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SUMMARY

Genome engineering of primary human cells with CRISPR-Cas9 has revolutionized experimental
and therapeutic approaches to cell biology, but human myeloid-lineage cells have remained largely
genetically intractable. We present a method for the delivery of CRISPR-Cas9 ribonucleoprotein
(RNP) complexes by nucleofection directly into CD14* human monocytes purified from
peripheral blood, leading to high rates of precise gene knockout. These cells can be efficiently
differentiated into monocyte-derived macrophages or dendritic cells. This process yields
genetically edited cells that retain transcript and protein markers of myeloid differentiation and
phagocytic function. Genetic ablation of the restriction factor SAMHD1 increased HIV-1 infection
>50-fold, demonstrating the power of this system for genotype-phenotype interrogation. This fast,
flexible, and scalable platform can be used for genetic studies of human myeloid cells in immune
signaling, inflammation, cancer immunology, host-pathogen interactions, and beyond, and could
facilitate the development of myeloid cellular therapies.

In brief

Hiatt et al. report a method for genome editing in primary human monocytes using CRISPR-Cas9
ribonucleoproteins (RNPs). These cells can be differentiated into macrophages or dendritic cells
for downstream phenotypic assays. They demonstrate the value for functional host-pathogen
studies through knockout of the HIV-1 restriction factor SAMHD1.

Graphical Abstract
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CRISPR-Cas9 editing in
primary human monocytes

into macrophages

Robust differentiation
or dendritic cells

Flexible phenotypic endpoints

INTRODUCTION

Myeloid cells are key players in the immune system in health and disease (Germic et al.,
2019; Lapenna et al., 2018; Worbs et al., 2017). Monocytes and macrophages function in the
immediate arm of the innate immune system, responding to pathogens or tissue damage and
helping to regulate and resolve inflammation in tissue. As professional antigen-presenting
cells, dendritic cells (DCs) orchestrate the adaptive immune response. Myeloid cells play
central roles in processes ranging from development and homeostatic regulation to pathogen
response, autoinflammatory disease, fibrosis, and malignancy (Chao et al., 2020; Engblom et
al., 2016; Medzhitov and Janeway, 1997, 2000; Wynn et al., 2013). Improved understanding
of the normal and pathogenic behaviors of these cells is crucial to furthering our mechanistic
understanding of a broad range of disorders, offering hope for the discovery and
advancement of new treatments.

Our ability to identify new therapeutic targets and construct novel cellular interventions has
advanced in lockstep with our ability to genetically manipulate relevant primary cell types.
For example, mouse genetic approaches have exposed the remarkable diversity of mouse
macrophages, and genetic ablation of myeloid subsets has paved the way for the therapeutic
targeting of analogous cells in the clinic (Wynn et al., 2013). CRISPR-Cas9-mediated gene
targeting has significantly expanded the potential of once-intractable cell types, facilitating
important discovery efforts and enhanced cell therapy approaches in primary T cells (Roth et
al., 2018; Schumann et al., 2015; Simeonov and Marson, 2019; Stadtmauer et al., 2020), as
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well as cures for debilitating genetic diseases using edited hematopoietic stem/progenitor
cells (Foss et al., 2019; Wu et al., 2019).

Until now, CRISPR-Cas9 has been inefficient in primary human myeloid cells, limiting
functional genetic studies and genome engineering in these key cells of the human immune
system. The identification of SAMHDL as the key restriction factor in myeloid cells that
prevents efficient lentiviral transduction (Hrecka et al., 2011; Laguette et al., 2011) led
directly to improved approaches for studying innate immunity and has been leveraged to
generate more effective DC vaccines (Norton et al., 2015; Sunseri et al., 2011). Even so,
studies of human myeloid cells continue to suffer from the difficulty of accessing and
manipulating relevant cell subsets (Lee et al., 2018). Expanding the genetic toolkit with
CRISPR-Cas9 would enable further dissection of the genetic circuits underlying the
behavior and development of this remarkably diverse class of cells (Geissmann and Mass,
2015; Hancock et al., 2013), offering new insight and more specific, sophisticated targets for
therapeutic manipulation.

We report here a robust, flexible, and cost-efficient platform for genetically modifying
primary human CD14" monocytes, which can then be quickly differentiated into monocyte-
derived macrophages (MDMs) or monocyte-derived DCs (MDDCs). We demonstrate the
utility of using this system to study host-pathogen interactions; however, this approach is
equally suited to the study of any number of other phenotypic outcomes. The platform is
designed to be scalable and is compatible with workflows assessed by microscopy, flow
cytometry, and a wide range of other common assays, and is suitable for the interrogation of
both cell-intrinsic and non-cell-autonomous behaviors.

Efficient gene ablation in primary myeloid cells

CD14" monocytes are abundant in peripheral blood, representing ~10% of circulating
leukocytes (Auffray et al., 2009), and can be differentiated ex vivo into MDMs or MDDCs
(Figueroa et al., 2016; Jin and Kruth, 2016), making them the ideal starting point for the
generation of isogenic primary myeloid cells. Monocytes are isolated from donor blood and
immediately subjected to CRISPR-Cas9 ribonucleoprotein (RNP) nucleofection. They are
then put into culture, allowing several days for turnover of the targeted gene product under
conditions leading to differentiation into MDMSs or MDDCs, after which the cells can be
subjected to a range of functional, genotypic, and phenotypic assays (Figure 1A). A survey
of conditions for the Lonza 4D Nucleofector identified pulse code DK-100 in buffer P2 as
optimally balancing editing efficiency, cell morphology, and cell survival, with 35% the cell
count at day 7 compared to unperturbed control samples (Figure S1A). Using this approach,
we showed robust, guide-sequence-dependent knockout of genes expressed in myeloid cells
by immunoblot of the gene product at day 7 of differentiation (Figure 1B). By testing
multiple guides, we were able to reproducibly achieve at least a 75% reduction in targeted
proteins GNE1 and ATP6V1A—Dboth known to play roles in viral replication in myeloid
cells (Gordon et al., 2020; Han et al., 2018)—relative to untargeted housekeeping control
gene products (Figure 1C). This protocol led to reproducible knockout when starting with
CD14" monocytes from freshly isolated peripheral blood mononuclear cells (PBMCs), from
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cryopreserved PBMC, or from isolated-then-cryopreserved CD14* monocytes (Figure S1B),
allowing for a flexible workflow and enabling iterative experiments on consistent biological
samples. Furthermore, we confirmed consistently robust knockout across biological
replicates at the genetic level by tracking of indels by decomposition (TIDE) analysis
(Brinkman et al., 2014), showing that guides against CXCR4 and CCR5 led to disruption in
>90% of alleles (Figure S1C). Collectively, these data demonstrate efficient knockout of
targeted genes in primary human myeloid cells using CRISPR-Cas9 RNPs.

