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Abstract:

Familial hemophagocytic lymphohistiocytosis (FHL) is an inherited, often fatal immune
deficiency characterized by severe systemic hyperinflammation. Although allogeneic bone
marrow transplantation can be curative, more effective therapies are urgently needed. FHL is
caused by inactivating mutations in proteins that regulate cellular immunity. Here, we used an
adeno-associated virus (AAV)-based CRISPR—Cas9 system with an inhibitor of non-
homologous end joining (NHEJ) to repair such mutations in potentially long-lived T cells ex
vivo. Repaired CD8 memory T cells efficiently cured lethal hyperinflammation in a mouse
model of Epstein—Barr virus (EBV)-triggered FHL2, a subtype caused by perforin-1 (Prf7)
deficiency. Furthermore, repair of PRF'1 and Munc13-4 (UNC13D)—whose deficiency causes
the FHL subtype FHL3—in mutant memory T cells from two critically ill FHL patients restored
T cell cytotoxicity. These results provide a starting point for the treatment of genetic T cell

immune dysregulation syndromes with repaired autologous T cells.

One-Sentence Summary:

Mutant dysfunctional T cells can be repaired by CRISPR—Cas9 gene correction and used to cure

lethal EBV-triggered hyperinflammation.
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Main Text:
INTRODUCTION

Hemophagocytic lymphohistiocytosis (HLH) is a life-threatening hyperinflammation syndrome
caused by the dysregulation and aberrant activation of cytotoxic T lymphocytes, natural killer
(NK) cells, and macrophages, which leads to cytokine storms and immune cell-mediated damage
of multiple organ systems (/, 2). The dysregulated processes by which impaired granule-
mediated cytotoxicity causes hereditary or familial HLH (FHL) involve prolonged contact
between lymphocytes and their target cells as well as failure to terminate the immune response
by elimination of target cells, antigen-presenting cells, and cytotoxic cells (/, 3-6).
Consequently, cytokine levels, T cell proliferation, and macrophage activation continue to

escalate and multi-organ failure ultimately results (7, §).

FHL manifests in early infancy, mostly in the first 6 months after birth (4, 9).
Combinatorial immunochemotherapy is used to control the cytokine storm and dampen cellular
proliferation (/0—12). It involves cytostatic, corticosteroid, and immunosuppressant agents and is
often associated with severe side effects following prolonged treatment (2). The median survival
of pediatric patients is in the range of months unless hematopoietic stem cell transplantation
(HSCT) is performed, but mortality still remains high (2, 971, 13). Incomplete remission of

disease activity and graft rejection pose major risks in this vulnerable cohort of patients (/4, 15).

Because only approximately 50% of FHL patients survive long-term overall (11, 16),
there is an urgent clinical need to improve outcomes and treatment side effects. One possibility is
to use autologous, repaired T cells as a bridge-to-transplant therapy to improve the patients’
condition and further reduce the risks associated with HSCT. Repaired long-lived T memory

stem (Tscwm) cells may also confer longer-term protection on their own, since genetically
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modified T cells can survive for a decade or more (17, 18). Tscwm cells resemble naive T (Tn)
cells, are less differentiated than other memory T cell subsets, and have been proposed to reside
at the top of the T cell hierarchy in a progressive model of T cell differentiation (/9). Only Tn
and Tscwm cells possess the ability to reconstitute the full spectrum of T memory cell subsets,

including Tscwm cells, after allogeneic HSCT (20).

Most children with FHL have genetic loss-of-function mutations that affect proteins
required for the normal cytotoxic functions of T cells and NK cells (7). Complete loss or
severely compromised function of perforin-1 (PRF1) and Munc13-4 (encoded by UNC13D)
cause FHL2 and FHL3, respectively, and combined account for about two thirds of all FHL
cases (6, 21). PRF1 is a cytolytic effector protein, and a major component of the cytolytic
granules that promote osmotic lysis of target cells, whereas Munc13-4 is required for release of
lytic granule contents (6, 22). By contrast, most cases of adult or secondary HLH appears appear
to not be genetically determined, although hypomorphic alleles in FHL loci represent
predisposing factors in a fraction of adult patients, complicating an initial diagnosis of primary

versus secondary HLH (/, 9, 10).

HLH can be triggered by any infection or malignancy, acting alone or in concert with
genetic susceptibility factors, and infectious triggers vary by geographic region (2, 4).
Herpesviruses such as Epstein—Barr virus (EBV) and cytomegalovirus are commonly associated
with HLH in developed countries (/, 4, 9), with EBV infection being the most frequent and
severe initiating event for both, primary and secondary HLH (/, 2). However, in many FHL
cases, no infectious trigger can be identified (23). EBV latently infects and transforms B

lymphocytes, resulting in lifelong virus reactivation episodes and malignant lymphoproliferation,
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which is normally contained in healthy humans by immunosurveillance through T and NK cells,

but spirals out of control under immunosuppression (24).

Here we demonstrate the suitability of precisely repaired autologous T cells for the
treatment of FHL. We repaired perforin-1—deficient mouse memory T cells by adeno-associated
virus (AAV)—templated CRISPR—Cas9—mediated gene correction and used them to cure lethal,
EBV-induced hyperinflammation in a mouse model of FHL. Furthermore, T cells isolated from
pediatric patients with FHL2 and FHL3 were successfully expanded and repaired, restoring CD8
T cell cytotoxicity, while retaining a Tscwm cell-like phenotype. Our results provide a starting

point for the clinical implementation of autologous T cell therapy in FHL patients.

RESULTS

A preclinical mouse model of EBV-triggered FHL

We previously developed a genetic mouse model that recapitulates major features of fatal EBV-
triggered FHL2 in humans (25). In this model, the EBV oncoprotein latent membrane protein 1
(LMP1) or LMP1 together with LMP2A (LMP1/2A) is expressed in a small fraction of mouse B
cells in an inducible manner, mimicking human EBV infection. When combined with a genetic
perforin-1 deficiency (26), inducible EBV LMP1 or LMP1/2A expression is sufficient to cause a
fulminant hyperinflammatory syndrome (25). Within days after induction of LMP1 or LMP1/2A
expression in B cells, mice succumbed to acute lymphoproliferative disease (Fig. 1A), which
manifested as spleen enlargement and white blood cell infiltration in liver, thrombocytopenia,
and elevated serum markers indicating widespread tissue damage (Fig. 1, B to D). This mouse
model allowed us to explore gene therapy approaches that may prevent, mitigate, or cure HLH-

like disease through the transfer of autologous, gene-corrected T cells.
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A highly efficient gene repair strategy for primary T cells

We first established an ex vivo gene repair strategy in primary mouse T cells (Fig. 2A). For this
purpose, we used CRISPR—Cas9 to introduce a double-strand DNA break and AAV to deliver a
DNA donor template for homology-directed repair (HDR) and combined this approach with an
inhibitor of non-homologous end joining (NHEJ) (27). Ribonucleoprotein particles (RNPs)
composed of Cas9—sgRNA complexes were electroporated into cells (28) followed by repair
template delivery through infection with AAV-DJ (29), an engineered derivative of AAV-2 with
tropism for mouse cells (30). Sixteen hours of exposure to the DNA-dependent protein kinase
catalytic subunit (DNA-PKcs) inhibitor M3814 at 5 uM (27, 31)—a concentration well tolerated
in patients when given for weeks (32)—increased HDR events by about twofold in two mouse
loci: wildtype B2m (fig. S1, A and B) and mutated PrfI (Fig. 2, B and C), reaching high knock-
in repair efficiencies of greater than 50% as measured by mCherry reporter expression (table S1).
Our results are in line with a recent report about high knock-in efficiency in mouse T cells using
related technology (33). Sorted, repaired CD8 'mCherry” T cells expressed PrfI in response to
activation, whereas mock-repaired T cells carrying a stop codon in exon 3 showed similar knock-
in efficiencies, but did not express Prf1 (Fig. 2, C and D). Sequencing of the targeted alleles
confirmed a high frequency of precise HDR events (Fig. 2E; fig. S1C; and table S2). Thus, our

strategy enables efficient repair of Prf/ mutations in mouse primary T cells.

Efficient gene repair of potentially long-lived memory T cells

Antigen-experienced, potentially long-lived memory T cells are a preferred source of T cells for

T cell therapies (/9) and are present in the blood of patients suffering from primary and
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secondary HLH (7, 8, 34, 35). Specifically, less differentiated, CD62L" T cell subsets such as
central effector memory T (Tcwm) cells possess superior immune reconstitution, self-renewal, and
persistence ability in vivo to CD62L" effector memory T (Tem) cells (19, 36). We tried to induce
such cells in our EBV—PrfI-deficiency FHL2 mouse model by titrating down the inducer of
LMP gene induction (tamoxifen), thus generating fewer LMP-expressing B cells, resulting in
sublethal lymphoproliferation and absence of overt disease (Fig. 3A). These conditions allowed
us to isolate CD8"CD44" T cells with Tem and Tewm cell phenotypes around 28 days after LMP
induction when antigen-specific, terminally differentiated T effector cells had largely
disappeared (Fig. 3B). This memory T cell population contained antigen-specific T cells that
showed strong proliferative capacity upon exposure to LMP1-expressing B cells (Fig. 3C). The
memory T cells could be expanded to sufficiently high numbers to be successfully gene-repaired
ex vivo (using the strategy shown in Fig. 1A), with more than 50% mCherry-reporter knock-in
efficiency (Fig. 3D). When further expanded and sorted, repaired CD8" memory T cells were
found to express PRF1 (Fig. 3E) and to possess pronounced killing activity towards LMP1-
expressing B cells (Fig. 3F). As predicted, mock-repaired CD8" memory T cells (carrying a stop
codon in exon 3) failed to express PRF1, and had a lower killing activity (Fig. 3, D to F). We are
thus able to genetically repair PrfI-mutant CD8" memory T cells and restore their cytotoxic

activity.

Prevention and cure of HLH-like disease in mice by repaired memory T cells

With readily expandable, Prfl-repaired memory T cells in hand, we were able to test their
potential to contain otherwise fatal HLH-like disease (REF Tristan) (Fig. 4A). We adoptively

transferred 1x10° repaired or mock-repaired memory T cells into Prfl-deficient Cd19-
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CreFRT2, LMPTSTOP mice, either 1 day before, or 1 to 2 days after, LMP-induction. Recipient mice
were neither pre-conditioned nor lymphodepleted. In both scenarios, repaired T cells fully
controlled LMP-driven, pathogenic B cell proliferation, and protected and rescued mice from
HLH-like disease, whereas mock-repaired T cells failed to do so (Fig. 4, B to D). These
experiments establish gene repaired autologous T cells as a promising therapeutic approach for

human FHL in a preclinical model.

