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SUMMARY

CRISPR genome engineering has become a powerful tool to functionally investigate the complex
mechanisms of immune system regulation. While decades of work have aimed to genetically
reprogram innate immunity, the utility of current approaches is restricted by poor knockout
efficiencies or limited specificity for mature cell lineages /n vivo. Here, we describe an optimized
strategy for non-viral CRISPR-Cas9 ribonucleoprotein (cRNP) genomic editing of mature primary
mouse innate lymphocyte cells (ILCs) and myeloid lineage cells that results in an almost complete
loss of single or double target gene expression from a single electroporation. Furthermore, we
describe /n vivo adoptive transfer mouse models that can be utilized to screen for gene function
during viral infection using cRNP-edited naive natural killer (NK) cells and bone-marrow-derived
conventional dendritic cell precursors (cDCPs). This resource will enhance target gene discovery
and offer a specific and simplified approach to gene editing in the mouse innate immune system.
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Riggan et al. optimize electroporation conditions for high-efficiency cRNP-mediated gene deletion
in primary mature mouse innate immune cells and utilize this approach to elucidate gene function
of NK cells and cDC1s using two /in vivo adoptive transfer models during MCMV infection.

INTRODUCTION

The mammalian immune system consists of both tissue-resident and circulating immune
cells. Tissue-resident innate immune cells, such as dendritic cells (DCs), can produce a
wide-variety of effector molecules that can directly or indirectly limit pathogen spread and
tumor growth in tissue microenvironments (Hildner et al., 2008; Wculek et al., 2020;
Weizman et al., 2017). Innate lymphoid cells (ILCs) are tissue-resident cells that produce
both proinflammatory and regulatory cytokines in response to local injury, inflammation,
pathogen infection, or commensal microbiota perturbation (Vivier et al., 2018). However,
persistent inflammatory signals can also lead to unrestrained activation of innate immunity
that is associated with inflammatory pathologies such as Crohn’s disease (CD), chronic
obstructive pulmonary disease (COPD), type Il diabetes mellitus (T2D), and systemic lupus
erythematosus (SLE) (Riggan et al., 2019; Vivier et al., 2018). Although understanding and
harnessing the cellular and molecular mechanisms that regulate the innate immune system
hold promise for the treatment of several inflammatory disorders, a mechanistic
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understanding of the mammalian innate immune system has been limited by suboptimal cell
lineage gene targeting strategies.

Current models to specifically manipulate gene expression in the mouse innate immune
system have been confounded by non-lineage-specific Cre mouse transgenic lines. For
example, LysMC™, Csf1/°™, and Cx3crIC' mice (commonly used to target macrophage
populations) contain overlapping expression profiles in several other myeloid lineage cells
based on previous fate-mapping studies (Abram et al., 2014), making a Cre-transgenic line
specific for macrophages currently impossible. Furthermore, mouse transgenic Cre lines
used to selectively target DCs /n vivo, such as /tgaxC'™ and Zbtb46°"e, express the transgene
in DCs, macrophages, and natural killer (NK) cells (/fgax) (Abram et al., 2014) or
conventional type 1 DCs (cDC1s) and type 2 DCs (cDC2s), as well as endothelial cells
(Zbtb46) (Loschko et al., 2016b; Satpathy et al., 2012). While XcrZ" mice can be used to
selectively target and ablate cDC1s (Hemmi et al., 2016), there are no current tools to
specifically target gene expression in cDC2s /n vivo. In the ILC lineage, NcrIC™ mice
induce gene deletion in NK cells, type 1 ILCs (ILC1s), and a subset of ILC3s (Narni-
Mancinelli et al., 2011). While genetic strategies exist for ablation of each individual ILC
lineage /n vivo (Oliphant et al., 2014; Rankin et al., 2016; Weizman et al., 2017), there are
currently no tools available for specific genetic manipulation in primary mature ILCs
without off-target effects in other cell types or potential cell-extrinsic effects derived from
whole-body knockout (KO) mice. Thus, the prevalent issue of nonspecific gene targeting of
innate immune cells significantly limits the precise mechanistic understanding of the innate
immune system in models of host defense and disease /n vivo.

Recent advances in CRISPR (clustered regularly interspaced short palindromic repeats)-
Cas9 genome editing provide and alternative gene manipulation tool that can be used on
enriched primary immune cells (Simeonov and Marson, 2019). Cas9 is a DNA endonuclease
that can bind to a complementary region of the genome through its associated guide RNA
(gRNA) to generate double-strand breaks in the DNA that result in insertions and/or
deletions (indels) in coding regions of proteins to permanently suppress their expression
(Pickar-Oliver and Gers-bach, 2019). Specifically, viral- and nonviral-based strategies have
been used to manipulate gene expression in purified primary human and mouse adaptive
lymphocytes by lentiviral or retroviral overexpression of Cas9 and gRNA sequences or
electroporation of a Cas9:gRNA ribonucleoprotein complex (Farboud et al., 2018; Seki and
Rutz, 2018; Shifrut et al., 2018; Simeonov and Marson, 2019; Wu et al., 2018). While these
previous approaches have been used to elucidate novel gene function in mature mammalian
adaptive lymphocytes, a method to implement high efficiency CRISPR-Cas9 gene editing in
primary mature innate immune cells /77 vivo has not been described.

Here, we describe an optimized strategy for nonviral cRNP genomic editing of mature
primary mouse innate immune cells. Optimal voltage parameters were determined for
maximal Cas9 protein electroporation efficiency and viability of primary mature and bone-
marrow-derived innate leukocytes. Using these optimized conditions, we were able to
achieve high KO efficiency of cell-surface proteins, intracellular signaling proteins, and
transcription factors in innate immune cells using cRNP complexes. Furthermore, we
describe two /n vivo adoptive transfer models using cRNP-edited naive NK cells and
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conventional DC precursors (cDCPs) to reveal mechanistic details of antiviral gene function
in these cell types during mouse cytomegalovirus (MCMV) infection. This general gene
editing strategy may be further adapted to other primary immune cell types and /n vivo
transfer models to investigate protective or pathologic biological processes in the
mammalian innate immune system.

