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Summary

X-linked hyper-1gM syndrome (XHIM) is a primary immunodeficiency due to mutations in CD40
ligand that affect immunoglobulin class switch recombination and somatic hypermutation. The
disease is amenable to gene therapy using retroviral vectors, but dysregulated gene expression
resulted in abnormal lymphoproliferation in mouse models, highlighting the need for alternative
strategies. Here, we demonstrate the ability of both the TALEN and CRISPR/Cas9 platforms to
efficiently drive integration of a normal copy of the CD40L cDNA delivered by Adeno-Associated
Virus. Site-specific insertion of the donor sequence downstream of the endogenous CD40L
promoter maintained physiologic expression of CD40L while overriding all reported downstream
mutations. High levels of gene modification were achieved in primary human hematopoietic stem
cells (HSC) as well as in cell lines and XHIM patient-derived T cells. Notably, gene corrected
HSC engrafted in immunodeficient mice at clinically-relevant frequencies. These studies provide
the foundation for a permanent curative therapy in XHIM.
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Introduction

X-linked hyper-1gM syndrome (XHIM) is a primary immunodeficiency characterized by the
absence of IgG, IgA, and IgE with normal to elevated IgM caused by defects in the CD40LG
gene that encodes CD40 ligand (CD40L) expressed on the surface of activated T
lymphocytes. CD40L binds to CD40 on B lymphocytes and is essential in the interaction
between T and B cells that induces class switch recombination of the immunoglobulin heavy
chain gene. XHIM affected individuals are profoundly susceptible to bacterial and
opportunistic infections with a propensity for autoimmunity and malignancies.(Hayward et
al., 1997; Levy et al., 1997)

Long-term prognosis for XHIM remains poor with a median survival time of approximately
25 years from diagnosis.(de la Morena et al., 2017) Immunologic reconstitution with
allogeneic hematopoietic stem cell transplant (HSCT) is a definitive treatment but has been
associated with a high incidence of acute graft-versus-host disease (GvHD), hepatic
sinusoidal obstruction syndrome, exacerbation of infections, and death.(Gennery et al.,
2014; Mitsui-Sekinaka et al., 2015) Despite the curative nature of HSCT, there is no overall
difference in survival between patients treated with or without HSCT, although those who
undergo transplantation report improved general well-being as measured by Karnofsky/
Lansky scores.(de la Morena et al., 2017) Thus, there is a clear need for the development of
alternative approaches to permanently and safely restore immune competence in XHIM.
Gene therapy has been shown to be effective in other primary immune deficiencies (ADA
SCID, X-linked SCID, chronic granulomatous disease, Wiskott-Aldrich syndrome), and
novel platforms for gene editing including TALENs and CRISPR/Cas9 have shown
tremendous promise.

In mouse models of XHIM, gene therapy through retroviral vectors corrects the immune
defect but unregulated expression of the gene results in abnormal lymphoproliferation,
reflecting the need for close control of CD40L G.(Brown et al., 1998; Sacco et al., 2000) In
addition, viral vectors that can express the CD40L gene in a physiologically regulated
manner have not been achieved /in vivo.(Romero et al., 2011) Retroviral vectors also pose a
significant risk of insertional oncogenesis, emphasizing the need for other therapeutic
options.

Targeted gene correction and in-frame-targeted gene addition that utilizes the endogenous
promoter represents a major advancement in gene therapy. The discovery of meganucleases
in the mid-1990’s (e.g. Sce-I) marked the beginning of using endonucleases that could create
double-strand breaks and promote homologous recombination by almost five orders of
magnitude.(Epinat et a/,, 2003; Porteus and Baltimore, 2003) In the last decade, there has
been a bloom in gene editing technologies with Zinc Finger Nucleases, Transcription
Activator-Like Effector Nucleases (TALENS), and the Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)-associated protein 9 (Cas9). One such approach of gene
editing was recently shown to be feasible in XHIM using TALENS to site-specifically insert
a normal copy of the CD40L cDNA in human T cells.(Hubbard ef a/., 2016)
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With its ease of use and nearly limitless DNA sequences that can be targeted, CRISPR/Cas9
is emerging as the preferred approach for gene editing.(Cong et a/., 2013) The technology
originated from a bacterial immune surveillance system and continues to evolve and
transform the field of genome engineering. There have been a few studies demonstrating
CRISPR/Cas9 to be effective in PID but none have been in XHIM. Here we demonstrate an
approach using both the TALEN and CRISPR/Cas9 platforms to allow site-specific
incorporation of a human codon-divergent CD40L cDNA at the 5’UTR of the gene in both
primary patient T lymphocytes and human CD34+ HSC, bypassing all known downstream
disease-causing mutations and maintaining expression of the therapeutic gene under control
of the endogenous CD40L promotor. In contrast to previous work using TALENS in
differentiated T cells(Hubbard et a/., 2016), we focused on HSC-based genome-editing
strategies which can provide permanent and robust immune reconstitution.

