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3Université Paris Sud, Paris Saclay, Faculty of Medicine, Kremlin Bicêtre, France

4Department of Pediatrics, University Clinic ‘Carl Gustav Carus’ Dresden, Dresden, Germany

5Gustave Roussy Cancer Campus, Villejuif, France
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SUMMARY

Here, we describe a protocol for CRISPR/Cas9-mediated gene knockout in condi-
tionally immortalized immature dendritic cells (DCs), which can be limitlessly
expanded before differentiation. This facilitates the genetic screening of DC
functions in vitro including assessment of phagocytosis, cytokine production,
expression of co-stimulatory or co-inhibitory molecules, and antigen presenta-
tion, as well as evaluation of the capacity to elicit anticancer immune responses
in vivo. Altogether, these approaches described in this protocol allow investiga-
tors to link the genotype of DCs to their phenotype.
For complete details on the use and execution of this protocol, please refer to Le
Naour et al. (2020).

BEFORE YOU BEGIN

The protocol below describes the specific steps for using synthetic CRISPR RNAs (crRNAs) from Ho-

rizon Discovery. However, we have also used this protocol with synthetic crRNAs and lentiviral single

guide RNAs (sgRNAs) from other providers. Refer to the key resources table for a complete list of

reagents and tools, and to materials and equipment for details on reagent preparation. Before

you begin, review the key steps of the protocol.

Note: The current protocol can be realized in a standard cell biology laboratory equipped with

apparatuses for cell culture (bench-top-centrifuge, laminar flowhood, cell culture incubator,

phase contrast microscope), and assessment (ELISA reader, cytofluorometer), with access

to a biosafety level 2 laboratory and a standard animal facility. All experiments can be done

by a single experienced experimenter.
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Preparation of cell cultures

Timing: [10 days]

1. Prepare the cell culturemedia for each cell line as described in the ‘‘materials and equipment’’ section.

a. For the inducible immortalized dendritic cells (iniDC), use basic DC culture medium (BC medium)

prewarmed to 37�C. For each T175 flask, aliquot 50 mL BC medium in a falcon tube, add 50 mL

b-mercaptoethanol (10003), 50 mL doxycycline / dexamethasone (Dex/Dox, 10003), and 10 mL re-

combinantGM-CSF (50mg/mL) toobtain completeDCgrowthmedium (CGmedium) ready touse.

b. For B3Z cells, aliquot 50 mL prewarmed BC medium in a falcon tube and add 50 mL b-mercap-

toethanol to each T175 flask.

c. For MCA205 cells, use 30 mL prewarmed DMEM-based complete growth medium (D-BC me-

dium) for each T175 flask.

2. Thaw frozen cells in cryotubes in a 37�C water bath, add thawed cell suspension to a new tube of

prewarmed media (according to the cell line) and immediately spin for 5 min at 500 g at room

temperature (20�C–22�C). Aspirate the supernatant and resuspend the cell pellet in media (pre-

pared in the previous step).

Note: The iniDC cell line can be provided by S.T. upon request. MCA205 cells are commer-

cially available, detailed information can be found in the key resources table. All frozen cell

lines are initially prepared with 1.5-23107 viable cells/cryotube.

3. Homogenize the cellular suspension by pipetting up-and-down several times, and transfer to T175

flasks to be incubated in a cell culture incubator that maintains 37�C, 5% CO2, and 95% humidity.

Note: Viability and proliferation can vary between cell lines and might be influenced by stor-

age duration. Typically, fresh iniDC and B3Z cell cultures exhibit apparently reduced viability

and proliferation and it is important to monitor cell cultures daily.