Optimized cRNP Electroporation of Primary Splenic Innate Immune Cells

To determine the optimized electroporation efficiencies for Cas9 in primary leukocytes
(Figures S1A-S1C), mouse splenocytes were electroporated using the Neon transfection
system. Because we determined that primary leukocytes display maximal viability at an
electroporation pulse width of 1 x 20 ms (data not shown), we first tested a range of voltages
to optimize the maximal frequency of intracellular Cas9* leukocytes following
electroporation. While freshly isolated splenic NK and T cells had lower electroporation
efficiencies of Cas9 with increasing voltage, overnight activation with interleukin-15 (I1L-15)
in vitroincreased the frequency of intracellular Cas9* cells to ~80% in both NK and T cells
at all voltages tested (Figures 1A, 1B, S2A, and S2B). In contrast, freshly isolated splenic
macrophages, cDC1s, and cDC2s displayed similar frequencies of intracellular Cas9™ cells
following electroporation when compared to splenocytes stimulated with macrophage
colony-stimulating factor (M-CSF) or FLT3-L overnight at all voltages tested (Figures 1C
and S2C). Furthermore, increased concentrations of Cas9 present in the electroporation
buffer decreased the frequency of intracellular Cas9* lymphocytes, with a much more severe
reduction in NK cells (~40%) than CD4* and CD8* T cells (~20%) at a constant voltage
(Figure 1D). However, splenic macrophages, cDC1s, and cDC2s did not display a similar
dose-dependent decrease in the frequency of intracellular Cas9* cells, suggesting that
splenic myeloid lineages have an increased capacity of intracellular Cas9 delivery following
electroporation at a constant voltage (Figure 1E). Although our results suggested that
splenocytes could be reliably used to measure intracellular Cas9 following electroporation in
all leukocyte populations tested, it remained possible that these results may not precisely
reflect the response of purified leukocytes. However, purified NK cells displayed a similar
frequency of intracellular Cas9* cells as NK cells from splenocytes, suggesting that the
presence of other leukocytes in a splenocyte single-cell suspension does not inhibit
intracellular Cas9 uptake following electroporation (Figure S2D). These results reveal cell-
intrinsic differences in resting and cytokine-stimulated leukocyte electroporation efficiencies
of Cas9 that need to be optimized for each cell type and condition of interest.

Efficient cRNP-Mediated Gene Editing in Primary Circulating and Tissue-Resident Innate
Immune Cells Ex Vivo

Group 1 ILCs consist of circulating NK cells and tissue-resident ILC1s that confer host
protection during viral infection and liver injury (Nabekura et al., 2020; Riggan et al., 2019;
Weizman et al., 2017) while also contributing to tissue pathology during intestinal
inflammation and obesity (Bernink et al., 2013; Fuchs et al., 2013; O’Sullivan et al., 2016).
However, there are currently no genetic tools available to selectively ablate gene expression
in NK cells or ILC1s /n vivo (Riggan et al., 2019). In order to achieve specific gene deletion
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in mature group 1 ILCs, we first purified splenic NK cells and found that electroporation at
1,900 V led to the highest frequency of viable intracellular Cas9* NK cells (Figure 2A).
These results were not influenced by intrinsic differences in NK cell maturation or
activation, because all developmental stages of splenic NK cells displayed similar
frequencies of intracellular Cas9* cells, and electroporation at 1,900 V did not induce the
expression of markers associated with NK cell activation (Figures S3A and S3B). We next
determined that electroporation of purified IL-15-preactivated splenic NK cells in the
presence of 40 pmol Cas9:120pmol gRNA Ki/rbic (NK1.1) cRNP complex yielded the
highest KO efficiency (~90%) (Figures 2B—2E). Purified I1L-15-preactivated NK cells and
ILC1s from the liver also displayed high frequencies of NK1.1™ cells (~80%) using the same
conditions, suggesting that cRNP gene editing is not limited to specific group 1 ILCs or
lymphocytes from distinct tissues (Figure 2F). However, we observed that gene KO
efficiency in primary NK cells is highly dependent on the individual gRNA used and the
type of recombinant Cas9. We found that poor efficiency guides targeting similar K/rbc1
exons could be pooled together in separate cRNP complexes within a single electroporation
to achieve similar KO efficiencies as the highest efficiency cRNP complex, similar to a
previous report in primary T cells (Seki and Rutz, 2018) (Figures S3C and S3D).
Furthermore, we observed that different lymphocyte populations could achieve varying
levels of KO efficiency using the same 7hy1.2(CD90) cRNP complex (Figure 2G).
Together, these results suggest that cell-lineage-intrinsic differences and gRNA editing
efficiency contribute to overall KO efficiency following cRNP electroporation in primary
lymphocytes.

Given our results with group 1 ILCs, we next tested a range of voltages and Cas9
concentrations that would lead to optimized cRNP-mediated gene editing in myeloid lineage
cells. Bone-marrow-derived macrophages (BMDMSs) and cDC1s (BM-cDC1s) did not differ
in the frequency of intracellular Cas9™ cells following electroporation at all voltages tested,
similar to splenic macrophages and DCs (Figures 3A and 1C). However, higher voltages
sequentially decreased the viability of both BMDMs and BM-cDCl1s, suggesting that
electroporation at 1,900 V was optimal (Figure 3B). Indeed, electroporation of CD11b*
BMDMs or CD11c* BM-cDC1s with 40 pmol Cas9:120 pmol gRNA /tgam cRNP complex
or /tgax cRNP complex lead to ~90% CD11b~™ BMDMs and ~95% CD11c™ BM-cDCl1s,
respectively (Figures 3C and 4D). Although slightly higher KO efficiencies were achieved
with a higher concentration of Cas9 and gRNA cRNP complex, this reduced cell viability in
both BMDMs and BM-cDC1s, suggesting that a 40 pmol Cas9:120 pmol gRNA cRNP
complex and electroporation at 1,900 V was ideal for maximal gene deletion efficiency and
viability for both cell types (Figures 3D and 3E). These results were corroborated by high-
efficiency gene KOs of CD11c and CD11b in mature primary splenic DCs and macrophages
respectively (Figure 3F). To test whether multiple cRNP complexes could be complexed
together in a single electroporation to generate double-KO innate immune cells, we
electroporated IL-15-preactivated purified splenic NK cells in the presence of KirbIcand
Thy1.2cRNP complexes. 3 days after activation with IL-15 /n vitro, we observed that ~55%
of NK cells were NK1.1"CD90~ and retained high viability (Figures 4A-4C). Similarly,
~77% of BMDMs electroporated in the presence of CD11b and S2M cRNP complexes and
stimulated with interferon-y (IFN-y) were CD11b™ major histocompatibility complex class |
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(MHC class )~ and displayed similar viability to single-cRNP-edited macrophages (Figures
4D-4F and 3E). Together, these results suggest that our cRNP gene editing method can be
used to efficiently create single- and double-KO primary innate leukocytes.