Efficient gene repair in mutant T cells from FHL patients

To explore the feasibility of gene repair in mutant T cells from FHL patients, we obtained T cells
from two pediatric patients in remission after immunochemotherapy. One child suffered from
FHL2 (PRF1 deficiency) and the other from FHL3 (Munc13-4/UNC13D deficiency). As is
typically the case, blood samples from these patients were precious and only contained a limited
number of cells. Therefore, we first expanded the patients’ T cells using a protocol that supports
expansion of Tscwm cells from the naive T cell pool with a combination of IL-7 and IL-15 (19, 37,
38). We then assessed targeted mutagenesis in these expanded, blood-derived T cells by inserting
an mCherry reporter into the B2M locus (fig. S2, A and B). RNPs were electroporated into the
cells, followed by infection with AAV6 for donor repair template delivery (39). With T cells
from both patients, we achieved consistently high (>80%) knock-in efficiencies, as measured by
mCherry reporter expression (fig. S2C and table S1), as well as a high frequency (>70%) of

HDR targeting events, as determined by sequencing (fig. S2D).

Restoring patient CD8 T cell cytotoxicity by correcting PRFI mutations in exon 3
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For gene repair of mutated PRF'I and UNC13D genes, blood-derived patient T cells were
expanded with IL-7 and IL-15, aliquoted, frozen, and aliquots thawed, targeted and analyzed
(Fig. 5A). The FHL?2 patient carried two different recessive mutations in exon 3 of PRFI: (i) a
three-nucleotide deletion leading to an in-frame deletion of lysine 285 (c.853-855del
AAG(285delK)) on one allele and (ii) a ¢.1349C>T(T450M) missense mutation leading to the
exchange of threonine to methionine on the other (Fig. 5B). We devised two gene correction
strategies (Fig. 5B). In the first, we replaced the mutated versions of exon 3 with a repaired
version (table S3). Inspired by a recent strategy for pan-mutation correction (40), we also tried a
second approach, replacing exon 3 by a full-length PRF1 cDNA preceded by a sequence
encoding a T2A self-cleaving peptide (table S4). This second strategy places the perforin-1
cDNA under endogenous transcriptional and translational control and allows for pan-gene
correction of the ~60 known pathogenic PRF'I mutations (6, 41, 42), with the exception of

frameshift or nonsense mutations in exon 2.

Since patient cells were limiting, we used T cells from three healthy donors to assess cell
viability during gene editing and expansion post-editing, as well as functional performance (Fig.
5, Cto F). T cells that underwent gene repair (RNP/AAV6) expanded as well as cells that
received Cas9—sgRNA complexes in the absence of AAV6 (RNP), the latter causing PRF']
knock-outs (Fig. 5C), both yielding 8-9x10° edited T cells after 6 days (starting from 10° T
cells). Addition of NHEJ inhibitor M3814 lead to a 30 to 40% reduction of cell yields consistent
with its known effect on cell viability (27, 37). The two PRF'1 gene targeting strategies both
achieved efficient gene correction with a high fraction of perforin-1-expressing cells, which was
increased by about twofold in the presence of the NHEJ inhibitor M3814 (i.e, from 25% to 60%)

(Fig. 5D and table S1). We next measured the expression of intracellular perforin protein levels
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in targeted_and non-targeted T cells in response to activation. Perforin-1 expression in repaired T
cells nearly reached wild-type levels seen for non-targeted T cells (Fig. SE). In cells repaired
with strategy 1 (PRFI exon 3 replacement), perforin-1 expression was slightly higher than in
cells repaired with strategy 2 (PRF'1 cDNA knock-in). Most of the perforin-1 expression was
observed in CD8 T cells (fig. S3). We assessed the cytotoxic activity of the repaired T cell
populations towards human B lymphoma cells in a T cell killing assay, using a CD19—CD3
bispecific T cell engager (BiTE) antibody (43) (Fig. 5F). Both repair strategies 1 and 2 restored
cytotoxic activity as compared to the null alleles (knock-out). In this assay, the cytotoxic activity
measured was influenced by the fraction of cells expressing perforin-1 and only around 60% of T
cells in the repaired T cell populations expressed perforin as compared to 100% in the non-

targeted control cells.

Encouraged by these results, we attempted gene repair in FHL2 patient T cells. As the
¢.1349C>T(T450M) missense mutation is known to generate an altered perforin precursor with
impaired proteolytic maturation (44), perforin expression was detectable in CD8 T cells from this
patient (Fig. 6A). In the absence of AAV6 DNA repair template donor (RNP/M3814), targeting
of perforin-1 led to the generation of null alleles, abolishing perforin-1 expression (Fig. 6A).
With both gene targeting strategies (Fig. 5B), we achieved efficient and reproducible gene
correction in the presence of AAV6 repair templates and NHEJ inhibitor M3814 with a high
fraction perforin expressing cells (Fig. 6A and table S1) owing to a high frequency of HDR
targeting events (~60% and ~40%, respectively) (Fig. 6B). Use of only one sgRNA (sgPRF1.2)
instead of two led to a somewhat reduced, but still high level of targeting with around 50% of
perforin-1-expressing T cells (table S1). The repaired CD8 T cells showed strongly improved

cytotoxic activity towards human B lymphoma cells (Fig. 6C and fig. S4). Importantly, flow

10
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cytometry phenotyping of the repaired T cells 6 days after CRISPR—Cas9 gene repair indicated
that they predominantly had a CD45RATCD62L*CD95" Tscwm cell-like phenotype—
distinguishing them from CD45RA*CD62L"CD95™ T cells (19, 38)—and did not overexpress T

cell exhaustion markers (45—47) (Fig. 6, D and E, and fig. S5).

In order to assess the specificity of the sgRNAs used, we employed GUIDE-seq
(genome-wide unbiased identification of double-strand breaks enabled by sequencing) (48).
GUIDE-seq detects the integration of double-stranded oligodeoxynucleotide (dsODN) tags into
sites of nuclease-induced DNA double-strand breaks by amplification of tag-containing genomic
DNA followed by deep sequencing (49, 50). Since integration of dSODN tags at sites of DNA
double-strand breaks appears to be dependent on NHEJ (49), we used both untreated patient T
cells and patient T cells treated with the NHEJ inhibitor M3814 (fig. S6A). As expected, we
detected a higher frequency of dsODN integrations in untreated T cells compared to M3814-
treated T cells (fig. S6B). However, the majority of GUIDE-seq reads for both sgRNAs mapped
to the intended on-target sites. A major off-target site was observed for the sgRNA targeting site
1 in PRFI (fig. S6B), but this was located in an intergenic region, and was therefore unlikely to
cause pathogenic mutations. Taken together, we established a strategy that allows efficient PRF'/

gene repair in patient T cells, restoring the cytotoxic activity of repaired CD8" T cells.

Restoring T cell cytotoxic activity by correcting an allele-specific mutation in UNC13D

The FHL3 patient carried two different recessive mutations in UNC/3D leading to premature
stop codons: (i) a four-nucleotide deletion frameshift mutation in exon 24 on one allele and (ii) a
¢.766 C>T(p.R256X) nonsense mutation in exon 10 on the other. In order to restore cytotoxic

activity in T cells from this patient, we attempted allele-specific gene correction. To this end, we

11
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took advantage of a PAM site downstream of the of ¢.766C>T exchange in exon 10 and designed
an sgRNA that specifically targets this mutant allele to replace the mutated exon 10 with a
repaired version (Fig. 7A and table S5). This strategy restored degranulation capacity in about
40% of the repaired patient T cells (Fig. 7B) and about one third of targeted alleles underwent
HDR events (Fig. 7C). This was sufficient to restore efficient cytotoxic activity in the repaired
patient T cells (Fig. 7D and fig. S7). Similar to the repaired T cells from the FHL?2 patient, 6
days after CRISPR—Cas9 treatment, the vast majority of the repaired CD8 T cells from the FHL3
patient had a CD45RA*CD62L"CD95" Tscm cell-like phenotype (19) and were negative for the
T cell exhaustion markers PD1 and TIGIT (45) (Fig. 7, E and F, and fig. S5). Off-target analysis
by GUIDE-seq for the sgRNA targeting UNC13D indicated one major off-target site in a gene
important for TNFa-mediated apoptosis (BRI3), suggesting that for clinical applications this
particular sgRNA is not suitable (fig. S6). Nevertheless, our results demonstrate the feasibility of
efficient allele-specific gene correction for UNC13D-mutated T cells from FHL3 patients. These
results thus extend our repair strategy to a second genetic locus whose mutation causes HLH

disease in humans.

DISCUSSION

Our study provides proof-of-principle that precisely repaired memory T cells can not only
prevent, but indeed cure FHL2-like disease in mice in vivo. Although we cannot exclude that
other T cell subsets could be used as well for this purpose, our results nevertheless are in line
with recent evidence that adoptive, virus-specific T memory cell therapy can cure mice from
active, EBV-triggered FHL2 and 3 (57). Precise gene repair reduces many of the safety concerns

associated with lentiviral vectors, such as insertional mutagenesis near oncogene and tumor

12
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suppressor loci, and ectopic or otherwise deregulated gene expression (52—54). These results
therefore suggest that precisely repaired T cells may be a useful bridging therapy for acutely ill
HLH patients, stabilizing these patients until curative treatment by HSCT or even replacing
HSCT altogether. We consequently proceeded to develop CRISPR-Cas9-AAV6-based gene
correction strategies in human T cells to correct mutations in PRF'/ and UNC13D, which

together account for more than half of FHL cases (6, 21).

For the FHL2 gene PFR1, we provide two “off-the-shelf” gene repair strategies that
cover mutations in exons 2 and 3, which encode the 555 amino acids of the perforin polypeptide
(6). One strategy replaces the larger exon 3, covering about two thirds of the known disease
mutations (42). We also provide a “universal” cDNA insertion strategy that additionally covers
mutations in exon 2 (except frameshift and nonsense mutations), by placing an expression-
optimized PRF'I open reading frame under endogenous locus control. Both strategies worked
well, although the pan-mutation correction approach was slightly less efficient (tables S1 and

S2).

For the FHL3 locus UNC13D, which spans 32 exons and encodes the 1090 amino acid
polypeptide Munc13-4, we used allele-specific gene repair, taking advantage of a PAM site
downstream of the patients’ mutation in exon 10. Since the other FHL3 mutation of this patient
affected exon 24, this generated a genetically heterozygous “carrier state” with one functional
(repaired) and one null allele. Nevertheless, we achieved full restoration of cytotoxic activity in
the repaired T cells (Fig. 7 and fig. S4). Although a “universal” cDNA repair strategy remains
challenging for large cDNAs such as UNCI3D, it is feasible for the smaller FHL4 and FHLS

loci, STX11 and STXBP2. Thus, our T cell gene repair strategies provide a toolbox that can be

13
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applied to other rarer FHL subcategories and should also be useful for gene correction of other

monogenic T cell-based primary immunodeficiencies (55).