Edited CD14* monocytes differentiate robustly into MDDCs and MDMs

We sought to establish that Cas9-RNP nucleofected cells could differentiate into both
MDMs and MDDCs. We isolated CD14™ monocytes from the blood of 3 healthy human
blood donors, and profiled the transcriptome of the fresh monocytes as well as gene-targeted
and unperturbed control MDDCs and MDMs after 7 days in culture (Figure 1A). We used
RNPs targeting the safe harbor locus AAVSI to assess the effect of nucleofection and
double-strand break formation and repair independent of gene knockout. Principal-
component analysis showed that both macrophage differentiation conditions (Iscove’s
modified Dulbecco’s medium [IMDM] with 20% human male AB serum) and DC
differentiation conditions (IMDM with 1% human male AB serum, 50 ng/mL interleukin-4
[IL-4] and 50 ng/mL granulocyte macrophage-colony-stimulating factor [GM-CSF])
successfully remodeled the monocyte transcriptional landscape in a manner that was
consistent across donors, with distinct cell state clusters observed for each cell type (Figure
2A). Genome targeting did not appreciably alter the differentiation of MDMs in this
analysis, while some separation of nucleofected and unperturbed MDDCs was observed.
These differences, mainly on the second principal-component axis (15% of variance),
remained much smaller than the differences between differentiation conditions. Interestingly,
phorbol-12-myristate-13-acetate (PMA)-stimulated THP1 cells, which have been used as
proxies for macrophages (Qin, 2012; Tsuchiya et al., 1980, 1982), clustered near fresh
monocytes in the principal-component analysis. This transcriptomic analysis underscores
that even with Cas9 RNP nucleofection, differentiated MDMs and MDDCs are distinct from
each other and from immortalized THP1 cells.

We next confirmed that Cas9 RNP-nucleofected monocytes differentiated as expected into
MDMs and MDDCs (Lehtonen et al., 2007). Day 7 MDMs exhibited a high expression of
expected markers, including CD14, the high-affinity Fc receptor gene FCGR1A (or CD64)
and the complement component C3 (Figure 2B). Day 7 MDDCs had lower levels of these
transcripts, and both CXCR4-targeted and unperturbed MDDCs expressed high levels of
CD209 (DC-SIGN) and upregulated CD1 components and class 11 human leukocyte antigen
gene complex (HLA) genes, consistent with differentiation into a professional antigen-
presenting cell type. Although PMA-stimulated THP1 cells expressed some hallmark MDM
transcripts, there remained a pronounced difference compared to any primary cell subset and
they again segregated away from the differentiated primary cells even when clustered on
only this set of transcripts, reinforcing the previous observation that differentiation is the
primary driver of cell identity in these cells (Figure 2C). Hallmark gene set enrichment
analysis (Liberzon et al., 2015; Subramanian et al., 2005) pointed to the decreased
expression of protein secretion-related genes in Cas9 RNP nucleofected MDDCs as the
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largest and most significant change compared to unperturbed controls (Tables S1 and S2).

Modest changes in Cas9 RNP nucleofected MDMs were linked to an increase in interferon
response genes, notably MXZ7 and /F/T2(Figure S2; Table S1). Overall, nucleofection did

not prevent the induction of cell-type selective marker genes in MDMs and MDDC:s.

We then asked whether editing selects for the survival of a subset of cells or whether editing
alters differentiation in a nonspecific manner. We used an intermediate-efficiency guide
against an easily stained surface antigen, p—2-microglobulin (B2m), to generate a roughly
even mix of B2m~ and p2m* cells that had been exposed to the same nucleofection and had
been cultured together. These cells were subjected to MDM differentiation for 7 days before
co-staining for 2m and several myeloid phenotypic markers (Figure 2D). The p2m* cells
thus served as in-well controls for the p2m™, knockout cells. We observed no phenotypic
difference between the p2m* and 2m™ cells, suggesting that the process of CRISPR gene
ablation did not appreciably select for a subset of cells, nor did it skew MDM differentiation.

Next, we assessed whether edited primary myeloid cells not only acquired key markers of
differentiation but also retained critical functions of mature macrophages. We evaluated the
ability of edited and unedited MDMs to phagocytose Mycobacterium tuberculosis, a deadly
pathogen found inside macrophages and DCs during human infection (Wolf et al., 2007).
Internalization of M. tuberculosis, a key stage in the bacterial life cycle, is mediated at least
in part by phagocytosis by host macrophages (Ernst and Wolf, 2006; Srivastava et al., 2016).
When we exposed either unperturbed MDMs or MDMs nucleofected with RNPs targeting
the irrelevant CXCR4 gene, we found that both cell populations were capable of
phagocytosing the pathogens at a high rate, leaving few extracellular bacteria (Figure 2E).
We again observed that nucleofection led to a loss of cells; when normalized for cell count,
we found the rate of phagocytosis to be linear between nucleofected and unperturbed cells
(Figures S3A-S3C). Thus, edited human myeloid cells can retain phagocytic ability,
consistent with successful differentiation despite Cas9 RNP nucleofection, and represent a
robust platform for functional assays.

Functional testing of host factors in isogenic primary myeloid cells

Finally, we sought to establish that this platform is suitable to test the function of genetic
factors that control complex cellular behaviors. We targeted the host viral restriction factor
SAMHD1, which blocks lentiviral infection (including HIV-1 infection) by depleting
intracellular pools of deoxynucleoside triphosphates (ANTPs) needed for reverse
transcription (St Gelais and Wu, 2011; Hrecka et al., 2011; Laguette et al., 2011; Sunseri et
al., 2011). We used 5 distinct guides against SAMHDJ, or a non-targeting control guide, to
attempt to perturb the SAMHDI gene directly in primary human monocytes from 4 different
blood donors. After 7 days of differentiation into MDMs, cells were exposed to the CCR5-
tropic, chimeric HIV-1 clone LAI-YU2. Two days later, cells were stained with Hoechst dye
and probed for the HIV-1 antigen p24, which is indicative of productive infection, then
quantified by high-throughput microscopy (Figures 3A, 3B, S3D, and S3E). SAMHD1
deletion resulted in a significant, >50-fold increase in HIV infection. (Quide SAMHD1-1:
51.74-fold increase in infection relative to non-targeting, 95% confidence interval [CI]
14.17-89.32; SAMHD1-2: 50.30-fold increase, 95% CI 12.73-87.88; SAMHD1-3: 39.17-
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fold increase, 95% CI1 1.594-76.74; results of a repeated-measures 1-way ANOVA with
Dunnett’s multiple comparison test.) We observed a clear correlation between knockout
efficiency as measured by protein or DNA (Figures 3C and 3D) and the degree of HIV
infection, consistent with a causal relationship (Figure S3F). This dramatic effect upon
ablation of a viral restriction factor clearly demonstrated that this platform is suitable for the
functional assessment of host genes in primary human myeloid-lineage cells.

