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Discoveries in human genetic studies have revolutionized our understanding of complex rheumatic
and autoimmune diseases, including the identification of hundreds of genetic loci and single
nucleotide polymorphisms that potentially predispose individuals to disease. However, in most
cases, the exact disease-causing variants and their mechanisms of action remain unresolved.
Functional follow-up of these findings is most challenging for genomic variants that are in
non-coding genomic regions, where the large majority of common disease-associated variants

are located, and/or that probably affect disease progression via cell type-specific gene regulation.
To deliver on the therapeutic promise of human genetic studies, defining the mechanisms of
action of these alleles is essential. Genome editing technology, such as CRISPR-Cas, has created
a vast toolbox for targeted genetic and epigenetic modifications that presents unprecedented
opportunities to decipher disease-causing loci, genes and variants in autoimmunity. In this Review,
we discuss the past 5-10 years of progress in resolving the mechanisms underlying rheumatic
disease-associated alleles, with an emphasis on how genomic editing techniques can enable
targeted dissection and mechanistic studies of causal autoimmune risk variants.

Rheumatic diseases are highly complex and affect up to 7-10% of the general global
populationl. Characterized by chronic inflammation, intermittent flares and progressive
tissue damage, these diseases can result in morbidity and mortality if left untreated. Some
of the most common rheumatic diseases are caused by issues within the immune system,
leading to autoimmunity and deterioration of the body. Although the aetiology differs
between disorders, the risk of developing a rheumatic disorder is increased among those
individuals with affected relatives; indeed, studies of monozygotic and dizygotic twins show
that rheumatic diseases share a strong genetic component?.

Defining the genetic variants that increase the risk of rheumatic disease and the genes that
the disease-associated variants influence will improve our ability to both diagnose and treat
these complex conditions. For example, characterizing drug targets on the basis of human
genetic data can increase the likelihood of developing a successful therapeutic agent36.

In this regard, large-scale collaborative efforts over the past decade have conducted genome-
wide association studies (GWAS) to identify hundreds of loci associated with autoimmune
disorders’. These studies use genotyping information from millions of single nucleotide
polymorphisms (SNPs) in thousands of affected individuals and thousands of unaffected
individuals to pinpoint regions associated with disease. The findings of a particular SNP
allele that is more (or less) frequent in individuals with a particular disease than in healthy
individuals indicates that the SNP, or a nearby variant in tight linkage with that genomic
location, contributes to disease risk (FIG. 1).

Despite the plethora of information gained from GWAS, the overall goal of assigning
genetic mechanisms remains unexpectedly elusive. To achieve this goal, we need to ascribe
causality for SNPs by identifying the affected genes and the downstream effects of the gene
modulation on immune cell function. Experimental efforts to define allelic function over the
past decade have been restricted largely to molecular biology assays and mouse models of
disease. Both strategies are useful but have various limitations®-13. In vitro cellular assays
might not retain the relevant chromatin context (that is, the chromatin organization present
in the local tissue environment) and therefore cannot fully recapitulate disease, leading to
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technical noise. Mouse models are unable to recapitulate the full pathophysiology of human
disease, including species-specific gene regulatory mechanisms. Fortunately, advances in
genome editing and CRISPR-Cas technologies — the discovery of which led to Jennifer
Doudna and Emmanuelle Charpentier being awarded the 2020 Nobel Prize in Chemistry
— have opened up new opportunities and techniques for investigating and validating the
genetics of rheumatic diseases.

At its root, CRISPR-Cas technology exploits the programmable specificity of RNA-guided
nucleases#15. Unlike previous iterations of programmable protein nucleases, CRISPR-Cas
systems are guided to their target with easily tunable guide RNAs (JRNAs). Different
versions of Cas proteins exist, with different functions and specifications. The most
commonly used versions include Cas9, an RNA-guided DNA endonuclease, Cas12a, another
RNA-guided DNA endonuclease that is more sensitive to A-T rich regions than Cas9, and
Casl3, an RNA-guided RNA endonuclease. Countless other Cas proteins exist in nature and
have been studied. The ease of specifying target sites practically anywhere in the genome
along with the rapid democratization of these tools by the scientific community has made
CRISPR-Cas easily accessible and highly versatile. Some applications of this technology
include the deletion of particular genes, targeted homology-directed repair (HDR), precise
nucleotide conversions and recruitment of transcriptional repressors and activators'6-17. The
basic principles of CRISPR—Cas editing have been reviewed in depth elsewherel®,

In this Review, we provide a detailed look at using genome editing to study the genetics
of rheumatic diseases, with a focus on autoimmune rheumatic diseases. We discuss how
computational and genomic editing approaches can be used to discover loci and genes
associated with autoimmune conditions, identify regulatory regions, define causal variants
and characterize critical cell types and cell states.

Dissecting risk loci

Traditional approaches.

Prior to the widespread utilization of GWAS, traditional approaches to understanding the
genetics of rheumatic diseases focused on the investigation of candidate genes thought
likely to alter immune function. Most of these candidate genes emerged from model
systems, such as painstakingly created gene knockout mice. These models implicated a
critical role for various protein-coding genes such as Stat4, Bach2, Pipn22, Zap70, Foxp3
and Tnfaijp3 (encoding A20), to name but a few, in the development of, or protection
against, autoimmunity8-23, Some examples include 777aip3knockout animals, which die
prematurely because of uncontrolled and widespread inflammation, Pfpn22knockout mice,
which have increased levels of T cell activation, and Stat4 knockout mice, which are
protected from arthritis induction18.20. Other subtler mouse models used cross-breeding of
inbred strains to create congenic animals. In these studies, animal strains that were prone to
the spontaneous development of autoimmunity were carefully bred with other strains. The
resulting progeny were then genotyped to identify regions associated with the autoimmune
phenotype, as has been done with New Zealand Black and White (NZB/W) mice in the
investigation of systemic lupus erythematosus and non-obese diabetic (NOD) mice in the
investigation of type 1 diabetes?425, Although these early mouse studies were indispensable
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in discovering regions and genes that might contribute to disease, investigators recognized
that not all findings translate to human disease.