The presence of M3814, a selective inhibitor which suppresses NHEJ (27, 317), increased
HDR-mediated precise gene repair by roughly 1.5-to-2-fold (tables S1 and S2). However, even
without this inhibitor, gene repair efficiencies in patient T cells in the PRF/ and UNCI3D loci
(tables S1 and S2) may be sufficient to suppress FHL in patients, given that in mouse models
FHL can be prevented by bone marrow or T cell populations containing 10 to 20% of cells with
intact perforin-1 loci (34, 56). Similarly, in patients with primary hereditary HLH, 20 to 30%
donor chimerism is protective against late reactivation of the disease more than 180 days post
HSCT (57). A case in point is our FHL2 patient: this child underwent allogeneic bone marrow
transplantation at the age of 4 months and remains disease-free despite a low donor chimerism of

only 21% in the T cell compartment (Supplementary Text).

Any adoptive T cell therapy regimen is dependent on protocols that allow T cells to be
expanded to sufficient numbers (/9). Here, we successfully adapted a simple cell culture
protocol that allowed us to expand and repair mutated potentially long-lived Tscwm cells from two
critically ill pediatric FHL patients who had undergone immunochemotherapy in anticipation of
HSCT. This protocol was developed for the rapid expansion of virus-specific Tscm cells from a
mixed naive T-Tscwm cell population present in blood (79, 38) and employs a combination of IL-
7 and IL-15 to support the development and expansion of Tscwm cells, respectively (37). The
protocol relies on enrichment of cells with a Tscwm cell-like phenotype owing to the culture
conditions and does not require any cell sorting or the need to isolate rare cells. Furthermore, T
cell populations highly enriched for Tscm-like cells showed high cytotoxic activity already two

days after reactivation (Figs. SF and 6C and fig. S4). Importantly, we were able to cryopreserve

14
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and later reactivate patient T cells after the initial expansion, greatly facilitating clinical

applications.

Immunosuppressive treatment is key to induce remission and prepare FHL patients for
HSCT (10, 11). A priori, it was unclear, whether T cells from a post-hypercytokinemic and
immunosuppressive environment would be amenable to precise CRISPR—Cas9-mediated gene
repair and if so, how well gene correction would restore their effector function. Our study clearly
established that, at least for the two FHL patients tested, these considerations may be of lesser
concern. Gene-repaired Tscwm cells from our two FHL patients showed no signs of T cell
exhaustion and could be differentiated into bona fide cytotoxic CD8 T cells with restored
effector functions. These results are in line with earlier proof-of-concept studies that used
lentiviral or retroviral insertion to overexpress human or mouse genes and reported restored
cytotoxicity in Munc13-4— or perforin-1—deficient T cells (34, 58—60), tumor reduction in EBV-
induced lymphoma, and prevention of lymphocytic choriomeningitis-triggered FHL2 (34) or

FHL3 (59).

Our results are relevant for clinical translation because they demonstrate that T cells from
pediatric patients who received etoposide, dexamethasone, and cyclosporine A treatment are
suitable for precise gene repair ex vivo. In contrast to allo-HSCT, which is associated with
serious risks and side effects (/4, 15), and chimeric antigen receptor (CAR) T cell therapy, which
can be used only once or twice in a given patient (67), autologous T cells for adoptive T cell
therapy can be regarded more like a drug that can be given repeatedly. Indeed, adoptive cell
therapy with virus-specific T cells is well tolerated, has proven highly effective in
immunocompromised patients with EBV and CMV infections, and can even be used

prophylactically (62). To avoid the challenges related to the cost and complexity of AAV
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production, our gene targeting strategy could be easily adapted to nonviral T cell genome
engineering using CRISPR—Cas9 and virus-free single-stranded DNA as a template donor, as

recently demonstrated for IL-7-1L-15—expanded blood-derived Tscwm cells at a clinical scale (317).

One potential limitation of T cell-based therapy for FHL is the lack of repaired NK cells,
which may be required for optimal disease protection (63). Memory T cells may be able to
functionally substitute for NK cells, because they can acquire innate properties such as
responsiveness to innate cytokines and a “primed” state for interferon gamma (IFN-y) production
(64). However, it is conceivable that this problem could be addressed in the future with
optimized forms of gene therapy using autologous hematopoietic stem cells, either alone or in
combination with repaired T cells. Such therapies may even supplant the current allo-HSCT
treatment associated with high mortality rates (9, 34, 65). In this respect, we recently
demonstrated that the PRF locus can be repaired precisely and efficiently in human
hematopoietic stem and progenitor cells using an approach that minimizes unwanted on- and off-

target events (48).

For autologous T cells (as opposed to hematopoietic progenitor cells), unwanted on- and
off-target events may be less critical, given that autologous gene-modified T cells have been
used safely, without evidence of malignant transformation, for hundreds of patients in the
context of cancer treatment (53). However, before precise gene editing can be applied in the
clinic, careful assessment of potential off-target sites is required. GUIDE-seq analysis for our
guide RNAs indicated high specificity, suggesting clinical suitability for PRF1 guide RNA
sgPRF1.2 and an intergenic off-target site for PRF'/ guide RNA sgPRF.1. Off-target activity of

the second PRFI guide could be remedied by using an engineered high-fidelity Cas9 (66),
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whereas our guide RNA for the UNC13D patient-specific mutation may not be suitable for

clinical application.

Our study does not clarify whether repaired T cells expressing suboptimal levels of the
repaired protein would be able to overcome clinical disease in patients (67). An additional
challenge is the heterogeneity of the clinical presentation of patients with primary hereditary
HLH. Forms of the disease caused by T cell-based genetic defects can present with different
severities and ages of onset (/, 4, 9). Clinical trials will therefore be needed to establish whether
engrafted repaired memory T cells are able to clear infectious challenges, and if so, for how long
such protection may last in various patient subgroups (34). Overall, the present work establishes
gene repair in autologous T cells as a promising therapeutic approach for human FHL in a

preclinical model, and demonstrates its feasibility for T cells from patients.
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MATERIALS AND METHODS

Study design
Research objectives

We sought to determine the feasibility of precisely repairing genes required for cytotoxic
functions in potentially long-lived memory T cells, including mutated T cells isolated from FHL
patients and to explore the therapeutic potential of such cells in a mouse model of FHL or their
suitability for clinical translation in functional assays with repaired patient T cells.

Overall study design

We performed controlled laboratory experiments. We first used primary mouse T cells to
establish an efficient CRISPR-Cas9—AAYV gene repair protocol in the presence and absence of
NHEJ small-molecule inhibitor M3814. We then tested whether repaired cells could prevent or
cure lethal HLH disease in a mouse model of EBV-triggered HLH in the context of perforin-1
deficiency. We subsequently obtained and ex vivo—expanded mutant T cells from blood samples
of an FHL2 (perforin-1 deficiency) and an FHL3 (Munc13-4 deficiency) patient. We gene-
repaired mutant patient T cells and tested their cytotoxic effector function in cell culture
experiments.

Research subjects

Genetically defined mouse strains, primary mouse T cells and human T cells isolated from
healthy donors and patients.

Data collection

Given the discovery research nature of the study, no predefined power calculations for sample
size were used and experiments were not randomized or blinded. No data points or outliers were
excluded from the analysis. The number of independent biological replicates is given in each
respective figure legend or table. Mouse sample size calculations were based on previous
experiments in an earlier study by us (25). In order to prevent unnecessary suffering before death
due to terminal illness, termination criteria and humane endpoints for survival analysis of mice
were predefined based on the same earlier study (25) (Figs. 1 and 4). Upon induction of LMP-
expression by tamoxifen, mice were closely monitored for development of end-stage disease by
visual observation (strongly reduced activity, hunched posture, and ungroomed fur) and were
sacrificed if they manifested all of these symptoms. Symptom-free animals showed none of these
symptoms.

Mouse strains

Mouse strains Cdl9-Cref®%(68), R26LMP11STOP(69), R26LMP2ASTOP (25) and Prfl~ (26)
have previously been described. Animal care adhered to the guidelines of the Institutional
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Animal Care and Use Committee of the MDC. Animal experiments were reviewed and approved
by the Landesamt fiir Gesundheit und Soziales Berlin (LAGeSo # G0213/16).

Cell lines

All cells and cell lines were incubated at 37°C, 5% CO.. The mouse LMP1-expressing B
lymphoma cell line 2726L (25) was cultured in B cell medium (DMEM (ThermoFisher
Scientific, 11960044) supplemented with 10% FCS, 1X non-essential amino acids, 1X
penicillin—streptomycin, 1X sodium pyruvate, 1X GlutaMAX™, and 52 uM B-mercaptoethanol).
HEK?293T cells used for AAV production were maintained in DMEM (ThermoFisher Scientific,
11960044) supplemented with 10% FCS, 1X sodium pyruvate, 1X GlutaMAX™, and 1X
penicillin—streptomycin. BJAB cells were cultured in RPMI 1640 (ThermoFisher Scientific,
21875034) supplemented with 10% FCS, 1X GlutaMAX™, and 1X penicillin—streptomycin.

T cell isolation and culture
Mouse cells

Total T cells were isolated from spleens of C57BL/6 or Prfl”~ mice (26) (Pan T Cell Isolation
Kit II, mouse, Miltenyi Biotec) and activated with plate-bound anti-CD3g (10 pg/ml; 145-2C11,
Biolegend, 100-301) and anti-CD28 (5 pg/ml; Clone 37.51, Biolegend, 102101) in the presence
of mouse IL-2 (25 ng/ml; Peprotech, 212-12) for 2 days. Activated mouse T cells were further
cultured in the presence of mouse IL-2 in B cell medium.

