem
appropriate reagents for an anticipated clinical trial. The process
was set up to achieve (1) sufficient cell viability and number of viable
cells to enable HCT engraftment, (2) sufficient CD34+ cell purity
without T cell contamination to reduce the risk of graft-versus-host
disease, and (3) efficient gene editing to ensure protection from
CD33-directed therapies.

Dual mobilized (GCSF + plerixafor) hematopoietic stem cells from
healthy donors were collected via apheresis from Hemacare Donor
Center (Northridge, CA, USA) and Stem Express (Folsom, CA,
USA). Dual mobilized (GCSF + plerixafor) hematopoietic stem cells
from healthy donors were collected via apheresis. The apheresis ma-
terial was processed and washed to remove platelets and plasma.
The washed cellular material was then enriched for CD34+ cells us-
ing positive selection with magnetic beads on a CliniMACS Prodigy
system (Miltenyi Biotec, Gaithersburg, MD, USA). After selection,
CD34+ hematopoietic cells were resuspended in MaxCyte electro-
poration buffer (MaxCyte Inc., Rockville, MD, USA), combined
with a CD33-targeted ribonucleoprotein (RNP) comprising a single
gRNA and Cas9 protein complexed immediately before use, and
loaded into the MaxCyte GTx device for electroporation using the
CL1.1 assembly. Post-electroporation, the cells were resuspended
in SCGM media (Cellgenix) formulated with stem cell factor
(SCF), Fms-related tyrosine kinase 3 ligand (FLT-3L), and throm-
bopoietin (TPO), cultured in a cell culture bag, and then the cells
were centrifuged and washed to reduce cellular debris, cytokines,
and other process-related residuals. These trem-cel cells were then
resuspended in the final formulation buffer, transferred to an infu-
sion bag, and cryopreserved in a controlled rate freezer and stored
in liquid nitrogen. The entire manufacturing process is less than
5 days (Figure S8).

CFU assays

At 48 h post-electroporation, both trem-cel and control human
CD34+ HSPCs were cryopreserved. Upon thaw, cells were plated in
duplicate in MethoCult H4034 Optimum methylcellulose-based me-
dium (Stemcell Technologies). After 14 days in culture, burst forming
unit-erythroid (BFU-E), CFU-granulocyte/macrophage, granulocyte,
and macrophage (CFU-GM/G/M) and CFU-mixed granulocyte,
erythroid, macrophage, megakaryocyte (CFU-GEMM) colonies
were imaged, analyzed, and quantified using STEMvision Human
14-day CFU Software (Stemcell Technologies). Colonies were scored
and averaged from two technical replicates.

Off-target assessment

The presence of gross chromosomal abnormalities was assessed by
G-banded karyotyping of metaphase spreads in several independent
lots of CD33-knockout (KO) cells manufactured at research scale
and trem-cel manufactured at clinical scale. Frozen edited and control
cells were thawed and cultured in stem cell growth medium supple-
mented with cytokines (thrombopoietin, SCF, and FMS-like tyrosine
kinase 3 ligand) and shipped at room temperature to Cell Line Ge-
netics Inc. (Madison, WI, USA) for analysis using standard protocols
and analysis.33
ber 2023
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We performed in silico prediction of off-target sites using Genome
Reference Consortium Human Build 38, in which sites containing a
50-NRG-30 protospacer adjacent motif (PAM) sequence and (1) up
to five mismatches with no indel; or (2) up to three mismatches
and a one-base insertion or deletion (3) up to one and two mis-
matches in PAM region with up to three and twomismatches in guide
regions, respectively, were predicted via a pipeline based on the Cas-
OFFinder algorithm.34

For unbiased query of off-target sites, GUIDE-seq (for sequence ho-
mology-independent DNA double-stranded breaks)35 was performed
on research-scale CD33-KO cells. Nominated off-target sites from
both in silico prediction and GUIDE-seq were assessed by a hybrid
capture-based next-generation sequencing assay (Agilent, Santa
Clara, CA, USA) using seven batches of clinical-scale trem-cel.