cRNP Editing in NK Cells and cDCl1s for In Vitro Functional Assays

To demonstrate the utility of this gene editing approach /n vitro, we chose to target the
transcription factor Stat4, which is essential for IL-12-mediated IFN-y production in
primary NK cells (Sun et al., 2012; Weizman et al., 2017). Similar to Stat4/~ NK cells,
Stat4 cRNP-edited NK cells displayed a significant decrease in IFN-y production following
stimulation with IL-12 ex vivo when compared to a control Rosa26 cRNP (wild-type [WT],
non-targeting control[NTC]) NK cells (Figures 5A-5C). Previous studies have suggested
that tumor-intrinsic production of the cyclic dinucleotide 2"3"-cGAMP can activate DCs to
mediate anti-tumor immunity in a type | IFN-dependent manner (Liu et al., 2019; Marcus et
al., 2018). However, whether cGAMP can also stimulate the production of other anti-tumor
cytokines in cDC1 is not well understood. Using BM-cDC1s from //12p40"FF reporter mice,
we observed that stimulation with the cyclic dinucleotide 2”3"-cGAMP significantly
increased the frequency of YFP* BM-cDC1s (Figures 5D-5F). IL-12 production by BM-
cDC1s required Tmem173(STING) signaling, because 7mem173 cRNP-edited BM-cDC1s
displayed similar frequencies of YFP* BM-cDC1s when compared to unstimulated and
1112p40"FP x Tmem1737'~ controls (Figures 5D-5F). These results were unlikely due to
cRNP-extrinsic effects on BM-cDC1 activation or maturation, because resting Rosa26
cRNP-edited (NTC) BM-cDC1s displayed a similar phenotype and background YFP*
frequency as un-electroporated controls (Figures S4A-SAC). Thus, our gene editing system
revealed that BM-cDC1s robustly produced IL-12 in response to extracellular cGAMP in a
STING-dependent manner /n vitro.

Adoptively Transferred cRNP-Edited Primary Innate Immune Cells Can Be Used to
Elucidate Gene Function In Vivo

While previous studies have used cRNP gene editing in adaptive immune cells to elucidate
gene function during /n vitro functional assays (Seki and Rutz, 2018; Shifrut et al., 2018),
there are currently no models to assay the function of cRNP-edited genes in specific innate
immune cell lineages /n vivo. To address this issue, we modified an adoptive transfer system
whereby congenically distinct Ly49H* NK cells can be transferred to Ly49H™~ hosts to
generate effector and memory NK cells following MCMYV infection (Sun et al., 2009)
(Figure 6A)). Specifically, IL-15-preactivated splenic Ly49H* NK cells were electroporated
in the presence of either Rosa26 cRNP (NTC) or Stat4 cRNP complexes and adoptively
transferred into Ly49H ™/~ mice at a 1:1 ratio. Following MCMV infection of recipient mice,
we observed that Stat4 cRNP-edited NK cells failed to expand on day 7 post-infection (P.1.)
and generated significantly fewer memory NK cells on day 28 P.1., similar to a previous
study (Sun et al., 2012) (Figures 6B and 6C). The expansion phenotype of Stat4 cRNP-
edited NK cells was not due to off-target effects or influence from congenic mouse strains,
as Stat4 cRNP-edited NK cells failed to expand to a similar extent as co-transferred
congenically distinct Stat4/~ NK cells (Figures 6D and S5A-S5C). These results suggest
that adoptively transferred cRNP-edited primary NK cells can reliably be used to assay gene
function during NK cell effector and memory responses to MCMV in vivo.
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Previous studies have shown that the transcription factor Batf3is essential for cDC1
development and protection against viral infection and tumor development (Hildner et al.,
2008). However, Batf3is expressed in CCR6™ ILC3, cDC2, and macrophage subsets /in vivo
(Immgen) and the functional contribution of Batf3in these subsets is not well understood /in
vivo. Thus, the precise contribution of cDC1s during host protection during viral infection is
not well defined. To determine the role of cDC1s during viral infection, we used Xcr1¢e* x
R0sa26-SLLTA (hereafter referred to as cDC17/") mice that specifically ablate XCR1* cDC1
(Hemmi et al., 2016; Ohta et al., 2016). While XcrIt* x Rosa26-5LC7A (hereafter referred
to as WT) littermates were protected against MCMV challenge, all cDC1~/~ mice rapidly
succumbed to MCMYV infection by day 7 P.I., indicating an early essential contribution of
cDCl1s to host protection following MCMYV infection (Figure 6E). In order to generate an /in
vivo transfer model for cRNP-edited cDC1s, we tested whether bone-marrow-derived
cDCPs could generate mature cDC1s in cDC1~~ mice. Following adoptive transfer of
congenically distinct cDCPs, we observed that donor XCR1*CD11b~ ¢cDC1s reconstituted
cDC17~/~ mice in peripheral organs, albeit to a lesser extent than endogenous cDC1s present
in WT littermate controls (Figures S6A-S6C). Because CD11c™* cell-intrinsic MyD88
expression has been shown to be essential for host protection during viral infection (Puttur et
al., 2016), we then tested whether cDC1-intrinsic MyD88 signaling was sufficient for host
protection during MCMV infection (Figure 6F). While adoptively transferred NTC cRNP-
edited cDCPs were sufficient to rescue cDC1~/~ mice, MyD88 cRNP-edited cDCPs failed to
rescue cDC1~/~ mice in a similar manner as untransferred control cDC1~/~ mice (Figure
6G). These results suggest that cDC1-intrinsic MyD88 signaling is required for host
protection to MCMV. Thus, these adoptive transfer models of cRNP-edited primary innate
immune cells can be used and modified in future studies to reliably elucidate gene function
in the innate immune system in vivo.

DISCUSSION

Using the Neon electroporation system, we define the conditions necessary for
electroporation of cRNP complexes in naive and cytokine-activated mouse leukocytes. It is
important to note that we detected minimal nuclear localized Cas9 in leukocytes 2 h post-
electroporation (data not shown), suggesting that our optimized conditions are specific to
cytoplasmic accumulation of Cas9 in leukocytes at this time point. Irrespective of these
findings, we demonstrate that cytoplasmic Cas9 can be used to optimize cRNP gene KO
efficiencies and cell viability by varying electroporation voltage conditions. This degree of
customization may prove to be more beneficial to optimize cRNP editing in new immune
cell types rather than by using proprietary pulse codes from other electroporation platforms.
We observed cell-type-specific differences in Cas9 electroporation efficiencies and KO
frequencies using set electroporation voltages and concentrations of cRNP complexes. These
results may be due to stochastic variations in the accessible chromatin state of each cell
lineage that may impact editing efficiency at a given genomic loci or cell-intrinsic
differences in cell-surface protein turnover following /in vitro culture with specific activating
cytokines. Future studies will be necessary to determine the mechanisms behind cell-type-
specific electroporation and cRNP-editing efficiencies. Furthermore, utilization of gRNA
sequences derived from recent whole-genome-based CRISPR-Cas9 KO libraries (Wang et
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al., 2017) suggests that many gRNAs have low KO efficiencies for certain genes tested (e.g.,
Kirb1c) when used as a cRNP complex to edit electroporated primary lymphocytes. Thus,
whole-genome-based CRISPR screens in primary T cells may not accurately reflect KO
efficiencies in primary innate immune cells and need to be verified independently with
validated gRNA sequences in a cell-type-specific manner. Together, our results reveal
important cell-type-specific differences that will need to be considered when performing
cRNP-based gene editing in mature primary immune cells.