Human cells

CD8 T cells isolated from peripheral blood of healthy donors by positive selection of CD8" T
cells (CD8* T cell Isolation kit, Miletnyi Biotec, 130-096-495) or unpurified bulk T cells within
peripheral mononuclear cells (PBMCs) were activated with ImmunoCult™ Human
CD3/CD28/CD2 T Cell Activator (STEMCELL Technologies, 10970) in the presence of human
IL-7 (5 ng/ml, Peprotech, AF-200-07) and human IL-15 (5 ng/ml, Peprotech, AF-200-15) for 3
days. Activated human T cells were further cultured in ImmunoCult™ -XF T Cell Expansion
Medium (STEMCELL Technologies, 10981) with human IL-2, or human IL-7 (5 ng/ml,
Peprotech, AF-200-07) and human IL-15 (5 ng/ml, Peprotech, AF-200-15) for 7 days. At this
point aliquots of expanded healthy donor-derived bulk T cells were frozen for later use. Healthy
donor CD8 T cells were reactivated with ImmunoCult™ Human CD3/CD28/CD2 T Cell
Activator (STEMCELL Technologies) with human IL-2 (25 ng/ml; Peprotech, 200-02) for 2
days, followed by flow cytometry analysis and used as staining controls for BV421-PD1 and
PE/Dazzle594-TIGIT.

FHL patient-derived cells
In order to expand and sustain preferentially Tscm-like cells, PBMCs were activated as described
above for 3 days. Bulk T cells were then expanded for another 5-7 days in the presence of human

IL-7 and human IL-15. At this point, multiple aliquots of expanded patient-derived bulk T cells
were frozen for later use.
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Flow cytometry analysis and FACS

Single-cell suspensions were prepared from spleens and livers of the experimental mice as
described (25) and strained through a 35 um nylon mesh, before staining with antibodies (table
S6). Fc receptors were blocked by incubation with 5 pg/ml FcyR antibody (anti-mouse
CD16/32) for 10 min at 4°C. Surface antigens were then stained with fluorescent-conjugated
antibodies for 15 min at 4°C (see table S6). The cells were finally washed with MACS buffer
(PBS/1%BSA) and analyzed on a BD Fortessa (BD Biosciences). Cell survival was defined as
fraction of live cells (measured by DAPI staining or LIVE/DEAD™ Fixable Dead Cell Stain
Kits (ThermoFisher Scientific, L34981 (Aqua) L34957 (Near-IR)). Cell sorting was performed
on a BD FACSAria™ III Cell Sorter (BD Biosciences). FlowJo software (v.10, FlowJo, BD) was
used for cell analysis.

In vivo mouse experiments

In order to generate perforin-1-deficient LMP1-specific memory T cells, 0.4 mg tamoxifen
(Sigma, T5648) dissolved in sunflower oil (Sigma, S5007) was administered once by oral gavage
to Cd19-CrefRT2;R26LMPISTOP: Pyf]~/~ mice (Fig. 3A). At least 28 days after tamoxifen
administration, CD8"CD44" memory T cells isolated from the spleen by FACS were activated
by coculture with y-irradiated (9 Gy) mouse LMP1-expressing B lymphoma cell line 2726L (25)
for 3 days. Memory T cells were then used for gene targeting (see below) and expanded for 4
days prior to adoptive transfer (Fig. 4A). One million repaired mCherry-positive T cells were
transferred into Cd19-CreFRT2;R26LMPSOTP; pyf1~~ mice either 1 day before, or 1 to 2 days after
administration of 4 mg of tamoxifen. Mice were closely monitored visual observation for the
development of disease (strongly reduced activity, hunched posture, and ungroomed fur) and
were sacrificed if they manifested all of these symptoms (humane endpoint to prevent
unnecessary suffering before death). Symptom-free mice appeared normal and did not show any
sign of disease.

AAYV donor template cloning and recombinant AAV production

All recombinant AAV vectors generated in this study are based on pAAV-GFP (Cell Biolabs,
AAV-400), which contains inverted terminal repeats (ITRs). Plasmids were created with the
NEBuilder HiFi DNA Assembly Cloning kit (New England Biolabs, E5520S). To generate
plasmid vectors pAAV-B2m-mCherry-pA (Fig. S1), pAAV-B2M-T2A-mCherry-pA (fig. S2),
pAAV-Prfl-ires-mCherry (Fig. 2B), pAAV-PrfI-mock-ires-mCherry (Fig. 2B), pAAV-PRFI-
Exon3 (Fig. 5B and table S3), pAAV-PRF1-T2A-cDNA (Fig. 5B and table S4), and pAAV-
UNC13D-Exonl0 (Fig. 7A), the respective left and right homology arms were amplified from
genomic DNA of C57BL/6 or Prfl”~ mice or PBMCs of healthy donors. Based on previous
evidence (70), we aimed for a minimum length of 500 bp and up to 1 kb or more if the packaging
capacity of AAV allowed for this. The nucleotide sequences of the PRF'I exon 3, the PRF]
cDNA and the UNC13D exon 10 were optimized for expression in mammalian cells on the
transcriptional, mRNA stability and translational level and de novo custom synthesized
(GeneOptimizer Software, GeneArt Gene Synthesis Services, ThermoFisher) (tables S3 to S5).
AAV production was described previously (29, 39). AAV-DJ and AAV6 were used for mouse
and human T cells, respectively.
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Genome editing of mouse and human T cells

sgRNAs were designed by CrispRGold 1.1 (77) and purchased from IDT (table S7). To generate
sgRNA complexes, crRNA and tractrRNA were combined at a 1:1 molar ratio, annealed at 95°C
for 5 min, and ramped down to room temperature. Cas9 protein (Alt-R S. p. Cas9 Nuclease V3)
was either purchased (Integrated DNA Technologies, 1081059) or produced in-house.
Ribonucleoprotein particles (RNPs) were complexed at a Cas9—sgRNA molar ratio of 1:2 at
25°C for 10 min before electroporation. Based on the amount of Cas9 protein, 50 pmol of RNPs
was used per 5x10° cells. A total of 3-5x10° cells were suspended in 20 pl of P3 electroporation
buffer (Lonza, V4XP-3032) containing corresponding amounts of RNPs and electroporated
using a Lonza 4D Nucleofector (Program DN-100 for mouse and EH-100 for human cells). Cells
were plated at 2.5x10° cells per mililiter following electroporation in the cytokine-supplemented
media described above with or without M3814 (5 uM; MedChemExpress, 1637542-33-6) (27,
31). Immediately following electroporation, AAV-DJ and AAV6 were added to mouse T cells
(1-2x107 vector genomes per cell) and human T cells (1-2x10° vector genomes per cell),
respectively. The medium was changed the following day. For gene targeting, healthy donor
PBMC-derived T cells or patient-derived T cells, expanded and frozen down as described above,
were thawed and reactivated with ImmunoCult™ Human CD3/CD28/CD2 T Cell Activator for 2
days in the presence of human IL-2 (25 ng/ml). After gene targeting, healthy donor-derived T
cells or patient-derived T cells were expanded for 4 days with human IL-2 and further expanded
for an additional 1-2 days with human IL-7 (5 ng/ml) and human IL-15 (5 ng/ml). They were
then subjected to flow cytometry analysis, genomic DNA extraction, restimulation for
subsequent analyses (killing or degranulation assays and intracellular perforin staining), or
frozen and stored in liquid nitrogen for later use. When high numbers of cells were needed,
patient-derived T cells were restimulated and expanded.

Analysis of gene-targeting efficiency
Flow cytometry

Between 4 to 8 days post targeting, T cells were harvested, stained with DAPI or the
LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit and the percentage of edited, mCherry-
positive cells was determined after gating for viable (DAPI-negative or Aqua-negative) cells.

PCR to confirm correct integration site, cloning, and Sanger sequencing

Genomic DNA from the targeted T cells was extracted using the QuickExtract DNA extraction
kit (Lucigen, QE09050). To confirm the correct integration site, the targeted site was amplified
using the PrimeSTAR GXL DNA polymerase (TAKARA, R050B) with gene-specific primers
(table S8). Purified PCR products were cloned into sequencing vector pJET1.2/Blunt (CloneJET
PCR cloning kit, Thermo Scientific, K1231) (Fig. 6, Fig. 7, Fig. S1, and Fig. S2). Colonies were
picked into 96-well LB agar plates and plasmids were sequenced (LGC, Biosearch
Technologies), and non-targeted, HDR, and NHEJ events counted. In case of Fig. 2E, gel
electrophoresis yielded two bands, a smaller band (~ 2.25 kb) corresponding in size to a deletion
of the entire sequence between the two single guide RNAs used (large deletion) and a larger
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band (~4.5 kb) corresponding to HDR events, NHEJ events (small indels), or non-targeted
sequences. We used Image J (NIH, Bethesda, MD) to quantify the relative amounts of DNA in
each band. In order to determine the number of non-targeted, HDR and NHEJ events on the
targeted locus, the larger band (~4.5 kb) was extracted for nested PCR, cloning and sequencing
as above.

Ex vivo mouse T cell proliferation assay

CD8'CD44" T cells were isolated by FACS from Cd19-Cre®RT2;R26LMPISOTP; Py~ mice at
least 28 days after tamoxifen administration (0.4 mg). Cells were then labeled with 5 uM
CellTrace Violet (Invitrogen, C34571) at 37°C for 15 min. The labeled cells were washed with B
cell medium and cocultured for 3 days with y-irradiated (9 Gy) LMP1-expressing B lymphoma
cells, followed by flow cytometry analysis.

Intracellular perforin-1 staining
Mouse T cells

mCherry" sorted perforin-1-repaired or mock-repaired CD8 T cells were either activated with
PMA/ionomycin for 4 hours (Sigma, P8139 and Sigma, 10634) in the presence of 1X brefeldin A
solution (BioLegend, 420601) or activated with LMP1-expressing B lymphoma cell line
(2726L)(25) overnight, followed by DAPI staining (1 pg/ml) for exclusion of dead cells before
fixation and processing for intracellular of perforin (APC anti-mouse Perforin, BioLegend,
154304) according to the BD Cytofix/Cytoperm kit instructions (BD Biosciences, 554714).

Human T cells

Targeted patient-derived T cells were reactivated with ImmunoCult™ Human CD3/CD28/CD2 T
Cell Activator (STEMCELL Technologies) and human IL-2 for 2 days and incubated with BJAB
cells at a 1:1 ratio with 5 ng/ml of blinatumomab (Blincyto; Amgen Europe B. V.), a CD19-CD3
bispecific T cell engager (BiTE) antibody, which enables human T cells to recognize malignant
CD19" B cells (43). Reactivated T cells from patients or targeted T cells from healthy donors
were stimulated with PMA (50 ng/ml) and ionomycin (500 ng/ml) for 6 hours in the presence of
1X Brefeldin A solution. T cells were stained with the LIVE/DEAD™ Fixable Near-IR Dead
Cell Stain Kit (ThermoFisher Scientific, L34981) for dead-cell exclusion before fixation and
processing for intracellular staining of precursor and mature forms of perforin-1 (PE anti-human
perforin-1, clone B-D48, BioLegend, 353304) (72) and staining of CD8 T cells by BV785-CD8
(SK1, BioLegend, 344740) according to the BD Cytofix/Cytoperm kit instructions.