DISCUSSION

Building on previous work using CRISPR-Cas9 to render primary human immune cells
genetically tractable (Hultquist et al., 2019; Hung et al., 2018; Nguyen et al., 2020;
Schumann et al., 2015), we have developed a robust, flexible, and high-throughput-
compatible platform for the genetic manipulation of primary human myeloid cells. We have
optimized cell isolation, culture, and CRISPR-Cas9 RNP nucleofection conditions to allow
for the rapid and inexpensive generation of isogenic modified cells that can then be
differentiated and flexibly incorporated into downstream biochemical and phenotypic
assays. Knockout can be easily achieved at programmed gene targets, and the resulting cells
largely retain critical markers and key functional characteristics of differentiated myeloid
cells. Differentiated, edited, monocyte-derived macrophages remain capable of phagocytosis
of living pathogens, and we demonstrate that this editing system can be incorporated into
existing assays to study complex biological phenotypes such as host-pathogen interactions.

This technology allows for the genetic interrogation of any type of primary cell that can be
differentiated from a human blood monocyte. Although flexible, this also presents a
limitation in types of myeloid cells; future work will be needed to make this protocol
compatible with already-differentiated myeloid cell types such as alveolar or tissue-resident
macrophages or circulating plasmacytoid DCs. More work will also be required to adapt this
protocol for other Cas9-based tools and approaches (Hendriks et al., 2020; Nguyen et al.,
2020; Roth et al., 2018; Shifrut et al., 2018); while we only demonstrate knockout, this
efficient nucleofection of Cas9 RNPs into cells is likely to be a fruitful foundation for other
genome or epigenome modification strategies.

The platform we present here improves significantly upon the existing technology to
manipulate human myeloid cells. Genetic perturbation to date has rested largely upon RNAi
technologies, which compared to CRISPR-based approaches can have higher off-target
effects and result in transient, incomplete knockdown, rather than knockout (Housden and
Perrimon, 2016), or upon lentiviral transduction, which is inefficient in these cells due to
high expression of SAMHDL1 (St Gelais and Wu, 2011; Goujon et al., 2007). This has
hampered both the mechanistic investigation of these important, functionally diverse cells
and the development of strategies to use these cells as therapeutics. For these reasons, other
groups have previously sought workarounds to make myeloid cells genetically tractable. One
approach is to edit hematopoietic progenitor/stem cells and differentiate them into myeloid
lineage cells (Kang et al., 2015; Lee et al., 2018; Sontag et al., 2017). Comparatively, this
route is difficult, expensive, and time-consuming (Sugimura et al., 2017). Another approach
is to edit fully differentiated macrophages, which has demonstrated some functional success
in the literature (Barkal et al., 2018; Haney et al., 2018), although this also has limitations.
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The approach is specific to macrophages, rather than allowing for flexible differentiation,
and is limited by the lifespan of mature macrophages in culture. As a result, phenotypic
assessment has been limited to short timescale assays soon after editing, when cells display
appropriate levels of genetic editing but may still have variable concentrations of the protein
product of a targeted gene remaining in the cell.

This platform for editing primary human monocytes before differentiation ameliorates these
previous limitations. Cells may be differentiated into MDDCs or MDMs; knockout is robust,
permanent, and can be rapidly and inexpensively iterated by substituting guide RNA
sequences; there is adequate time for turnover of the targeted gene product and for
subsequent multi-day functional and phenotypic assessment; and the cells are generated in
only 1 week. Isolated cells can be cryopreserved before editing, allowing additional
experimental flexibility. Furthermore, all of the reagents and equipment are readily available.
We anticipate that these features, which have proven key to the success of CRISPR-Cas9
RNP-based editing of T cells, will facilitate a diverse set of research endeavors and
hopefully accelerate the development of myeloid cell therapies.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Questions and requests for resources and reagents should be directed to the
Lead Contact, Dr. Alexander Marson (Alexander.Marson@ucsf.edu).

Materials availability—All materials used in this study are commercially available, please
see the Key Resources Table. No unique reagents were generated in this study.

Data and code availability—Code was generated only for formatting and visualization
of data; all code is available upon reasonable request. Sequencing files are available via SRA
as BioProject PRINA684421.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human 293T/17 cells were obtained from the UCSF Cell Culture Facility and were cultured
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal calf serum
(FCS, Invitrogen 26140079) at 37°C in 5% CO,. Human peripheral blood mononuclear cells
(PBMC) were isolated from TRIMA residuals (Vitalant Research Institute) via density-
gradient separation according to institutional safety protocols. CD14+ monocytes were
isolated from PBMC by magnetic negative selection and cultured at 37°C in 5% CO5 on
non-treated flat-bottom culture plates in 1X Iscove’s Modified Dulbecco’s Medium (IMDM,
GIBCO 12440053), supplemented as follows. For dendritic cell differentiation: 1% Human
AB Serum (Valley Biomedical HP1022HI), Penicillin-Streptomycin (1001U and 100pug/mL,
respectively, Corning 30-002-Cl), 1mM Sodium Pyruvate, 50ng/mL GM-CSF (Life
Technologies PHC2015), 50ng/mL IL-4 (Life Technologies PHC0045); for macrophage
differentiation: 20% Human AB Serum, Penicillin-Streptomycin, 1mM Sodium Pyruvate.
Human THP1 cells were obtained from ATCC (ATCC TIB-202) and were cultured in RPMI
1640 with L-Glutamine (Corning MT10040CV), 10% FCS, 10mM HEPES (VWR 16777-
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02), 1mM sodium pyruvate (Fisher MT 30-0020-Cl), and 0.5x Penicillin-Streptomycin. For
macrophage-like cells, THP1s were stimulated with the 30nM PMA (Fisher BioReagents
BP685-1) for 48 hours before harvest.

METHOD DETAILS

Primary human monocyte isolation and enrichment—~Primary adult cells were
obtained from consented healthy human donors from leukoreduction chamber residuals after
Trima Accel apheresis (Vitalant) or, when sequencing consent was necessary, from
STEMCELL, under a protocol approved by Vitalant or STEMCELL IRB. 50mL of human
peripheral blood enriched in mononuclear cells was processed for each donor in accordance
with institutional safety guidelines. Blood was diluted 1:1 with a 4mM EDTA PBS solution,
then layered on top of Ficoll-Paque Plus density gradient medium (Sigma GE17-1440-03)
in SepMate tubes (StemCell Technologies 85450). After centrifugation at 1200xg for 10
minutes at room temperature, blood separated into plasma, PBMC, granulocyte, and
erythrocyte layers. The plasma was aspirated allowing the PBMC buffy coat to be decanted.
It was then suspended in 2mM EDTA PBS and centrifuged at 400xg for 10 minutes at room
temperature. PBMC were washed twice with 2mM EDTA PBS by centrifugation for 10
minutes at 300xg and then again at 200xg. Cells were counted, pelleted a final time at 200xg
for 10 minutes, and resuspended at a concentration of 50 x 106 cells/mL in MACS buffer
(PBS, 2mM EDTA, 0.5% BSA). At this point, 0.5 x 108 PBMC from each donor were
removed for quality control flow cytometric analysis as described below. To enrich for
CD14+ monocytes, 50puL/mL of CD14+ negative selection cocktail (StemCell 19359) was
added and incubated for 5 minutes at room temperature. After incubation, suspensions were
placed in an EasyEights EasySep Magnet (StemCell 18103) tube rack for 5 minutes.
Enriched monocytes were carefully pipetted from the magnet, and 0.5 x 10% monocytes from
each donor were again removed for flow cytometric quality control analysis as described
below (See also Figures SID-S1F).