Validation of TALEN-Mediated Gene Modification at CD40L in Cell Lines and Patient-
Derived T Lymphocytes

For our first set of experiments, several TALEN pairs were designed to cleave within the
5’UTR of the CD40L G gene (Fig. S1A). In K562 cells, allelic disruption rates averaged 32
+ 3% as measured by Surveyor nuclease assay (CEL 1) (Fig. S1B). When a donor template
encoding a promoterless green fluorescent protein (GFP) reporter flanked by homology
sequences that parallel the TALEN cut site was co-electroporated, ‘In-Out’ PCR
demonstrated targeted GFP integrants (Fig. S1C-D). Introduction of TALEN expression
plasmids and the GFP donor to Jurkat T cells, a CD40L-expressing T cell leukemia ling,
achieved up to 12% overall GFP expression, demonstrating permanent and stable gene
integration (Fig. S1E). Incubation of treated cells with phytohemagglutinin (PHA) to
stimulate lymphocyte proliferation and increase CD40L expression upregulated GFP
expression in a dose dependent manner, suggesting that the GFP cassette was integrated
under control of the endogenous CD40L G promoter (Fig S1F-G).

Following demonstration of targeted integration at CD40L G in cell lines, CD4+ T cells
derived from XHIM patients were electroporated with TALEN mRNA and transduced with
either an integrase-deficient lentivirus (IDLV) or adeno-associated virus serotype 6 (AAV6)
vector containing a corrective, codon-divergent hCD40L cDNA cassette flanked by
homology arms. As expected, despite high transduction of primary T cells by a GFP IDLV
vector (Fig. S2A), XHIM T lymphocytes treated with both TALEN mRNA and the
corrective cDNA IDLV (MOI 100) expressed only minimal (<1%) CD40L expression by
flow cytometry (Fig. S2B). Exon-spanning PCR utilizing a reverse primer overlying two
adjacent codons in the donor cDNA cassette demonstrated integration through gel
electrophoresis, and targeted integrants were quantified at rates of <0.5% by digital droplet
PCR (ddPCR) (Fig. S2C-D). In contrast, XHIM T cells transduced with an identical cDNA
donor packaged as a recombinant AAV6 vector following TALEN mRNA electroporation
expressed low levels of CD40L at baseline, with upregulation to >20% CD40L expression
upon anti-hCD3/anti-hCD28 immune stimulation, comparable to CD40L expression in
stimulated T cells from healthy donors (24.2 + 4.2%) (Fig. 1A-B). Viability and fold
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expansion of treated T cells as measured by trypan blue was similar in control and treatment
groups (Fig. S3A-B). Restoration of CD40L was dose dependent with increasing AAV6
MOI without significantly affecting viability and fold expansion. (Fig. S3C-E) Furthermore,
corrected XHIM T cells demonstrated physiologic activation patterns to immune stimuation
(Fig. 1C) and normal receptor-binding activity to recombinant chimeric CD40-mulg (Fig.
1D), a functional assessment of CD40L that identifies all patients with defective CD40L in
the clinical setting.(Abraham and Aubert, 2016)

CRISPR-Cas9 Mediated Gene Correction at CD40LG in XHIM Patient-Derived T
lymphocytes

We next evaluated the efficiency of CRISPR mediated gene editing in XHIM primary T cells
using a guide RNA (gRNA) also targeting the 5° UTR of CD40L G (Fig. 2A). CRISPR
reagents were delivered as gRNA pre-complexed to Cas9 protein as ribonucleoproteins
(RNP) or as two RNA components (QRNA and Cas9 mRNA) to compare their efficacy in
primary T cells. Allelic disruption rates in XHIM T cells averaged 30.6% and 33.7% when
treated with gRNA and Cas9 mRNA or RNP, respectively. (Fig. 2B) AAV6 cDNA donor
transduction following gRNA/Cas9 electroporation resulted in restoration of CD40L
expression, with no differences using either form of Cas9 (Fig. 2C).

Modified T cells showed restored CD40L function as measured by receptor-binding to
chimeric CD40-mulg by flow cytometry (Fig. 2D). Additionally, when cells were rested in
culture and analyzed at one week intervals, CD40L expression consistently returned to
baseline levels and responded physiologically to re-stimulation for weeks after treatment
(Fig. 2E). In a separate set of experiments, cDNA integrants were directly quantified through
ddPCR. The observed close correlation between gene modification rates determined by
ddPCR and the levels of CD40L expression by flow cytometry indicated that ddPCR
analysis could be used as a surrogate measurement for CD40L gene correction and
expression in experiments utilizing healthy donor cells (Fig. 2F).

TALEN- and CRISPR/Cas9- Mediated Gene Correction of CD40LG in Mobilized Peripheral
Blood CD34+ Cells

The potential for site-specific gene addition to be a curative therapy in XHIM through
autologous transplantation was evaluated with both platforms using human granulocyte-
colony stimulating factor (G-CSF) mobilized peripheral blood stem cells (PBSC).
Electroporation of peripheral blood CD34+ cells with TALEN mRNA resulted in allelic
disruption rates of 29.1 + 7.8% (n=8 biological replicates, 4 PBSC donors). Multiple
CRISPR gRNA targeting the 5’UTR were also evaluated in PBSC (Fig. 3A). Allelic
disruption rates in HSC averaged 33% with CRISPR 3 (C3), which was used in all further
CRISPR based experiments (Fig. 3B).

PBSC were analyzed three days after nuclease electroporation and cONA AAV6
transduction. As shown in Figure 4C, modification rates in TALEN-treated cells averaged
13.2 + 3.4% measured by ddPCR. Integration was dose-dependent with increasing AAV
MOI up to 1e5, although there was decreased viability and expansion of cells at higher
vector concentrations (Fig. S4A-E). Importantly, even higher rates of targeted gene insertion
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were observed in samples treated with CRISPR and the cDNA donor. Targeted integration
averaged 16.2 + 4.2% (gRNA, Cas9 mRNA) and 20.8 £ 6.6% (RNP) irrespective of PBSC
donor source (Fig. 3C). Significantly, samples receiving CRISPR as RNP had improved

viability and fold expansion when compared to those receiving Cas9 mRNA (Fig. S4F-G).

