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Clinical Pharmacology and Translational
Considerations in the Development of
CRISPR-Based Therapies

Ahmed M. Abdelhady1 , Jonathan A. Phillipsl, Yuanxin Xu' and Mark Stroh'™*

Genome editing holds the potential for curative treatments of human disease, however, clinical realization has
proven to be a challenging journey with incremental progress made up until recently. Over the last decade, advances
in clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein (Cas) systems
have provided the necessary breakthrough for genome editing in the clinic. The progress of investigational CRISPR
therapies from bench to bedside reflects the culmination of multiple advances occurring in parallel, several of
which intersect with clinical pharmacology and translation. Directing the CRISPR therapy to the intended site of
action has necessitated novel delivery platforms, and this has resulted in special considerations for the complete
characterization of distribution, metabolism, and excretion, as well as immunogenicity. Once at the site of action,
CRISPR therapies aim to make permanent alterations to the genome and achieve therapeutically relevant effects
with a single dose. This fundamental aspect of the mechanism of action for CRISPR therapies results in new
considerations for clinical translation and dose selection. Early advances in model-informed development of CRISPR
therapies have incorporated key facets of the mechanism of action and have captured hallmark features of clinical
pharmacokinetics and pharmacodynamics from phase | investigations. Given the recent emergence of CRISPR
therapies in clinical development, the landscape continues to evolve rapidly with ample opportunity for continued
innovation. Here, we provide a snapshot of selected topics in clinical pharmacology and translation that has
supported the advance of systemically administered in vivo and ex vivo CRISPR-based investigational therapies in

the clinic.

Clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein (Cas) was originally iden-
tified as an adaptive immune system in bacteria and has since
been developed for editing eukaryotic cellular DNA." Just over 1
decade ago, a landmark paper reported how CRISPR-associated
nucleases could be programmed to execute a precise cut at specific
DNA sites.” In the relatively short time that has followed, multiple
successive advances have unlocked the genome editing potential of
CRISPR for human therapeutic use. From Figure 1, genome ed-
iting now represents the latest in a series of advances in treating
human disease.

CRISPR therapies may be subcategorized into both iz vive and
ex vivo applications.” For iz vivo applications, CRISPR therapies
are administered locally or systemically to the patient. In the ex vivo
setting, a particular cell type is typically first isolated and expanded
prior to exposure to the CRISPR therapy; the edited cells are then
introduced to the patient. Although ex vivo CRISPR therapies
have had an initial head start in development, iz vivo CRISPR
therapies are becoming an increasingly important component of
the genome editing clinical landscape. A recent 2023 review,” pro-
vides a comprehensive tabulated summary of CRISPR clinical tri-
als and summarizes 28 clinical trials investigating ex vivo therapies
and 6 clinical trials investigating iz vivo CRISPR therapies.

Various isoforms of CRISPR/Cas nucleases have been isolated
for use in medical applications.4 From Figure 2, one set of thera-
pies enlists Cas9 (derived from Streprococcus pyogenes), which can
be directed by short RNA sequences that act as guides (sgRNA) to
recognize a complementary target DNA sequence next to a pro-
tospacer adjacent motif sequence. The nuclease then introduces a
double-stranded break (DSB) in the DNA. For permanent gene
knockout, following cleavage, endogenous DNA repair mecha-
nisms rejoin the ends of the cut and introduce insertions or dele-
tions (collectively referred to as “indels”) that result in decreased
production of protein. Similarly, for targeted gene insertion aimed
at gain-of-function, when provided with a recombinant adeno-
associated virus (AAV) template sequence, such as a protein-
coding sequence, the cell’s repair processes can incorporate that
novel function sequence into the genomic DNA at the site of the
break. For insertion of the native or wild-type gene, the CRISPR
guide facilitates insertion of the functional gene at a specific loca-
tion in the genome that could have minimal impact to the func-
tion of the recipient gene locus.

Several important features serve to differentiate CRISPR therapies
from previous classes of drugs, especially as they pertain to transla-
tion and clinical pharmacology. First, as a nucleic acid-based therapy,
targets for CRISPR therapies occupy an orthogonal space relative to
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Figure 1 Genome editing represents the latest in a series of advances in treating human disease.

those for small molecules and biologics, which are more commonly
restricted to the binding domains of proteins and extracellular pro-
teins, respectively. Second, successful 77 vivo clinical application of
CRISPR therapies relies critically upon delivery vehicle, resulting in
special bioanalytical and immunogenicity considerations. Further,
the absorption, distribution, metabolism, and excretion (ADME)
characteristics of the delivery vehicle can act to govern those of the
CRISPR-based therapeutic, especially prior to uptake by the targeted
cell population. Third, CRISPR therapies aim to make permanent

Lipid nanoparticle

gene knockout or gene insertion and achieve therapeutically relevant
effects, potentially with a single dose. This contrasts with prior classes
of therapies where chronic administration is required to maintain a
steady state pharmacodynamic (PD) effect.

