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INTRODUCTION 

Developing novel therapies is a challenging endeavor as less than 10% of the drugs 
(chemical, biological, biotech or radiopharmaceutical) that enter Phase 1 clinical trials 
successfully advance to gain FDA approval (1). Nearly three-quarters of novel therapies fail 
during development as a result of a poor safety or efficacy profile. Improved strategies to 
de-risk drug targets are needed to increase the efficiency of drug development. Human 
genetic data are a powerful asset to identify and de-risk new therapeutic targets. A recent 
analysis of approximately 23,000 drugs in various stages of the pipeline revealed that drugs 
with supporting human genetic data are twice as likely to be approved at the end of their 
clinical development (2-4). 

Since the early 2000s, the lowered cost, increased efficiency, and higher throughput of DNA 
sequencing technology has enabled vast amounts of human genome data to be generated. 
Scientists are using these data to identify millions of genetic variants within the human 
genome and characterize their impact on health and diseases (5). One early application 
of using human sequencing data for drug development occurred with the discovery of 
genetic variants in the proprotein convertase subtilisin/kexin type 9 (PCSK9) gene (6). Single 
nucleotide variants resulting in loss of function (LoF) in PCSK9 were found to correlate with 
lower cholesterol levels (7). This informed the development of novel therapeutics, including 
the FDA approved therapy evolocumab (Repatha®), a monoclonal antibody inhibitor of 
PCSK9 designed to reduce high cholesterol in individuals at risk for coronary heart disease 
(CHD). This, among other examples (8), illustrate the value of leveraging human genetic data 
in the development of life-saving therapies (9). 

In the last decade, the number of cell and gene therapies in development has increased 
exponentially (10). These therapeutics have different development challenges and risks 
compared to small molecules or antibodies. Specifically, gene ablation and other genetic 
manipulations require understanding the dispensability of the underlying target to assess 
the risks involved with gene editing. Using human genetic databases to identify loss of 
function variants in healthy individuals provides critical information on the dispensability 
of a gene editing target and therefore on the risk profile of the gene therapy. Herein, we 
describe a schema for evaluating a target and assessing the risk of its genetic manipulation 
using LoF variant analysis to assess gene dispensability. This schema has the potential to 
help cell and gene-editing drug developers prioritize programs and potentially avoid costly 
program failures. We first provide an overview of the genetic variation observed in humans 
and then highlight the critical role human genetic data played in the development of a 
novel gene-knockout based cellular therapy for treatment of acute myeloid leukemia (AML), 
starting with CD33 (11-13).
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The genetic sequences between any two individuals 
differ by approximately one-tenth of a percent (0.1%), 
which means that one base pair out of every 1,000 is 
estimated to be different between any two people. 
The difference in DNA sequence within a population 
is termed genetic variation; it can arise from many 
types of genetic differences such as single nucleotide 
substitutions or nucleotide insertions, deletions, and 
duplications. Although genetic variation is critical for 
helping organisms adapt to their environment, variation 
in certain areas of the genome can negatively  
impact health. 
 
As described in Havrilla et al., the impact of genetic 
variation on human health can be understood through 
the analogy of survival bias which was famously used 
by Abraham Wald during World War II (14-16). Survival 

bias is the logic of concentrating on the people or things 
that pass some selective pressure while overlooking 
those that do not. Wald and the Statistical Research 
Group examined patterns of bullet holes on planes that 
safely returned from battle and deduced that plane 
armor should be reinforced where bullet holes were 
not observed because planes damaged in those areas 
did not make it home (Figure 1) (16). Employing similar 
logic, genomic regions that are not essential for cellular 
function or human health are more tolerable to genetic 
variation than those that are essential. In recent years, 
publicly available databases, such as the Genome 
Aggregation Database (gnomAD), have extensively 
cataloged the scope of genetic variation in the human 
genome and allowed us to gauge the potential 
‘dispensability’ of genomic regions. 

Among the different types of genetic variants observed 
in the human genome, a small subset, known as LoF 
variants, lead to the inactivation of protein-coding 
genes. These variants provide important information 
about the phenotypic consequences of the loss of 
the gene. Traditionally, LoF variants have been viewed 
in the context of severe genetic diseases; however, 
LoF variants are not always deleterious. Historical 
medical case reports of incidental discovery of human 
‘knockouts’ for specific alleles have been used to 
identify genes whose loss of function is tolerated in the 
human population. For example, benign LoF variation 
was first observed more than a century ago with the 
discovery of the variable blood group markers, the 

ABO antigens, that are known to determine blood type 
(17, 18). In this situation, a single-base deletion in the 
ABO gene encoding the glycosyltransferase protein 
results in a premature stop codon, lack of functional 
glycosyltransferase, and consequently creates the O 
blood type (17). We now understand the O blood type is 
not associated with any particular pathologic disease. 
Several studies have examined the association between 
blood groups and susceptibility to various diseases such 
as malaria (19), to suggest that in specific instances, 
human gene knockouts can be neutral or even provide 
an advantage in survival or health (20-22). 
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FIGURE 1: WARPLANE MODEL OF SURVIVORSHIP BIAS 

Genetic variants in the human genome can be looked at in the same way as Abraham Wald looked at bullet holes in warplanes (14). 
Observed mutations (red dots) often occur in unconstrained regions of the genome, which are less essential for survival and could be 
potentially ‘dispensable’. Credit: M. Grandjean (vector), McGeddon (picture), C. Moll (concept) (CC BY-SA 4.0).