Degranulation assay by detection of CD107a release (human T cells)

To measure degranulation in response to target cell stimulation, gene-repaired or non-targeted T
cells (effector cells), reactivated with ImmunoCult™ Human CD3/CD28/CD2 T Cell Activator
for 2 days in the presence of human IL-2 were cocultured with target cells (BJAB cells) ata 1:1
ratio in the presence of 5 ng/ml of blinatumomab, a CD19-CD3 BiTE antibody (43). One
microliter of PE-CD107a (H4A3, Biolegend, 328608) antibody was added to stimulated T cells
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to detect expression of CD107a. Four hours after coculture, cells were collected and stained with
BV785-CD8 for 15 min at 4°C. The cells were then washed with MACS buffer (PBS/1%BSA)
and analyzed on a BD Fortessa. Cell survival was defined as fraction of live cells measured by
DAPI staining.

IncuCyte live-cell analysis of cytotoxic T cell killing (human T cells)

Ninety-six-well plates were coated with 50 pl of 5 pg/ml of retronectin (Takara, T100B) per
well, incubated for 60 min. Then retronectin was removed, followed by another 60 min
incubation at room temperature. Gene-repaired or non-targeted T cells (effector cells),
preactivated with ImmunoCult™ Human CD3/CD28/CD2 T Cell Activator for 2 days with
human IL-2, and BJAB target cells (expressing mCherry reporter) were centrifuged at 300 g for
5 minutes and resuspended in ImmunoCult™ -XF T Cell Expansion Medium with human IL-2.
Twenty thousand BJAB cells in 100 pl per well were incubated for 30 min at room temperature
and 1 hour at 37°C. Forty thousand gene-repaired or non-targeted T cells in 100 pl per well
together with 5 ng/ml blinatumomab CD19-CD3 BiTE antibody (43) were carefully added and
cells were allowed to settle at room temperature for 30 min before transfer to an IncuCyte Live
Cell Imaging System (IncuCyte® S3 Live-Cell Analysis Instrument, SARTORIUS) inside a cell
incubator (37°C, 5% CO.). Images were taken every hour for 24 hours using the IncuCyte
software. The total red object integrated intensity (RCUxpum? per image) from live mCherry-
expressing target cells was calculated per each time point. A killing index was calculated by
normalizing the total red object integrated intensity (RCUxum? per image) of each time point to
0 hours.

Genome-wide identification of off-target sites with GUIDE-seq

For Tn5-modified GUIDE-seq experiments (48) patient-derived T cells were reactivated with
ImmunoCult™ Human CD3/CD28/CD2 T Cell Activator (STEMCELL Technologies) and
human IL-2 (25 ng/ml) for 2 days, and a total of 3 x 10° human T cells were electroporated with
RNPs and 50 pmol of duplexed end-protected dSODN (Lonza 4D Nucleofector, Program EO-
115) with or without M3814 (5 uM; MedChemExpress, 1637542-33-6). The medium was
changed the next day. The targeted cells were harvested 4 days after electroporation. Dead cells
were removed (EasySep™ Dead Cell Removal (Annexin V) Kit; STEMCELL Technologies,
17899) and genomic DNA was extracted from 2-5x10° targeted T cells (GenFind V3 Reagent
Kit; Beckman Coulter, C34880). Genomic DNA (100 ng) was fragmented using 775 transposase
(ITlumina, 20034197) in 20 ul of reaction at 55°C for 7 min. Tagmented DNA fragments were
purified by using Zymo DNA Clean and Concentrator-5 according to the manufacturer’s
protocol (Zymo Research, D4014). GUIDE-seq libraries were prepared as previously described
(49, 50) with specific primer sets (table S8) and loaded onto [llumina MiniSeq or MiSeq for deep
sequencing. Samples were sequenced to a minimum read depth of 2.5 million (PRF) and 1
million (UNC13D).

Processing of the GUIDE-seq reads and off-target cleavage profiling

The R pipeline for processing and visualization of GUIDE-seq reads according to (49, 73) is
available (74). Paired-end base-called Illumina reads were assembled using PEAR software (75)
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and filtered based on the presence of full-length dSODN sequence at the start of the read (one
mismatch allowed). dSODN sequence was cropped using R script and the resulting reads were
aligned to the GRCh38.p14 human genome assembly using minimap?2 (76). Unspecific
amplification products and reads aligning to dSODN integration sites were discriminated using
the following criterion: at least two reads mapped to the opposite strands with the shared
start/end coordinate, with 5 nt indel allowed. The off-target sites were annotated with UCSC
Genome Browser human gene database and aligned to the sgRNA sequences using R script and
visualized using ggplot2 library (77, 78). Off-target cleavage sites with more than seven
mismatches to the intended target sequence (49, 73) were removed manually from the
visualization output (fig. S6B).

Statistical analyses

Eight-to-twelve-week old male and female mice were used in similar numbers for comparisons
between groups. Mouse sample-size calculations were based on results of previous experiments
(mouse model for EBV-triggered FHL2) (25). To calculate statistical significance of symptom-
free survival, we used Kaplan-Meier survival analysis with the log-rank (Mantel-Cox) test
(conservative) in GraphPad Prism 9. Medians and statistical significance were calculated in
GraphPad Prism 9 by a non-parametric test (two-tailed Mann—Whitney U -test with exact P
values). All tests were performed using 95% confidence levels, and P > 0.05 was considered not
significant (ns).

Supplementary Materials
Supplementary Text

Figs. S1 to S6

Tables S1 to S8

Data files S1 and S2
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Fig. 1. A mouse model for fatal EBV infection recapitulates key features of FHL2. In
perforin-deficient mice, B-cell specific induction of EBV genes LMP1 or LMP1 and 2A by
tamoxifen leads to a rapid disease onset and fulminant, systemic hyperinflammation resembling
FHL2 (25). (A) Graph depicting Kaplan-Meier curves of symptom-free survival of perforin-1—
deficient and perforin-1—expressing control mice. Significance was calculated with a log-rank
test (Mantel-Cox (conservative): P =0.0021 for three groups, and P = 0.002

(R26LMP11STOP: prfi--) and P < 0.0001 (R26LMP1/2ASTOP; Prf]-") for pairwise comparisons).
Upon induction of LMP-expression by tamoxifen, the animals were closely monitored by visual
observation for signs of end-stage disease (strongly reduced activity, hunched posture, and
ungroomed fur) and sacrificed when they showed all three symptoms combined (humane
endpoint). End-stage symptoms developed within 1 week. Symptom-free mice appeared normal
and showed no signs of disease. Results are pooled from four independent experiments for a total
of 16 Prfl-deficient and 9 Prfl-expressing control mice. (B) Representative pieces of livers
(upper row) and spleens (lower row) 6 days after tamoxifen administration. Livers from perforin-
deficient mice appear whitish pale from leukocyte infiltrates and spleens are grossly enlarged.
Scale bar, 1 cm. (C) LMP1" B cell numbers in the liver are greatly elevated in perforin-1—
deficient mice 6 to 7 days after tamoxifen administration. Left: representative flow cytometry
plots. LMP1" B cells were gated on live cells, and identified as hCD2-reporter®, CD19", or B220*
B cells. Right: LMP1* B cell numbers (10 cells/gram liver tissue). Each symbol represents one
mouse and horizontal lines indicate medians. Results are pooled from four independent
experiments for a total of 16 Prfi-deficient and 9 PrfI-expressing control mice (A and C). (D)
Tamoxifen-treated, perforin-1—deficient mice show reduced red blood cell (RBC) counts,
hemoglobulin levels, and platelet counts, all indicative of cytopenia, as well as increased tissue
damage as indicated by various serum markers 6-10 days after tamoxifen treatment. Each dot
represents one mouse. Horizontal lines indicate medians. Results are pooled from four
independent experiments for a total of 11 to 14 Prfi-deficient and 8 PrfI-expressing control
mice. For comparison, 7 Prfl-deficient mice without tamoxifen treatment are shown as non-
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induced controls (no LMP1 induction). Symbols indicate genotype: square (Cd19-
CreFRT2,R26LMP11STOP: prf177)  round (Cd19-CreFRT2;R26LMP1/LMP2ASTOP: pyf1-7) (C and
D) Significance was calculated with a two-tailed Mann-Whitney test. ALT, alanine
aminotransferase; AST, aspartate aminotransferase; LDH, lactate dehydrogenase; M, million; U,
unit.
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Fig. 2. Highly efficient CRISPR/Cas9 repair of the PrfI gene in mouse bulk T cells. (A) Ex
vivo CRISPR-Cas9 gene repair strategy for primary mouse T cells from PrfI~'~ mice, using
recombinant adeno-associated virus (AAV) vectors to provide single-stranded DNA repair
templates with homology arms (HA). AAV-DJ was used for mouse cells. M3814—a small
molecule inhibitor of non-homologous end joining (NHEJ)—was added to favor homology-
directed repair (HDR). (B to E) Knock-in efficiency for the mouse perforin gene locus: (B)
Targeting strategy. Gene locus containing a Neo-Stop-Cassette (upper line), donor template
(middle line) and targeted loci (lower two lines). (C) Percentage of targeted bulk T cells
(mCherry") determined by flow cytometry after the indicated treatments with Cas9—gRNA
ribonucleoprotein (RNP) complexes. Results are representative of at least four independent
experiments. (D) Intracellular perforin staining of repaired sorted mCherry” CDS8 T cells. Results
correspond to one of two independent experiments. (E) Percentage of targeted alleles determined
by gel electrophoresis (pie chart) and by sequencing. Upper row: Perforin repair; lower row:
Mock repair. Results correspond to one of two independent experiments each.
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Fig. 3. Repair of perforin-1-deficient, LMP1-specific mouse memory T cells. (A)
Experimental setup. (B) Ex vivo flow cytometry analysis of splenocytes. Result corresponds to
one of two independent experiments and is representative of four mice in total (0.4 mg
tamoxifen, Day 28 to 60). Control corresponds to one representative of three Prf] -deficient
mice (no tamoxifen). (C) Activation of sorted CD44" CD8 memory T cells by LMP1-expressing
B cell line 2726L. Results are representative of four independent experiments. (D) Percentage of
targeted memory T cells (mCherry™) and (E) intracellular perforin-1 staining of sorted mCherry”
CD8 memory T cells. Results correspond to one of three (D) or two (E) independent
experiments. (F) Killing of LMP1-expressing B cell line 2726L by perforin-repaired or mock-
repaired memory T cells. Results correspond to means + s. d. of triplicate measurements for one
of two independent experiments.
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Fig. 4. Repaired memory T cells protect perforin-1-deficient mice from
hyperinflammation. (A) Scheme of T cell therapy experiments in a mouse model of tamoxifen-
inducible familial FHL2 (25) (see Fig. 1). (B) Graph depicting Kaplan-Meier curves of
symptom-free survival of perforin-1— deficient mice treated with perforin-repaired or mock-
repaired T cells (log-rank test (Mantel-Cox (conservative)). Upon induction of LMP-expression
by tamoxifen, mice were closely monitored by visual observation for signs of end-stage disease
(strongly reduced activity, hunched posture, ungroomed fur) and sacrificed when they showed all
three symptoms (humane endpoint). Symptom-free mice appeared normal and showed no sign of
disease. Perforin-repaired memory T cells conferred full protection (left) or full rescue (right)
from disease symptoms. (C) Flow cytometry analysis to detect infiltrating LMP1" B cells in liver
(gated on live cells, identified as hCD2-reporter’, CD19", or B220* B cells) in perforin-1—
deficient mice which received repaired memory T cells before (“Protection”, upper panel) or
after (“Rescue”, lower panel) induction of LMP by tamoxifen. Results show one representative
mouse each per genotype and condition. (D) Repaired memory T cells can eliminate LMP1" B
cells in spleen and liver and thereby prevent liver damage due to hyperinflammation
(“Protection”, upper panels; “Rescue”, lower panels). Numbers of LMP1" B cells were
determined by flow cytometry and serum markers measured 6 to 10 days after induction of
LMP-expression by tamoxifen. Each dot represents one mouse. Horizontal lines indicate
medians and symbols indicate genotype: square (Cd9-CreFRT2;R26LMP115TOP; Prf177) round
(Cd19-CreFRT2,R26LMP1/LMP2AMSTOP: Prf1~/7) (B to D) Results are pooled from two
independent experiments for a total of 8 or 7 Prfl-deficient mice treated with repaired T cells
and 4 Prfl-deficient mice treated with mock repaired T cells. Significance was calculated with a
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two-tailed Mann-Whitney test. ALT, alanine aminotransferase; AST, aspartate aminotransferase,
LDH, lactate dehydrogenase, U, unit.
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Fig. 5. Efficiency of PRF1 gene repair strategies in T cells from healthy donors. (A)