Here, we review selected facets of the development of system-
ically administered CRISPR therapies, especially as they pertain
to clinical pharmacology and translation. The review is first orga-
nized by 77 vivo and ex vivo application and is further subdivided
by selected topics as they pertain to these applications.
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Figure 2 The mechanism of action for NTLA-2001. NTLA-2001 is comprised of a lipid nanoparticle (LNP) which in turn encapsulates both
messenger RNA (mRNA) molecule encoding Streptococcus pyogenes clustered regularly interspaced short palindromic repeats-associated
protein 9 (Cas9) protein and a single guide RNA (sgRNA) molecule specific to the human gene encoding transthyretin (TTR). Proceeding from
the top down, following systemic administration, NTLA-2001 is taken up by the liver. Entry into hepatocytes is expected to be facilitated by
interaction with low density lipoprotein (LDL) receptors followed by endocytosis. The Cas9 mRNA and sgRNA are released into the cytoplasm
where Cas9 mRNA is translated to Cas9 enzyme. The sgRNA associates with Cas9 protein to yield a Cas9-sgRNA ribonucleoprotein complex
(RNP). The RNP then enters the nucleus where it recognizes the protospacer-adjacent motif (PAM) on the noncomplementary DNA strand. A
target-specific sequence of the sgRNA binds to the target site, leading to confirmational changes in the Cas9 protein and ultimately cleavage
of both strands of the DNA. Endogenous mechanisms repair the ends of the cut, potentially introducing insertions or deletions (collectively
referred to as “indels”) that result in decreased production of TTR protein.
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IN VIVO CRISPR THERAPIES
Novel formulations and bioanalytical characterization
Several barriers preclude direct administration of therapeutic nu-
cleic acids 7 vivo, including those which act to rapidly clear nucleic
acids from the systemic, stimulate immune response, and limit cel-
lular uptake.’ Early attempts to deliver CRISPR/Cas9 leveraged
historical approaches from gene therapy, including viral vector
delivery systems.® Finn ef 4l subsequently identified four char-
acteristics for next-generation platforms that were better suited
to therapeutic application of CRISPR/Cas9. These characteris-
tics included platforms with transient Cas9 expression, efficient
delivery of both Cas9 messenger RNA (mRNA) and sgRNA,
flexibility for multiple dose administration, and scalability for
eventual commercial production. A formulation based upon the
lipid nanoparticle (LNP) was proposed to fulfill these criteria, and
an LNP-based formulation was ultimately used for NTLA-2001,
an investigational therapy and the first systemically administered
in vivo CRISPR/Cas9-based therapy evaluated in the clinic.?
Although systemically administered iz vivo CRISPR-based ther-
apies rely upon both AAV- and LNP-based delivery vehicles, the
LNP predominates the clinical investigation landscape at the time
of writing’; the primary focus in the sections that follow is accord-
ingly upon systemic administration of the LNP-based system.
With the novel formulations currently under clinical investiga-
tion comes a host of considerations for robust bioanalytical charac-
terization. As summarized elsewhere,” bioanalytical considerations
for AAV vectors include those related to both biodistribution and
shedding, with biodistribution pertaining to the disposition of
AAYV and shedding defined explicitly as how AAV is excreted or
released from the patient’s body.'®!" Patisiran, a small interfering
RNA (siRNA)-based therapy indicated for hereditary transthyre-
tin (ATTR) amyloidosis, provides an illustration of the bioanalyti-
cal characterization of an LNP-based formulation for a nucleic acid
therapy. Zhang ez al? report the pharmacokinetics (PKs) of three
analytes following administration of patisiran to patients with he-
reditary ATTR amyloidosis; two of the analytes corresponded to
lipid excipients of the LNP (DLin-MC3-DMA and PEG2000-
C-DMG), whereas the remaining analyte corresponded to drug
substance (i.c., the siRNA component). Accordingly, a complete
bioanalytical characterization of a novel nanoparticle formulation
can entail multiple analytes and is a consideration not only for
characterization of the PKs and distribution of CRISPR/Cas9-
based therapy, but also PK/PD relationships.'* The correspond-
ing set of bioanalytical methods to support this characterization
is based on context of use (COU) using fit-for-purpose technical
platforms, such as quantitative polymerase chain reaction (PCR)/
reverse transcription PCR, droplet digital PCR, ligand binding as-
says (such as enzyme-linked immunosorbent assay) and mass spec-
trometry.!! The COU-driven method validation or qualification is
used to demonstrate that methods are suitable for intended use.*

Absorption, distribution, metabolism, and excretion

The determinants of ADME for systemically administered LNP-
based CRISPR therapies are largely determined by those of the
corresponding nanoparticle formulation administered as an intra-
venous (i.v.) therapy. Figure 3 summarizes several importantaspects

of nanoparticle ADME. Following i.v. administration, nanoparti-
cles are exposed to a myriad of cells and biomolecules present in the
vascular system as they distribute to additional tissues and organs
of the body. Varying degrees of protein adsorption can occur on
the nanoparticle surface as it transits the vascular compartment.15
Depending on the nature and extent of protein adsorption, the
resultant protein corona can become an important contributor
to the distribution, cellular uptake, elimination, and, ultimately,
activity of the nanoparticle formulation. Nanoparticles may be
cleared from the circulation by the mononuclear phagocyte system
(MPS), or the renal system or hepatobiliary systems.1 Opsonins
comprise a subset of the proteins that can adsorb to the surface of
nanoparticles, and opsonization acts to tag these nanoparticles for
sequestration and processing by the phagocytic cells of the MPS.
Nanoparticle elimination via the renal route is especially depen-
dent on the hydrodynamic diameter of the nanoparticle; the hy-
drodynamic diameter is in turn a function not only of the in vitro
particle diameter, but also the protein corona that can form upon
in vivo administration. A recent investigation in mice, who were
administered a series of nanocrystals of increasing size, suggested
particles of hydrodynamic diameter of 5.5 and lower were renally
excreted, whereas the 8.65nm particles were not.' Although too
large of a hydrodynamic diameter may preclude renal excretion of
the intact nanoparticle, this route remains available for individual
components of the nanoparticle that can result from degradation.
Larger particles that have not already been cleared by phagocytosis
are subject to elimination by the liver to the feces.

Nanoparticles that remain in circulation are then available for
a succession of transport, cellular uptake, and trafficking events
that culminate with release of the nucleic acid cargo in the cy-
tosol. As is the case with all systemically administered drugs, the
ability of the nanoparticles to access the target organ is governed
first by tissue perfusion. More unique to the case of nanoparticles
is the set of mechanisms available for transvascular transport and
extravasation. Nanoparticles are believed to extravasate, cither by
transport through intracellular fenestrations or via transcytosis.
Much of the quantitative understanding of nanoparticle extravasa-
tion comes from studies in tumors. A mathematical model for the
flux of material crossing a vessel wall includes a term for vascular
permeability, which is in turn a function of the characteristics of
the particle and the vessel wall; vascular permeability falls to zero
when the nanoparticle size is in excess of the pore cutoff size of
the vessel, illustrating the significance of particle characteristics on
cxtravasat:ion.1 Once extravasated, interstitial transport is gov-
erned by a combination of convective and diffusive mechanisms
that, depending on the nature of the extracellular matrix, can act
to restrict tissue penetration to sites far from the vessel wall. Once
extravasated and upon successful navigation of the interstitium,
the nanoparticle is available for cellular uptake most commonly by
endocytosis. Endosomal escape of the nucleic acid cargo becomes
the next essential stt:p18 prior to the downstream events in the cell
summarized in subsequent sections of this review.