Although previous viral-based CRISPR gene editing strategies have been used to achieve
high-efficiency gene deletion in mouse bone-marrow-derived DCs /n vitro and
hematopoietic stem cell (HSC)-derived macrophages and DCs /n vivo (LaFleur et al., 2019;
Parnas et al., 2015; Theisen et al., 2018), these approaches require the use of transgenic Cas9
mouse strains, lentiviral or retroviral transduction, or irradiation followed by stem cell
transplantation. Lentiviral-based CRISPR gene editing strategies in bone-marrow-derived
HSCs cannot achieve gene deletion in specific innate immune lineages and cannot account
for the impact of target gene expression on the development of the innate immune system /n
vivo. While lentiviral transduction of mature innate immune cells or inducible Cas9
expression could overcome these caveats, a previous study has shown that lentivirus does not
efficiently transduce primary mature NK cells (~10%) (Boissel et al., 2012), suggesting that
viral-based CRISPR strategies may not be optimal for all mature innate immune lineages.
Our optimized cRNP genome editing approach in mature innate immune cells offers a robust
alternative to previous viral based strategies by eliminating potential developmental defects
and nonspecific immune lineage targeting associated with CRISPR gene editing in
hematopoietic precursors. cRNP complexes may also minimize Cas9 off-target activity due
to the rapid intracellular degradation of cRNP complexes compared to constitutive Cas9
overexpression (Kim et al., 2014; Ramakrishna et al., 2014), although future studies in the
innate immune cells will be required to test this hypothesis. Furthermore, our approach leads
to high-efficiency gene deletion in several innate immune lineages (ILCs, DCs, and
macrophages) and may not be limited by mature cell-type-specific transduction efficiencies
observed with viral-based strategies. Therefore, our studies provide a framework for efficient
and practical gene editing that eliminates several key caveats from previous viral-based
CRISPR gene editing approaches in innate immune cells.

Our study describes the use of two /n vivo adoptive transfer models that can be used to
elucidate the molecular mechanisms of memory NK cell formation and cDC1 responses to
viral infection. However, cRNP-edited primary NK cells and bone-marrow-derived cDCPs
could be used in several additional /77 vivo models. For instance, NcriCe x EomesVfl mice
selectively lack circulating NK cells (Pikovskaya et al., 2016) and could be used with
adoptively transferred cRNP-edited NK cells to precisely understand the gene regulatory
networks induced during anti-tumor responses, obesity, and fetal development (Fu et al.,
2017; Pahl and Cerwenka, 2017; Wensveen et al., 2015). In addition, we observed
congenically distinct cDC2 in peripheral organs of WT mice following adoptive transfer of
bone-marrow-derived cDCPs intravenously (i.v.). Adoptive transfer of cDCPs into cDC2-
deficient mice, such as Zbtb46° x Irf£Vfl (Loschko et al., 2016a), could potentially be used
to elucidate cDC2-specific gene regulatory networks /in vivo. Furthermore, mouse models of
inducible monocyte-macrophage deletion, such as LyzX" x Csf1/-SL-DTR (Esterhazy et al.,

Cell Rep. Author manuscript; available in PMC 2020 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Riggan et al.

Page 9

2016), might also be able to be reconstituted with cRNP-edited monocytes to elucidate
macrophage-specific gene networks /1 vivo, although future work will be necessary to
confirm these proposed models. Although a wide variety of /n vivo models of lineage-
specific ablation can be coupled with cRNP-edited primary innate immune cells to overcome
previous experimental limitations of gene deletion in specific innate immune lineages /in
vivo, these models may be limited for other innate immune lineages that cannot be readily
adoptively transferred or specifically ablated /n vivo.

Our finding that XCR1* ¢cDCl1s are required for host protection during MCMV infection is
supported by previous studies demonstrating Batf3and /rf8dependent cDC1s are essential
for host protection during viral infection (Hildner et al., 2008; Weizman et al., 2017).
However, our results expand on these previous findings, because the roles of Batf3and /178
in cDC2s are not well defined and could not be previously excluded during host responses to
viral infection. Similarly, recent studies have suggested that TLR7/9 signaling through
MyD88 in CD11c™ cells is required for host protection against MCMV (Puttur et al., 2016).
Because CD11c is expressed in TLR7/9-expressing macrophages, cDC1s, and cDC2s
(Abram et al., 2014; Immgen), our results using cRNP-edited cells suggest that cDC1
expression of MyD88 is required for host protection to MCMV. MyD88 signaling likely acts
upstream of IL-12 production in cDC1s, which is essential for group 1 ILC production of
IFN-vy to suppress viral replication and confer host protection at initial sites of infection
(Weizman et al., 2017). Thus, cRNP-mediated gene editing serves as a useful approach to
rapidly elucidate gene function in specific lineages of the innate immune system /n vivo.
This general gene editing strategy may be further adapted in future studies to other primary
immune cell types and /7 vivo transfer models to investigate protective or pathologic
biological processes in the mammalian innate immune system.

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources, reagents or materials
should be directed to, and will be fulfilled by the Lead Contact, Timothy O’Sullivan
(tosullivan@mednet.ucla.edu).

Materials Availability—This study did not create new unique reagents.

Data and Code Availability—This study did not generate datasets/code. The data that
support the findings of this study are available from the corresponding author upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Mice—Miice were bred at UCLA in accordance with the guidelines of the institutional
Animal Care and Use Committee (IACUC). The following mouse strains were used this
study: C57BL/6 (CD45.2) (Jackson Labs, #000664), B6.SJL (CD45.1) (Jackson Labs,
#002114), Klrag"'~ (LyA9H-deficient), //126m2-1LkY/ (1112040 FP), Xcri-Cre (Hemmi et
al., 2016), Rosa26-5L"CTA Tmem1737~, and Stat4™~. Experiments were conducted using

Cell Rep. Author manuscript; available in PMC 2020 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Riggan et al.