Where noted, isolated PBMC or CD14+ monocytes were cryopreserved in FBS with 10%
DMSO in a Mr. Frosty Freezing container (ThermoFisher 5100) stored at —-80°C for 1-4
days before transfer to liquid nitrogen. Cryopreserved PBMC were carefully thawed and
washed twice with MACS buffer before incubation with negative selection cocktail as
described above.

Formation of Cas9-ribonucleoproteins—Cas9 ribonucleoproteins were produced as
previously described (Hultquist et al., 2019). Briefly, lyophilized crRNA and tracrRNA
(Dharmacon, see Key resources table, Oligonucleotides) were resuspended at a
concentration of 160uM in 10mM Tris-HCL (7.4 pH) with 150mM KCI and immediately
used or frozen at —80°C. No more than one thaw was allowed for any RNP reagent. Equal
volumes of crRNA and tracrRNA were incubated at 37°C for 30 minutes to form an 80 uM
guide RNA duplex; this was then incubated with an equal volume (2:1 RNA:Cas9 molar
ratio) of 40uM Cas9 protein (UC Macrolab) at 37°C for 15 minutes to form RNPs at 20uM.
RNPs were used immediately or stored at —80°C.
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Nucleofection of Cas9-ribonucleoproteins into primary human monocytes—
Isolated CD14+ monocytes were counted and 0.5-1 x 108 cells per nucleofection reaction
were spun down at 200xg for 8 min. Supernatant was carefully and completely aspirated,
and cells were resuspended in 20uL/reaction of room-temperature Lonza nucleofection
buffer P2 (Lonza V4XP-2024). The cell suspension was gently mixed with 2.5uL/reaction of
appropriate RNP and then pipetted into a 96-well-format nucleofection cuvette for the Lonza
4D X unit or Shuttle unit (Lonza). Except where explicitly stated, cassettes were
nucleofected with code DK-100, immediately supplemented with 80uL pre-warmed culture
medium, and rested in a dark, 37°C, 5% CO, incubator for 15-30 minutes. Subsequently
cells were moved to a prepared non-treated, flat-bottom culture plate pre-filled with
appropriate media for differentiation and subsequent analysis. One nucleofection reaction of
0.5 x 109 cells is sufficient to seed three wells of a 96-well plate or one well of a 48-well
plate.

In vitro differentiation of monocyte-derived macrophages and dendritic cells—
Cells were cultured in flat-bottom, non-treated cell culture plates in either 96-well (Corning
351172) or 48-well (Corning 351178) format. Twenty-four hours after nucleofection, after
visually confirming cell adherence, the entire volume of media was exchanged for fresh, pre-
warmed culture media. Three and five days after nucleofection, half of the culture media was
removed and replaced with fresh media pre-warmed to 37°C. Media formulations are as
follows. For MDDCs: 1X IMDM (GIBCO 12440053), 1% Human AB Serum (Valley
Biomedical HP1022H]I), Penicillin-Streptomycin (1001U and 100ug/mL, respectively,
Corning 30-002-Cl), 1mM Sodium Pyruvate, 50ng/mL GM-CSF (Life Technologies
PHC2015), 50ng/mL IL-4 (Life Technologies PHC0045); for MDMs: 1X IMDM, 20%
Human AB Serum, Penicillin-Streptomycin, 1mM Sodium Pyruvate.

Flow cytometric staining and analysis—To detach adherent MDMs and MDDCs for
downstream flow cytometric analysis, cells were first spun for 5 minutes at 300xg, media
was removed, and cells were incubated in Accutase Cell Detachment Solution
(ThermoFisher Scientific 00-4555-56) for 15 minutes at 37°C. Cells were then transferred to
V-bottom 96-well plates and resuspended in MACS buffer (PBS, 2mM EDTA, 0.1% Bovine
Serum Albumin). Monocytes and PBMC did not require lifting.

To assess the quality of the CD14+ negative selection, samples before and after CD14
enrichment were stained with antibodies against CD14-PE (1:25)(Miltenyi 130-110-519)
and CD16-APC (1:25)(Miltenyi 130-106-705).

For phenotypic analysis of MDMs and MDDCs, cells were blocked with Human TruStain
FcX (Biolegend 422302) and stained at 4°C in a final volume of 50puL with the following
antibodies: CD14-FITC (1:50)(Biolegend 301803), CD16-PE (1:50)(Biolegend 3G8),
CD14-PE (1:25)(Miltenyi REA599), CD16-APC (1:25)(Miltenyi REA423), p2-
Microglobulin-PE (1:100)(BD 551337), CD11b-BV650 (1:50)(BD 740566), CD11c-PerCP-
Cy5.5 (BD 565227), CD206-BV421 (1:50)(BD 566281), LiveDead 510 (1:500)(Tonbo 13-
0870-T100), HLA-DR-Pacific Blue (Life Technologies MHLDR28) and GhostDye Red 780
(1:500)(Tonbo 13-0865-T100). Compensation was performed using single-stained
UltraComp eBeads Compensation Beads (Life Technologies 01-2222-42) and a mixture of
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live and killed MDMs or MDDCs for GhostDye Red 780 compensation. Samples were
acquired on the Attune NxT Flow Cytometer (ThermoFisher) and analyzed using FlowJo
software (FlowJo, LLC). For sample enrichment stains and gating strategy please see Figure
S3C.

In vitro infection of MDMs by Mycobacterium tuberculosis—M. tuberculosis was
grown to log phase in 7H9 liquid media (BD 271310) supplemented with Middlebrook
OADC (Sigma M0678), 0.5% glycerol, 0.05% Tween-80 in roller bottles at 37°C. M.
tuberculosis Erdman strain expressing eGFP under control of the MOP promoter was a gift
from Dr. Sarah Stanley’s laboratory. Macrophages were infected with fluorescent M.
tuberculosis using a modified version of the spinfection protocol as previously described
(Watson et al., 2015). Mycobacteria were washed in PBS three times and directly inoculated
into the macrophage tissue culture wells at an MOI of 10. Following centrifugation, infected
cells were incubated at 37°C for one day post-infection. The wells were washed with PBS
and fixed with 4% PFA before staining for microscopy.