To gain a comprehensive understanding of the human genetics of rheumatic disease,
researchers have turned to large-scale GWAS to pinpoint variants and loci associated with
autoimmunity. For example, an analysis of patients with ankylosing spondylitis, Crohn’s
disease, psoriasis, primary sclerosing cholangitis or ulcerative colitis revealed extensive
pleiotropy (shared genetic risk) among these diseases and identified 244 independent
disease-associated lociZ®. Another meta-analysis of ten paediatric autoimmune disorders
identified 27 disease-associated loci of genome-wide statistical significance that were
enriched for loci implicated in T helper cell signalling?’. Finally, in a study of 42 disorders
that used data from the Biobank Japan project, researchers discovered 276 risk loci across
27 diseases, including some loci unique to the East Asian population’. Taken together,
GWAS in rheumatic diseases have identified hundreds of loci that might be linked to disease
and provide important genetic clues as to the mechanism of disease progression. However,
despite the plethora of identified signals, associations from GWAS rarely identify the genes
that are causal?®. Additionally, rare (minor allele frequency <1-5%) variants that affect
gene expression or function might also be missed by GWAS, as GWAS mainly analyse
common variants29. Genomic editing can complement our discovery of genes involved

in autoimmunity using both unbiased genome-wide knockout screens as well as targeted
editing to elucidate function.

Genome editing of protein-coding regions.

To test the function of every known protein-coding gene and its possible contribution to
autoimmune pathways in an unbiased fashion, researchers have employed CRISPR-Cas
genome-wide screening assays. In these types of experiments, a pooled library of thousands
of gRNAs is used to induce gene knockouts via the generation of indels (insertions and
deletions), gene silencing with CRISPR interference (CRISPRI), or gene activation with
CRISPR activation (CRISPRa) (FIG. 2). Libraries are virally packaged and transduced into
cells followed by perturbation such as T cell receptor (TCR) stimulation, immune cell
differentiation or drug treatment. After cell selection on the basis of cell surface expression,
survival or another carefully chosen response condition, genomic DNA is extracted from the
selected and non-selected (or the input) cell populations to sequence the integrated gRNAS
and identify the targets that affect the cellular phenotype. This unbiased screening approach
has the potential to discover and investigate the function of genes related to important
immune processes such as T cell activation and proliferation, potentially identifying new
links and discovering unknown functions. In the study of rheumatic diseases, this approach
can be used to better understand the roles of genes implicated in disease by GWAS and
discover previously unidentified targets.

Various investigators have used this approach to screen for genes critical in immune

cell activation and differentiation in cell lines and mice. For example, using a library of
250,000 gRNAs, one group of researchers investigated which genes can enhance or reduce
CD69 expression following TCR stimulation in a cell line, the efforts of which led to the
discovery of a previously uncharacterized regulator of TCR activation known as family with
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sequence similarity 49 member B (FAM49B)30. A separate study used a similar approach

to study the TNF response following lipopolysaccharide stimulation in primary bone
marrow-derived mouse dendritic cells, providing important insight into the genes involved in
the regulation of this known autoimmune-related pathway3!l. CRISPR-based genome-wide
screening approaches have also been used to detect genes involved in T cell differentiation.
For example, in one study, a genome-wide library of gRNAs was virally transfected into
naive T cells from Cas9-expressing transgenic mice that were then stimulated with a TCR
agonist and IL-4 (conditions that induced T helper 2 (Tw2) cell differentiation); the cells
were then selected on the basis of the expression of GATA3 and other T2 markers. This
approach led to identification of various genes involved in T2 differentiation, such as Pparg
and Bhlhe40 (REF.32).

More recently, investigators have used Foxp3reporter mice and targeted CRISPR screening
to uncover the nuclear factors involved in tuning the expression of FOXP3, a critical master
regulator of regulatory T (Treg) cells33, From this work, two novel modulators, Usp22and
Rnf20, were found to have opposing effects on Foxp3expression. Taking this work a step
further, the investigators also validated the role of USP22in primary human Teq cells by
knocking out the gene using CRISPR-Cas technology. Notably, Usp22 ablation in murine
Treg cells exacerbated disease in experimental models of colitis and multiple sclerosis33,
Together, this work highlights the utility of using CRISPR screening to identify new and
relevant targets in autoimmunity.

Excitingly, these genomic screening studies have been extended to primary human immune
cells (BOX 1). For example, sequential delivery of a gRNA-encoding library by lentiviral
transduction and Cas9 by protein electroporation has been used to conduct a genome-wide
screen in human CD8 T cells. By measuring the proliferation of the cells following
restimulation with CD3 and CD28, the researchers could identify various genes that affect
TCR signalling. Notably, CRISPR—Cas mediated disruption of UBASH3A and TNFAIP3
genes, two genes implicated in autoimmune disease development, resulted in enhanced
proliferation of the cells, suggesting that these genes are involved in the regulation of T cell
activation in humans and providing potential insight into their role in disease34.

A similar approach, though limited in scope, can be used to investigate the function of
individual genes implicated in autoimmunity. For example, a group of investigators used
CRISPR-Cas editing to study the function of PTPN22, PTPNZand ZAP70 (all implicated in
the development of autoimmunity) in primary human CD4 T cells. The results of this study
highlighted the role of these molecules in I1L-2 signalling and TCR activation, similar to
findings in mouse models®®. A single-gene knockout approach to autoimmunity-associated
genes can also be applied to other primary human lineages, including other T cell subsets,
dendritic cells, B cells or natural killer cells36-39, For example, one study that used this
approach found that knockout of /RF4, a gene with a well-established link to autoimmune
susceptibility, in primary dendritic cells can enhance cell activation while attenuating
inflammatory nuclear factor xB (NF-xB) signalling38.

Hence, the investigation of gene function in animal models and primary human cells has
been revolutionized by genomic editing tools. As the field continues to move forwards,
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directly studying the function of genes in primary human cells will become easier and more
reliable, paving the way for direct and detailed investigations of cells from patients. These
types of studies enable us to take an unbiased examination of all genes in diverse human cell
types and uncover as yet unknown networks and potential therapeutic targets.

Identifying regulatory regions

Traditional approaches.