Page 10

6-8 week old age- and gender-matched mice in accordance with approved institutional
protocols.

Viruses and In vivo Infection Models—MCMV (Smith) was serially passaged through
BALB/c hosts three times, and then salivary gland viral stocks were prepared with a dounce
homogenizer for dissociating the salivary glands of infected mice 3 weeks after infection.
Experimental mice in studies were infected with MCMV by i.p. injection of 7.5 x 103
plaque-forming units (PFU) in 0.5 mL of PBS.

Primary cell and in-vitro bone marrow-derived macrophage and cDC1 culture
—To generate bone marrow derived macrophages and cDC1, bone marrow leukocytes were
resuspended at 1.5x107 cells/10mL in DC media (RMPI 1640 + 25mM HEPES + 10% FBS,
1% L-glutamine, 1% 200mM sodium pyruvate, 1% MEM-NEAA, 1% penicillin-
streptomycin, 0.5% sodium bicarbonate, 0.01% 55 mM 2-mercaptoethanol supplemented
with 200 ng/mL FLT3-L and 50 ng/mL GMCSF) or macrophage media (DMEM + 10%FBS,
1% L-glutamine, 1% penicillin-streptomycin, 0.5% sodium pyruvate, supplemented with 50
ng/ml M-CSF and then plated in 10cm non-TC treated culture dishes (Corning). Bone
marrow leukocytes were then cultured for 9 days in DC media with an additional 5 mL of
DC media added on D5. cDCP were either harvested on D9 or media was changed and BM-
cDC1 were used for experiments on D15 as described previously (Mayer et al., 2014).
BMDM are cultured for 7 days in macrophage media, with a media change on D3. Isolated
ILC1 and NK cells were cultured in CR-10 (RMPI 1640 + 25 mM HEPES + 10% FBS, 1%
L-glutamine, 1% 200 mM sodium pyruvate, 1% MEM-NEAA, 1% penicillin-streptomycin,
0.5% sodium bicarbonate, 0.01% 55 mM 2-mercaptoethanol) supplemented with 50ng
rmlL-15 (Peprotech). Purified ILC1’s and NK cells were cultured 16 hours prior to
electroporation in TC treated plates at ~5 x 10° cells / cm?.

Method Details

Isolation and ex vivo culture of mouse leukocytes: Mouse spleens, livers, lungs, adipose
tissue and bone marrow were harvested and prepared into single cell suspensions as
described previously (O’Sullivan et al., 2016; Weizman et al., 2017). Briefly, spleens were
dissociated using glass slides and filtered through a 100-mm strainer. To isolate liver
lymphocytes, the tissues were physically dissociated using a glass tissue dounce
homogenizer and purified using a discontinuous gradient of 40% over 60% Percoll (VWR).
To isolate cells from the lung, the tissue was physically dissociated using scissors and
incubated for 45 min in digest solution (1mg/ml type D collagenase (Roche) in CR-10).
Resulting dissociated tissue was passed through 100-mm strainers, centrifuged, and
lymphocytes were removed from the supernatant. To isolate the stromal vascular fraction
(SVF) of adipose tissue, visceral adipose tissue was physically dissociated using scissors and
incubated for 45 min in adipose digest solution (2mg/ml type 11 collagenase (Worthington
Biochem) in HBSS +MgCl+CaCl, 5% fetal calf serum, 1% L-glutamine, 1% penicillin-
streptomycin, and 50ug/mL DNasel (Sigma)). Resulting dissociated tissue was passed
through 100-mm strainers, centrifuged, and adipocytes were removed from the supernatant.
To harvest bone marrow, the tibia, fibula, and femur were removed and then crushed using
mortar and pestle in CR-10. Resulting mixture was filtered using 100-mm strainers and
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centrifuged. Red blood cells in spleen, adipose, liver, lung, and bone marrow were lysed
using ACK lysis buffer. For purified NK and ILC1 isolation, liver or splenic single cell
suspensions were resuspended in EasySep buffer (Stemcell) and processed using the
EasySep Mouse NK Cell Isolation Kit according to the manufacturers protocol. Tissues were
harvested from both male and female 6-8 week old mice to isolate primary cells.

Guide RNA Design: Synthetic gRNAs were purchased from SYNTHEGO. gRNA
sequences were derived from a mouse whole genome CRISPR library described previously
(Wang et al., 2017). 10 gRNA sequences from this dataset were ranked according to
predicted indel percentage and low off-target score using the inDelphi machine-learning
algorithm for each gene target (Shen et al., 2018). The top 3-7 guides were validated for
high indel percentages by sanger sequencing before utilization in experiments.

cRNP complex formation: gRNAs (Synthego) were diluted to 100uM (100 pMol/pL) in 1x
TE buffer (Synthego). 1.2uL (120 pMol) of gRNA, 0.9uL of 100 uM Alt-R® Cas9
Electroporation Enhancer (IDT) and 3.9 uL water were added to a 1.5mL tube per sample
for a total of 6 pL. 2 uL of recombinant Cas9 (40pMol) (Synthego or QB3 Macrolab) was
added to 4 pL water in a separate 1.5mL tube. 6 mL of diluted Cas9 was added to 6 pL of
gRNA-enhancer mixture for a total of 12 mL cRNP complex at a 1:3 molar ratio. The cRNP
complex was allowed to incubate for at least 10 minutes at room temperature (RT). For
double KO experiments, 3 pL of diluted Cas9 was added to 3 pL of each gRNA-enhancer
mixture (as prepared above) at a 1:3 molar ratio and complexed separately at RT. Each RNP
complex was then added together for a total of 12uL per reaction. For other experiments,
various concentrations of Cas9 were used to make cRNP complexes as indicated.

Electroporation: 12uL of cRNP complex and 5 x 10° — 3 x 10% leukocytes resuspended in
100 pL of Buffer T were mixed (112uL total per reaction) and electroporated using the Neon
Transfection system (Thermo-Fisher) at pulse code (20us x 1 pulse) using 100ul Neon tips
(Thermo-Fisher) at various voltages (1800-2200V). In knockout experiments, cRNP
complexes consisting of 40pMol Cas9 were electroporated at 1,900 V unless indicated
otherwise. Immediately following electroporation, cells were slowly pipetted into 1.5mL
Eppendorf tubes containing pre-warmed culture media (CR-10 with 50ng rmIL-15 for NK
cells, DC media, or Macrophage media) and inverted several times to dilute the T buffer.
Cells were then incubated at 37°C for 90 minutes before centrifugation and resuspension in
cell specific media before culturing /n vitro. Cells were cultured in vitro for 3—-6 days
following electroporation prior to reading out gene editing efficiency by flow cytometry or
sanger sequencing.