Quantification of Mycobacterium tuberculosis infection—After fixation in 4%
PFA and transfer to PBS, plates were stored at 4°C for staining. Cells were permeabilized
with 0.1% Triton X-100 (Sigma-Aldrich T8787) for 15 minutes, washed three times with 1X
PBS and stained in a volume of 100 puL with CellMask Deep Red Stain (1:100,000)
(ThermoFisher, H32721) for 30 minutes at room temperature in the dark. After staining,
cells were washed three times with 1X PBS and stored in 100uL/well 1X PBS. Cells were
then imaged using a Cellomics Arrayscan with a 10X objective (ThermoFisher) and
analyzed using the HCS Studio quantitative analysis software (ThermoFisher) by defining
cellular events based on the non-specific membrane Deep Red CellMask stain in the 650
channel and then quantifying infection by measuring mean fluorescent intensity in the
488nm channel.

HIV production—Macrophage-tropic HIV virus was generated using the HIV LAI-YU2
chimeric molecular clone, from the lab of Rahm Gummuluru. Virus plasmid (12ug) and
100ul PolyJet (Signagen) were diluted separately in two tubes of 625uL serum-free DMEM,
then the two solutions were combined and vortexed to mix. After 15 minutes at room
temperature, the transfection complexes were added to T175 flasks containing 293T/17
cells, which were gently rocked. Virus-containing culture supernatant was harvested 48
hours post transfection, spun at 400xg for 5 minutes and filtered through a 0.45um filter.
Virus was precipitated by addition of NaCl and 50% PEG-6000 to final concentrations of
300mM and 8.4%, respectively, followed by incubation for two hours at 4°C. Precipitated
virus was pelleted for 40 minutes at 3500 rpm, resuspended in complete RPMI media at 50X
concentration, frozen in aliquots on dry ice, and stored at —80°C. Virus was titered on wild-
type MDMs prior to testing on knockout MDMs.

HIV infection, p24 staining and imaging—HIV LAI-YU2 was added to macrophages
in 96-well format and incubated for 48 hours to allow for infection. After 48 hours, cells
were washed twice in PBS (pH 7.4) and fixed in room temperature 4% formaldehyde for
30-60 minutes. Fixative was washed away with two PBS washes, with a final quench in PBS
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+ 2% fetal calf serum (FCS, Invitrogen 26140079). Cells were permeabilized for 5 minutes
with saponin buffer (PBS + 0.2% Saponin (Sigma S7900) + 2% FCS). Anti-p24 antibody
(AIDS reagent 183-H12-5C) was diluted 1:500 in saponin buffer, 80 uL was added to each
well, and the plate was incubated overnight at 4°C. Primary antibody was removed and
plates were washed 3 times with saponin buffer. Anti-mouse Alexa Fluor 488-conjuated
antibody (Invitrogen A-21202) was diluted in saponin buffer (1:500), 80 pL was added to
each well, and the plate was incubated for 2-3 hours at room temperature protected from
light. Secondary antibody was removed, and the plate was washed twice with saponin buffer
and once with PBS. Hoescht 33258 (Sigma 861405) was diluted into PBS for a final
concentration of 1 pg/mL, and 80 pL was added to each well followed by a 5 minute
incubation at room temperature. Hoescht buffer was removed and the plate was rinsed twice
in PBS, then imaged on a Celllnsight automated microscope using a 10X objective
(ThermokFisher). Cells were identified using nuclear stain, enlarged cellular masks were
drawn around the nuclear masks, and p24-positive cells identified by their high average
fluorescence in the 488 channel.

Immunoblotting and protein quantification—To prepare protein samples,
differentiated myeloid cells were harvested by aspirating the appropriate growth/
differentiation media and then adding 100 pL of 2.5x reducing sample buffer (RSB, 1.872
mL 0.5M Tris-HCI pH 6.8, 6 mL 50% Glycerol, 3mL 10% SDS, 250 pL B-mercaptoethanol,
378 pL 1% bromophenol blue, 1X PBS) directly to each sample well. Cells were lysed by
incubating for at least 3 minutes at room temperature, then lysates were transferred to 96-
well PCR plates (USA Scientific 1402-9598). Plates were then heated at 95°C for 30
minutes and stored at —20°C. To prepare immunoblots, samples were thawed at room
temperature, and 15 pL/lane was loaded into an 18-well 4%-20% Criterion TGX Gel (Bio-
Rad 567-1094). Gels were run at 90 V for 30 minutes followed by 150 V for 50 minutes.
The samples were then transferred at 0.25 A for 1 hour to a PVDF Membrane (Bio-Rad
1620177). Following protein transfer, membranes were blocked in 4% Milk PBST for 1 hour
at room temperature, and then incubated in blocking solution overnight at 4°C with the
following antibodies: rabbit monoclonal anti-ATP6V1A (1:1000)(Abcam EPR19270), rabbit
polyclonal anti-GNE (1:1000)(Proteintech 25079-1-AP), rabbit polyclonal anti-SAMHD1
(1:1000)(Proteintech 12586-1-AP), rabbit monoclonal anti-B-actin (1:5000)(CST 4970P),
mouse monoclonal a-GAPDH (1:5000)(Sigma G8795). Membranes were then washed three
times in PBST for 5 minutes each, and then incubated with appropriate secondary antibody
for 1 hour at room temperature. Membranes were washed an additional three times, then
stained with Pierce ECL Western Blotting Substrate (ThermoFisher 32106). Exposures of
the blots were taken with autoradiography film (Thomas Scientific XC59X) and developed
with a medical film processor (Konica Minolta Medical & Graphic SRX-101A). Film was
scanned at 300 pixels/inch and stored as 8-bit grayscale TIFF files. The level of protein
expression for individual samples was quantified in F1JI (Schindelin et al., 2012) by
inverting the images, subtracting the background, and determining the fluorescent intensity
by measuring the integrated density of individual bands. The protein expression level was
then reported as the relative fluorescence of the protein of interest with respect to the paired
loading control.
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Quantification of mutational efficiency by TIDE analysis—Cells were lysed in plate
format in 50pL QuickExtract DNA Extraction Solution (Lucigen QE09050). Crude lysate
was then incubated at 65°C for 20 minutes and 95°C for 20 minutes. Primers were designed
with Primer3. PCR amplification was performed using Phusion 2X Master Mix HotStart
Flex (New England Biolabs M0536L), 10uM primer pair (see Key resources table,
Oligonucleotides), and approximately 100ng template DNA. PCR amplicons were
subsequently sent for cleanup and Sanger sequencing. Mutational efficiency was then
determined by comparison of non-targeting and gene-targeting sample chromatograms using
the TIDE Web Tool (Brinkman et al., 2014).

Analysis of cell survival by luminescence—Relative cell viability was determined
with CellTiter-Glo (Promega G7570) according to manufacturer’s instructions. Briefly, fresh
aliquots of CellTiter-Glo buffer and substrate were mixed and 100 pL of the resulting
reagent was added to each well of a 96-well culture plate and the plate was put on a shaker
for 2 minutes. Lysates were then moved to an opaque-walled 96-well plate (Costar 3912)
and incubated at room temperature for 10 minutes. Luminescence was then recorded on an
Enspire multimode plate reader (PerkinElmer).