The studies described so far have broadly helped to find disease-associated genes

and identify their roles in critical immune responses such as T cell proliferation and
differentiation. Yet, variation between individuals is rarely the result of complete gene
deletion but instead reflects SNPs and other genetic variants, such as indels and nucleotide
substitutions. Although GWAS have identified more than 10,000 trait-associated variants
in hundreds of loci, most loci lie in non-coding regions and are of unknown function40-42,
Pruning and identifying potentially causal variants can be more effectively achieved by
determining which regions have a regulatory function. One strategy is to look to epigenomic
data and other functional genomic annotations, such as those being produced by the
Encyclopaedia of DNA Elements (ENCODE) project#3. Data on chromatin configuration,
histone modifications and transcription factor-binding can be used to pinpoint functionally
active spots in the genome and co-localize variants to these regions.

Examples of techniques that annotate the genome include traditional chromatin
immunoprecipitation sequencing, DNase | hypersensitive sites sequencing and chromatin
capture assays, which can be used to find regions of transcription factor binding and
chromatin configuration®. Other more recently developed techniques, such as cleavage
under targets and tagmentation (CUT&Tag) sequencing, cleavage under targets and release
using nuclease (CUT&RUN) sequencing and assay for transposase-accessible chromatin using
sequencing (ATAC- seq), have augmented our ability to annotate the genome with a higher
accuracy and lower cell input#>-48, Computational tools take advantage of this wealth

of information to interrogate GWAS signals. Epigenomic annotations have been used

to predict causal SNPs and have implicated shared CD4 T cell-related pathways across
many autoimmune disorders*9-53, Other tools, such as the inference and modelling of the
phenotype-related active transcription (i MPACT) annotation tool have attempted to integrate
and interrogate all known annotations to better identify cell type-specific causal autoimmune
risk variants*0. However, all of these approaches rely on making inferences and cannot
directly confirm functional regions. A better strategy would be to discover the segments
within the genome with a regulatory function using direct experimental approaches, such as
genome editing.

Genome editing of regulatory regions.

Genome-editing techniques now enable us to identify functional regions in non-coding
elements experimentally (FIG. 2). Such research can be performed using CRISPR—Cas
screening or targeted deletion with Cas nucleases, in a similar fashion to that described in
the previous section on “Dissecting risk loci” One of the first uses of pooled CRISPR-Cas
screening in a non-coding region was a mutagenic screen that was applied to a BCL11a
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enhancer. The transcription factor BC11A has been reported to control the expression of
fetal hemoglobulin and is therefore a potential therapeutic avenue for the treatment of sickle
cell disease®*. In this seminal work, a tiled lentiviral library of gRNA was targeted to

this enhancer to systematically create deletions along the entire length of the region in a
human cell line. In this way, the investigators could broadly identify nucleotide positions in
the enhancer regions that affected gene expression, thereby resolving the region®®. Similar
CRISPR-Cas screening approaches that systematically interrogate a genomic region have
been used to uncover regulatory elements in the four major pluripotency genes ( 7dgf1,
Zfp42, Nanog and Rpp25) in mouse embryonic stem cells®6. In another study, rather than
starting with a large, unknown genomic region, the researchers used an alternative method
of first computationally identifying all the genome-wide binding sites of p53 and ESR1, and
then using a screen to validate these regulatory regions and the downstream genes of interest
regulated by these regions®’.

Similar to editing individual genes, CRISPR—Cas9 editing can also be applied in a more
targeted fashion to interrogate predicted enhancer regions on a case-by-case basis as
opposed to a screening format. For instance, this targeted approach was used to investigate
a putative enhancer region around the SNP rs13239597 in close proximity to /RF5; the
investigators used CRISPR-Cas9 nucleases to delete a 1,000-base pair region around the
variant in three different cell lines, which caused cell type-specific changes in /RF5and
TNPO3 expression®8,

Although CRISPR-Cas systems were initially used to generate double-stranded DNA breaks
to induce indels, researchers quickly adapted the technology by fusing Cas proteins to other
modifiers, such as transcriptional activators, repressors and deaminases, to name a few®°.
These methods have greatly expanded the CRISPR-Cas toolKit to enable targeted genome
investigation of regulatory regions. For example, in one study, a CRISPRa screen, which
fused deactivated Cas9 with transcriptional activators such as VP64, was used to interrogate
two autoimmune risk loci, CD69and /L2RA. In this setup, the binding of the CRISPRa
complex results in the recruitment of transcriptional activation machinery, enabling the
identification of promoter and enhancer regions. By using a library of gRNA that saturates
the genomic region around CD69and /L2RA in Jurkat T cells, the researchers identified
various enhancer areas, including one for /L2RA that overlapped with a known autoimmune
disease-associated variant. Follow-up research was conducted on the newly recognized

/L 2RA enhancer by investigating mice that had been modified to carry the mutated variant;
notably, this modification had a clear effect on T cell stimulation89. Hence, this study is a
good example of CRISPR screening being applied to an autoimmunity-associated locus to
pinpoint causal variants and investigate the functional outcome of these changes on T cells.

A complementary approach to CRISPRa is CRISPRI, which fuses deactivated Cas9 with
repressors of gene expression such as the histone methylator KRAB. When the CRISPRIi
complex is targeted to a region of interest with programmable gRNAs, the associated KRAB
proteins effectively silence the region by methylating nearby histones. Similar to CRISPRa,
CRISPRI has been used experimentally to investigate autoimmune risk loci. An early
example of this approach applied a targeted CRISPRi screen to investigate the functionality
of all DNase | sites around the B-globin locus control region and HER2 (REF.61). DNase

Nat Rev Rheumatol. Author manuscript; available in PMC 2024 January 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Baglaenko et al.

Page 8

| sites mark areas of chromatin accessibility, indicating that a region is similarly available
to enhancer or repressor proteins and thus potentially important for gene regulation. Some
studies have used a combination of both CRISPRa and CRISPRI to explore autoimmune
risk loci. For example, in one study exploring the locus 7AMFA/P3, researchers designed a
gRNA library that targeted all areas of open chromatin around the gene and performed a
CRISPRi screenb2. A CRISPRa screen of the computationally identified variants was then
performed in the region to find regulatory areas of overlap, that is, those areas that resulted
in a loss or gain of expression when targeted by both CRISPRa and CRISPRi machinery. In
comparison to other techniques, including the in vitro massi vel y paral l el reporter
assay, CRISPRi had the highest likelihood of detecting true hits®2.