Adenovirus helper proteins enhance CRISPR-mediated gene disruption and increase AAV
transduction in T cells and cell lines.(Lentz and Samulski, 2015; Gwiazda et al., 2016) To
evaluate the ability of these proteins to augment targeted gene integration at CD40LG in
HSC, adenoviral serotype 5 helper proteins (E4Orf6 and E1B55K H354 mutant) were co-
introduced as mMRNA during electroporation with TALENSs or CRISPRs. Figure 3 (D & E)
shows that PBSC samples treated with helper protein achieved a 2-fold enhancement in gene
modification (p<0.0001) regardless of nuclease platform. Addition of the adenoviral helper
protein mMRNA did not impair cell viability and fold expansion (Fig. S4D-G).

In Vitro Differentiation of Gene-Modified HSPC

To evaluate if gene-modified CD34+ PBSC retain the capacity to differentiate into multiple
erythro-myeloid lineages, gene edited PBSC were cultured in methylcellulose medium
containing cytokines that promote stem cell differentiation in the colony forming unit (CFU)
progenitor cell assay. There was no difference in clonogenic potential between the nuclease
platforms, and the addition of adenoviral helper proteins did not affect colony formation.
However, samples transduced with AAV6, alone or with nuclease, yielded lower number of
colonies compared to mock treated (Fig. 4A). All control, TALEN-, and CRISPR-Cas9
treatment arms produced similar frequencies of myeloid and erythroid clones (Fig. 4B).
Gene integration analysis of individual clones demonstrated editing frequencies comparable
to cells cultured in short term myeloid conditions, with similar increases in those treated
with adenoviral helper proteins (Fig. 4C).

In Vivo Assessment of Hematopoietic Repopulating Potential in NSG Mice

The repopulating capacity of gene-modified HSC was evaluated through transplantation of
immunodeficient non-obese diabetic (NOD)-severe combined immunodeficiency (SCID)
112rg7"~ (NSG) mice. Edited PBSC were transplanted into sub-lethally irradiated NSG mice
through intrahepatic injection between days of life 3 and 7 (Fig 5A). All transplanted mice
displayed human engraftment at 12—-20 weeks post-transplant in the bone marrow, spleen,
and peripheral blood as measured by human CD45 of total CD45 (Fig. 5B-D). Enumeration
of T cells (CD3), B cells (CD19), myeloid progenitors (CD33), NK cells (CD56), and
hematopoietic progenitors (CD34) by flow cytometry showed normal lineage distribution in
the bone marrow (Fig. 5E).

Gene modification rates in samples of the bulk transplanted PBSC cultured /in vitro averaged
21%, 28%, 15%, and 28% in the TALEN/AAV donor, TALEN/helper/AAV donor,
RNP/AAV donor, and RNP/helper/AAV donor samples, respectively (Fig. 5A). Gene
integration was detectable in the bone marrow 12—20 weeks after transplant in 80% of mice.
Of these mice, integration rates ranged from 0.3% to 22% with a mean of 4.4% across all
treatment groups (Fig. 5F). While adenoviral helper protein augmented gene integration
rates in vitro in short term cultures, this effect was not observed long term in NSG mice.
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Thymic reconstitution was detectable in 60% of mice, with frequency of engraftment
trending higher in those analyzed at 5 months compared to 3 months post-transplant (Fig.
5G). Physiologic ratios of CD4+ and CD8+ T cells were found in all thymi with T cell
reconstitution (Fig. S5A). In addition, T cell receptor V beta repertoire was quantified by
flow cytometry in one mouse from each arm and found to be equivalent amongst all
treatment groups compared to mice transplanted with unmodified PBSC (Fig. S5B).

Assessment of Nuclease Specificity and Characterization of HDR-Mediated Junctions

The specificities of both TALENs and CRISPR gRNA were assessed using in silico
prediction algorithms as well as unbiased genome-wide assays. /n sifico predicted TALEN
off-target sites were identified using the PROGNOS (Predicted Report Of Genome-wide
Nuclease Off-target Sites) tool(Fine et a/., 2014) and evaluated in K562 cells treated with
TALEN expression plasmids. By CEL I, allelic disruption was only detected on-target, with
no differences in banding patterns between mock and TALEN treated samples for each of
the predicted five off-target sites (Fig. S6A). /n silico predicted off-target sites for CRISPR 3
were identified using the CRISPR Design Tool (crispr.mit.edu/)(Hsu et af., 2013), and
interrogation of these predicted off-target sites by Surveyor nuclease assay demonstrated no
detectable gene disruption at the top three sites listed (Fig. S6C).