4. When initial cultures are established (about 3–4 days for the iniDCs, 1–3 days for B3Z, and 1–

2 days for MCA205) at 70–80% confluency, sub-culturing can be performed, but should not

exceed 10–15 passages:

a. For iniDCs, viable cells can be both adherent and in suspension. Collect 40mL of supernatant into

a 50 mL falcon tube, remove remaining medium and add 10 mL/flask of prewarmed TrypLE� Ex-

press for 5min to detach adherent cells (no need to wash). Gently agitate the flask to confirm visu-

ally that all cells are detached, then stop the trypsinization using the original supernatant, transfer

all content into the 50mL falcon tube, spin at 500 g at room temperature (20�C–22�C) to obtain a

cell pellet. Resuspend the pellet with 5 mL prewarmed CGmedium, and use 1 mL cell suspension

with 50 mL of CG medium for each sub-culture in one T175 flask, i.e., splitting ratio 1:5. The sub-

culture will typically reach 70%–80% confluency in 3–4 days, yielding 3–43 107 viable cells/flask.

b. B3Z is a suspension cell line and proliferates rapidly,monitor the change in color of the phenol red-

containingcell culturemediadaily and split the culture immediatelywhen themediumacidifies and

becomes yellow, which indicates that cellular confluency has reached about 80%. Gently agitate

the flask to detach loosely adherent cells, transfer the cell suspension into a 50 mL falcon tube,

spin at 500 g at room temperature to obtain a cell pellet. Resuspend the pellet with 5 mL of pre-

warmed CG medium, and use 0.5 mL cell suspension with 50 mL of b-mercaptoethanol comple-

mentedBCmediumfor eachsub-culture inT175flask, i.e., a ratio1:10.The sub-culturewill typically

reach 70%–80% confluency within 2 days, yielding 4–53 107 viable cells/flask.

c. All viable MCA205 cells are adherent. Aspirate themediumwith a vacuum pump, wash the cell

culture layer with 20 mL prewarmed PBS, and add 10 mL/flask of prewarmed TrypLE� Express

for 1min to detach adherent cells. Gently agitate the flask to confirm cellular detachment, then

stop the trypsinization with 10 mL prewarmed D-BC medium, transfer all content into a 50 mL

falcon tube and spin at 500 g at room temperature to obtain a cell pellet. Resuspend the pellet
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with 5 mL prewarmed D-BC medium, and use 0.5 mL cell suspension with 30 mL of D-BC me-

dium for each sub-culture in one T175 flask, i.e., splitting ratio 1:10. The sub-culture will typi-

cally reach 70%–80% confluency in 2–3 days, yielding 5–6 3 107 viable cells/flask.

Note: If initial cell cultures do not reach 70%–80% confluency within 3 days, sub-culturing can be

done at a lower dilution, nevertheless cells should be transferred into a new flask; sub cultured

cells typically start regaining viability and reach normal proliferation rates, so it is important to

monitor them daily, especially for the B3Z cells and MCA205 cells, to avoid over confluency.

Alternatives: Here we used the TrypLE� Express reagent to detach adherent cells, which can

be replaced by other common trypsin products, but the time for detachment might need to be

optimized.

5. Repeat step 4 to have third-generation sub-cultures that are ready to use or freeze.

To prepare cryopreserved cells, collect cultured cells at 70%–80% confluency as described above.

After centrifugation and removal of the supernatant, resuspend the cell pellet with 1.8 mL FBS, ho-

mogenize the suspension by pipetting up-and-down several times, and transfer 0.9 mL aliquots into

each 2.5mL cryotubes, i.e., cells from one T175 flask are aliquoted into two cryotubes. Add 0.1mL of

DMSO into each cryotube, tighten the caps, mix by turning the cryotubes up-and-down several

times and immediately transfer the cryotubes to �80�C.

Note: In this protocol, we freeze all cells by direct transfer to�80�C instead of a gradient cool-

ing process, which has proven to maintain cellular viability and can be used for the establish-

ment of initial culture as described in step 1–4.

6. To de-immortalize (de) the iniDCs and let them differentiate into de-iniDCs with the characteristic

immunophenotype of primary dendritic cells, collect established iniDC culture as described in

Step 4a, wash them with 20 mL prewarmed BC medium, and resuspend with 4 mL DC differen-

tiating medium (DF medium, refer to the ‘‘materials and equipment’’ section). Depending on

the quantity needed, use 1–2 mL cell suspension, equal to 1–2 3 107 viable cells with 50 mL

DF medium per T 175 tissue culture flask and maintain in the incubator for 3–4 days.