Many of the approaches mentioned so far have relied on reporter cell lines or cell
surface markers to measure changes in gene expression and facilitate screening. To
move beyond cell lines and target any gene, as opposed to just genes with validated
antibodies, investigators have paired CRISPRI screening with f | uor escent in situ
hybri di zat i on. This novel approach enabled the rapid testing of over 3,500 enhancer
regions in 30 different genes3.

CRISPR-Cas screening of thousands of gRNA is a powerful tool for resolving large

Mb regions of the genome and generating new hypotheses. However, such scale can be
prohibitively expensive and technically challenging. As an alternative, these techniques can
also be applied in a more targeted, hypothesis-testing manner to investigate precise regions
of interest (<1 kb) of the genome on a case-by-case basis. As an example, to study a
potentially causal distal enhancer in a risk locus associated with CD4 Tieq cell-mediated
suppression of colitis, researchers applied targeted CRISPRa in primary human CD4 T cells
only to a handful of pre-selected variants in the region of interest®4. Using this focused
approach, they discovered that only gRNASs near 1511236797 could induce changes in the
expression of the nearby gene GARP. In this way, the researchers were able to decipher a
known colitis-associated region, identify the downstream gene and provide a direct link to
Treg cell function.

In the past 5 years, researchers have begun to couple si ngl e-cel | RNA sequenci ng
(scRNA-seq) with CRISPR screening to rapidly test multiple regions and measure
corresponding gene expression in a highly parallelized system. For example, a recent
publication used these new methods to test approximately 6,000 putative enhancers with

a single cell CRISPRI screen. Using this highly multiplexed technology, the researchers
profiled approximately 300,000 single cells and were able to experimentally confirm
functional versus non-functional enhancer regions in the genome. This approach allowed the
investigators to then discern which genome annotations are most associated with functional
enhancer regions, identifying p300, histone H3 acetylation at lysine 27 (H3K27ac) and
cell-line-specific transcription factor binding as the most important signatures®®.

Defining non-coding variation is a major challenge in the investigation of rheumatic
diseases. In the near future, as these large-scale genomic studies continue to rapidly increase
in size and scope, our ability to accurately annotate the human genome will considerably
improve. In turn, such advances will enhance our ability to confidently resolve signal from
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noise in studying the genetics of complex diseases and unveil the full potential of genetics
research.

Investigating autoimmune risk variants

The techniques described so far in this Review can identify a relevant immune gene or locus
and confirm the location of possible SNPs in a validated regulatory region. But to truly
pinpoint and understand the mechanisms of these causal variants, further work is required.
This work might include investigation of rare diseases to elucidate critical protein-coding
variants and genes, computational fine-mapping studies to narrow down potential hits,
traditional molecular biology approaches and genomic editing tools to directly assess variant
function in cells of interest.

Rare diseases.

For some monogenic autoimmune disorders, researchers have identified causal variants

in protein-coding regions, leading to a better understanding of variant and gene function.
For example, single mutations in various genes are known to cause Aicardi—-Goutiéres
Syndrome, an autoimmune condition characterized by encephalitis with skin involvement,
including mutations in 7REX1, RNASEHZA, RNASEHZB and RNASEHZC. All these
genes are involved in the regulation of nucleic acid degradation and contribute to

excess inflammation®®. As another example, the monogenic autoimmune disorder familial
Mediterranean fever is typified by mutations in MEFV/that result in aberrant activation

of the pyrin inflammasome®6. Mutations in W/SP3 have also been linked to progressive
pseudorheumatoid dysplasia, a progressive skeletal disorder that results in swelling and pain
in multiple joints®. Other notable examples include autoimmune conditions resulting from
mutations in A/RE, FASand BACH2 (REFS?1.67.68)  Although these conditions are rare,
they can provide considerable insight into disease pathophysiology and exemplify how a
single variant can contribute to disease.

Computational approaches for prioritizing variants.

For non-coding variants, particularly common variants identified in GWAS, defining the
causal variants can be more difficult than with monogenic disease-associated protein-coding
variants. Within a single locus, multiple variants might be present in tight linkage with each
other, some or all of which might explain the disease association. Additionally, multiple
non-coding SNPs within a locus might work together to yield a particular phenotype,

as exemplified by various non-coding SNPs in S7AT74 that are associated with juvenile
idiopathic arthritis®. Conput ati onal fine nappi ng is one way of identifying the most
probable causal variants in complex polygenic rheumatic disorders. Fine mapping can refine
the association signals in genotyping data via statistical methods to create credible sets of
SNPs with the highest probability of being causal, which can then be investigated in further
detail in functional studies’®.

Another common approach to investigating the function of autoimmune risk alleles is
expression quantitative trait |oci (eQTL) analysis, which uses both genotyping
and mRNA data to uncover DNA variants associated with altered gene expression. Large-
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scale studies of this kind have been conducted in cell lines and tissues to detect cell-specific
and tissue-specific variants that might control gene transcription’1-73. For example, in one
eQTL analysis of whole blood, researchers could link 39% of 250 autoimmune disease-
associated SNPs identified by GWAS to the expression levels of nearby genes’4. Taking
this approach a step further, another eQTL study found that some SNPs (12% of the

eQTL SNPs analysed) had lineage-specific effects, highlighting the importance of studying
the appropriate cell types and tissues’®. Although eQTL studies can identify associations
between variants and the expression of genes, linkage disequilibrium can make it difficult to
disentangle disease-causing SNPs from incidental SNPs within an inherited block, limiting
the interpretation of the results.

Together, fine mapping and eQTL analyses can provide a short list of potentially causal
variants in autoimmune risk loci. However, experimental validation remains indispensable,
both for proving causality and for deciphering the downstream mechanisms of action that
contribute to disease.

Traditional approaches for functional validation.