Adoptive transfer experiments: 1 x 107 bone marrow-derived cDCP were transferred i.v.
into recipient cDC1~~ mice 3 days before MCMV infection. In other experiments, cDCP
were electroporated and then rested for 10 minutes and 5 x 106 cells were transferred into
cDC17~ recipient mice 3 days before MCMYV infection. Adoptive NK cell co-transfer
studies were performed by injecting a total of 1 x 108 NK cells; Rosa26 cRNP-edited
Stat4™~, Rosa26 cRNP-edited WT, and Stat4 cRNP-edited WT NK cells purified from
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spleens of congenically distinct WT mice (CD45.1, CD45.1.2 or CD45.2) into K/ra8”~ mice
16 hours prior to MCMYV infection.

Flow Cytometry: Cells were analyzed for cell-surface markers using fluorophore-
conjugated antibodies (BioLegend, eBioscience). Cell surface staining was performed in 1X
PBS and intracellular staining was performed using the eBioscience Foxp3/Transcription
Factor or BD Cytofix/Cytoperm Kits. Flow cytometry was performed using the Attune NxT
and data were analyzed with FlowJo software (Tree Star). Cell surface and intracellular
staining was performed using the following fluorophore-conjugated antibodies: CD45.1
(A20), CD45.2 (104), NK1.1 (PK136), CD49b (DX5), KLRG1 (2F1), TCRp (H57-597),
CD90.2 (30-H12), CD3 (17A2), Ly49H (3D10), CD200r1 (0X-110), CD8a (53-6.7), CD4
(GK1.5), IFN-y (XMG1.2), I-A/I-E (M5/114.15.2), B220 (RA3-6B2), CD19 (6D5), CD11c
(N418), CD11b (M1/70), CD64 (X54-5/7.1), XCR1 (Zet), Ly6G (1A8), and Cas9 (7A9-
3A3 Cell Signaling Technology).

Ex vivo stimulation of lymphocytes: ~5 x 10° NK cells were stimulated for 5 hours in
CR-10 containing 50ng/mL rmlL-15, Brefeldin A (1:1000; BioLegend) and Monensin
(2uM; BioLegend) with or without recombinant mouse IL-12 (20 ng/ml; Peprotech). ~1 x
10% BMDC1 were stimulated for 36h in DC media with or without 2"3"-cGAMP (5 pg/mL;
InvivoGen). Cells were cultured in media alone as a negative control.

PCR and Sanger Sequencing: DNA from primary leukocytes was isolated using the
DNeasy Blood and Tissue kits (QIAGEN). DNA concentration was measured using the
NanoDrop OneC Microvolume UV-Vis Spectrophotometer (Thermo Scientific) and then
diluted to 50 ng/ul in water before PCR amplification of cRNP-targeted genomic regions of
approximately 500-1000 base pairs. PCR samples from WT and cRNP-edited cells were
submitted for sanger sequencing (GENEWIZ) and then indel percentage was calculated
using ICE analysis (SYNTHEGO) (see Table S1 for sgRNA and PCR primers).

QUANTIFICATION AND STATISTICAL ANALYSIS

For graphs, data are shown as mean = SEM, and unless otherwise indicated, statistical
differences were evaluated using a Student’s t test with Welch’s correction to a assume a
non-normal variance in our data distribution. p < 0.05 was considered significant. Graphs
were produced and statistical analyses were performed using GraphPad Prism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Optimized electroporation of cRNP complexes in primary mature innate
immune cells

High knockout efficiency of signaling adaptors and transcription factors

cRNP-mediated knockout of Stat4 in primary NK cells during MCMV
infection

cRNP knockout reveals MyD88 is required for cDC1-dependent control of
MCMYV infection
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Figure 1. Optimized Electroporation of Cas9 in Mouse Splenic Leukocytes
(A-C) Mouse splenocytes were either freshly harvested (naive) or cultured for 16 h with

recombinant mouse (rm) IL-15 (activated NK and T cells), FLT3-L (activated cDC1, cDC2),
or M-CSF (activated macrophage) in complete media and subsequently electroporated in the
presence of 40 pmol Cas9 protein alone. (A) Frequency of intracellular Cas9* naive and
activated NK (TCRB™CD3e"NK1.1*) and T cells (TCRB*CD3e*NK1.17) (B)
Representative histogram of intracellular Cas9 levels for rmIL-15 stimulated un-
electroporated NK cells and NK cells electroporated in the presence of Cas9 protein alone.
(C) Frequency of intracellular Cas9* macrophages (TCRB™CD3e"NK1.1"CD64*CD11b"),
cDC1s (TCRB™CD32"NK1.1"CD64"CD11p~XCR1*), and cDC2s (TCRB"CD3e
“NK1.1~CD64~CD11b*XCR1") following electroporation at the indicated voltages.

(D and E) Splenocytes were either freshly harvested (macrophages, cDC1s, and cDC2s) or
cultured for 16 h with rmIL-15 (NK, CD4*, and CD8* T cells) and subsequently
electroporated in the presence of various concentrations of Cas9 protein alone. Frequency of
intracellular Cas9* (D) activated NK, CD4* T (TCRB*CD3e*CD4*NK1.17), CD8" T cells
(TCRb*CD3e*CD8*NK1.17) and (E) naive macrophages, cDC1s, and cDC2s following
electroporation at 1,900 V in the presence of the indicated concentrations of Cas9 protein
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alone is shown. Data are representative of two independent experiments of three mice per
group.
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Figure 2. Efficient cRNP-Complex-Mediated Gene Deletion in Primary Mouse Group 1 ILCs
(A-E) Purified splenic NK cells were cultured for 16 h with 50 ng/mL rmIL-15 in complete

media or freshly isolated before electroporation. (A) Frequency of intracellular Cas9* NK
cells (left) and percentage of viable NK cells (right) 2 h following electroporation with 40
pmol Cas9 of 5 x 10° rmlL-15-preactivated NK cells at the indicated voltages compared to
un-electroporated controls. (B and C) Percentage of NK1.1~ rmlL-15-preactivated NK cells
3 days after electroporation with cRNP complex consisting of Cas9 and K/rb1c gRNA
compared to un-electroporated controls with varying (B) voltages or (C) concentrations of
Cas9 in the K/rbZIc cRNP complex electroporated at 1,900 V. Representative histogram of
NKZ1.1 expression (D) and percentage of NK1.1™ NK cells (E) 3 days after electroporation at
1,900 V of 5 x 10° rmlL-15-preactivated activated or freshly isolated naive cells compared
to controls electroporated in the presence of Cas9 protein alone.
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(F) Representative histograms and frequency of NK1.1 expression 3 days after
electroporation of 2.5 x 10° rmIL-15-preactivated purified liver NK cells (TCRB~CD3e
“NK1.1*CD49b*CD200r") or ILC1s (TCRB~CD3e"NK1.1*CD49b~CD200r*) with KirbIc
cRNP complex at 1,900 V compared to controls electroporated in the presence of Cas9
protein alone.