Genome-wide profiling of off-target activity was also performed in TALEN and CRISPR
treated K562 cells based on the propensity for exogenous DNA sequences to be trapped at
sites of DSB, whether on- or off-target. For TALENS, a non-homologous IDLV was
introduced to TALEN-treated cells in a method previously described.(Gabriel et al., 2011)
Clustered integration site analysis of captured IDLV revealed three off-target loci in
chromosomes 5 (OT1), 2 (OT2), and 14 (OT3) at areas with relatively high levels of
homology to the CD40L target (Fig. 6A). While no allelic disruption was detected by CEL |
at these sites in K562 cells (Fig. S6B), high-throughput sequencing of off-target sites in
PBSC, XHIM CD4+ T cells, and K562 cells treated with TALEN mRNA (PBSC, XHIM T
cell) or expression plasmids (K562) demonstrated statistically significant gene disruption at
OT1 (chromosome 5) in PBSC and OT2 (chromosome 2) in PBSC and K562 cells compared
to mock (Fig. 6B). Off-target cleavage activities of CRISPR 3 were assessed similarly using
capture of a short double-stranded oligodeoxynucleotide at DSBs through GUIDE-seq
(Genome-Wide, Unbiased Identification of DSBs Enabled by Sequencing)(Tsai et al., 2015)
with no off-target sites identified (Fig. 6C).

Furthermore, the fidelity of editing the CD40L G locus was characterized by Sanger
sequencing of the junctions between the homologous template and the endogenous DNA.
Using a forward primer upstream of the 5 homology arm and a reverse primer spanning the
codon-optimized donor, all TALEN treated samples that were transduced with the AAV
donor were found to be sequence-perfect (Fig. 6D). CRISPR treated cells were also
sequence perfect when their corresponding donors contained PAM modifications to prevent
re-cleavage after donor integration which has been observed by other groups (Fig. 6D-E).
(Satomura et al., 2017)
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Discussion

Major advancements in the field of genome-editing over the last decade have allowed
targeted gene therapy to become a realistic potential therapeutic option for monogenic
diseases of the blood and immune systems. This is particularly applicable to defects in genes
that require close regulation, and from a clinical standpoint, offers definitive treatment for
individuals who are too chronically ill to undergo myeloablative doses of bone marrow
conditioning and immune suppression or do not have an HLA-matched donor. The ability to
integrate the corrective cDNA cassette at the 5’UTR of the gene and retain its normal
chromosomal context in human HSC represents a potential curative therapeutic option for
those affected by XHIM. Our results show that both TALEN and CRISPR/Cas9 platforms
can achieve targeted insertion of a normal human CD40L cDNA at the CD40LG gene locus
in CD34+ hematopoietic stem/progenitor cells (HSPC) in addition to differentiated human T
lymphocytes. Notably, gene corrected HSPC engrafted in immunodeficient mice at
clinically-relevant frequencies. Taken together these studies provide the foundation for a
permanent curative therapy in XHIM.

Nuclease reagents and corrective cDNA donors were initially tested in primary XHIM
patient-derived T lymphocytes. The codon optimized/divergent cDNA donor was assembled
to contain 3° UTR of the CD40L gene, as stability of the mRNA transcript is dependent on
binding of a polypyrimidine tract binding protein (PTB) to the 3’UTR.(Anderson, 2010;
Saifuddin, Yang and Covey, 2013) Additionally, PTB binding to the 3’'UTR plays an
important role in activated T cell viability and proliferation(Covey, Porta and Nicodemos,
2015), which must be maintained for long-lasting immune correction in vivo.(Vavassori and
Covey, 2009) While both TALEN and CRISPR/Cas9 platforms can achieve good rates of
gene editing /n vitro, there have been to date no studies to deem one superior over the other.
For this reason, both technologies were applied to primary T cells and HSC in short-term
cultures followed by assessment of HSC long-term /n vivoin NSG mice. We were able to
recapitulate the results of prior work using TALENSs and established that CRISPR/Cas9
could also attain high rates of targeted gene integration and restore physiologically-regulated
CDA40L expression and function in CD40L-deficient T cells.

In CD34+ HSC, even higher rates of targeted gene integration were consistently achieved
than could be attained in primary T cells across multiple G-CSF mobilized PBSC donors.
Gene correction was consistently higher in CRISPR compared to TALEN treated samples.
Cas9 delivered as either mRNA or as recombinant Cas9 protein directly complexed to the
gRNA as RNP were equally efficient, although there was improved viability and fold
expansion of cells for RNP-treated cells. Neither of the nuclease systems in themselves had
significant effects on the clonogenic potential of HSC when measured by CFU assay,
although there was some toxicity due to AAV6 donor transduction that was not affected by
the type of nuclease used.

Addition of adenoviral helper protein mMRNA with the AAV CD40L cDNA donor
consistently doubled cDNA donor integration rates in CD34+ PBSC assayed /in vitro
regardless of nuclease platform without changes to short-term viability, fold expansion, and
clonogenic potential by CFU assay. However, despite significantly augmented rates of gene
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integration in HSC /n vitro, this benefit was not maintained long term /n vivo in murine
studies. In experiments sorting out cells at different stages of differentiation, it appeared this
result was not attributable to a lack of gene editing in the immunophenotypic long-term (LT)
HSC population, with rates of targeted integration in the LT-HSC similar to those in the
progenitor cell population (data not shown). Instead, long-term engraftment in NSG mice
may arise from a more quiescent fraction of stem cells that are more resistant to homologous
recombination and therefore unlikely to be affected by adenoviral helper proteins.