Traditionally, functional validation of causal variants began with the study of individuals
with a particular variant of interest. In this type of study, healthy individuals and patients
with a particular disease and genotype at a variant of interest would be carefully selected and
the relevant immune cells of these individuals profiled for differences in gene expression or
other phenotypes’8. Unfortunately, in this type of analysis, controlling for other genetic
variants as well as differences in cell states is difficult, as such differences might be

caused by environmental stimuli. Alternative molecular biology approaches are available
that use synthesized oligonucleotides that encompass the variant of interest and the flanking
genomic sequences to investigate functionality. These assays include el ect r onobi li ty
shift assays that test the interactions of variants with nuclear material containing DNA-
binding proteins, | uci f er ase assays that test the ability of a variant to promote the
expression of a reporter gene and af fi ni ty precipitation assays that similarly

test the interaction of variants with DNA-binding proteins in nuclear material following
magnetic pulldown’’-"9, Unfortunately, these techniques also have limitations, including

a high level of technical noise and an inability to recapitulate the transcription factor
interactions, histone modifications and chromatin organization found in the native cell state.
To overcome these issues, researchers have developed sophisticated genome editing tools for
investigating genetic variants, which can edit specific genomic regions within their native
chromatin context (FIG. 3).

Genomic editing for functional variant validation.

The simplest application for CRISPR-Cas systems in the study of autoimmune risk variants
is the generation of indels in close proximity to the SNP of interest. For example, by using
such an approach to investigate six non-coding SNPs in close proximity to an HLA-DQB1
allele associated with type 1 diabetes, researchers could narrow down this list to a single
SNP, 571542466, which had an effect on gene and protein expression of HLA-DQB1
(REF.80), Similarly, CRISPR-Cas indels were used to investigate 7517622517, a variant in an
enhancer region of a gene associated with autoimmune susceptibility, /RFZ. Clonal selection
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of those cells with CRISPR-Cas-mediated deletions around the variant found that such
deletions had a clear effect on /RFI expression®L. A similar approach was taken in the study
of a BLK insertion variant associated with SLE, rs558245864; CRISPR—Cas9-mediated
6-bp and 18-bp deletions around this variant led to decreased accessibility of the site to

the transcription factor CCCTC-binding factor (CFCF) and decreased BLK expression,
highlighting the importance of this region and variant®2,

Another major use of CRISPR—Cas genomic editing in variant validation is targeted editing.
For this approach, CRISPR-Cas technology and exogenous template material can be used
to induce double-strand breaks and HDR. Alternatively, CRISPR-Cas tools that incorporate
modified base or prime editors, which have the capacity to directly mutate DNA without
inducing double-stranded breaks, can be used.

For example, to validate the effects of the SNP 7571542466 on HLA-DQBI expression,

a CRISPR-Cas-guided HDR-based approach was used to mutate the variant from the
reference G allele to the disease-associated C allele in a T cell line®0. The clones with

the resultant mutation had altered expression levels of HLA-DQBI, providing a causal

link between the variant and the induced change8?. In another study of the autoimmunity-
linked gene 7NA/P3, CRISPR-Cas-guided HDR repair was used to investigate a protein-
coding variant associated with rheumatoid arthritis, rs2230926, in a monocyte cell line.
Surprisingly, the mutation had no effect on NF-xB signalling but did increase the expression
of PAD/4 (REF.83). Importantly, CRISPR-Cas HDR methods can also be applied to primary
human cells ex vivo. For example, non-viral CRISPR-Cas HDR methods have been used

to correct coding mutations in /L2RA (encoding the soluble IL-2 receptor-a subunit,

also known as CD25) in cells from a family of patients with a rare monogenic immune
dysregulation disorder84. Amazingly, genomic editing of the primary CD4 T cells from the
patients could restore the cell surface expression of CD25.

Base editors consist of Cas proteins fused with deaminases and enable a more precise

way of mutating single nucleotides than CRISPR—Cas-mediated HDR. Instead of creating
double-stranded breaks in the genome, these systems open the region of interest via Cas
complex binding and then promote the mutation of selected nucleotides using the fused
proteins. Current iterations of base editing enable both C to T and A to G transitions in

a customizable editing window!7:85-87 Base editors have been used to target pathogenic
mutations in a number of disorders. For example, this tool has been used to target mutations
in APOE4, MPDU1, HGB, HBB and DMD in cell lines, primary mouse cells and patient-
derived fibroblasts®>-88, The use of base editors has more recently been applied to human
haematopoietic stem cells. For example, by using this approach on haematopoietic stem
cells from a patient with sickle cell disease, researchers were able to edit the BCL11A
enhancer and restore the expression of fetal haemoglobin in differentiated erythrocytes,
thereby reducing the number of sickled cells®9. Although not yet tested for autoimmune risk
variants, base editors have also been applied to primary human T cells to introduce multiple
simultaneous gene knockouts®,

Although incredibly effective and powerful, the current version of base editors can only
induce a limited set of mutations, either Cto T or A to G. To fill this gap and allow

Nat Rev Rheumatol. Author manuscript; available in PMC 2024 January 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Baglaenko et al.

Page 12

for investigation of other transitions, for instance C to G, an alternative approach has

been developed, called prime editing. For this approach, Cas proteins are fused to a
reverse transcriptase. The resulting complex is programmed with a prime editing guide
RNA (pegRNA), which functions as both the targeting gRNA and the donor template

for the reverse transcriptase enzyme. This technique has been used to repair pathogenic
variants in HBB, HEXA, PRNPand DNMT1 in various cell lines including HEK293T
cells, K562 cells, U20S cells, HeLa S3 cells and mouse primary cortical neurons®. Using
this technique, it might be possible to repair practically any variant in the human genome,
including small insertions and deletions, although the editing efficiency can be low and
variable9L,

Resolving cell heterogeneity

Single-cell assays.

Another essential piece of the puzzle in unscrambling the genetics of autoimmune diseases
is identifying critical cell populations and states that govern disease risk. Abundant evidence
shows that immune cells are critical contributors to rheumatic disorders. In the past 10
years, genetic approaches aimed at identifying unique cell-type chromatin and transcription
factor signatures, such as co-localizing GWAS hits with ATAC-seq, have been applied

to decode which cell types and states might contribute to disease%:92-96, However, these
genetic approaches rely on data collected from cell lines or bulk sorted samples and
therefore fall short in capturing the true heterogeneity in the immune compartment of these
disorders. Hence, more recently, large-scale unbiased single-cell investigations have begun
to characterize relevant disease cells and states.