(G) Percentage of indicated CD90"~ cells 3 days after electroporation of 2.5 x 10° rmIL-15-
preactivated liver NK, NKT (TCRB*CD3e*NK1.1*) and T cells with various 7/yZ.2cRNP
complexes at 1,900 V compared to controls electroporated in the presence of Cas9 protein
alone. Data are representative of three independent experiments of three mice per group.
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Figure 3. High-Efficiency Gene Deletion of Primary and Bone-Marrow-Derived Myeloid Cells
Using cRNP Complexes
(A) Frequency of intracellular Cas9* bone-marrow-derived macrophage (BMDM) or bone

marrow-derived cDC1s (BM-cDC1s) 2 h post-electroporation with 40 pmol Cas9 compared
to un-electroporated controls.

(B) Percent of viable BMDMs or BM-cDCl1s 4 or 6 days, respectively, after electroporation
of 1 x 10° cells at indicated voltages compared to un-electroporated controls.

(C-F) BM-cDC1s, BMDMs, splenic cDC1s, cDC2s, and macrophages were electroporated
at 1,900 V in the presence of /fgaxor /tgam cRNP complexes. (C) Representative histogram
of CD11c expression in BM-cDCL1 6 days after electroporation compared to controls
electroporated in the presence of Cas9 protein. Percentage of CD11c™ BM-cDC1s and
CD11b™ BMDMs (D) and viable cells (E) 4 or 6 days, respectively, after electroporation. (F)
Frequencies of primary splenic CD11c™ ¢DC1, cDC2, and CD11b™ macrophages 4 days
after electroporation with indicated cRNP complex compared to controls electroporated in
the presence of Cas9 protein alone. Data are representative of three independent experiments
or three mice per group.
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Figure 4. cRNP Complex-Mediated Double Gene Ablation in ILCs and Myeloid Cells
(A-C) NK cells (preactivated 50 ng rmiL-15), BM-cDC1s, and BMDMs were

electroporated at 1,900 V in the presence of indicated single cRNP complexes or pooled
cRNP1 and cRNP2 complexes targeting KilrbIcand Thy1.2for NK cells, /fgax and B2m for
BM-cDCl1s, and /tgam and BZ2m for BMDMs. (A) Representative flow plots of NK cell
NK1.1 and CD90 expression 3 days after electroporation of 5 x 10° cells with (Right panel)
pooled cRNP complexes or (Left panel) control Cas9 protein electroporated cells (B)
Percent of NK1.17, CD90™ or NK1.1™ and CD90~ (“Both”) NK cells and (C) percentage of
viable NK cells after electroporation in the presence of indicated cRNP complexes relative
to un-electroporated controls (unedited).

(D-F) BMDMs and BM-cDC1s were electroporated in the presence of various CRNP
complexes and stimulated with 20 ng/mL IFN-vy for 48 h in vitro. (D) Representative flow
plots of BMDM CD11b and MHC-1 expression 4 days after electroporation of 1 x 10° cells
with pooled cRNP complexes (right) or controls (left) electroporated in the presence of Cas9
protein alone. (E) Percentage of CD11c™, MHC-I7, or CD11c™ and MHC-1~ (“Both™) (left)
and percentage of CD11b~, MHC-I~, or CD11b™ and MHC-I~ (“Both”) BMDM cells (right)
4-6 days after electroporation with indicated cCRNP complexes compared to un-
electroporated controls (unedited). (F) Percentage of viable BM-cDC1s and BMDMs from
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pooled cRNP-edited cells normalized to un-electroporated controls (unedited). Data are
representative of two independent experiments of three mice per group.

Cell Rep. Author manuscript; available in PMC 2020 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Riggan et al.
A
Electroprate
Isolated  50ng
NK cells IL-15
16 hrs
(Coas 1By $® — statacRNPG®
@. 2 — stata*NTC 2 ®
cRNP
Ry 0@ —— NTC @9
@ ) cRNP ®
50n
IL—1g 5 hours Measure
_ — » .
Tays’ ®9 Co-culture IFN-y production
+/-1L-12 by flow cytometry
+BFA
+Monensin
D

DO: Harvest Bone D9:
Marrow

~C %

D15:

Electroporate Stimulate

l 36h Measure YFP

1112p40™"
O vep -
112p40° x Tmem173

by flow
cytometry

Unstimulated

NTC cRNP
+IL-12

10° 5.59 10

35.5

o 10 et 105 10

IFN-y

Stat4” NTC cRNP
+IL-12

L 5.28

[

108 100 100

10*
IFN-y
Stat4 cRNP1

+IL-12

o 10®  10* 105 1w0f

0 10 10' 10° 10°

IFN-y IFN-y
Unstimulated 2'3-cGAMP

10 108

0 4.96 - 57
o
5 @@
(@]

o o
0o 10 w0t 100 10° FRRTS 100 1o 10f
YFP YFP
2'8-cGAMP +Tmem173 2'3-cGAMP

NTC cRNP

+ Tmem173 cRNP1

10° 5.2

CD11c

L2

6.69

IFN-y* (%)

Page 24

— *%

NS

807

kkkk  khkkk  kkk

60

40

YFP" (%)

20

Figure 5. cRNP-Edited Innate Immune Cells Are Functionally Deficient In Vitro
(A-C) Briefly, congenically distinct purified NK cells from WT (CD45.1, CD45.1 x