In vivo pharmacology

In vivo pharmacology studies were performed in a xenotransplant
mouse model to assess long-term engraftment, reconstitution of the
hematopoietic compartment (multilineage differentiation), and
persistence of editing. Two independent batches of clinical-scale
trem-cel were assessed. Trem-cel was administered intravenously
into immuno-compromised, sublethally irradiated NSG mice.

At week 16 post-engraftment, human hematopoietic lineage markers
were assessed by flow cytometry analysis of blood, spleen, and BM sam-
ples. BMwas also analyzed in CFU assays to determine humanmyeloid
progenitor potential. Single colonies were picked 14 days after plating
and subjected to Sanger sequencing to determine allelic editing.

To assess persistence of editing in engrafted cells, genomic DNA was
extracted from BM samples and analyzed by targeting sequencing.
PCR was used to amplify the template from a DNA sample using re-
gion of interest-specific primers with overhang Illumina adapters
attached (Illumina, San Diego, CA, USA). Primers highly specific to
the human genome were designed to avoid amplification of contam-
inating mouse genomic DNA that was present at �50% level in the
extracted genomic DNA. After using magnetic beads to purify the
amplicon away from free primers and primer dimers, samples were
indexed by limited-cycle PCR amplification using dual-indexed Illu-
mina sequencing TruSeq adapters. Amplicon sequencing libraries
were sequenced on the MiSeq System Sequencer (Illumina) using
the 2 � 150 bp paired-end configuration.

In vivo toxicology

In a 20-week Good Laboratory Practice (GLP)-compliant toxicity
study, a single dose of trem-cel or control cells (1 � 106 cells/mouse)
was administered into immunocompromised NSG mice (n = 30 per
group; 15 male, 15 female) within 24 h of total body irradiation. All
animals were observed for 20 weeks post-engraftment before being
euthanized. Standard toxicology parameters were assessed including
in-life observations every 3–6 days (e.g., clinical signs, food, and water
consumption), hematology (12 parameters), organ weight (11 or-
gans), clinical chemistry (19 parameters), and histopathology (43 pa-
Molecular Th
rameters). The engraftment of human hematopoietic cells and persis-
tence of editing was also assessed.

Resistance to anti-CD33 therapy cytotoxicity

An in vitro cytotoxicity assay was performed onHL-60 CD33-KO and
control cells to evaluate resistance to GO cytotoxicity. In this study,
CD33-KO cells were generated using two gRNAs to delete CD33
exon 2. Dose-response curves were calculated after exposure to
increasing concentrations of GO for 72 h. Live cell percentages
were determined by flow cytometry analyses of apoptotic and necrotic
cell staining.

In vitro cytotoxicity assays were also conducted using CD34+ HSPCs
from three donors. CD33-KO and control HSPCs underwent 7 days
of myeloid differentiation to either granulocytes or monocytes, then
were exposed to increasing concentrations of GO for 72 h. Live cell
percentages were determined using annexin V and propidium iodide
as markers for flow cytometry. Dose-response curves were plotted,
and IC50 values were calculated.

To determine the relationship between editing and cell surface pro-
tein loss, one batch of CD33-KO CD34+ HSPCs generated at research
scale and two batches of clinical-scale trem-cel were assessed. Edited
cells were mixed with unedited cells at pre-determined ratios and sub-
jected to the monocyte differentiation protocol described above.
CD33 surface expression (determined by flow cytometry) was plotted
against the expected calculated dose titration. Differentiated cells
were also exposed to increasing concentrations of GO for 72 h as
described above and IC50 values calculated using a nonlinear fit model
with absolute IC50.

In vivo cytotoxicity studies were also performed. Research-scale
CD33-KO or control human HSPCs were engrafted in NSG mice
as described for the in vivo pharmacology study. At �15 weeks
post-engraftment, mice were treated with GO or vehicle. Blood,
spleen, and BMwere collected for flow cytometry analysis at 16 weeks
post-engraftment (8 days after GO/vehicle treatment) to determine
resistance to GO cytotoxicity.
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