Single-cell technologies, such as dr opl et - based RNAseq and nass cyt onet iy, provide
a comprehensive view of the main cellular states within diseased tissue and are often able

to produce tens to thousands of readouts per cell®’. In one single-cell analysis of synovial
tissue from patients with rheumatoid arthritis or osteoarthritis, the heterogeneity of the
CD4* T cell compartment was resolved at a single-cell level, resulting in the discovery of

a new lineage of cells, known as T peripheral helper cells, associated with disease%. In

a parallel single-cell analysis of renal biopsy samples from patients with SLE, researchers
were able to characterize an interferon and fibrotic mRNA signature in tubular cells that

was associated with failure to respond to treatment. A single-cell atlas of the human colon
during ulcerative colitis has also been generated using colon mucosa biopsy samples, which
identified 51 distinct cell types®. In this analysis, inflammatory fibroblasts, inflammatory
monocytes, microfold-like cells and T cells that co-express CD8A and /L17A were all
expanded in the colons of patients with ulcerative colitis compared with the colons of
healthy individuals. Interestingly, mapping the various risk alleles associated with ulcerative
colitis to particular cell types enabled the researchers to discover that many of the risk
alleles were cell type-specific®. In general, the discovery of a cell population within a
diseased tissue supports a potential role for that cell type in pathogenesis, and thereby
implicates underlying genetic mechanisms in that cell type, although further experiments are
required to confirm causality. Once such causal cell populations are determined, assessing
the molecular phenotypes within these cell populations is an important next step.

Nat Rev Rheumatol. Author manuscript; available in PMC 2024 January 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Baglaenko et al.

Page 13

With the ever-expanding scope and scale of sScRNA-seq, single-cell eQTL analysis represent
a promising approach to relate heterogeneous features of the immune cell compartment to
variants of interest. In this regard, a new consortium was formed in 2020 (the single-cell
eQTLGen consortium) that is aimed at identifying the cellular contexts in which disease-
causing variants affect gene expressionl%.

Genomic editing in single cells.

Genomic editing can be paired with ScRNA-seq to simultaneously assess the effects of
perturbation on the heterogeneous immune cell compartments. As an example of this
approach, researchers have used CRISPR-Cas screening in combination with sScRNA-seq to
assess the response of mouse bone marrow-derived dendritic cells to lipopolysaccharide at a
single-cell level. By targeting 24 known transcription factors through CRISPR-based genetic
perturbations, the researchers discovered four distinct groups of transcription factors that
uniquely affected cell function and differentiation01, An extension of this approach paired
CRISPR-Cas screening with ATAC-seq to measure the effects of CRISPR perturbation
(using either CRISPR knockout or CRISPRi-based approaches) of transcription factors,
chromatin-modifying factors, and non-coding RNAs on chromatin accessibility in human B
cell lines and primary keratinocytes02. The researchers discovered how these transcription
factors and other elements regulated B cell and keratinocyte cell states and might alter

the chromatin accessibility of disease-associated variants. In a different example of paired
CRISPR-Cas screening and scRNA-seq, this method was applied to TCR-stimulated Jurkat
T cells to assess the function of six regulators and 23 transcription factors. The investigators
discovered that CRISPR-mediated targeting of £751, RUNX1 and GATA3reduced the
viability of the cells and that CRISPR-mediated targeting of LCKand ZAP70 prevented
TCR stimulation193, Finally, this approach has been cleverly modified and extended

to primary human T cells through sequential use of gRNA-expressing lentiviruses and
nucleofection of Cas proteins. Using this technique, the investigators characterized gene
programmes controlled by important regulators of human T cell proliferation; notably, the
ablation of some of these programmes in T cells results in enhanced killing of cancer cells in
vitro34,

Although profiling total RNA or chromatin accessibility can be informative in elucidating
changes in total gene expression in an unbiased fashion, this approach can also be costly.

An alternative approach, hybridization of probes to RNA for sequencing (HyPR- seq),
involves targeted scRNA quantification in combination with CRISPR—Cas screening. In this
approach, a library of gRNA is transfected into cells that are then fixed and hybridized with
RNA probes, before being processed into droplets for library generation and sequencing.

By using targeted RNA probes, this approach allows for the highly sensitive detection of
selected genes of interest and identification of the gRNA. Using HyPR-seq, researchers have
been able to target regulatory regions around GA7AI and detect corresponding changes in
gene expressioni%4,

Finally, researchers have also developed a CRISPR knockin targeting approach that was
combined with single-cell analysis to look at the effect of overexpressing various gene
constructs in primary human T cells19®. In this approach, a library of knock-in donor

Nat Rev Rheumatol. Author manuscript; available in PMC 2024 January 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Baglaenko et al.

Page 14

material was integrated into the genome with CRISPR-Cas to assess the effects of each
knock-in DNA construct on T cell function. The correctly integrated gene constructs were
identified by sequencing unique molecular barcodes introduced from the donor DNA, and
the effects on T cell function could be analysed using single-cell RNA sequencing in the
same cells. These experiments helped to discover a chimeric TGFBR2-41BB receptor that
can promote clearance of a xenotransplant solid tumour model when knocked into human
T cells along with an appropriate TCR. For rheumatic diseases, this approach can be used
to overexpress candidate genes implicated in autoimmunity, complementing the previously
described gene knockouts, to directly study function.

Overall, these single-cell approaches help to provide a full picture of the immune response
in rheumatic disease. Paired with genomic editing, these techniques enable the investigation
of rheumatic disease genes and variants at-scale in heterogeneous immune cell populations.

Future directions and limitations

Additional advances in genomic editing have helped to propel the potential and applicability
of these tools. Cas proteins require particular protospacer adjacent motif (PAM) sites to
initiate binding of the editing complex. Hence, several groups have focused on discovering
and characterizing alternative Cas proteins with different PAM restrictions to broaden the
range of possible targets1%6. Researchers have even been able to engineer nearly PAM-less
Cas proteins through di r ect ed evol ut i on107-111,

A promising alternative to DNA editing is RNA editing with Cas13 nucleases. Unlike

the other variants of Cas, these proteins target RNA and not DNA, making it possible to
target RNA molecules without potentially causing dangerous genomic mutations1®112.113,
An interesting adaptation of this approach fuses deactivated Cas13 nucleases with adenosine
deaminase acting on RNA type 2 (ADAR2), which enables direct mutagenesis of RNA,
similar to the base editors discussed that target DNA. This approach has been applied in a
cell line to correct two pathogenic G to A mutations in AVPRZand FANCC, with modest
efficiencyl12. Alternatively, CRISPR-free systems might represent a different route all
together; indeed, a study in 2020 unveiled the newly developed CRISPR-free, transcription
activator-like effector (TALE)-based editing system that was used to base-edit mitochondrial
DNA for the first timel14,