As a well-perfused organ with fenestrated endothelium, the liver
is especially well-suited as a targeted organ for systemic nanoparticle
delivery. This, combined with the liver’s role both in the generation
and elimination of serum proteins, has driven interest in the liver as
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Figure 3 Schematic representation of absorption, distribution, metabolism, and excretion processes for nanoparticles following intravenous
(i.v.) administration. Following i.v. administration to the systemic, nanoparticles both distribute to the targeted tissue and are cleared from

the circulation by the mononuclear phagocyte system (MPS), or the renal or hepatobiliary routes. Factors such as nanoparticle size and
opsonization are important determinants of the importance of these clearance routes. Opsonization of nanoparticles is an important first step
in the process of sequestration and processing by the MPS. The hydrodynamic diameter of the nanoparticle is influenced both by the particle
diameter and the protein corona. Particles below a threshold hydrodynamic diameter (Dt) are available for renal excretion, as are individual
degradation products of the nanoparticle. Larger particles are then available for elimination by the liver to the feces. Adapted from ref. 92.

a targeted organ for gene therapy. Especially given the customizabil-
ity, scalability, and potency of LNP-based formulations, the LNP is
viewed as the current state-of-the-art for liver targeting.7 Patisiran
provides an illustrative example of the clinical ADME characteris-
tics of an LNP-based liver-targeted gene therapy. The patisiran LNP
is comprised of four components, including ionizable amino lipid
DLin-MC3-DMA and a polyethylene glycol (PEG) lipid 1,2-dimyri
stoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (in addition to
1,2-distearoyl-sn-glycero-3-phosphocholine and cholesterol).”® Liver
targeting is important for patisiran in ATTR amyloidosis given the
role of misfolded transthyretin protein (TTR) in the disease pathobi-
ology and that TTR is almost exclusively manufactured in the liver.”
Liver uptake of the LNP is governed by a series of events.'>***! First,
the PEG-lipid component disassociates from the LNP, which drives
opsonization of the LNP by apolipoprotein E. The LNP then en-
ters the liver through vascular fenestrations, where it becomes avail-
able for low-density lipoprotein receptor-mediated endocytosis by
hepatocytes.'”*** There are at least two fates for the internalized
LNP. One fraction of the LNP releases its cargo into the cytoplasm,
leading to knockdown and downstream reductions in TTR protein.
Another fraction of the LNP is believed to undergo exocytosis, lead-
ing to re-entry into the circulation. The resultant plasma disposition
for the RNA component and DLin-MC3-DMA was multiphasic
and was characterized with an initial rapid decline from peak plasma
concentrations, followed by a secondary peak and an elimination
phase. Negligible amounts of the RNA component were detected
in urine, whereas low levels of a metabolite of DLin-MC3-DMA
(4-dimethylaminobutyric acid) were reported in urine.

The encyclopedic reviews of Chen!! and Sun®** summarize
the determinants of AAV biodistribution and shedding. One

594

noteworthy consideration for AAV comes from the capsid sero-
type, which plays an important role in both tissue tropism and in
shedding. Another consideration unique to AAV comes from vec-
tor shedding and the potential risk for transmission from treated
to nontreated individuals. Accordingly, clinical shedding assess-
ments are commonly conducted during clinical investigation, in-
volving collection and assay of excreta and secreta (e.g., urine, feces,
saliva, nasal fluid) and blood and semen.'® However, these theoret-
ical concerns are tempered somewhat in the context of replication-
incompetent recombinant AAV because no new particles can be
produced. Accordingly, available data suggest that following i.v.
administration of AAV-5, -8, and -9 to humans, vector DNA levels
were either near the assay limit or at undetectable levels within the
first 6 months postdose in multiple secreta and excreta matrices.

On-target/off-target editing
A DSB signals the final outcome of CRISPR/Cas9 activity and the
beginning of endogenous DNA repair. Repair structures are most
commonly formed through either non-homologous end joining
(NHE]J) or homology-directed repair (HDR). NHE] has a tendency
to gain or lose small amounts of genctic material that can disrupt
genomic regulation, structural features, or coding elements.”> HDR
is a higher-fidelity repair process that requires a template to supply
the correct sequence of the original DNA strand.?® Programmable
nucleases are used to introduce appropriately positioned DSBs and
trigger a sequence of DNA repair events, resulting in a permanent,
location-specific change. The expected outcome of therapeutic ge-
nome editing is a permanent alteration in genomic DNA sequence.
The genome editing field is actively assessing factors governing
editing accuracy. Inaccurate or “off-target” editing can potentially
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lead to genotoxicity and considered potentially linked to a variety
of unforeseen consequences. The primary driver of off-target mu-
tations resulting from programmable nucleases is the presence of
DNA sequences elsewhere in the genome that are highly similar to
the intended target locus. It is crucial to evaluate the likelihood of
unintended biological effects by characterizing potential off-target
sites. Targeting unique genomic sequences acts to reduce off—target
mutations caused by programmable nucleases. Whole-genome
sequencing can detect off-target mutations but is impractical for
nonclinical or clinical studies due to sample input requirements.
Instead, a stepwise approach can be used to identify and focus on
the most likely off-target locations, allowing for increased sequenc-
ing depth and sensitive detection of rare mutations. This approach
increases confidence in confirming or ruling out off-target activity
at candidate sites.

Off-target discovery aims to identify genomic locations where
editing may occur outside the intended site using multiple meth-
ods. Computational prediction based on sequence homology and
biophysical binding rules is widely used, but not all off-target sites
can be reliably identified 77 silico.?"* Empirical approaches, such
as cell-free and cell-based methods, can be used to complement
in silico prediction.zg’30 The combined set of in silico and empir-
ically identified off-target sites can be categorized into intergenic,
intronic, and exonic regions. Risk assessment begins by consider-
ing the functional genomics of potential off-target loci. Exonic
regions carry the greatest risk due to their role in protein-coding
sequences. Intronic regions are considered lower risk, but atten-
tion should be paid to possible splice sites and regulatory features.
Intergenic regions are considered the lowest risk. The review of
potential off-target sites identifies any genes with known roles in
cellular proliferation or oncogenic effects. If validated off-target
activity occurs within a gene, the impact of losing expression can
be projected, biodistribution data can inform risk, and de-risking
experiments may be warranted to assess the influence of editing on
off-target gene expression.