CD45.2) or Stat4”~ (CD45.2) mice were stimulated overnight with 50 ng rmIL-15. NK cells
were then electroporated at 1,900 V in the presence of either Rosa26 cRNP (NTC) or Stat4
cRNP complexes, mixed at equal ratios, and cultured 7n vitro with rmIL-15 for 3 days before
stimulation with our without IL-12 in the presence of brefeldin A and monensin. (A)
Schematic of experiment. (B) Representative flow plots of intracellular IFN-y expression in
indicated groups 5 h following stimulation. (C) Percentage of IFN-y* cells for indicated
experimental groups (D—F) Briefly, //12p40YFF or 1/12p40¥FP x Tmem173'~ cDCPs were
electroporated in the presence either Rosa26 cRNP (NTC) or 7mem173 cRNP complexes
and cultured for an additional 6 days in DC medium before stimulation with DC media
(Unstim) or DC media containing 2"3"-cGAMP for 36 h. (D) Schematic of experiment.
Representative flow plots (E) and percentages of YFP* BM-cDC1s from each indicated

group (F).
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Data are representative of two independent experiments of three mice per group. Samples
were compared using an unpaired, two-tailed Student’s t test with Welch’s correction, and
data are presented as the mean £ SEM (**p < 0.01,***p < 0.001, ****p < 0.0001).
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Figure 6. cRNP-Edited Innate Immune Cells Can Be Used to Elucidate Antiviral Gene Function
In Viv

0 (A-C) rmlL-15-preactivated splenic WT Ly49H* NK cells were electroporated in the
presence of either Rosa26 cRNP (NTC) (CD45.1 x CD45.2) or Stat4 cRNP complexes
(CD45.1) and adoptively transferred i.v. into Ly49H-deficient recipients at a 1:1 ratio.
Recipient mice were infected intraperitoneally (i.p.) with MCMV 16 h after adoptive
transfer. (A) Schematic of experiment. (B) Representative flow plots of indicated Ly49H*
NK cells before injection (left) and at day 7 P.I. (right). (C) Quantification of adoptively
transferred Ly49H" Rosa26 cRNP (NTC) or Stat4 cRNP-edited NK cells in the blood of
recipient mice at various time points P.l. (D) rmIL-15-preactivated splenic WT Ly49H* NK
cells or Stat4™'~ (CD45.2) cells were electroporated in the presence of either Rosa26 cRNP
(NTC) (CD45.1 x CD45.2) or Stat4 cRNP (CD45.1) complexes and adoptively transferred
i.v. into Ly49H-deficient recipients at a 1:1:1 ratio and subsequently infected with MCMV.
Representative flow plots of blood Ly49H* NK cells before injection and at indicated days
P.I.

(E) WT, cDC17~, and ¢cDC1~/~ mice reconstituted with bone-marrow-derived cDCPs were
infected with MCMV i.p. Kaplan-Meier survival curves of each indicated cohort are shown.
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(F and G) Briefly, 1 x 107 cDCPs were electroporated in the presence of either Rosa26
cRNP (NTC) or Mya88 cRNP complexes and transferred into recipient cDC1~/~ mice 3
days before MCMV infection. (F) Schematic of experiment. (G) Kaplan-Meier survival
curves of each indicated cohort.

Data are representative of two independent experiments of n = 3—6 mice per group. Samples
were compared using an unpaired, two-tailed Student’s t test with Welch’s correction, and
data are presented as the mean £ SEM (***p < 0.001).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-Mouse NK1.1 BioLegend PK136
Anti-Mouse CD3e BioLegend 17A2
Anti-Mouse Ly6G BioLegend 1A8
Anti-Mouse B220 BioLegend RA3-6B2
Anti-Mouse IFN- y BioLegend XMG1.2
Anti-Mouse CD11b BioLegend M1/70
Anti- Mouse CD27 Biolegend LG.3A10
Anti-Mouse CD19 BioLegend 6D5
Anti-Mouse CD49b/DX5 BioLegend DX5
Anti-Mouse KLRG1 BioLegend 2F1
Anti-Mouse CD45.1 BioLegend A20
Anti-Mouse CD45.2 BioLegend 104
Anti-Mouse CD8a BioLegend 53-6.7
Anti-Mouse CD4 BioLegend GK1.5
Anti-Mouse TCRB BioLegend H57-597
Anti-Mouse CD90.2 BioLegend 30-H12
Anti-Mouse CD200r1 BioLegend OX-110
Anti-Mouse CD11c BioLegend N418
Anti-Mouse XCR1 BioLegend ZET
Anti-Mouse MHCII BioLegend M5/114.15.2
Anti-Mouse CD64 BioLegend X54-5/7.1
Anti-Mouse Ly49H BioLegend 3D10
Anti-Cas9 Cell Signaling Technology 7A9-3A3

Bacterial and Virus Strains

Murine Cytomegalovirus O’Sullivan (PI) Smith Strain

Chemicals, Peptides, and Recombinant Proteins

1duosnuey Joyiny

1duosnuen Joyiny

Brefeldin A BioLegend Cat# 420601
Monensin (Golgistop) BioLegend Cat# 420701
Recombinant Mouse IL-12 Peprotech Cat# 200-12
Recombinant Mouse IL-15 Peprotech Cat# 210-15
2'3’-cGAMP InvivoGen Cat# tIrl-nacga23
Cas9-NLS SYNTHEGO N/A
Cas9-NLS gb3 UC Berkley N/A

Alt-R® Cas9 Electroporation Enhancer, 10 nmol IDT Cat# 1075916
Synthetic Guide RNAs SYNTHEGO N/A

Critical Commercial Assays

DNeasy Blood & Tissue Kit QIAGEN Cat# 69504
Cytofix/Cytoperm BD Biosciences Cat# 554714
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REAGENT or RESOURCE SOURCE IDENTIFIER
EasySep Mouse NK Cell Isolation Kit Stem Cell Cat# 19855
EasySep Buffer Stem Cell Cat# 20104
Experimental Models: Organisms/Strain
Mouse: C57BL/6 (CD45.2) Jackson Lab Stock # 000664
Mouse: B6.SJL (CD45.1) Jackson Lab Stock #002114
Mouse: //12p40-YFP Jackson Lab Stock # 006412
Mouse: Tmem173" Jackson Lab Stock # 017537
Mouse: Stat4”~, Kirag"~ (LyA9H-deficient), Xcr1¢re*, O’Sullivan (P1) N/A
R0sa26-sLPTA
Oligonucleotides
sgRNA and sgRNA PCR Primers see Table S1 Multiple N/A

Software and Algorithms

FlowJo, Version 9.9.6

Ashland, OR: Becton, Dickinson
and Company

https://www.flowjo.com/solutions/flowjo

Prism GraphPad http://www.graphpad.com/scientific-
software/prism

ICE Analysis SYNTHEGO https://ice.synthego.com/

Other

Neon Transfection System
Neon 100 uL transfection kit

ThermoFisher

ThermoFisher

Cat# MPK5000
Cat# MPK10096
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