Genomic editing has various limitations; in particular, these tools can have off-target

and bystander effects that might convolute results (TABLE 1). For example, cleavage

by Cas nucleases induces a wide range of somewhat predictable mutations around the

target site, but Cas binding and cleavage can also occur in off-target regions. Base and
prime editors similarly have off-target effects but are also prone to both bystander-editing
(editing of nearby non-target nucleotides) and, less frequently, unwanted insertions and
deletions. As one group reported, the BE3 cytosine-targeted base editor, but not Cas9

or ABE7.10 adenosine-targeted base editors, was 20-fold more likely to induce random
single nucleotide mutations in the genome than the spontaneous mutation ratel®. Another
important consideration is that base-editors edit a window of C or A nucleotides in the target
site, which could make correcting a single nucleotide impossible, depending on the flanking
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sequences and the variant of interest. Finally, the discussed Cas13 nucleases that directly
target RNA molecules are also reported to often induce transcriptome-wide off-target RNA
mutations13. Optimization of Cas proteins, intelligent gRNA design and the use of multiple
gRNA can offset some of these effects; however, the limitations and challenges of these
technologies are important to keep in mind as we move towards their therapeutic application.

Conclusions

The ease of use, customizability and accessibility of genomic editing technology has
expedited its use in a number of applications, particularly for cell therapies in cancer and
rare monogenic disorders. However, in the study of polygenic autoimmune diseases and
associated variants, successful application remains scarce. The studies highlighted in this
Review showcase how genomic editing can be used to identify and validate autoimmune
disease-associated loci, genes and variants.

Practically, for rheumatologists and patients with rheumatic disease, genomic editing has
potential in the development of new cellular therapies. Promising applications include the
editing of stem cells to promote tissue regeneration and re-shape cytokine responses, the
induction and strengthening of regulatory responses via autologous Treq cell therapies and
the correction of pathogenic mutations in patients with monogenic diseases!16:117,

As the field continues to grow, the applicability, scale and precision of genome editing
technologies should continue to improve. All these advances in genomic editing will
undoubtedly continue to resolve the causal genes, regions and SNPs responsible for complex
polygenic autoimmune diseases. In the future, we anticipate that genomic editing directly in
primary immune cells will become a major focus for proving causality and a powerful step
towards defining associations between genotype and phenotype in immune cells of interest.
Additionally, a renewed emphasis on multiplexed and multi-omic analyses should enable the
simultaneous investigation and experimental validation of multiple variants or regions at the
same time. Understanding how these variants interact individually and together to contribute
to the development of complex and polygenic disorders represents the next frontier in
genetics and genomic editing.

Overall, genomic editing has shown great promise in the study of the genetics of rheumatic
diseases and remains the ideal approach for rapidly experimentally validating findings
directly in primary human immune cells. One way or another, genomic editing tools are

here to stay and will only become more accessible with time as researchers continue to adopt
and expand these approaches in future studies.
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CUT&Tag

A technique that uses antibodies specific for DNA binding proteins to measure DNA regions
bound by these proteins. The antibodies are tethered to a Tn5 transposase fusion protein and,
following antibody-binding, activation of the transposase cleaves nearby DNA and generates
fragment libraries for sequencing, the data of which are used to identify the bound regions.

CUT&RUN

Similar to CUT&Tag, this technique analyses DNA regions bound by specific proteins
using targeted antibodies. Unlike with CUT&Tag, the antibody is tethered to a micrococcal
nuclease, which fragments nearby DNA elements.

ATAC-seq
A technique used for assaying areas of open chromatin in the genome; the method relies on
unguided Tnb5 transposase-induced fragmentation of the genome.

IMPACT
A computational genome annotation strategy that identifies regulatory elements defined by
cell-state-specific transcription factor binding profiles.

Massively parallel reporter assay

A technique used to identify regulatory regions of the genome in a high-throughput assay.
Regions of interest are cloned into a minimal reporter with a unique barcode and a promoter
to create a large pool of constructs. Constructs are expressed into cells and the RNA and
DNA are sequenced to estimate the effects of each regulatory region on barcode gene
expression, indicating regulatory capacity.

Fluorescent in situ hybridization
A technique that measures RNA expression by flow cytometry using hybridization and
amplification of fluorescent RNA probes.

Single-cell RNA sequencing
An approach for measuring the expression of RNA in individual cells using droplet or
plate-based technology.

Computational fine mapping

A process by which a trait-associated region from a genome-wide association study is
further analysed to identify genetic variants that are likely to causally influence the trait,
usually through the integration of additional epigenetic or genomic data.

Expression quantitative trait loci
Trait-associated regions that can explain a notable portion of the changes in expression of a
gene.
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Electromobility shift assays
A molecular biology technique that measures the interaction of DNA and proteins on a
protein-binding gel.

Luciferase assays

A technique used to identify regions of the genome that can regulate gene expression. in
these assays, the region of interest is cloned upstream or downstream of the gene encoding
luciferase and the resultant plasmids are transfected into cells to measure the effect of the
modification on luciferase expression.

Affinity precipitation assays
A technique that is similar to electromobility shift assays, with the exception that bound
complexes are magnetically pulled down prior to examination on a protein-binding gel.

Droplet-based RNAseq
A single-cell RNA sequencing method that relies on droplet generation and encapsulation of
individual cells.

Mass cytometry
A type of single-cell analysis that tags cells with antibodies conjugated to heavy metals to
then analyse staining intensity by time-of-flight mass spectrometry.

HyPR-seq
A droplet-based targeted single-cell sequencing technique that involves hybridizing DNA
probes to selected RNA to measure the expression of genes.