There were several advantages to using the CRISPR/Cas9 platform at the CD40L G locus.
Across multiple experiments and PBSC donors sources, CRISPRs achieved higher on-target
activity than TALENS targeting the 5’UTR of the CD40L G gene. Additionally, the gRNA
with the highest on target activity also possessed higher specificity than TALENSs, which had
detectable levels of off-target activity at a relatively homologous site in the human genome.
While there is currently no gold standard for detection of unwanted nuclease activity in
clinical trials, we utilized cell-based assays such as IDLV capture and GUIDE-seq,
considered to be more physiologically relevant than purely /n vitro assays. Additionally,
high throughput sequencing results of TALEN OT1 and OT2 identified by IDLV capture
demonstrated statistically significant off-target allelic disruption in PBSC and K562 cells
treated with TALENS. The higher level of off-target activity in K562 cells was likely due to a
more prolonged presence of plasmid DNA compared to mRNA in cells, although use of
TALEN mRNA did not prevent off-target activity in primary cells. Efforts to mitigate
unintended nuclease activity in TALEN-treated cells were unsuccessful. Obligate
heterodimeric forms of Fokl had minimal on-target activity for eight TALEN pairs tested,
and only those utilizing the wild type Fokl nuclease domain retained sufficient activity to
allow meaningful rates of gene integration.

In the /n vivo studies, G-CSF mobilized PBSC that were gene-maodified with either platform
engrafted at levels equivalent to mock treated cells in bone marrow, spleen, and peripheral
blood of NSG mice analyzed at 3 months and 5 months post-transplantation. More than two-
thirds of mice had detectable gene editing in the bone marrow occurring over a large range
and lower than observed in in vitro manipulated cells. Reductions in gene editing rates from
in vitroto in vivo studies have been reported by other groups using similar gene editing
reagents in hematopoietic stem cells.(Genovese et al., 2014; Hoban et al., 2015; De Ravin et
al., 2016; Schiroli et al., 2017) Selection methods using reporter genes may be able to
overcome the problem(Dever et al., 2016), but this method has not been shown to be
scalable to human trials of gene editing due a significant loss of HSC numbers. However,
despite the reduced editing rates /n vivo, it is likely that in XHIM a proportionally small
number of gene-corrected T cells will be sufficient to allow enough class-switching to
significantly ameliorate or cure the disease. Only low levels of normal CD40L expression
are needed to result in correction of the immune deficiency based on murine models.(Brown
et al., 1998; Sacco et al., 2000) In humans, female carriers who have X-inactivation in
hematopoietic lineages that is skewed towards expression of the defective CD40L G allele
are asymptomatic at even very low frequencies (~10%) of peripheral blood mononuclear
cells expressing CD40L.(Hollenbaugh et a/., 1994) In one report on allogeneic
transplantation for primary immunodeficiency, one of the patients with XHIM survived
despite having only 4% CD40L expression in the periphery.(Petrovic et al., 2009)
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While this work is limited to a single primary immunodeficiency, successful translation to
the clinic will have significant implications for all other monogenic diseases of the
hematopoietic system. In all, the results reported here set the foundation for developing a
curative therapy for XHIM through site-specific gene editing. Although murine models may
not fully recapitulate autologous transplantation in humans, the rates of targeted gene
insertion are nonetheless likely to result in clinical improvement in those with XHIM. As we
and others in the field continue to focus on the technical and biological challenges of
increasing gene integration in long-term repopulating HSC, it is expected that improved
outcomes will ultimately lead to clinical trials of gene editing for XHIM.

Experimental Procedures

TALEN and CRISPR Construction

TALENS targeted to the CD40LG 5’ untranslated region were designed with the online TAL
Effector Nucleotide Targeter 2.0. program(Cermak et al., 2011; Doyle et al., 2012) and
assembled using the Golden Gate TALEN kit (Addgene; Cambridge, MA) and Golden Gate
TALEN assembly protocol.(Cermak et al,, 2011) TALENSs were subsequently cloned into a
pCAG mammalian expression vector. The T7 promoter was cloned into the vector preceding
the TALEN sequence using a gene block containing the T7 promoter with the In-Fusion HD
Cloning Kit (ClonTech Laboratories; Mountain View, CA). CRISPR single guide RNAs
(gRNA) were designed using the online design tool created by the Zhang Lab. Paired
oligonucleotides for gRNAs were synthesized (Integrated DNA Technologies; San Diego,
CA), annealed, and cloned into the pX330-U6-Chimeric_BB-CBh-hSpCas9 expression
vector (Addgene) as previously described(Hsu ef al., 2013) to express both the sgRNA and
the Streptococcus pyogenes Cas9. For use as an in vitro mRNA transcription template,
hSpCas9 from the pX330 plasmid was cloned into an in-house-modified pPGEM-5Zf(+)
plasmid (Promega; Madison, WI) that includes optimized 5" and 3° UTR sequences and a
modified 3’ UTR that encodes a run of 120 adenine nucleotides followed by an Spel
restriction site for linearization.(Warren et al., 2010)

In Vitro Transcription of TALEN mRNA, CRISPR gRNA, and Cas9 mRNA

TALEN expression plasmids were linearized with Age/, purified with the PureLink PCR
Purification Kit (Life Technologies; Waltham, MA), and used as the template for /n vitro
transcription using the mMMESSAGE mMACHINE T7 Ultra Transcription Kit
(ThermoFischer Scientific; Waltham, MA). The T7-Cas9 plasmid was linearized with Spe/
and /n vitro transcribed as above. gRNA were /n vitro transcribed as single guide RNA
(sgRNA) from a T7 promoter from either the pDR274 plasmid linearized with Dral using
the MEGAshortscript T7 Transcription Kit (ThermoFisher Scientific) or from a PCR-
generated DNA template using the HiScribe T7 Quick High Yield RNA Synthesis Kit (New
England Biolabs; Ipswich, MA).(DeWitt and Wong, 2015)

Adenovirus 5 Helper Proteins

Adenovirus 5 helper proteins E40Orf6 and E1B55K H354(Yew, Kao and Berk, 1990) were
ordered as commercially generated gblocks (Integrated DNA Technologies) and cloned into
the modified pGEM-5Zf(+) plasmid downstream of the T7 promoter by Gibson Assembly

Cell Rep. Author manuscript; available in PMC 2018 October 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuo et al. Page 10

(New England BioLabs). Expression plasmids were linearized with Spe/and used as
templates for /in vitro transcription as described above.