Off-target verification subjects the list of potential off-target
sites, generated during discovery, to deep sequencing. The ob-
jective is to sensitively confirm the absence or presence of in-
dels potentially formed by off-target genome editing activity.
Focusing sequencing depth to a list of the most likely off-target
locations increases sensitivity for detecting low editing rates and
improves coverage. Genetic sample material should be representa-
tive of the therapeutic approach with multiple tissue/cell donors
tested to improve confidence in identifying rare off-target events.
Biodistribution data may provide additional information for sys-
temically administered products. Animal models have limited rel-
evance due to incomplete genomic homology, and quality metrics
can be used to compare interpretation for each candidate site in an
appropriate context relative to all other sites genome wide.

An alternative unintended DNA repair outcome is structural
variation (SV). The SVs are most common at the on-target site
of simultaneous DSBs on sister chromatids.” Sister chromatid
exchange without indel formation represents a balanced rear-
rangement and not expected to have functional consequence. The
potential for chromosomal SV increases with editing activity and
with the number of sites simultaneously edited. The intentional

generation of a deletion through complex editing at multiple on-
target sites may also result in unintended effects, such as inversions,
acentric and dicentric chromosomes, and inter-chromosomal
translocations. The possibility of unwanted chromosomal SVs
should be considered when using programmable nucleases for gene
or cell therapy.

Pharmacodynamics

An emergingliterature database suggests both subtle and more ap-
parent differences regarding the nature of PD responses following
CRISPR administration relative to the previous classes of thera-
pies of Figure 1. One seemingly subtle difference is reflected in
the nature of the dose-PD relationship. On a per-cell basis, the PD
response would not necessarily be expected to follow a continuum
but would instead theoretically be expected to be one of a set of
discrete values. For example, for a given diploid cell, one would
theoretically expect 0, 50%, or 100% knockout of the alleles.>
However, PD data obtained from a population of cells would re-
flect averaging across the individual discrete states of the cell pop-
ulation and not be expected to exhibit this degree of discretization.
Instead, accumulating data suggest that the dose-PD relationship
both in vitro and in vivo resembles the familiar Michaelis-like,
saturating dose-PD relationship. An early clinical example of the
nature of dose-PD response comes from NTLA-2001, which aims
to treat ATTR amyloidosis by reducing the circulating levels of
TTR. The saturating nature of the dose—response relationship for
NTLA-2001 above dose levels of 0.3 mg/kg was evident following
asingle administration of NTLA-2001 0.1 to 1 mg/kg, with TTR
levels that were reduced by > 90% of baseline by day 28 following
the 2 top doses of 0.7 and 1.0 mg/kg NTLA-2001 (Figure 40).7 A
more striking feature of the PD response for CRISPR comes from
the duration of the response. Although chronically administered
drugs are characterized by fluctuations in both circulating levels
of drug and the downstream PD, CRISPR therapies aim to make
permanent gene knockout or gene insertion resulting in dcep,
consistent, and durable responses after a single administration
and well after PK washout. Returning to the findings in patients
with ATTR amyloidosis with cardiomyopathy (ATTR-CM),
TTR levels were reduced by = 90% of baseline by day 28, follow-
ing NTLA-2001 0.7-1.0 mg/kg, and these reduced levels contin-
ued to be maintained at 4-6 months of follow-up (i.e., the date of
the data cutoff).>* A similar PD response was likewise observed
for NTLA-2002, an investigational CRISPR/Cas9-based therapy
targeting kallikrein Bl (KLKBI) in development for hereditary
angioedema (HAE); following administration of 25 and 75mg
NTLA-2002 to patients with HAE, rapid plasma kallikrein re-
ductions of 65% and 92% at nadir, respectively, persisted for the
duration of reported follow—up.35 Most notably, in both instances,
this prolonged PD duration greatly dwarfed the apparent terminal
PK half-life of 20-25 hours for the ionizable lipid component of
the LNP, LP01.”

In addition to durable PD that characterizes gene knockout, pre-
clinical data suggest durable expression following targeted gene inser-
tion. Following administration of a conventional recombinant AAV
delivery system, double-stranded AAV genomes circularize via their
inverted terminal repeats and can become episomes which persist extra
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Figure 4 The quantitative systems pharmacology (QSP) model for NTLA-2001. (a) The QSP model is comprised plasma, liver, and peripheral
compartments. The model describes the plasma disposition and subsequent endocytosis of the NTLA-2001 by hepatocytes. Once
endocytosed, the lipid nanoparticle (LNP) fuses to the endosomal membrane at which point a fraction the LNP gets recycled out of the cell
and a portion of the LNP cargo (guide RNA (sgRNA) and clustered regularly interspaced short palindromic repeats-associated protein 9 (Cas9)
messenger RNA (mRNA)) further escapes into the cytosol. In the cytosol, the Cas9 mRNA is translated into protein and reversibly combines
with the sgRNA to form a ribonucleoprotein (RNP). Combined into one reaction in the model, the RNP translocates into the nucleus, binds

to the transthyretin (TTR) DNA, and makes a cut forming the knockout species of the TTR DNA (TTR DNA ko). TTR DNA that remains uncut

is transcribed into TTR mRNA which then gets translated into the TTR protein. See Table S1 for definition of rate constants. (b) Mean of
observed (points, see Iegend)32 vs. QSP-model predicted (lines) LPO1 PK data following administration of 0.1-1.0mg/kg NTLA-2001 to TTR
patients in first-in-human (FIH) study ITL-2001-CL-001. (¢) Mean of observed®? vs. QSP-model predicted TTR reduction following administration
of 0.1-1.0mg/kg NTLA-2001 to TTR patients in FIH study ITL-2001-CL-001. The dashed line corresponds to 80% TTR reduction.

chromosomally in the nucleus."! Although the episomal DNA can
provide long-term, promoter-driven gene expression in non-dividing
cells, the DNA becomes diluted in dividing cells. NTLA-3001 is an in-
vestigational transgene insertion candidate intended for the treatment
of alpha-1 antitrypsin deficiency-associated lung disease, and is com-
posed of both LNP and promoterless AAV components for transient
Cas9 delivery and insertion template delivery, respectively.36 In chis
way, NTLA-3001 harnesses the CRISPR-mediated DSB to drive in-
sertion of the transgene that can then leverage an endogenous genomic
promoter for transcription and protein expression, preventing trans-
gene dilution in dividing cells and obviating the need for an exogenous
promoter to stably express the transgene. Accordingly, investigations
in nonhuman primate models suggest durable physiologic levels of
human AIAT can be achieved after a single dose.