Experimental workflow schematic. (B) Gene repair strategies for the

two patient alleles which

carry distinct mutations in exon 3 of the PRF'I gene. Strategy 1 replaces exon 3 with a wildtype
exon, strategy 2 with a complete PRF'I coding sequence (PRF' 1 cDNA preceded by a T2A self-

cleaving peptide). (C) Expansion of edited cells over time, starting fr

om 10° input T cells. Data

are from one experiment per donor. (D) Intracellular perforin staining with monoclonal antibody
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B-D48 (72) of healthy donor T cells analyzed by flow cytometry after the indicated treatments.
Left: Flow cytometry plots depict data from one representative donor of three donors per
treatment. Right: Frequency of perforin-expressing, CD8 T cells after targeting of PRF I alleles
by the indicated treatments. Each dot represents one independent experiment per donor for three
donors per treatment. Horizontal lines indicate medians (E) Intracellular perforin protein levels
before and after gene editing, measured by flow cytometry. T cells were gated on perforin-1*
cells, except the knock-out sample which did not receive the AAV6 repair template (gray line,
RNP/M3814). Left: Flow cytometry. Right: Mean fluorescence intensities (MFI) of perforin.
Data are from one independent experiment per donor, for three donors. (F) Cytotoxic activity in
edited T cells. PRF'I knock-out abolished and PRF] repair restored efficient killing of mCherry-
expressing target cells (Burkitt lymphoma BJAB cells). Arrow indicates the respective time
points of 50% killing of target cells. Data are from one independent experiment per donor, for
three donors.
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Fig. 6. Efficient repair of perforin mutations in T cells from an FHL2 patient. (A)
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[a—

Intracellular perforin staining with monoclonal antibody B-D48 (72) of patient T cells analyzed
by flow cytometry after the indicated treatments. Left: Flow cytometry plots are representative of
four independent experiments. Right: Frequency of perforin-1—-expressing CD8 T cells after
repairing mutated patient PRF[ alleles by RNP/AAV6/M3814 treatment. Each dot represents

one independent experiment (n=4). Horizontal lines indicate medians. (B) Percentage of targeted
alleles as determined by PCR amplification, cloning and sequencing after RNP/AAV6/M3814
treatment. Left: Pie charts shows results representative of four (strategy 1) and three (strategy 2)
independent experiments. Right: Quantification of HDR events. Each dot represents one
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independent experiment. Horizontal lines indicate medians. (C) Restored, cytotoxic activity in
repaired patient T cells. PRFI repaired T cells showed faster, more efficient killing of mCherry-
expressing target cells (Burkitt lymphoma BJAB cells). Arrow indicates the respective time
points of 50% killing of target cells. Note that patient T cells had residual killing activity that
disappeared upon engineering true PRF'I null alleles. Data are representative of four independent
experiments. (D) Representative phenotypes by flow cytometry of repaired FHL2 patient—
derived CDS8 T cells after the indicated treatments. CD45RA"CD62L" T cells were almost
exclusively CD95*, differentiating them from naive T cells and identifying them as T memory
stem cell-like. (E) Repaired CD8 T cells did not express the T cell exhaustion markers PD-1 and
TIGIT. (D and E) Left: Flow cytometry plots representative of four independent experiments.
Right: Quantification of phenotyped T cells. Each dot represents one independent experiment
(n=4). Horizontal lines indicate medians. Temra, effector memory T cells re-expressing
CD45RA; Tewm, effector memory T cells; T, naive T cells; Tscm, T memory stem cells; Tewm,
central memory T cells.
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Fig. 7. Allele-specific repair of an UNC13D mutation in T cells from an FHL3 patient. (A)

Gene repair strategy for one of two mutated alleles in the patient UNC13D locus. PAM

sequences are indicated in red. The sgRNA sgUNC13D-ex10-mut targets specifically the allele
mutated in exon 10. Positions of PCR primers are indicated. (B) Restored degranulation capacity
as measured by increased CD107a staining after repair of one allele in patient T cells. Left: Flow
cytometry plots are representative of four independent experiments. Right: Quantification of
degranulation after RNP/AAV6/M3814 treatment. Each dot represents one independent

experiment (n=4). Horizontal lines indicate medians. (C) Percentage of targeted alleles

determined by PCR amplification, cloning and sequencing after RNP/AAV6/M3814 treatment
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(n=4) (see table S2). Results correspond to one of four independent experiments. (D) Restored
cytotoxic activity in repaired patient T cells. Allele-specific repair of UNC13D was sufficient
restore cytotoxic activity as measured by killing of mCherry-expressing BJAB cells. The arrow
indicates the time point of 50% target cell killing. Results correspond to (C) and are
representative of four independent experiments. (E) Representative phenotypes by flow
cytometry of repaired, FHL3 patient-derived CD8 T cells after the indicated treatments.
CD45RA'CDO62L" T cells were almost exclusively CD95-positive, distinguishing them from
naive T cells and identifying them as T memory stem cell-like. (F) Repaired CD8 T cells did not
express the T cell exhaustion markers PD-1 and TIGIT. (E and F) Left: Flow cytometry plots
representative of four independent experiments. Right: Quantification of of phenotyped T cells.
Each dot represents one independent experiment (n=4). Horizontal lines indicate medians.
TemrA, effector memory T cells re-expressing CD45RA; Tewm, effector memory T cells; Tw, naive
T cells; Tscm, T memory stem cells; Tcewm, central memory T cells.
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SUPPLEMENTARY TEXT
Clinical information on the FHL2 patient (Fig. 6 and figs. S3 and S4)

The patient was delivered in the 40" week of pregnancy by primary caesarian section to non-
consanguineous healthy parents. Due to elevated infectious parameters and respiratory adaption
problems, he received postnatally 1 week of intravenous antibiotic treatment. Platelets were
decreased, but could successfully be substituted excluding an allo-immune thrombocytopenia.
He was discharged from neonatology on his 16" day of life. Only 12 days later, he was re-
admitted with feeding problems, weakness, pallor, and massive hepatosplenomegaly. Pathologic
laboratory results included Hb 4.8 g/dl, thrombocytopenia 25.000/nl, CrP 67.4 mg/L, sIL-2R
15.921 U/ml, ferritin 1882 ul, Fibrinogen was 2.0 g/1, triglycerides 173 mg/dl, and EBV-PCR
neg. Bone marrow aspiration showed very active hemophagocytosis. The diagnosis of FHL was
finally corroborated based on compound heterozygous loss of function mutations in

the PRF'I gene (c.853-855del AAG(285delK) and ¢.1349C>T(T450M), which were also found
separately in each parent. The patient was treated with dexamethasone and weekly etoposide
pulses leading to a rapid improvement of his clinical condition and normalization of
inflammatory lab parameters. At the age of 4 months, the patient underwent allogeneic bone
marrow transplantation from a 9/10 HLA-compatible unrelated donor. With a follow-up of 6
years, the child developed adequately to age and is disease-free despite low donor chimerism of
21% in the T cell compartment. The subject’s blood sample was frozen under cyclosporine A
and just off treatment with dexamethasone. Informed consent was obtained from the legal
guardians of the patient and the IRB of the Hamburg State Medical Association approved the
study (ID PV5777). (Provided by 1. Miiller)

Clinical information on the FHL3 patient (Fig. 7 and fig. S7)