7. To collect the de-iniDCs for phenotypical and functional analysis, gently shake the flask horizon-

tally to resuspend non-adherent cells, remove the supernatant and add 10mL/flask of prewarmed

TrypLE� Express for 5 min to detach adherent cells. Gently agitate the flask to confirm that all

cells have detached, then stop the trypsinization with 10 mL of prewarmed BC medium, transfer

all content into a 50 mL falcon tube, spin at 500 g at room temperature to obtain a cell pellet.

Resuspend the pellet with 5 mL of prewarmed BC medium for counting, and dilute with DF me-

dium to a density as needed for experiments.

Note: In the DF medium that does not contain Dex/Dox, proliferation of de-iniDCs will stop

about 48 h after withdrawl, and viability will start decreasing shortly after. Typically, 2 3 107

iniDCs in 50 mL DF medium / flask will yield � 1.25–1.5 3 107 viable de-iniDCs at day 3–4.

Extended de-immortalization will result in a significant decrease in viability.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CRISPR CAS9 (1/2,000 for immunoblot) Cell Signaling Technology Cat# 14697

b-Actin HRP (1/20,000 for immunoblot) Abcam Cat# ab49900

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

HMGB1 (1/2,000 for immunoblot) Abcam Cat# ab18256

FPR1 (1/500 for immunoblot) Invitrogen Cat# PA1-41398

CD16/32 (1/1000 for blocking) BioLegend Cat# 101302

CD40 eFluor 450 (1/100 for flow cytometry) eBioscience Cat# 48-0402-82

CD11c APC (1/100 for flow cytometry) BioLegend Cat# 117310

MHC-II FITC (1/200 for flow cytometry) BioLegend Cat# 107606

CD80 PerCP-Cy5.5 (1/200 for flow cytometry) BioLegend Cat# 104722

CD69 E-Cy5 (1/100 for flow cytometry) eBioscience Cat# 15-0691-82

CD83 PE-Cy7 (1/100 for flow cytometry) eBioscience Cat# 25-0839-42

CD86 APC-Fire750 (1/100 for flow cytometry) BioLegend Cat# 105046

IL-1b (1/500 for ELISA) BioLegend Cat# 503502

IL-1b biotin (1/500 for ELISA) BioLegend Cat# 515801

IL-2 (1/500 for ELISA) BioLegend Cat# 503702

IL-2 biotin (1/500 for ELISA) BioLegend Cat# 503804

IL-6 (1/500 for ELISA) BioLegend Cat# 504502

IL-6 biotin (1/500 for ELISA) BioLegend Cat# 504602

IL-12 (p70) (1/100 for ELISA) BioLegend Cat# 511802

IL-12 (p40) biotin (1/1,000 for ELISA) BioLegend Cat# 505302

TNFa (1/200 for ELISA) BioLegend Cat# 506102

TNFa biotin (1/1,000 for ELISA) BioLegend Cat# 516003

TGFb (1/500 for ELISA) BioLegend Cat# 361202

TGFb biotin (1/500 for ELISA) BioLegend Cat# 141412

Bacterial and virus strains

Edit-R Lentiviral CAG-Blast-Cas9 Nuclease Particles Horizon Discovery Cat# VCAS10129