Directed evolution

A process of protein engineering that mimics biological evolution. A library of mutated
genes is expressed in cell lines and a phenotype is selected; the process is repeated with new
mutations and harsher selection conditions until a desired outcome is achieved.
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Box 11
Genomic editing and cell lines

The majority of research cited in this Review has been conducted in immortalized

cell lines. This choice of cell lines is one of practicality. Cell lines are easier to use,
capable of being propagated at the single-cell level to create clones and are amenable
to complex and sequential genetic manipulations; CRISR-Cas editing efficiency is also
generally higher in cell lines than in primary cells. However, cell lines also have the
disadvantage of often being highly mutated and genomically unstable, reflecting, in many
cases, their origin from human cancers. Cell lines are often constitutively activated,
and therefore cannot fully recapitulate physiological conditions!18:119. Fortunately,
CRISPR-Cas technologies are largely applicable to primary human immune cells as
well as haematopoietic stem cells, and studies in primary immune cells are emerging,
as highlighted whenever possible in this Review. We expect that in the near future,
CRISPR-Cas-based genomic editing in primary immune cells will become a standard
practice.
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Key points

. Hundreds of autoimmune risk loci have been discovered in coding and non-
coding regions of the genome; however, their function and the causal alleles
functioning within these loci have been difficult to discern.

. Advances in genomic editing have made it possible to quickly and effectively
investigate autoimmune disease-associated loci and variants using a number
of approaches in both cell lines and primary cells.

. CRISPR-Cas genomic editing can be used to induce insertions and deletions,
correct precise mutations and induce epigenetic changes to investigate loci
and variants associated with rheumatic diseases.

. CRISPR-Cas screening approaches are effective tools for whole-genome
investigation of autoimmune disease-related genes and detailed resolution of
autoimmune risk regions.

. Resolving the heterogeneity of cell types in rheumatic disorders with
unbiased single-cell technologies is critical to understanding the genetics of
disease.
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Fig. 1 I. Studying the genetics of rheumatic diseases.
The human genome is made up of billions of pairs of DNA and harbours thousands of

protein-coding genes and well as other regulatory non-coding regions. DNA sequences are
wrapped around histones, forming nucleosomes, for easy storage; an array of nucleosome
form chromatin, which chain together to form chromosomes. Chromatin accessibility
varies across the genome (depending on whether the chromatin has an open or closed
conformation), governing the transcription and expression of the contained genes. Genes
also have promoter, regulator and enhancer elements that control their expression. Particular
variations or single nucleotide polymorphisms in DNA, located in both coding and
non-coding regions, are linked to the development of rheumatic diseases. Genome-wide
association studies identify potential causal variants and loci by comparing the frequency
of particular variants in patients with a disease with that in a control population (such as in
healthy individuals). In the example shown, variants 1 and 2, but not variant 3, are enriched
in patients with the disease (implicating these variants in disease); here, two variants are
found in linkage disequilibrium, meaning that they are generally inherited together as a
block.
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Fig. 2 I. Genomic editing to investigate regions of interest in rheumatic diseases.
A region of interest (for example, a gene or a regulatory non-coding region of interest)

can be investigated using a number of genomic editing techniques. a | CRISPR-Cas
mutagenesis involves the generation of an array of small insertions or deletions (indels)

in the region of interest following cleavage by the Cas nuclease. b | Cas nuclease-mediated
deletion can also be used to delete large sections of the region of interest. ¢ | CRISPR—Cas
activation (CRISPRa) involves the fusion of proteins that activate gene expression, such as
transcriptional activators, enzymes involved in DNA demethylation or histone modifiers that
promote DNA accessibility, to a nuclease-deactivated Cas9 protein (dCas9) for targeted
promotion of gene expression. d | CRISPR-Cas interference (CRISPRI) involves the

fusion of proteins that repress gene expression, such as transcriptional repressors, enzymes
involved in DNA methylation (Me) or histone modifiers that epigenetically silence the area,

to dCas9 for targeted repression of gene expression.

Nat Rev Rheumatol. Author manuscript; available in PMC 2024 January 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Baglaenko et al.

Page 27

Editing system Targeted effect Bystander or off-target effects

a CRISPR-Cas nuclease
— Insertions and deletions

Cas protein—<" |

T T T T T T
QR i

[ATCGAATACATGCTGGCTAGCA]

T OO TITTTTITTTTTTTT
1] 1l 11 11 Large

translocations

[ATCGAATACA ... GGCTAGCA\\

b CRISPR-Cas homology directed repair

\
1 Precise editing Insertions and deletions
T T TTT TTT TTT T T TITTTTIIT T
Vafiantof interest . J.LLLIJJ.LIJJJJJ.I..lJ.LLLLLLLLLLLIJ. J.I.LLI.J.LLLLLLLLLL l
T Donor [ATCGAATACGCTGGCTAGCA)| [ATCGAATACATCCTGGCTAGCA)
TIT TTTTTTTTT TIT T — AL template
EANNNNNNNNRNANNRNAANNNANANNAANETN
[ATCGAATACACTGGCTAGCA|
Starting sequence [ATCGAATACA ... GGCTAGCA|

c CRISPR-Cas base editing

" Precise base editing Bystander base editing
Deaminase

L e T T T

ual [ATCGAATACGCTGGCTAGCA| [ATCGAGTGCGCTGGCTAGCA)

d CRISPR-Cas prime editing
— Peg

RNA
— Reverse Precise editing Insertions and deletions
transcriptase

T T T I I e 0T, T T T T T T

[ATCGAATACGCTGGCTAGCA) [ATCGAATACATGCTGGCTAGCA)|

T OO TITTTT T

[ATCGARATACR ... GGCTAGCA]

Fig. 3 I. Genomic editing to investigate variants of interest in rheumatic disease.
A variant of interest can be investigated using a number of genomic editing techniques.

a | The area of interest can be altered with small deletions or insertions using CRISPR-
Cas nucleases. b | Targeted homology-directed repair with CRISPR—Cas nucleases and a
donor template can be used to precisely edit the variant of interest. ¢ | CRISPR-Cas base
editors (comprising a nuclease-deactivated Cas9 protein (dCas9) or Cas nickase fused with
an adenine or cytosine deaminase and a uracil DNA glycosylase inhibitor (UGI)) can be
used to directly edit a base of interest. d | CRISPR—-Cas prime editors (comprising a Cas
endonuclease or Cas nickase fused with a reverse transcriptase that is programmed with a
prime editing guide RNA (pegRNA)) can be used for precise editing of the target site. For
each approach, bystander or unwanted off-target effects can occur (as shown).
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