The male baby was admitted to a hospital at an age of 32 days for a failure to thrive and icterus.
The patient developed fever, increasing inflammation, thrombocytopenia, anemia, and
hepatosplenomegaly. Laboratory findings included sIL2R 65.742 IU/ml, bilirubin 4.68 mg/dl,
ferritin 5.938 ng/l, triglycerides 204 mg/dl, fibrinogen 1.34 g/1, PCT 1.86 pg/l, and LDH 565 U/L.
He was diagnosed with HLH, fulfilling seven of eight diagnostic criteria for primary HLH (/2).
The diagnosis of primary HLH was genetically confirmed by compound heterozygous mutation
in UNCI13B: Mutation 1: ¢.766C>T p.Arg256* (Exon 10) and Mutation 2: ¢2346 2349del
p-Arg782Serfs*12 (Exon 24). The patient was treated according to the HLH-2004 protocol (/2).
Treatment included dexamethasone, VP16 and Cyclosporine A. With this treatment, the clinical
condition of the patient improved, and the inflammation decreased. During this treatment, blood
samples for experiments in the Rajewsky lab were collected. The patient underwent bone
marrow transplantation from an 12/12 HLA-identical matched unrelated donor. Because of
decreased donor chimerism, the patient had to undergo retransplantation approximately 5 months
after the initial transplantation. More than 4 years after the transplantation, the patient has a
stable, donor-predominant chimerism, is healthy without any signs or symptoms of HLH, has no
late effects of transplantations, and is developing well. Written informed consent was obtained
from the legal guardians of the patient and the IRB/Ethics Committee of Charité
Universitditsmedizin Berlin approved the study [approval no. EA2/144/15]. (Provided by J. H.
Schulte)
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Fig. S1. Highly efficient CRISPR/Cas9-mediated reporter insertion into the B2m locus of
mouse T cells. (A) Targeting strategy. Gene locus (upper line), targeting vector (middle line)
and targeted locus (lower line). (B and C) Knock-in efficiency for the mouse B2m locus: (B)
Percentage of targeted T cells (mCherry™) determined by flow cytometry after the indicated
treatments with Cas9 ribonucleoprotein complexes (RNP) and AAV. Results are representative
of four independent experiments. (C) Percentage of targeted alleles determined by PCR, cloning
and sequencing. Results correspond to one experiment per treatment condition.
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Fig S2. Highly efficient gene repair of B2M in T cells from one FHL2 and one FHL3
patient. (A) Experimental workflow: expansion of FHL T cells and insertion of T2A-mCherry
reporter into the B2M locus in T cells from an FHL2 and an FHL3 patient. (B) Targeting
strategy. Gene locus (upper line), targeting vector (middle line) and targeted locus (lower line),
with PCR primers for amplification of wild-type (WT)/NHEJ and HDR sequences indicated. (C)
Left: Percentage of targeted T cells (mCherry") determined by flow cytometry after the indicated
treatments. Results are representative of five independent experiments per patient and per
condition. Right: Quantification of mCherry™ T cells after targeting the B2M locus with indicated
treatments. Each dot represents one independent experiment (n=5). Horizontal lines indicate
medians. (D) Percentage of targeted alleles as determined by PCR amplification, cloning and
sequencing. Results correspond to one experiment per patient.
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Fig. S3. CD8 T cells are the main perforin-expressing T cell subpopulation after gene
editing. PBMCs were cultured, and T cells activated, expanded and edited as schematically
shown in Fig. 5A. For intracellular perforin protein detection, reactivated T cells were stimulated
with PMA and ionomycin in presence of brefeldin A for 6 hours, fixed and stained, and analyzed
by flow cytometry. Cells were gated on live T cells. (A) Healthy donor T cells with the indicated
gene editing treatments. Results are from one independent experiment per donor, for three
donors. (B) FHL2 patient T cells with the indicated gene editing treatments. Results are
representative of four independent experiments. Note that in non-targeted FHL2 patient T cells
non-functional perforin protein is detected, since the c.1349C>T(T450M) missense mutation is
known to generate an altered perforin with impaired proteolytic maturation.
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Fig. S4. Restored cytotoxic activity in repaired T cells from the FHL2 patient. From left to
right: Individual, independent biological repeat experiments corresponding to Fig. 6C. The fourth

panel, shown for comparison, is identical to Fig. 6C.
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Fig. SS. Repaired FHL patient CD8 T cells do not overexpress T cell exhaustion markers.
FHL patient PBMCs were cultured and T cells activated, expanded and edited as schematically
shown in Fig. 5A. Six days after gene editing, cells were analyzed by flow cytometry with
pregating on CD8 T cells. Displayed are representative histograms for the expression of
inhibitory receptors linked to T cell exhaustion (PD-1, TIGIT, TIM-3, LAG-3, and CD39) after
the indicated gene editing treatments. Results are representative of four independent
experiments. As antibody staining controls, we used CD8 T cells from healthy donors that were
restimulated with CD3/CD28/CD2 plus human IL-2 for 2 days.
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Fig. S6. Genome-wide off-target analysis by GUIDE-seq (A) Experimental scheme for the
GUIDE-seq experiments. FHL patient PBMCs were cultured, and T cells activated, expanded
and edited as indicated. Four days after gene editing, genomic DNA was extracted and processed
for Tn5-mediated GUIDE-seq. (B) Detected on-target (black square) and off-target sequences for
the indicated treatments are shown with the respective mismatches to the protospacer sequence.
The displayed results are based on pooled data from three independent repeat experiments per
patient. For exact locations of off-target sites see Data S1.
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Fig. S7. Restored cytotoxic activity in repaired T cells from the FHL3 patient. From left to
right: Individual, independent biological repeat experiments corresponding to Fig. 7D. The

fourth panel, shown for comparison, is identical to Fig. 7D.



Table S1. Knock-in efficiencies measured by flow cytometry of targeted T cells.

Species Figure Locus Repair strategy Number (n) % of repaired
(indep. exp.) T cells
(medians)
Mouse Fig. 2C Perforin repair RNP/AAV 6 27.4
RNP/AAV/M3814 6 49.05
Mock repair RNP/AAV 4 28.4
RNP/AAV/M3814 4 52.45
Mouse Fig. 3D Perforin repair RNP/AAV 3 354
RNP/AAV/M3814 3 48.7
Mock repair RNP/AAV 3 37.4
RNP/AAV/M3814 3 50.4
Mouse fig. SIB  B2m RNP/AAV 4 38.05
RNP/AAV/M3814 4 79.4
Human Fig. 5D  PRF1 RNP/AAV 3 26.6
Strategy 1
RNP/AAV/M3814 3 62.2
Strategy 1
RNP/AAV 3 25.1
Strategy 2
RNP/AAV/M3814 3 61.6
Strategy 2
Human Fig. 6A  PRF1 RNP/AAV/M3814 4 78.65
Strategy 1
(Two sgRNAs)
RNP/AAV/M3814 3 51.2
Strategy 1
(One sgRNA: sgPRF1.2)
RNP/AAV/M3814 4 68.5
Strategy 2
(Two sgRNAs)
RNP/AAV/M3814 2 47.0,51.2
Strategy 2
(One sgRNA: sgPRF1.2)
Human Fig. 7B UNCI13D RNP/AAV/M3814 4 35.85
Human fig. S2C  B2M (FHL2) RNP/AAV 5 60.4
RNP/AAV/M3814 5 84.9
B2M (FHL3) RNP/AAV 5 49.5
RNP/AAV/M3814 5 79.9

The percentage of repaired T cells in the presence or absence of NHEJ inhibitor M3814 is shown as

medians of the indicated number (n) of experiments. See also the respective figure legends.
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Table S2. Knock-in efficiencies measured by sequencing of targeted alleles.

Species Figure Locus Repair strategy % HDR % NHEJ % Non-
targeted
Large Small
deletion indels
Mouse Fig. 2E Perforin RNP/AAV 9.1 43.9 40.9 6.1
repair
RNP/AAV/M3814 25.8 65.8 7.7 0.7
Mock RNP/AAV 15.3 38.7 41.8 4.2
repair
RNP/AAV/M3814 46.0 46.3 7.7 0
Perforin RNP/AAV 19.9 36.3 41.8 2.0
repair
RNP/AAV/M3814 28.9 66.9 4.1 0
Mock RNP/AAV 28.9 36.3 30.9 39
repair
RNP/AAV/M3814 59.2 30.0 8.1 2.7
Mouse fig. SIC  B2m RNP/AAV 24.6 754 0
RNP/AAV/M3814 86.4 13.6 0
Human Fig. 6B PRF1 RNP/AAV/M3814 61.8 353 29
Strategy 1
73.0 27.0 0
61.5 359 2.6
61.7 36.2 2.1
RNP/AAV/M3814 38.2 58.8 29
Strategy 2
63.3 233 133
41.1 58.9 0
Human Fig. 7C UNC13D  RNP/AAV/M3814 69.0 10.3 20.7
40.0 24.0 36.0
58.3 8.3 333
333 27.1 39.6
Human fig. 2D B2M RNP/AAV/M3814 74.3 2.8 22.9
(FHL2)
B2M RNP/AAV/M3814 74.3 11.4 14.3
(FHL3)

The percentage of HDR, NHEJ, or non-targeted sequences in T cells that were targeted in the presence or
absence of NHEJ inhibitor M3814 is shown. Each row corresponds to one independent experiment. See

also the respective figure legends.
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Table S3. The nucleotide sequence of expression-optimized PRF1 exon 3.

CTTTCACGTGGTGCACACACCTCCACTGCACCCCGATTTCAAGAGAGCCCTGGGAGATCTGCCCCAC
CACTTCAATGCTAGCACACAGCCTGCCTACCTGAGACTGATCAGCAACTACGGCACCCACTTCATCA
GAGCCGTGGAACTCGGAGGCAGAATCTCTGCCCTGACAGCCCTGAGAACATGCGAACTGGCTCTGG
AAGGCCTGACCGACAACGAGGTGGAAGATTGTCTGACCGTGGAAGCCCAAGTGAACATCGGCATCC
ACGGATCTATCTCTGCCGAGGCCAAGGCCTGCGAGGAAAAGAAAAAGAAACACAAGATGACCGCC
AGCTTCCACCAGACCTACCGGGAAAGACACTCTGAGGTTGTCGGCGGCCACCACACCAGCATCAAT
GACCTGCTGTTTGGCATCCAAGCTGGCCCTGAGCAGTACAGCGCTTGGGTTAACTCTCTGCCTGGCT
CTCCTGGCCTGGTGGATTACACACTGGAACCTCTGCACGTGCTGCTGGACTCTCAGGATCCTAGAAG
AGAGGCTCTGAGAAGGGCTCTGAGCCAGTACCTGACCGATAGAGCTAGATGGCGGGACTGCAGCA
GACCTTGTCCTCCTGGTAGACAGAAGTCCCCTAGAGATCCTTGCCAGTGCGTGTGTCACGGAAGCGC
CGTTACCACACAGGATTGCTGCCCAAGACAGAGAGGACTGGCCCAGCTGGAAGTGACCTTTATTCA
GGCTTGGGGCCTGTGGGGCGATTGGTTTACAGCCACAGATGCCTACGTGAAGCTGTTCTTTGGCGGC
CAAGAGCTGAGAACCAGCACCGTGTGGGACAACAACAACCCCATTTGGAGCGTGCGGCTGGATTTC
GGAGATGTCTTGCTTGCAACAGGCGGCCCTCTGAGACTGCAAGTGTGGGATCAAGACAGCGGCAGG
GACGATGATCTGCTGGGCACATGTGATCAGGCCCCTAAGTCTGGAAGCCACGAAGTGCGGTGCAAC
CTGAATCACGGCCACCTGAAGTTCAGATACCACGCCAGATGTCTGCCTCACCTCGGCGGAGGCACA
TGTCTGGATTATGTGCCTCAGATGCTGCTCGGCGAGCCTCCTGGAAATAGAAGCGGAGCTGTGTGGT
GA

Table S4. The nucleotide sequence of expression-optimized PRFI T2A-cDNA.