RNA-seq analysis—Freshly isolated CD14 monocytes or day 7 MDM or MDDCs were
lifted, pelleted, drained of supernatant and snap-frozen until processing. RNA isolation was
conducted using the Qiacube RNeasy 96 QIAcube HT Kit (QIAGEN 74171) according to
manufacturer’s protocol. Gene expression profiling was carried out using a 3" Tag-RNA-Seq
protocol. Barcoded sequencing libraries were prepared using the QuantSeq FWD kit
(Lexogen, Vienna, Austria) for multiplexed sequencing according to the recommendations
of the manufacturer. The fragment size distribution of the libraries was verified via micro-
capillary gel electrophoresis on a Bioanalyzer 2100 (Agilent, Santa Clara, CA). The libraries
were quantified by fluorometry on a Qubit fluorometer (LifeTechnologies, Carlsbad, CA),
and pooled in equimolar ratios. Libraries were sequenced on an Illumina NextSeq (I1lumina,
San Diego, CA). RNA isolation was conducted by the University of California, Davis (UC
Davis) Real-Time PCR Research and Diagnostics Core and library preparation and
sequencing were carried about by the UC Davis DNA Technologies and Expression
Analysis Core.

RNA-Seq reads were processed with kallisto (version 0.44.0) using the Homo sapiens
ENSEMBL GRCh38 (release 95) reference genome annotation. Transcript counts were
aggregated at the gene level using the tximport (version 1.14.2) R package. Normalization,
transformation, and principal components analysis were performed using the DESeq2
(version 1.26.0) R package. Gene set enrichment analysis was conducted with fgsea (version
1.16). All R code was run on version 3.6.3.

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry data were analyzed using FlowJo software. Microscopy data were analyzed
using HCS Studio quantitative analysis software. Immunoblots were analyzed with ImageJ.
Data were visualized with GraphPad Prism or R with RStudio. Infection of SAMHDI-
targeted MDMs was assessed by a repeated-measures one-way ANOVA followed by
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Dunnett’s multiple comparisons test. All statistical details are present in relevant figure
legends. RNaseq analysis was conducted in R with Rstudio.

Supplementary Material

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

Cas9 ribonucleoproteins (RNPs) allow robust gene knockout in primary
human monocytes

Cas9 RNP nucleofected monocytes can differentiate into macrophages or
dendritic cells

Cas9 RNP nucleofected macrophages appropriately phagocytose M.
tuberculosis

Knockout of the host factor SAMHDL1 increased HIV infection of
macrophages >50x
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Figure 1. A flexible platform for CRISPR editing of human myeloid-lineage cells
(A) A generalized schematic of the platform. Human CD14* monocytes are isolated from

blood by density gradient separation of PBMCs followed by magnetic negative selection.
Either PBMCs or monocytes may be cryopreserved for later editing (Figure S1B). Cells are
then nucleofected with preformed CRISPR-Cas9 RNPs and immediately put into
differentiating culture under MDM- or MDDC-generating conditions. After allowing for 6-7
days of differentiation and washout of the targeted gene product, cells can be subjected to a
wide variety of functional, phenotypic, and genotypic studies to assess the knockout
efficiency and function of the targeted gene product.
(B) Guide sequence-dependent knockout of targeted genes leads to loss of gene products.
CD14" monocytes were nucleofected with RNPs containing 1 of 5 distinct guide sequences

against the indicated gene or a scrambled non-targeting control, cultured under MDM-

generating conditions, and then lysed for immunoblot analysis. Blots show targeted gene
protein product and untargeted housekeeping gene product B-actin protein levels in cells
from 2 blood donors. GNE1 and ATP6V1A ran at their expected sizes of 79 and 69 kDa,

respectively.
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(C) Knockout was quantified by digital densitometry and normalized on a per-sample basis
in relative fluorescence units (RFUs) to untargeted housekeeping control protein -actin.
See also Figure S1.
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Figure 2. CRISPR-Cas9-mediated gene knockout preserves key aspects of differentiation and
function in targeted myeloid cells

(A) Principal-component analysis of RNA sequencing (RNA-seq) from the indicated cell

types.

(B) Normalized transcript abundance (Zscore) for selected markers of MDM or MDDC
differentiation (Lehtonen et al., 2007).
(C) Dendrogram of hierarchical clustering of the data in (B) by Euclidean distance.

(D and E) Among cells subjected to CRISPR-Cas9 RNP nucleofection, cell surface protein
levels of CD16, CD14, and CD206 were compared between the cells that bear the desired p2
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m knockout (pink) and those that do not (teal) by flow cytometry after 7 days of MDM
differentiation. (D) shows gating, while (E) shows the expression of the indicated markers.
(F) Representative images of unperturbed (left) and RNP-nucleofected (right) MDMs
infected with GFP-expressing M. tuberculosis (Mtb-GFP) show that CRISPR-Cas9-targeted
cells remain competent to phagocytose living pathogens. Top, membrane staining with Cell
Mask Far Red; CENTER, Mtb-GFP; bottom, composite. Scale bars represent 100 um.

See also Figure S2.
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Figure 3. Generation of isogenic monocyte-derived macroph
HIV-1 host restriction factor
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(A) SAMHDI-targeted or non-targeting control MDMs from 4 independent, HIV™ blood
donors were infected with HIV-1. The plot displays the percentage of cells productively
infected after a 48-h exposure. Guides that most efficiently ablated the gene caused
statistically significant increases in infection as assessed by 1-way ANOVA followed by
Dunnett’s test. *p < 0.05, **p < 0.01. See also Figure S3E.

(B) Representative images of HIV-1 infection from donor

3 comparing cells nucleofected

with control non-targeting RNPs (top) to cells nucleofected with RNPs made from guide
SAMHD1-1 (bottom). Left, Hoechst; center, staining of the HIV-1 antigen p24; right,
composite. Scale bars represent 100 um. For representative images of all of the guides, see

Figure S3D.

(C and D) Quantification of SAMHDI knockout by immunoblot (C) and sequencing (D). No
protein sample was available for guide SAMHD1-1 in donors 3 and 4; Sanger sequencing
was analyzed for mutational efficiency by TIDE, bars represent means + SDs for at least 3

biological replicates.
See also Figure S3.

Cell Rep. Author manuscript; available in PMC 2021 June 09.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Hiatt et al.