Donor Template Construction

The human codon-optimized CD40L G cDNA donor template was commercially synthesized
(Integrated DNA Technologies) and contains all five exons (785bp) along with the 3° UTR
(944bp) of the human CD40L G gene followed by the polyA signal (24bp). The cDNA donor
sequence is flanked by a 5° homology arm that begins at the TALEN and CRISPR/Cas9 cut
site and extends 162bp upstream and a 3° homology arm that extends 405bp downstream of
the TALEN cut site. The 5” and 3" homology arms were amplified from human cord blood
HSC-derived genomic DNA using primers 5’-ctttacgtaacgtttttgctgg-3’ with 5’-
agaagtttggttgtatgtttcgatcataaatggtatcttctggcagaga-3’ and 5’-ccagaagataccatttcaactttaac-3’
with 5’-gggcagagccaagatttga-3’ respectively. Splice overlap PCR was used to stitch together
the 5° homology arm and CD40L G cDNA with primers 5’-
gccgcecagtgtgetggaattectttacgtaacgtttttgetgg-3” and 5°-
cagcctgcaaggtgacactgttcagagtttgagtaagccaaagg-3’. The 3’UTR and 3” homology arm
fragment was incorporated similarly using primers 5’-acagtgtcaccttgcaggc-3’ and 5’-
gcagaattcgeccttgggcagagccaagatttga-3’. The two PCR products were ligated and cloned into
the PCR2.1 TOPO backbone using the In-Fusion HD Cloning Kit (Clontech). The entire
CDA40L G cDNA donor with flanking homology arms donor sequence was cloned into a
previously established lentiviral backbone (Dull 1998) in reverse orientation to avoid
splicing during packaging of the virus. Lentiviral vectors were packaged as integrase-
defective lentiviral vectors using the p8.2(Int-) packaging plasmid and concentrated; titers
were determined as described.(Cooper et al., 2011) The CD40L G cDNA donor with
flanking homology arms was also cloned into an AAV vector plasmid (pX601, Addgene)
and produced as an AAV serotype 6 (Virovek, Hayward CA).

Surveyor Nuclease Assay

Surveyor Nuclease Assay was used to determine TALEN induced site-specific allelic
disruption at the 5’UTR of the CD40LG gene. A 400-500 base pair region surrounding the
TALEN and CRISPR binding sites of the CD40L G gene 5° UTR was PCR amplified from
200 ng of genomic DNA from treated cells with primers 5’-gcaacgattgtgcgctctta-3’ and 5°-
acacagcaaaaagtgctgacc-3’ using AccuPrime Taq Hi-Fi (ThermoFisher Scientific).
Denaturation, reannealing, CEL I digestion, and electrophoretic and densitometry analysis
were completed as described.(Joglekar et al., 2013)

Electroporation

K562 cells were cultured in RPMI 1640 (Mediatech; Tewksbury, MA) with 10% fetal bovine
serum (Omega Scientific; Tarzana, CA) and 1x glutamine/penicillin/streptomycin (Gemini
Bio Products; Sacramento, CA), electroporated with the Lonza 4D-Nucleofector System
(program FF-120) in SF Cell Line solution at a cell density of 2x10° cells per 20uL reaction
with 500-750 ng of either TALEN or CRISPR expression plasmids. XHIM patient derived
peripheral blood mononuclear cells were obtained under a UCLA IRB-approved protocol
(UCLA IRB #10-0011399) and cultured in RPMI with 20% fetal bovine serum, 1x
glutamine/penicillin/streptomycin (Gemini Bio Products), 10 ng/mL hlL-2 (R&D Systems;
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Minneapolis, MN) and Dynabeads Human T-Activator CD3/CD28 (ThermoFischer
Scientific) at a 3:1 bead:cell ratio to expand T lymphocytes for 5-7 days. One day prior to
electroporation, CD4+ T lymphocytes were enriched from bulk CD3+ T cells by depletion
of CD8+ lymphocytes using CD8 microbeads (Miltenyi Biotec 130-045-021; Bergisch
Gladbach, Germany) passed through LD columns (Miltenyi Biotec). CD4+ T lymphocytes
were electroporated using the ThermoFischer Neon Transfection System (1400V, 10ms, 3
pulses) in Opti-MEM at a cell density of 4.5x107 cells/mL with either 1.5ug of each TALEN
arm as /n vitrotranscribed mRNA or 2.5 ug of /n vitrotranscribed CRISPR sgRNA and
2.5ug Cas9 mRNA or 5 ug of CRISPR sgRNA complexed to 50 pmol of Cas9 protein.
Immediately post-electroporation, cells were transduced with codon-optimized cDNA IDLV
or AAV6 vector. G-CSF mobilized peripheral blood CD34+ cells (HemaCare; Van Nuys,
CA) were pre-stimulated for 48 hours in X-VIVO15 medium containing penicillin,
streptomycin, glutamine, 50 ng/mL rhuSCF, 50 ng/mL rhuFIt-3 ligand, and 50 ng/mL
rhuTPO (Peprotech; Rocky Hill, NJ). The CD34+ cells were then electroporated with the
Harvard Apparatus BTX ECM 830 Square Wave Electroporator (255V, 5msec, 1 pulse) in
BTXpress buffer at a cell density of 2x10° cells/mL. TALEN treated samples received 4 ug
of each TALEN arm as /n7 vitro transcribed mRNA. CRISPR samples received 5 ug gRNA
and 5 ug Cas9 mRNA or 9 ug gRNA conjugated to 200 pmol Cas9 protein. CRISPR RNP
samples receiving adenoviral helper protein mRNA were treated with half the amount of
gRNA and Cas9 protein. Cells were transduced with donor AAV6 or IDLV after 10 minutes
of rest at room temperature in X-VIVO15, penicillin, streptomycin, glutamine, and cytokines
for 24 hours, at which point they were counted for viability and fold expansion and studied
in vitroand in vivo.