TtecGGCAGCGGCgagggcagaggaagtctgctaacatgcggtgacgtggageagaatcccggccctATGGCTGCTAGACTGCTGC
TGCTGGGAATCCTGCTGCTTCTGCTTCCTCTGCCTGTGCCTGCTCCTTGTCATACAGCCGCCAGATCC
GAGTGCAAGCGGAGCCATAAGTTTGTGCCTGGTGCTTGGCTTGCTGGCGAAGGCGTTGACGTGACA
AGCCTGAGAAGATCCGGCAGCTTCCCCGTGGACACCCAGAGATTTCTGAGGCCTGATGGCACATGC
ACCCTGTGCGAGAATGCCCTGCAAGAGGGAACACTGCAGAGACTGCCTCTGGCTCTGACCAATTGG
AGAGCCCAAGGCTCTGGCTGTCAGAGACACGTGACCAGAGCCAAGGTGTCCTCTACAGAGGCCGTG
GCTAGAGATGCCGCTCGGAGCATCAGAAACGACTGGAAAGTCGGCCTGGACGTGACCCCTAAGCCT
ACCAGCAATGTGCATGTGTCTGTGGCCGGAAGCCACAGCCAGGCCGCTAATTTTGCCGCTCAGAAA
ACCCACCAGGACCAGTACAGCTTCAGCACCGACACCGTGGAATGCCGGTTCTACAGCTTTCACGTG
GTGCACACACCTCCACTGCACCCCGATTTCAAGAGAGCCCTGGGAGATCTGCCCCACCACTTCAATG
CTAGCACACAGCCTGCCTACCTGAGACTGATCAGCAACTACGGCACCCACTTCATCAGAGCCGTGG
AACTCGGAGGCAGAATCTCTGCCCTGACAGCCCTGAGAACATGCGAACTGGCTCTGGAAGGCCTGA
CCGACAACGAGGTGGAAGATTGTCTGACCGTGGAAGCCCAAGTGAACATCGGCATCCACGGATCTA
TCTCTGCCGAGGCCAAGGCCTGCGAGGAAAAGAAAAAGAAACACAAGATGACCGCCAGCTTCCAC
CAGACCTACCGGGAAAGACACTCTGAGGTTGTCGGCGGCCACCACACCAGCATCAATGACCTGCTG
TTTGGCATCCAAGCTGGCCCTGAGCAGTACAGCGCTTGGGTTAACTCTCTGCCTGGCTCTCCTGGCC
TGGTGGATTACACACTGGAACCTCTGCACGTGCTGCTGGACTCTCAGGATCCTAGAAGAGAGGCTCT
GAGAAGGGCTCTGAGCCAGTACCTGACCGATAGAGCTAGATGGCGGGACTGCAGCAGACCTTGTCC
TCCTGGTAGACAGAAGTCCCCTAGAGATCCTTGCCAGTGCGTGTGTCACGGAAGCGCCGTTACCAC
ACAGGATTGCTGCCCAAGACAGAGAGGACTGGCCCAGCTGGAAGTGACCTTTATTCAGGCTTGGGG
CCTGTGGGGCGATTGGTTTACAGCCACAGATGCCTACGTGAAGCTGTTCTTTGGCGGCCAAGAGCTG
AGAACCAGCACCGTGTGGGACAACAACAACCCCATTTGGAGCGTGCGGCTGGATTTCGGAGATGTC
TTGCTTGCAACAGGCGGCCCTCTGAGACTGCAAGTGTGGGATCAAGACAGCGGCAGGGACGATGAT
CTGCTGGGCACATGTGATCAGGCCCCTAAGTCTGGAAGCCACGAAGTGCGGTGCAACCTGAATCAC
GGCCACCTGAAGTTCAGATACCACGCCAGATGTCTGCCTCACCTCGGCGGAGGCACATGTCTGGATT
ATGTGCCTCAGATGCTGCTCGGCGAGCCTCCTGGAAATAGAAGCGGAGCTGTGTGGTGA

Flexible Glycin-Serine linker, bold; T2A sequence, underlined.
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Table S5. The nucleotide sequence of expression-optimized UNC13D exon 10.

GACTTGAGGTGTCGCGAAGATCAATGGTATCCTTTGGAGCCACGGACCGAAACTTATCCTGATCGC
GGACAATGTCATCTTCAATTTCAGCTTATACACAAACGG

Table S6. Antibodies for flow cytometry and FACS

Antibody name Clone Vendor Cat no. RRID Dilution or
concentration

TruStain FcX™ (anti-mouse 93 BioLegend | 101320 AB 1574975 | 5 ng/ml

CD16/32)

Brilliant Violet 605™ anti-mouse 6D5 BioLegend | 115540 AB 2563067 | 1 ug/ml

CDI19

Brilliant Violet 785™ anti- RA3-6B2 | BioLegend | 103246 AB 2563256 | 1 pg/ml

mouse/human CD45R/B220

APC anti-human CD2 TS1/8 BioLegend | 309224 AB 2687219 | 1:200

PE anti-mouse CD62L MEL-14 BioLegend | 104408 AB_ 313095 1 pg/ml

APC anti-mouse/human CD44 M7 BioLegend | 103012 AB 312963 1 pg/ml

Brilliant Violet 785™ anti-mouse 30-H12 BioLegend | 105331 AB 2562900 | 1 pg/ml

CD90.2 (Thyl.2)

Brilliant Violet 650™ anti-mouse 53-6.7 BioLegend | 100742 AB 2563056 | 1 pg/ml

CD8a

FITC anti-mouse CD8a 53-6.7 BioLegend | 100706 AB 312745 2.5 pg/ml

Brilliant Violet 785™ anti-human SK1 BioLegend | 344740 AB 2566202 | 1:200

CD8

APC anti-human CD62L DREG-56 | BioLegend | 304810 AB 314470 1:400

PE/Cyanine7 anti-human CD45RA | HI100 BioLegend | 304126 AB 10708879 | 1:400

FITC anti-human CD95 (Fas) DX2 BioLegend | 305606 AB 314544 1:400

Brilliant Violet 421™ anti-human NATI105 | BioLegend | 367422 AB 2721517 | 1:50

CD279 (PD-1)

PE/Dazzle™ 594 anti-human TIGIT | A15153G | BioLegend | 372716 AB 2632931 | 1:100

(VSTM3)

PE anti-human CD366 (Tim-3) F38-2E2 | BioLegend | 345006 AB 2116576 | 1:100

Brilliant Violet 711™ anti-human 11C3C65 | BioLegend | 369319 AB 2716124 | 1:100

CD223 (LAG-3)

APC/Cyanine7 anti-human CD39 Al BioLegend | 328226 AB 2571981 | 1:100

Purified anti-mouse CD3¢ 145-2C11 | BioLegend | 100301 AB 312666 10 pg/ml

Purified anti-mouse CD28 37.51 BioLegend | 102101 AB 312866 5 pg/ml

PE anti-human Perforin B-D48 BioLegend | 353304 AB 2616860 | 1:50

Brilliant Violet 785™ anti-human SK1 BioLegend | 344740 AB 2566202 | 1:200

CD8

PE anti-human CD107a (LAMP-1) | H4A3 BioLegend | 328608 AB 1186040 | 1:200
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Table S7. sgRNAs used for genome editing of mouse and human T cells.

Species Name Sequence (5' — 3')

Mouse sgPrfl.1 GTACTTCGACGTGACGCTCA
Mouse sgPrfl.2 CTGCCACGAAGCGTAAACAT
Mouse sgB2m CTGGTGCTTGTCTCACTGAC
Human sgPRF1.1 GCGGGGGAGTGTGTACCACA
Human sgPRF1.2 GGAGCTGGGTGGCCGCATAT
Human sgUNC13D-ex10-mut TCAGGACCTGCGCTGCTGAG
Human sgB2M GAGACATGTAAGCAGCATCA
Human sgHBB.1 (Technical control) CTTGCCCCACAGGGCAGTAA
Human sgHBB.2 (Technical control) TCCACTCCTGATGCTGTTAT

Table S8. Sequences of primers used in this study.

Species Figure Primer name Sequence (5’ — 3")
Mouse Fig. 2E Prfl.SHA.Fw CCTCCTCTATGCATGAGCACTT
Prfl.3HA.Rv CCACATGATGGGTGGAGACAA
Prfl.3HAintern.Rv ATCCTGGCACTCACACTG
Mouse fig. S1 B2m-5HA-For GGACCTTCTGGTCTGAAGCA
B2m-3HA-Revl CATGTGCACCTTGAAGCGC
B2m-3HA-Rev2 CTGGCATGAAAGGCGTGAG
Human Fig. 6 PRF1.5HA-Fw GTGACCTTGAGCAGTCCTGA
PRF1.3HA-Rv gcaccatgtttgcccacaa
Human Fig. 7 UNCI13D.5SHA-Fw ACACAATGAAGGCCCACCTC
UNCI13D.3HA-Rv AGGGCTGTGTACTCACGCCA
Human fig. S2 B2M-5HA-For CATGTAGACTCTTGAGTGATGTGTTAAGGAATGCTATG
A
B2M-3HA-Rev ACTGGGCAGATCATCCACCTTCCTGATGCT
Human fig. S6 iSNextera-3'-GSP (-) TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTTT

AATTGAGTTGTCATATGTTAATAACGGT

i5Nextera-5'-GSP (+)

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATAC
CGTTATTAACATATGACAACTCAATTAA

i7Nextera-Rev

GTCTCGTGGGCTCGGAGATGTGTATAAG

dsODN-For 5'- P-
G*T*TTAATTGAGTTGTCATATGTTAATAACGGT*A*T -
3!

dsODN-Rev 5'- P-

A*T*ACCGTTATTAACATATGACAACTCAATTAA*A*C -
3 !
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Data S1. Genome-wide, unbiased off-target sites detected by GUIDE-seq. Detailed results
corresponding to the experiments outlined in fig. S6 are given under three tabs (PRFI, sgRNA1 and 2;
UNCI3D, sgRNAI1; HBB (technical control), sgRNA1 and 2). The R pipeline for processing and
visualization of GUIDE-seq reads according to (49, 73) is available (74). Raw sequencing data have been
submitted to NCBI SRA, accession PRINA1016463. This table is supplied in Excel format (.xlsx) as a
separate file.

Data S2. Tabulated data underlying Figs. 1 to 7, S1, S2, S4, S7, and tables S1 and S2.
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