Immunogenicity
Immunogenicity considerations for CRISPR therapies are driven
predominantly by the nature of the delivery vehicle (AAV and
LNP) and transgene product including Cas9 protein. Both innate
and adaptive immune responses can affect the safety and efficacy
of AAV vector-mediated gene transfer in humans, in some cases,
resulting in acute toxicities, such as infusion-related reactions, hep-
atotoxicity, and thrombotic microangiopathy (TMA).W_39 The
AAV capsid-associated immunogenicity is believed to be dose-
dependent.40 Strategies to minimize immunogenicity include
improvement of AAV capsid critical product attributes, such as pu-
rity (i.e., reducing empty capsid) and limiting the total AAV dose
to below 10™ vg/kg. Codon optimization to reduce or eliminate
cytosine-phosphate-guanine motifs in the transgene has demon-
strated reduction of the T cell response via toll-like receptor, such as
TLR9.*! For patients with a higher level of pre-existing anti-AAV
antibodies, hyper-immune status, or both, the use of rituximab and
calcineurin inhibitors in addition to steroids can possibly reduce
immunogenicity. Similarly, TMA can be managed with the an-
ti-C5 antibody eculizumab. The use of empty capsid as a decoy to
mitigate pre-existing humoral immunity is not recommended. %4
The LNPs have been used as a delivery vehicle for a variety of
mRNA-based therapies. In principle, a single iv. dose is consid-
ered to have a lower immunogenicity risk than multiple doses via
subcutancous or intramuscular routes. Based on knowledge from
pegylated biologics, the PEG component of the LNP is a known
immunogenic epitope. Given the environmental exposure to PEG
(from food and cosmetics) and coronavirus disease (COVID)
mRNA LNP vaccines, an assessment of the anti-PEG antibody re-
sponse is warranted. There does not appear to be a definitive associ-
ation of anti-PEG antibody post-LNP dose to severe adverse events.

As an example, patisiran has shown low incidence of anti-PEG an-
tibody response with no reported impact on PK, PD, or salfety.45

Regarding the transgene product, if the mRNA codes for pro-
tein with a high level of expression, especially in patients who do
not have endogenous protein due to genetic mutations, monitor-
ing anti-transgene product antibody becomes critical. If the trans-
gene contains Cas9 mRNA of bacterial origin, the Cas9 protein
could elicit both T and B cell immune responses, in addition to any
pre-existing immunogenicity due to prior exposure to Streptococcus
or Staphylococcus. Monitoring of anti-Cas9 protein antibody re-
sponse is recommended for patients receiving Cas9 mRNA, along
with a complementary evaluation of the potential impact of an-
tibody on PK, PD, and safety. The anti-Cas9 protein antibody
response is characterized minimally in terms of pre-existing anti-
bodies, which may be present presumably due to prior exposure
to bacterial-derived Cas9 proteins, as well as postdose seroconver-
sion rate (incidence) and magnitude of the response (titer). The
use of T cell functional tests in patients (such as interferon gamma
enzyme-linked immunosorbent spot assay and multiparameter
flow cytometry) could be used for further exploratory evaluation,
although there are potentially problematic considerations with
these assays. These tests require larger blood volume and are asso-
ciated with high complexity for sample processing to retain viable
and functional T cells. Monitoring serum inflammatory cytokines
is an alternative approach; it is important to bear in mind that sys-
temic cytokine elevations may reflect a local T cell response when
interpreting these data.

Translation

A recent review provides a regulatory perspective regarding model-
informed drug development (MIDD) for gene thcrapics.4 Several
of the unique considerations for gene therapy, including those dis-
cussed previously and related to formulation and manufacturing,
PK/PD, and single-dose administration, provide an opportunity
for innovative applications of MIDD above and beyond those
established for previous classes of therapies. Translation of non-
clinical PK/PD data from nonclinical species to human is a na-
scent science in gene therapy. Application of traditional allometric
methods based upon observations in nonclinical species is compli-
cated by issues such as species specificity and immunogcnicity.47
Despite these complications, a recent report suggests that a metric
capturing the efficiency of viral-based vectors follows an allome-
tric relationship across species for using AAV factor IX data for
hemophilia B. 8 It remains to be seen whether these empirical ap-
proaches provide similarly robust human PK/PD projections for
CRISPR therapies. Accordingly, a semimechanistic quantitative
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systems pharmacology (QSP) model was used to project human
PK/PD for NTLA-2001.* From Figure 4a, followingi.v. admin-
istration, the QSP model captures key determinants governing
NTLA-2001 PK/PD, including LNP distribution to the liver
and endocytosis by hepatocytes, release of RNAs from the LNP,
translation of the Cas9 mRNA into protein, and combination
with the sgRNA to form the RNP, RNP translation into the nu-
cleus, DNA cleavage, and subsequent reduced levels of circulating
TTR. In addition, a model provision is included to allow a frac-
tion the LNP to undergo exocytosis back into the circulation.'**°
Figure 4b compares the PKs of ionizable lipid LPOI following ad-
ministration of 0.1-1.0 mg/kg NTLA-2001 to patients with he-
reditary ATTR amyloidosis with polyneuropathy (AT TRv-PN)
in first-in-human (FIH) study ITL-2001-CL-001" to QSP model
predictions. From Figure 4b, the QSP model captures hallmark
features of LP01 PKs: a rapid decline from peak followed by a sec-
ondary peak (driven by the model provision for exocytosis) and a
subsequent log-linear phase. Figure 4c compares the correspond-
ing observed TTR reductions to QSP model predictions; from
Figure 4c, the QSP model further captures the saturating dose—
response for NTLA-2001 dose and TTR reduction.