KEY RESOURCES TABLE

Page 24

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse anti-human CD206 BV421 (clone 19.2)

Mouse anti-human CD11c PerCP-Cy5.5 (clone B-ly6)
Mouse anti-human CD16 APC (clone 3G8)

Mouse anti-human CD11b BV650 (clone ICRF44)
Mouse anti-human CD14 FITC (clone M5E2)

Mouse anti-human p2-Microglobulin PE (clone TU99)
Mouse anti-human HLA-DR Pacific Blue (TU36)

Human anti-human CD14 PE (clone REA599)

Human anti-human CD16 APC (clone REA423)

Ghost Dye™ Violet 510

Ghost Dye™ Violet 780

Human TruStain FcX (Fc Receptor Blocking Solution)
Rabbit recombinant monoclonal Anti-ATP6V1A

Rabbit polyclonal anti-CSE1L

Rabbit polyclonal anti-GNE

Rabbit monoclonal anti-B-Actin

Mouse monoclonal anti-GAPDH

Mouse monoclonal anti-p24

Rabbit polyclonal anti-SAMHD1

Donkey anti-mouse Alexa Fluor 488

Becton Dickinson
Becton Dickinson
Biolegend
Becton Dickinson
Biolegend
Becton Dickinson

Life Technologies

Miltenyi Biotec

Miltenyi Biotech

Tonbo Biosciences
Tonbo Biosciences
Biolegend

Abcam

Proteintech
Proteintech

Cell Signaling
Technology

Sigma
AIDS Reagent

Proteintech

Invitrogen

Cat# 566281; RRID:AB_2739655
Cat# 565227; RRID:AB_2739122
Cat# 302012; RRID:AB_314212
Cat# 740566; RRID:AB_2740267
Cat# 301804; RRID:AB_314186
Cat# 551337; RRID:AB_394152

Cat# MHLDR28; RRID:
AB_10401403

Cat# 130-110-519;
RRID:AB_2655051

Cat# 130-106-705;
RRID:AB_2655406

Cat# 13-0870-T100
Cat# 13-0865-T100
Cat# 422302

Cat# EPR19270; RRID:
AB_199326

Cat# 22219-1-AP;
RRID:AB_10950892

Cat# 25079-1-AP
Cat# 4970P; RRID:AB_2223172

Cat# G8795; RRID:AB_1078991

Cat# 183-H12-5C;
RRID:AB_2819250

Cat# 12586-1-AP;
RRID:AB_2183496

Cat# A-21202,
RRID:AB_141607

Bacterial and virus strains

HIV LAI-YU2 Gummuluru, Boston N/A
University

M. tuberculosis (Erdman Strain pMV261-eGFP) Stanley Lab, UC ATCC #35801
Berkeley

M. bovis bacillus Calmette-Guerin (BCG) §Ag85B/Ag85B-mCherry Ernst Lab, UCSF N/A

Biological samples

Leukoreduction chambers from healthy human donors Vitalant N/A

1/10 Leukapheresis pack STEMCELL 200-0092

Chemicals, peptides, and recombinant proteins

Cas9-NLS purified protein QB3 Macrolab N/A
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

GM-CSF Human Recombinant

IL-4 Human Recombinant Protein

Triton™ X-100 (for molecular biology)

NaCl

PEG-6000

Glycerol

Tween-80

PolyJet
Penicillin/Streptomycin
Ficoll-Paque Density Gradient
Hygromycin B
Kanamycin

Albumin

Dextrose

Catalase

Saponin

Phusion Hot Start 2X Master Mix

Life Technologies
Life Technologies
Sigma-Aldrich
Corning
Millipore Sigma
Sigma-Aldrich
N/A

Signagen
Corning
Sigma-Aldrich
N/A

N/A

Sigma

Fisher

Sigma

Sigma

New England Biolabs

Cat# PHC2015
Cat# PHC0045
Cat# T8787

Cat# 46-032-CV
Cat# 8074911000
Cat# G7893

N/A

Cat# SL100688
Cati# 30-002-CI
Cat# GE17-1440-03
N/A

N/A

Cat# A1470-100G
Cat# D16500
Cat# C9322-5G
Cat# 47036

Cat# M0536L

HCS CellMask™ Green Stain ThermoFisher Cat# H32714
Scientific

HCS CellMask™ Deep Red Stain ThermoFisher Cat# H32721
Scientific

Hoechst 33258 Sigma-Aldrich Cat# 861405

RPMI 1640 with 1x L-Glutamine Corning MT10040CV

HEPES VWR 16777-032

Sodium Pyruvate Fisher MT 25-000-ClI

PMA Fisher BP685-1

Critical commercial assays

StemCell™ Human Monocyte Isolation Kit STEMCELL Cat# 19359

Technologies

P2 Primary Cell 4D-Nucleofector™ X Kit L Lonza Cat# V4XP-2024
CellTiter-Glo Luminescent Cell Viability Assay Promega Cat# G7570
RNeasy 96 QlAcube HT Kit QIAGEN Cat# 74171
QuantSeq 3" mRNA-seq Library Prep Kit FWD for Illumina Lexogen Cat# 015
Experimental models: cell lines

Homo sapiens: 293T/17 UCSF CCF N/A

Homo sapiens: THP-1 ATCC TIB-202
Oligonucleotides

Primer: PPIA Forward TGTTGACAGGGTGGTGACTTCA IDT N/A
Primer: PPIA Reverse ACTTAAT Tggttgggcgcagtg IDT N/A
Primer: CXCR4 Forward AGAGGAGTTAGCCAAGATGTGACTTTGAAACC IDT N/A

Cell Rep. Author manuscript; available in PMC 2021 June 09.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Hiatt et al. Page 26
REAGENT or RESOURCE SOURCE IDENTIFIER
Primer: CXCR4 Reverse GGACAGGATGACAATACCAGGCAGGATAAGGCC  IDT N/A
Primer: CCR5 Forward TGCTTGGCCAAAAAGAGAGTTA IDT N/A
Primer: CCR5 Reverse TTTAAAGCAAACACAGCATGGA IDT N/A
Primer: SAMHD1-01 Forward #1 GTAGCCATGCAGCGAGCCGATT IDT N/A
Primer: SAMHD1-01 Reverse #1 AGGGACCCGAGTCTCGCTTGTC IDT N/A
Primer: SAMHD1-01 Forward #2 TTTGAGGACGACTGGACTGC IDT N/A
Primer: SAMHD1-01 Reverse #2 CTCCCATCCTACGAATCGCC IDT N/A
Primer: SAMHD1-02 Forward CGGTGGAGAAGCAGTTGTCT IDT N/A
Primer: SAMHD1-02 Reverse TGGGAAGCTAAAATCGTTCCA IDT N/A
Primer: SAMHD1-03 Forward TCAAATAGCTTTGACTTTGCAC IDT N/A
Primer: SAMHD1-03 Reverse GCCTCAATTTTCTCATCAATAAA IDT N/A
Primer: SAMHD1-04 Forward ACATCTTGTCATTTCCGTTAGT IDT N/A
Primer: SAMHD1-04 Reverse GCCTCAATTTTCTCATCAATAAAA IDT N/A
Primer: SAMHD1-05 Forward TGGCTTTACTAATCTGCCTCCTCA IDT N/A
Primer: SAMHD1-05 Reverse TCACGGAGAGACCTGGCTGT IDT N/A
tracrRNA Dharmacon Cat# U-002005-0050
Non-targeting crRNA GTCGACGTTATTGCCGGTCG Dharmacon Cat# U-007503-01-0020
SAMHD1 crRNA 1 GTGCTGCTGAAGAACATCCG Dharmacon Cat# CM-013950-01-0020
SAMHD1 crRNA 2 CTTACCTGTCAGCTTAGTAT Dharmacon Cat# CM-013950-02-0020
SAMHDL1 crRNA 3 CGATACATCAAACAGCTGGG Dharmacon Cat# CM-013950-03-0020
SAMHD1 crRNA 4 GTGTATCAATGATTCGGACG Dharmacon Cat# CM-013950-04-0020
SAMHD1 crRNA 5 GGTGTAAAGAGTTGCGAGTG Dharmacon Cat# CM-013950-05-0020
CXCR4 crRNA GAAGCGTGATGACAAAGAGG Dharmacon N/A (Custom synthesis)
CCR5 crRNA CCTGCCTCCGCTCTACTCAC Dharmacon N/A (Custom synthesis)
B2-microglobulin crRNA GAGTAGCGCGAGCACAGCTA Dharmacon N/A (Custom synthesis)
PPIA crRNA ACTGCCAAGACTGAGTGGTA Dharmacon CM-004979-03-0020
AAVS1 crRNA GTCACCAATCCTGTCCCTAG Dharmacon N/A (Custom synthesis)