Colony Forming Unit (CFU) Assay

CFU assays were performed using Methocult H4435 Enriched methylcellulose (StemCell
Technologies, Vancouver, Canada. Cat. # 04445) according to manufacturer’s instructions
with minor modifications. Briefly, 25 and 100 CD34+ PBSC were plated in duplicates into
35 mm gridded cell culture dishes. After 14 days of culture at 5% CO,, 37°C and humidified
atmosphere, the different types of hematopoietic colonies were identified and counted. CFU
were then plucked for genomic DNA isolation (NucleoSpin Tissue XS, Clontech
Laboratories Inc., Mountain View, CA).

In vivo studies

NOD/SCID/vy-chain™!! (NSG) mice (NOD.Cg.Prkdcseid 112rgtmIWil/SzJ: stock no. 005557;
Jackson Laboratory, Bar Harbor, ME) were housed in accordance with an approved protocol
by the UCLA Research Safety & Animal Welfare Administration (ARC #2008-167-23P).
At all times animals were handled in laminar flow hoods and housed in a pathogen-free
colony in a biocontainment vivarium. Newborn pups at 3—7 days of life of both genders were
injected with 1 x 10° cells/pup via intrahepatic injection of unmodified or gene-modified
human CD34-positive cells prepared as described above, one day after conditioning with
125cGy of sub-lethal body irradiation from a 137Ce source with attenuator, and allowed to
engraft over 12—-20 weeks as described.(De Oliveira et al., 2013) Human CD34-positive cells
were incubated with 1.5 ug OKT3 (eBioscience, San Diego, CA) for approximately 1 hour
before transplant to ensure depletion of any contaminating T cells. At the end of each
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experiment, mice were sacrificed by CO, inhalation followed by cardiac puncture, and bone
marrow, thymus, liver, and spleen were harvested for assays.

Descriptive Statistics such as number of observations, mean and standard deviation were
reported and presented graphically for quantitative measurements. Kruskal-Wallis test was
used to assess overall difference among experimental groups, followed by post-hoc pairwise
comparisons with Dwass, Steel, Critchlow-Fligner method(Dwass, 1960; Steel, 1960;
Critchlow and Fligner, 1991) to adjust for multiple comparisons. For other pre-specified
two-group comparisons, unpaired t test or Wilcoxon rank sum test were used if normality
assumption was violated for the data. For all statistical investigations, tests for significance
were two-tailed. A p-value of less than the 0.05 significance level was considered to be
statistically significant. All statistical analyses were carried out using statistical software
SAS version 9.4 (SAS Institute Inc. 2013).

Study Approval

XHIM patient derived peripheral blood mononuclear cells were obtained under a UCLA
IRB-approved protocol (UCLA IRB #10-0011399). Written informed consent was received
from participants prior to inclusion in the protocol. NOD/SCID/y-chain™!! (NSG) mice
(NOD.Cg.Prkdcscid 112rgtmWil/SzJ were housed in accordance with an approved protocol by
the UCLA Research Safety & Animal Welfare Administration (ARC #2008-167-23P).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Targeted Integration in XHIM T cells of the CD40L cDNA donor delivered by an
adeno associated virus (AAV6).

A) Primary XHIM patient CD4+ T-cells were electroporated with TALEN mRNA and
transduced with an AAV6 codon-divergent CD40L cDNA donor. Expression of CD40L was
measured by flow cytometry in resting T cells and after stimulation with anti-hCD3/anti-
hCD28 microbeads. B) Average gene modification rates as measured by flow cytometry
with and without stimulation. Data are presented as mean + SD. n=8-10 biological
replicates, 2 XHIM donors. C) CD40L expression trends by flow cytometry in XHIM T
cells electroporated with TALEN and AAV donor and re-stimulated over time in culture. D)
CDA40L function was assessed by binding to a fluorescent-labeled chimeric CD40-mulg and
flow cytometry. Data in C were analyzed by Wilcoxon Rank-Sum Test. NS = not significant.
See also Figure S3.
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Figure 2. CRISPR/Cas9 mediated gene editing of the CD40L genein XHIM T cells.
A) CRISPR gRNA binding site in the 5’UTR of the CD40L gene. B) Allelic disruption rates