Dose selection

A myriad of challenges has been identified regarding dose selec-
tion in gene therapy. The comparatively small trial sample sizes
that typify rare disease development can lead to a correspondingly
small clinical database to inform dose selection for subsequent
stages of development.51 Similarly, there is a perception of a time
lag between the accelerating pace of gene therapy clinical develop-
ment and quantitative methods to support dose selection in this

space.%‘51

Although innovators and early adopters are driving
new approaches in this space, dissemination and uptake of these
approaches by the broader community is the next step in the dif-
fusion of innovation. Because the clinical development of siRNA
therapeutics precedes that of CRISPR therapies, the correspond-
ingly larger literature database for siRNA illustrates the uptake of
methods for gene therapy dose selection. A 2022 review summa-
rizes the nature and extent of modeling and simulation approaches
in siRNA development and provides a glimpse into quantitative
methodologies for dose selection in gene thr:rapy.52

In contrast to the mature literature database for siRNA dose se-
lection, the corresponding literature documenting dose selection
for systemically administered iz vivo CRISPR therapies is nascent
at the time of writing. The FIH study of NTLA-2001 provides a
recent case example of a systemically administered i vivo CRISPR
therapy that illustrates both starting dose selection and how phase
I dose-escalation data have been leveraged to inform dose selection
for subsequent stages of development. Gillmore ez 4l summarizes
the nonclinical data that informed the design of the FIH study for
NTLA-2001. Briefly, in addition to the i% silico and in vitro data
package that informed the study, preclinical mouse and cynomolgus
studies for NTLA-2001 demonstrated that a single dose of NTLA-
2001 (or cynomolgus surrogate) resulted in both durable editing
and deep reductions in serum TTR protein at well-tolerated dose
levels. Toxicokinetic data obtained in the cynomolgus monkey sug-
gested relatively rapid clearance of the analytes associated with the
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LNP. The no-observed-adverse-effect level was subsequently deter-
mined to be 3mg/kg in the cynomolgus monkey. The maximum
recommended starting dose of NTLA-2001 was determined to be
0.1 mg/kg based on total body surface area scaling and assuming a
safety factor of 10. The resultant single ascending dose component
of the two-part, open-label, multicenter study explored 0.1,0.3, 0.7,
and 1.0 mg/kg NTLA-2001 in patients with ATTR-PN and 0.7
and 1.0mg/kg in patients with ATTR-CM.** As discussed previ-
ously (see Pharmacodynamics) from Figure 4c, experience in the
dose-escalation segment conducted in patients with ATTRv-PN
suggested that there was a saturating dose—response relationship
for TTR reductions following administration of NTLA-2001 at
doses of 0.1-1.0mg/kg; further, a semimechanistic QSP model
appeared to capture this underlying rt:lationship.49 Findings fol-
lowing administration of NTLA-2001 at 0.7 and 1.0mg/kg to
patients with ATTR-CM were generally consistent with those re-
ported in ATTRv-PN, with mean TTR reductions of >90% for
both doses by day 28 that were sustained through the data cutoff
(4-6 months). Further, NTLA-2001 was generally well-tolerated
across this dose range, and prior PK simulations suggested that
continued adjustment by body size in the expansion was not nec-
c:ssary.33 Accordingly, the 55mg dose (fixed dose equivalent of
0.7 mg/kg within the intended patient population) was selected for
further investigation in the ATTR-CM dose-expansion cohort.**

EX VIVO CRISPR THERAPIES

Ex vivo gene editing refers to the reprograming of specific cells
via gene modification outside the human body. The desired
cells are extracted, separated, enriched, and then genetically re-
programmed by insertion, deletion, or editing of a specific gene.
The genetically reprogrammed cells are then allowed to undergo
ex vivo expansion prior to patient infusion. The number of clin-
ical investigations studying the safety and efficacy of genetically
modified human cells has been growing exponentially in various
therapeutic indications.> Currently, several genetically modified
cell therapies are indicated for hematological disorders and malig-
nancies. Earlier generations of gene-edited cells im})lemented the
use of viral vectors to reprogram the desired cells.>* However, the
evolution of other genetic engineering tools, including CRISPR/
Cas9, has expanded the effort to develop robust gene-edited cell
therapies with better safety profiles and more resistance to immu-
nosuppressive tumor environments.

Autologous vs. allogeneic cell therapy

Cell therapies are classified as autologous or allogeneic depending
upon the source of the cells. Autologous cell therapy refers to the
case where a patient’s own cells are collected, genetically modified
to express a specific protein or receptor, and then re-introduced
into the same patient’s body. Because the cells used for treatment
are derived from the patient, there is reduced risk of immune reac-
tion following re-infusion of the cells relative to allogeneic cell ther-
apy, with potential enhancement of cellular kinetics (CKS).55_57
Allogeneic cell therapy refers to the case where cells are collected
from a healthy donor, genetically reprogrammed, and then used to
treat a patient. Because the cells are not derived from the same pa-
tient, this increases the risk of rejection or immune reaction.
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Although autologous cell therapy may pose fewer immune chal-
lenges, additional considerations can limit the effectiveness and
practicality of this approach. The quality of the patient’s own cells
can be negatively impacted by disease burden and previous lines of
treatment, which in turn may affect manufacturing success rates
and both the efficacy and durability of the manufactured cells.
Further, autologous cell therapy is associated with both relatively
long turnaround times for individual manufacturing and pro-
cessing (~ 3 weeks) and high costs for individual batch-by-batch
manufacturing. The allogcneic approach presents a promising
alternative to mitigate these complications. The use of relatively
healthier cells as the starting material may help improve manufac-
turing success rates and overcome some of the limitations of au-
tologous cells. Because the cells are pre-manufactured and utilized
as “off-the-shelf” products, concerns related to long turnaround
times associated with autologous cell therapy would be amelio-
rated. Additionally, a batch manufactured from single donor-cell
material may be considered for the treatment of multiple patients
using the allogeneic approach, reducing manufacturing and pro-
cessing costs. The allogeneic approach simplifies patient redosing,
if needed, without the need for a stored back-up batch or reman-
ufacturing, which is not always feasible given the patient’s health.
These potential benefits of the allogeneic approach are potentially
offset due to immunologic challenges attributed to the introduc-
tion of foreign donor cells because of HLA mismatch. Among
these is graft-vs.-host disease (GvHD), which is a serious and po-
tentially life-threatening condition where donor cells recognize
the recipient cells and illicit a strong immune reaction leading to
graft rejection; conversely, there is also the possibility of graft re-
jection via host T cells or natural killer (NK) cells.