FIGURE 2:  SCHEMA FOR LOF ANALYSIS  

The essentiality of a gene can be gauged by evaluating its constraint metrics (pLI, LOEUF) in gnomAD. In unconstrained genes, 
heterozygous or homozygous LoF mutations can be observed, and their phenotypic consequences can be investigated using 
additional databases such as ClinVar (NCBI).
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Curated genetic databases such as gnomAD allow 
scientists to advance research efforts beyond medical 
case reports of gene ‘knockouts’ in humans to a more 
extensive screening of genes that harbor LoF variants 
(23-25). Genes with low evolutionary constraint are 
more likely to harbor LoF variants and can be identified 
using two primary metrics: the probability of loss-of-
function intolerance (pLI) and the loss-of-function 
observed/expected upper bound fraction (LOEUF) 
score (9). Both metrics are derived from the ratio of 
the number of LoF variants observed when sequencing 
a gene to the number of variants predicted in that 
gene based on natural DNA mutation rates. Genes 
with low pLI (i.e. lower probability of a LoF resulting in 
haploinsufficiency, which is the occurrence of disease 
due to only one functioning copy of a gene) and 
high LOEUF score (i.e. higher tolerance towards LoF 
mutations) are more likely to be enriched for  
LoF mutations (9).  
 
Within this subset of unconstrained genes, a powerful 
indicator of the dispensability of a gene is the 
presence of individuals that are LoF for both copies 

of the gene. An analysis of 19,197 genes in 141,456 
individuals in gnomAD identified 1,815 genes that show 
biallelic inactivation (9). Although gnomAD is depleted 
for sequencing data from individuals with severe 
pediatric and genetic disorders, it is still possible that 
the identified LoF variants may have known disease 
associations. Therefore, variants that result in the 
homozygous deletion of a gene should be further cross-
referenced in databases such as ClinVar and Genotype-
Tissue Expression (GTEx) to screen for any disease-
associated phenotypes. In Table 1 we provide data 
from gnomAD with examples of genes having varying 
degrees of constraint. From these examples, in cases of 
genes such as CD33, the presence of homozygous LoF 
individuals and lack of any known disease associations 
provides a strong genetic rationale for its dispensability. 
Conversely, constrained genes such as TP53 and CD47 
do not have known LoF variants, are important for 
human health, and therefore unlikely to be suitable 
targets for genetic ablation. In the next section, we 
highlight how novel cell therapies can be developed by 
leveraging the genetically dispensable genes such  
as CD33.

The absence of disease in an individual lacking 
functional copies of a gene gives confidence that 
removal of the gene from the human genome is well 
tolerated. This is the rationale behind Vor Biopharma’s 
novel cell therapy for treatment of AML, VOR33™. 
To date, treatment of AML with targeted therapies 
has been limited because the lack of tumor specific 
antigens on leukemia cells compared to normal cells 
results in “on-target, off-tumor” toxicity. An example 
of current AML treatment includes gemtuzumab 
ozogamicin (GO, Mylotarg™), which targets CD33 (26, 
27), a member of the sialic acid-binding immunoglobin-
like lectin (Siglec) family of cell surface proteins. While 
CD33 is highly expressed on AML cells, making it a 

promising immunotherapy target, its expression on 
healthy hematopoietic cells results in treatment related 
cytopenias owing to cytotoxic effects of therapies on 
non-malignant hematopoietic cells. Aiming to address 
limitations in current AML therapies, Vor Biopharma 
sought to engineer a therapeutic window to enable AML-
specific therapies, while conferring protection to normal 
hematopoietic cells. To do this, we have engineered 
treatment-resistant hematopoietic stem and progenitor 
cells (HSPCs) through CRISPR/Cas9-mediated CD33 
gene deletion from healthy, human leukocyte antigen-
matched donor HSPCs for hematopoietic stem cell 
transplant into AML patients.

IDENTIFICATION AND VALIDATION OF DISPENSABLE 
GENE EDITING TARGETS

LEVERAGING HUMAN GENETICS FOR NOVEL CELL THERAPY 
DEVELOPMENT: A CASE STUDY

TABLE 1: PARAMETERS TO EVALUATE THE DEGREE OF CONSTRAINT ON GENES 

Data from gnomAD helps predict which genes would be suitable targets for knockout, by analyzing the probability of intolerance to LoF 
mutations (pLI) and predicted frequency of LoF or knockouts (KOs) in humans. This table also provides the number of individuals likely 
to be homozygous for the loss-of-function for the listed genes.