in XHIM CD4+ T cells using gRNA with Cas9 mRNA or complexed to recombinant Cas9
protein as RNP were measured by Surveyor nuclease assay (n=6-10 biological replicates in
primary T cells from 4 different XHIM patients). C) Representative flow cytometry plots of
gene-modified XHIM T cells after stimulation with anti-CD3/CD28 beads. D) CD40-mulg
binding by CRISPR/Cas9 modified XHIM T cells to assess CD40L protein function. E)
Expression of CD40L by flow cytometry in XHIM T cells treated with CRISPR/Cas9 RNA
or RNP and AAV donor and re-stimulated over time in culture. F) Average gene integration
rates in primary XHIM T cells measured by flow cytometry and ddPCR (n=2—4 biological
replicates, 2 XHIM T cell donors). ddPCR was designed with a forward primer upstream of
the 5” homology arm, a reverse primer spanning exons 1 & 2, and a probe specific for the
codon-optimized exon 1. Data in F were analyzed by Wilcoxon Rank-Sum Test. /S = not
significant. See also Figure S3.
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Figure 3. TALEN and CRISPR/Cas9 editing of the CD40L genein primary human CD34+
peripheral blood stem cells (PBSC).

A) Binding sites and B) allelic disruption rates measured by Surveyor nuclease assay of four
CRISPR gRNA (C1, C2, C3, and C4) targeting the CD40L 5’UTR in PBSC (n=8, 4 PBSC
donor sources). Solid line indicates gRNA sequence; dotted line indicates PAM sequence.
C) Gene integration rates in PBSC treated with TALEN mRNA vs. CRISPR gRNA/Cas9
MRNA vs. CRISPR RNP and a CD40L cDNA AAV6 donor (n=8-12, 4 PBSC donor
sources). D) Gene integration rates of PBSC treated with the addition of adenoviral E4orf6/
E1b55k H354 “helper” proteins co-expressed from mRNA. E) Fold change in gene
integration rates with the addition of adenoviral helper proteins. Data in C and D were
analyzed by Wilcoxon Rank-Sum Test. *p<0.05, **p<0.01, NS = not significant. See also
Figure S4.
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Figure 4. Colony-forming unit (CFU) assay of CD34+ PBSC after treatment with TALEN or
CRISPR, AAV6 CD40L cDNA donor and adenoviral helper proteins.

A) PBSC treated with combinations of TALEN mRNA or CRISPR RNP, AAV6 CD40L
cDNA donor and the adenoviral E4orf6/E1b55k helper proteins plated in methylcellulose
CFU assay. Numbers of colonies were enumerated after 12-14 days and are represented as
percent CFU over total cells plated. Data were analyzed by Wilcoxon Rank-Sum Test. Data
are presented as mean + SD. n=4 experiments, 3 PBSC donors. *p<0.05, ***p<0.001, NS=
not significant. B) The percentages of the different colony types formed were enumerated.
CFU-GEMM (CFU-granulocyte/erythroid/macrophage/megakaryocyte), BFU-E (burst-
forming unit-erythroid), CFU-E (CFU-erythroid), CFU-GM (CFU-granulocyte/
macrophage), CFU-G (CFU-granulocyte), CFU-GM (CFU-macrophage). C) The
percentages of CFU gene-modified at the CD40L G5’ UTR were determined by ddPCR
analysis of genomic DNA from individual CFU.
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Figure5. In vivo assay of CD34+ PBSC in NSG mice after treatment with TALEN or CRISPR,
AAV6 CD40L cDNA donor and adenoviral helper proteins.

A) Schematic of NSG mouse transplants and gene integration of input cells as measured by
ddPCR. Engraftment of gene modified human PBSC in B) bone marrow, C) spleen, and D)
peripheral blood of transplanted mice, determined as the percentage of human CD45+ cells
of all human and murine CD45+ cells. E) Lineage distribution of human cells engrafted in
NSG mice in the bone marrow 12 weeks post-transplant using fluorescent-labeled antibodies
to human T cells (CD3), human B cells (CD19), human myeloid cells (CD33), human NK
cells (CD56), and human progenitors (CD34). F) Gene editing determined by ddPCR in
bone marrow 12-20 weeks after transplant. G) Thymic engraftment analyzed at 3 and 5
months post-transplant. Data were analyzed by Wilcoxon Rank-Sum Test. **p<0.01, NS=
not significant. See also Figure S5.
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Figure 6. Off-Target Analysisand Characterization of HDR-Mediated Junctions.
A) Off-target sites as identified by GFP-IDLV trapping in TALEN-treated K562 cells.

Allowing for homodimerization of TALEN arms, degree of homology to the on-target
binding site is illustrated. B) Targeted re-sequencing of on-target and off-target sites by high-
throughput sequencing in PBSC, XHIM CD4+ T cells, and K562 cells treated with TALEN
MRNA (PBSC, XHIM T cell) or expression plasmids (K562). Data were analyzed by
Wilcoxon Rank-Sum Test. *p<0.05. C) Off target analysis of CRISPR 3 by GUIDE-seq in
K562 cells treated with CRISPR RNP and double-stranded oligodeoxynucleotides. D)
Characterization of HDR-mediated junctions between the endogenous CD40L genomic
locus and the 5” end of the integrated donor cassette in samples treated with either TALEN
or CRISPR and the codon-optimized donor. Samples treated with CRISPRs required a donor
containing a PAM site modification depicted in E) to prevent re-binding of the CRISPR
gRNA causing unwanted repeat cleavage after cDNA integration. See also Figure S6.
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