CRISPR-based gene editing in allogeneic cell therapy

A considerable effort is underway to leverage the potential ad-
vantages offered by allogeneic cell therapy. Approaches are being
studied in attempt to mitigate allogeneic cell therapy-associated
immune challenges and enhance patient outcomes. Among these
approaches is the implementation of gene editing tools to knock
out specific genes and reduce the expression of surface proteins
and receptors that initiate immune rcsponses.sg’59 CRISPR-based
gene editing offers a potential solution by enabling modifications
to the genome of the donor cells before they are transplanted. This
includes editing genes responsible for proteins that are recognized
by the recipient’s immune system as foreign or introducing genetic
modifications that reduce the risk of GYHD. CRISPR has been
used to knockout out f-2 microglobulin, which plays a key role
in immune recognition and rejection; this reduces recognition of
the donor cells as foreign by the recipient’s immune system.éo_62
The GvHD risk can be reduced by knocking out genes associated
with the endogenous T cell receptor (TCR) in CRISPR-modified
T cells.® In allogeneic T cell therapies, GYHD is driven by the rec-
ognition of the recipient patient’s major histocompatibility com-
plex (MHC) antigens by TCR expressed on the donor T cell and
formed by o and f subunits (aff T cells).** Accordingly, knocking
out off TCR utilizing CRISPR/Cas9 or other gene editing tools is
widely investigated in the development of allogeneic T cell thera-

pies to reduce GYHD without compromising efficacy.éz"65

Apart from the beneficial role of applying CRISPR/Cas9 gene
editing to address the immunologic challenges associated with allo-
geneic therapies, other applications of CRISPR technology can be
used to edit the genes of chimeric antigen receptor-T (CAR-T) cells
to enhance their effectiveness and safety. For example, research-
ers have used CRISPR/Cas9 to yield gene-disrupted allogeneic
CAR-T cells deficient of PD-1 (in addition to TCR and HLA class
I molecule) to make them more resistant to immune suppression
by tumor cells in animal models.’! Moreover, CRISPR technology
can be used to edit T cells and other immune cells to make them
better at recognizing, attacking, or exhibiting resistance to viral in-
fections, such as human immunodeficiency virus (HIV). Allogeneic
CRISPR/Cas9-edited CCR5-ablated hematopoietic stem and pro-
genitor cells were successfully engrafted in a patient with HIV with
acute lymphocytic leukemia making these cells resistant to HIV in-
fection. Owing to a relatively low percentage of CCRS disruption,
this investigation was viewed as a proof-of-principle more so than
illustration of a fully curative intervention for HIV.%

Cellular kinetics

Unlike conventional drugs, following cell therapy administration,
the amount of drug in circulation and other body tissues is not
only dependent on the administered dose.”’ Genetically repro-
grammed cell therapies can undergo iz vivo proliferation and rep-
lication to varying degrees and accordingly have been described as
“living drusors.”67’68 Hence, cell therapies are not directly described
by conventional PKs and ADME. CKs are commonly described
in terms of distribution, expansion, contraction, and persistence
phases.57 As with conventional drugs, following i.v. administra-
tion, cell therapies exhibit a distribution phase. Unique to cell
therapies, an expansion phase follows thereafter due to in vivo
proliferation of the administered cells. For CAR-T cells, the ex-
pansion phase is followed by a biexponential contraction, result-
ing from rapid apoptosis and then a more gradual decline of the
modified T cells that remain. Persistence refers to the duration
of the detection of the cell therapy in the patient’s circulation®>>®
Both expansion and persistence have been demonstrated to be im-
portant determinants of short-term and prolonged efficacy.69‘70
Although persistence has been associated with prolonged remis-

555670 qistained persistence of a cell immunotherapy may

sion,
result in prolonged side effects when targeting a protein that is
also expressed on normal cells. For example, anti-CD19 CAR-T
cell therapies were associated with prolonged B-cell aplasia, which
is considered an on-target adverse event in the treatment of B-cell
malignancies.7l’72 It follows that the optimal persistence required
for a specific cell therapy may vary depending minimally on the
nature and burden of the disease, the possibility of relapse, the po-
tency and extent of iz vivo proliferation of administered cells, and
the extent of target expression on normal cells. As an example, the
shorter persistence of allogeneic CAR-T may represent an advan-
tage in treating indications with targets that are not highly tumor
specific to reduce the likelihood of chronic toxicity.

The CKs have been reported to be dependent on various patient
and disease factors, in addition to product characteristics.” Among
these factors are the type of lymphodepletion (LD) therapy prior

to CAR-T administration; patients receiving fludarabine-based
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LD demonstrated longer CAR-T persistence compared to other
LD regimcns.73 The inclusion of costimulatory domain (e.g.,
CD28) in the CAR structure resulted in prolonged persistence
and enhanced antitumor activity of CAR-T cells.”* Animal studies
demonstrated that CD28 costimulatory domain in CAR-T cells
yielded higher expansion and cytotoxicity, whereas 41BB was asso-
ciated with longer persistencc.75

The understanding of the impact of different gene editing
approaches including CRISPR on CKs is emerging but not yet
mature. For example, CRISPR-mediated knockout of endoge-
nous TCR in donor cells, mentioned earlier as an approach to
forestall GvHD, resulted in comparable expansion of edited to
non-edited T-cells and superior to gene-edited cells without
elimination of native TCR.”® Also as mentioned carlier, disrup-
tion of MHC-1 mediated rejection of allogeneic cells by host
T cells could be achieved via knocking out -2 microglobulin and
reducing expression of HLA-A on donor cells.®*”7 This approach
can potentially enhance persistence of allogeneic cells; however,
lack of HLA expression renders the cells as targets for host NK
cells.®’ Several allogeneic cell therapies implementing -2 micro-
globulin disruption are being studied in individual clinical trials.
Although a systematic, cross-study evaluation of the effect of -2
microglobulin disruption on CKs has yet to be conducted, the al-
logencic anti-CD19 CAR-T therapy CTX110 (that implements
CRISPR-mediated B-2 microglobulin disruption) was reported
to decline below limit of detection in patients by 3—4 weeks.”®