5 6

CD33 1.41 0 1.3 1 in 5,030 65 Low

CD123 0.21 0 1.8 1 in 226,000 13 Low

PCSK9 0.17 0 1.3 1 in 330,000 3 Low

CLL-1 0.13 0 1.4 1 in 580,000 1 Low

EMR2 0.10 0 1.2 1 in 1,000,000 67 Low

CD38 0.07 0 1.1 1 in 1,876,000 2 Low

HAO1 0.03 0 1.1 1 in 11 million 0 Low

TP53 0.003 0.53 0.4 1 in 1 billion 0 Medium

CD47 0.0008 0.9 0.3 1 in 15 billion 0 High

Target Allele Frequency 
(p), %

Probability of
LoF Intolerance

(pLI), 0-1

Predicted 
Frequency 

of Human KOs

Observed 
Individuals with 

Homozygous
LoF, n

Degree of 
ConstraintLOEUF



Genetic ablation of CD33 from HSPCs is supported by 
several lines of evidence that suggest dispensability of 
CD33 from the human genome. Kim et al. examined 
multiple databases of large population cohorts 
and identified individuals with naturally occurring 
homozygous LoF variants in CD33 (12). The existence 
of such individuals provides compelling evidence that 
CD33 is dispensable (9, 14-16). Additionally, an analysis of 
human genome sequencing data in gnomAD identifies 
65 individuals who harbor homozygous LoF variation 
in CD33 (Table 1). Of these 65 individuals, the majority 
(85%) consists of a deletion of four base pairs in exon 3 
(rs201074739), which results in a premature stop codon 
and complete loss of CD33 expression (28). The age 
distribution of homozygous carriers of CD33 LoF variants 
was found to be similar to that of heterozygotes and 
noncarriers, and at least four homozygous individuals 
were reported to have reached 64 to 93 years of 
age (29). Collectively, this evidence suggests that the 
therapeutic approach of removing CD33 from the 
human genome should have no detrimental effects 
on fitness and health. Since multiple receptors within 
the CD33-related Siglec family are expressed on 
hematopoietic cells (30, 31), the absence of phenotype 
upon CD33 LoF may be due to functional redundancy or 
compensation by other Siglec family members. 
 
In addition to the genetic evidence, experimental studies 
demonstrate that human HSPCs and their progeny show 
no impairment of hematopoietic function when CD33 is 
removed from their genome (11, 12, 32). CD33 deficient 

human HSPCs demonstrated normal engraftment and 
differentiation in immunocompromised mice, while 
providing robust protection from the cytotoxic effects of 
CD33-directed companion therapeutics (11). Additionally, 
autologous CD33 knockout HSPC transplantation in 
non-human primates showed long-term multilineage 
engraftment of gene-edited cells that maintained 
normal hematopoietic function (12). In humans, the 
reconstituted hematopoietic compartment of patients 
receiving CD33-null HSPCs (VOR33™) is expected to be 
resistant to cytotoxicity induced by anti-CD33 directed 
therapies, such as GO. A first in human study testing this 
approach is currently enrolling patients (NCT04849910). 
In this clinical trial, the true biological dispensability of 
CD33 will be studied for the first time in a clinical setting 
examining endpoints related to engraftment. In the 
context of AML treatment, this strategy is anticipated 
to mitigate the hematological toxicity associated with 
GO and enable the testing of other pharmacologic and 
cellular therapies directed against CD33. 
 
Importantly, the strategy of identifying dispensable 
gene editing targets through bioinformatic analyses 
of human genetic databases, and deleting them in 
normal hematopoietic cells to gain a therapeutic 
window, provides an important therapeutic framework 
for enabling tumor selective targeting by many of the 
cancer immunotherapies currently in development, thus 
improving patient quality of life and outcomes  
(Figure 3) (33).

FIGURE 3:  HOW VOR33™ PROTECTS HEALTHY CELLS

VOR33™ is developed by selectively deleting CD33 from healthy cells, which are then invisible to immunotherapies that target CD33 
such as Mylotarg™. Healthy cells are spared, and leukemic cells are targeted, resulting in leukemic cell death. CD33, cluster of differen-
tiation 33; HSPCs, hematopoietic stem progenitor cells.

VOR

Tackling the challenging and capital-intensive process 
of drug development requires novel ways of de-risking 
the therapeutic targets. The additional challenges and 
risks associated with genetic manipulation of cells for 
developing novel gene and cell therapies requires careful 
assessment of the underlying genetic targets. Leveraging 
human genetics data early in the drug discovery process 
to inform target prioritization is a powerful approach to 
mitigate risk and increase the likelihood of advancing 
safe therapies that make a transformative impact in 
patients’ lives. Here we outlined historical evidence of 
successful drug development based on understanding 
the naturally occurring genetic variation in humans. 
In particular, we focused on identifying and leveraging 

benign LoF variants for the development of novel cell 
therapies, such as VOR33™. These promising new 
therapies can alleviate the debilitating side-effects 
associated with many cancer immunotherapies and 
improve the quality of life for patients undergoing life-
saving treatments. As genetic sequencing continues to 
expand, the identification of rarer LoF mutations will be 
an important factor in developing safer cell therapies for 
patients suffering from hematological malignances and 
other diseases.

SUMMARY
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