Recombinant DNA

HIV LAI-YU2 plasmid

Gummuluru Lab,
Boston University

N/A

Software and algorithms

GraphPad Prism v8.3.0

TIDE: Tracking of Indels by DEcomposition

Benchling

BioRender

ImageJ

FlowJo 10 v10.6.1

GraphPad Software,
LLC

(Brinkman et al.,
2014)

Benchling [Molecular
Biology]. (2020).

BioRender. (2020).

https://
imagej.nih.gov/ij/

Becton Dickinson
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Primer3

Attune™ NXT Software v3.1.2

HCS Studio™ Cell Analysis Software v6.6.0

R: A Language and Environment for Statistical Computing

Life Technologies

ThermoFisher
Scientific

R Development Core
Team (2020)

https://primer3.org
https://

www.thermofisher.com/us/en/
home/life-science/cell-analysis/
flow-cytometry/flow-cytometers/
attune-acoustic-focusing-flow-
cytometer/attune-cytometer-

software.html

Cat# SX00041A

www.R-project.org/

Other

Iscove’s Modified Dulbecoo’s Medium
RPMI 1640 Medium
Heat Inactivated Human AB Serum (lot 7J2616)

Fetal Bovine Serum, Qualified One Shot™
4-20% Criterion TGX Gel

PVDF Membrane

HyBlot CLR Audiogradiography Film
Pierce™ ECL Western Blotting Substrate

7H9 Middlebrook Medium
Middlebrook OADC Growth Supplement
UltraComp eBeads Compensation Beads

Accutase Enzyme Cell Detachment Medium

Falcon® 96-well Clear Flat Bottom Not Treated Cell Culture Microplate, With
Lid, Sterile

Falcon® 96-well Clear Flat Bottom Not Treated Cell Culture Microplate, With
Lid, Sterile

TempPlate Non-Skirted 96-well PCR Plate
Konica Minolta SRX-101A Medical Film Processor

GIBCO
GIBCO

Valley Biomedical
Products & Services

GIBCO
Bio-Rad
Bio-Rad
Thomas Scientific

ThermoFisher
Scientific

BD Difco
Sigma-Aldrich
Life Technologies
ThermoFisher
Scientific
(Invitrogen™)

Corning
Corning

USA Scientific

Konica Minolta

Cat# 12440053
Cat# 11-875-093
Cat# HP1022H]I

Cat# A3160502
Cat# 567-1094
Cat# 1620177
Cat# 1159T41
Cat# 32106

Cat# 271310
Cat# M0678
Cat# 01-2222-42
Cat# 00-4555-56

Cat# 351178

Cat# 351172

Cat# 1402-9598
Cat# SRX-101A

Cell Rep. Author manuscript; available in PMC 2021 June 09.


https://primer3.org
https://www.thermofisher.com/us/en/home/life-science/cell-analysis/flow-cytometry/flow-cytometers/attune-acoustic-focusing-flow-cytometer/attune-cytometer-software.html
https://www.thermofisher.com/us/en/home/life-science/cell-analysis/flow-cytometry/flow-cytometers/attune-acoustic-focusing-flow-cytometer/attune-cytometer-software.html
https://www.thermofisher.com/us/en/home/life-science/cell-analysis/flow-cytometry/flow-cytometers/attune-acoustic-focusing-flow-cytometer/attune-cytometer-software.html
https://www.thermofisher.com/us/en/home/life-science/cell-analysis/flow-cytometry/flow-cytometers/attune-acoustic-focusing-flow-cytometer/attune-cytometer-software.html
https://www.thermofisher.com/us/en/home/life-science/cell-analysis/flow-cytometry/flow-cytometers/attune-acoustic-focusing-flow-cytometer/attune-cytometer-software.html
https://www.thermofisher.com/us/en/home/life-science/cell-analysis/flow-cytometry/flow-cytometers/attune-acoustic-focusing-flow-cytometer/attune-cytometer-software.html
https://www.thermofisher.com/us/en/home/life-science/cell-analysis/flow-cytometry/flow-cytometers/attune-acoustic-focusing-flow-cytometer/attune-cytometer-software.html
http://www.R-project.org/

	SUMMARY
	In brief
	Graphical Abstract
	INTRODUCTION
	RESULTS
	Efficient gene ablation in primary myeloid cells
	Edited CD14+ monocytes differentiate robustly into MDDCs and MDMs
	Functional testing of host factors in isogenic primary myeloid cells

	DISCUSSION
	STAR★METHODS
	RESOURCE AVAILABILITY
	Lead contact
	Materials availability
	Data and code availability

	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	METHOD DETAILS
	Primary human monocyte isolation and enrichment
	Formation of Cas9-ribonucleoproteins
	Nucleofection of Cas9-ribonucleoproteins into primary human monocytes
	In vitro differentiation of monocyte-derived macrophages and dendritic cells
	Flow cytometric staining and analysis
	In vitro infection of MDMs by Mycobacterium tuberculosis
	Quantification of Mycobacterium tuberculosis infection
	HIV production
	HIV infection, p24 staining and imaging
	Immunoblotting and protein quantification
	Quantification of mutational efficiency by TIDE analysis
	Analysis of cell survival by luminescence
	RNA-seq analysis

	QUANTIFICATION AND STATISTICAL ANALYSIS

	References
	Figure 1.
	Figure 2.
	Figure 3.
	KEY RESOURCES TABLE