Immunogenicity

Cellular and humoral immunogenicity can have an import-
ant impact on the safety, efficacy, and CKs of cell therapies.79’80
Allogeneic cell therapies are at increased risk of developing
treatment-related immune response due to the nature of being
a donor-based therapy. In addition to the previously mentioned
immunologic considerations (GYHD and rejection due to rec-
ognition of MHC on donor cells), there is a considerable risk of
alloimmunization, which is defined as the formation of antibod-
ies against the HLA of the donor.”® Donor-specific antibody-
mediated graft rejection has been associated with engraftment
failure in organ and stem-cell transplants.sl’82 Additionally,
alloimmunization may preclude re-dosing patients if needed.”®
Stimulation of the host immune system by the donor cells may
also increase the risk of inflammation and cytokine release, aside
from the risk of on-target cytokine release syndrome associated
with cell therapies.gs_s5 Multiple approaches are implemented to
mitigate the risk of potential immunogenic responses associated
with allogeneic therapies in current clinical investigation, includ-
ing expansion of donor pools to enable increased HLA-matching
or elimination of HLA on donor cells by gene editing.59

Translational approaches and dose selection

As with conventional drugs, there is a regulatory expectation to in-
form translation of cellular therapies with a robust preclinical pack-
age that can support subsequent clinical invcstigation.86 As living
drugs, the interaction of cell therapies with the host (ie., the preclin-
ical animal model and ultimately the human patient) is an import-
ant determinant of key end points, including CKs, PDs, and safety.
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Accordingly, clinical translation of preclinical data for gene edited cell
therapies is affected both by limitations of the animal model, as well
as variability in the experimental data generated in these models.?88
For example, immunodeficient mouse xenograft models routinely in-
form the preclinical pharmacology assessment for CAR-T therapies.
The predicted safe and effective human dose levels based on xeno-
graft data have routinely been biased high relative to those observed
in the clinic on an mg/kg basis; this bias was in turn attributed in
part to differences in tolerability across species. Given the perception
of the limited predictive value of preclinical models, aspects related to
starting dose and dose escalation in the FTH trial can emphasize prior
clinical studies with different cell therapies.

The current challenges in informing translation in the cell
therapy space has driven innovation in the application of model-
informed approaches. Mechanistic modeling, especially, provides a
means to scale the underlying processes governing CKs, PDs, and
potentially safety to inform translation and dosing in a more robust
fashion than empirical approaches that rely upon linear scaling on
body size alone (i.c., inferring the biologically effective dose in hu-
mans based on observations in animal models on a per kg basis). An
example of the use of a systems CK/PD model to guide translation
comes from anti-B-cell maturation antigen CAR-T cell therapy ide-
cabtagene vicleucel.® In this example, a stepwise approach was used
to first describe 77 vitro results from co-culture experiments and
then a collection of 77 vivo assessments from both xenograft models
and patients from a phase I investigation in relapsed or refractory
multiple myeloma. The systems PK/PD model captured several fea-
tures of the CKs and response data in the clinic, as well as the steep
dose-response relationship noted in this trial. This emphasis upon
model performance with respect to clinical data lends credence to
the application of mechanistic PK/PD modeling to guide transla-
tion. Other examples illustrate how mechanistic modeling was lev-
eraged to inform stages of development flanking the translational
space. In the preclinical space, a Shiny R-based platform called
CARTmath has become available to analyze and simulate CAR-T
treatment and dosing scenarios in mouse models of hematologi-
cal cancers.”® Still, another example documents how mechanistic
modeling was used to capture the relationship among CAR-T dose,
disease burden, and proinflammatory cytokines associated with
cytokine release syndrome in patients with advanced chronic lym-
phocytic leukemia.”! These additional examples reinforce the use
of mechanistic modeling to inform dosing across the development
spectrum for CAR-T and potentially to extrapolate to the case of ex
vivo CRISPR therapies more broadly.

CONCLUSION

Over the last decade, advances in CRISPR/Cas systems have un-
leashed the promise of genome editing as a transformative, po-
tentially curative treatment for human disease. Maximizing the
clinical utility of CRISPR therapies has involved a revisit of the
traditional drug development paradigm informed by previous
classes of drugs. Similarly, this has necessitated a reassessment of
historical approaches for clinical pharmacology and translation
that have largely been informed with these previous classes of
chronically administered agents. It is of note that this review has
focused on systemically administered 77 vivo and ex vivo CRISPR
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therapies. Even as important advances have been made for locally
administered CRISPR therapies (e.g., EDIT-101 for blindness
due to Leber congenital amaurosis 10 and administered via a
subretinal injection), the emphasis on systemically administered
CRISPR therapies was intended to reflect the full span of these
potential considerations, as opposed to the subset that is salient
only to locally administered CRISPR therapies.

Given that the first report of a systemically administered 7 vivo
CRISPR therapy was published just 2 years prior to this review,® the
current state of clinical pharmacology and translation for system-
ically administered CRISPR therapies in the literature is emerging
and highly dynamic. Accordingly, this review is intended to provide a
snapshot of the current state-of-the-art in clinical pharmacology and
translation with the expectation that the field will continue to evolve
as multiple CRISPR therapies advance in the clinic. An emphasis
of this review has been placed on incorporating mechanistic under-
standing into the quantitative methodologies in support of CRISPR
therapy translation and clinical development. The emphasis upon
a mechanistic approach was intended to address uncertainties with
application of other empirical methods that lacked historical prec-
edent for application to CRISPR therapies, minimally given the
unique aspects related to formulation, ADME, and mechanism of
action that characterize systemically administered iz vivo CRISPR
therapies. Returning to the case example of NTLA-2001, a semi-
mechanistic QSP approach ultimately provided robust projections
of clinical PK/PD, even in the absence of any prior clinical evalua-
tions of this particular platform. Similarly, opportunities abound to
inform ex vivo CRISPR translation using mechanistic quantitative
approaches. Given the advancement and modular nature of multiple
systemically administered CRISPR therapies in the clinic, it is pos-
sible an emergent dataset may become available that can be pooled
thoughtfully across multiple assets to drive both more sophisticated
mechanistic modeling and empirical model development. At a min-
imum, it is anticipated that this expanded dataset can better inform
questions related not only to central tendency, but also variability in
clinical PK/PD. At most, leveraging these data within a quantitative
framework can facilitate the next stages of CRISPR clinical develop-
ment, including extrahepatic targeting, multiplexed targets, and cor-
responding greater penetrance into more disease areas.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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