Chemicals, peptides, and recombinant proteins

Bovine serum albumin (BSA) EUROMEDEX Cat# 04-100-812-E

Bovine Serum Albumin (BSA), Low
Endotoxin & IgG, Protease

US Biological Cat# A1315

2-Mercaptoethanol Sigma Cat# M3148

Recombinant Murine GM-CSF PeproTech Cat# 315-03

Dexamethasone Sigma Cat# D0700000

Doxycycline hyclate Sigma Cat# D3000000

Blasticidin InvivoGen Cat# ant-bl-1

CellTracker� Blue CMAC dye Invitrogen Cat# C2110

Crizotinib Sigma Cat# PZ0191

Lipopolysaccharides (LPSs) Sigma Cat# L2654

Recombinant murine TNFa BioLegend Cat# 575206

Albumin from chicken egg white Sigma Cat# A5503

OVA peptide 257–264 (SIINFEKL, SL8) GenScript Cat# RP10611

Recombinant murine IL-1b BioLegend Cat# 575109

Recombinant murine IL-2 BioLegend Cat# 575409

Recombinant murine IL-6 BioLegend Cat# 575709

Recombinant murine IL-12(p70) BioLegend Cat# 577009

Recombinant murine TGFb BioLegend Cat# 594509

Critical commercial assays

Zombie UV� Fixable Viability Kit BioLegend Cat# 423108

Experimental models: cell lines

Inducible immortalized murine
dendritic cell line (iniDC)

(Richter et al., 2013) N/A

B3Z T cell line (Kurts et al., 1996) RRID: CVCL 6277

MCA205 Mouse Fibrosarcoma Cell Line Sigma Cat# SCC173 RRID: CVCL VR90

Experimental models: organisms/strains

Mouse C57BL/6JOlaHsd (six-
to ten-week-old females)

ENVIGO France 5704F

(Continued on next page)
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MATERIALS AND EQUIPMENT

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Predesigned synthetic guide RNAs (crRNA) Please see Table S1 N/A

Edit-R synthetic crRNA non-targeting control#1 Horizon Discovery Cat# U-007501-01-2

trans-activating CRISPR RNA (tracrRNA) Horizon Discovery Cat# U-002005-5000

Software and algorithms

Microsoft office Excel Microsoft https://www.microsoft.com/en-us/
microsoft-365/excel

FlowJo FlowJo LLC https://www.flowjo.com/

Graphpad Prism GraphPad Software https://www.graphpad.com/

TumGrowth (Enot et al., 2018) https://kroemerlab.shinyapps.io/
TumGrowth/

Other

RPMI 1640 medium, GlutaMAX� Gibco CAT# 61870010

DMEM, high glucose, GlutaMAX� Gibco CAT# 10566016

HEPES (1 M) Gibco CAT# 15630056

Sodium Pyruvate (100 mM) Gibco CAT# 11360070

Penicillin-Streptomycin (Pen/Strep, 10,000 U/mL) Gibco CAT# 15140122

Fetal Bovine Serum (FBS) Sigma CAT# F7524

Phosphate-Buffered Saline (PBS) Gibco CAT# 20012027

TrypLE� Express Gibco CAT# 12604013

Trypan Blue solution, 0.4%, liquid Sigma CAT# T8154

DAPI Solution (1 mg/mL) Life Technologies CAT# 62248

RNase AWAY� surface decontaminant Molecular BioProducts CAT# 7002

DharmaFECT 1 transfection reagent Horizon Discovery CAT# T-2001-04

10 mM Tris-HCl Buffer pH 7.4 Horizon Discovery CAT# B-006000-100

NuPAGE� LDS Sample Buffer (43) Life Technologies CAT# NP0008

NuPAGE� Sample Reducing Agent (103) Life Technologies CAT# NP0009

Pierce Protease& Phosphatase Inhibitor Tablets Life Technologies CAT# A32961

RIPA Extraction and Lysis Buffer Life Technologies CAT# 89901

103 TBS buffer EUROMEDEX CAT# ET220-B

Tween� 20 Sigma CAT# P1379

ELISA Coating Buffer (53) BioLegend CAT# 421701

HRP-Avidin BioLegend CAT# 405103

1-Step� Ultra TMB-ELISA Substrate Solution Life Technologies CAT# 34028

Sulfuric acid Sigma CAT# 258105-1L-PC

Titramax 100R shaker Heidolph CAT# 544–11200-00

Preparation of stock reagents/solutions

Reagent Final concentration Preparation

Predesigned synthetic guide
RNAs (crRNA)

10 mM Briefly centrifuge tubes or plates containing the RNAs to
ensure that the RNA is located at the bottom of the tubes
or wells. Resuspend in 10 mM Tris pH 7.4 to obtain a 10 mM
stock concentration with appropriate volumes, e.g., for
10 nmol of crRNA, add 1 mL of 10 mM Tris pH 7.4.
Securely seal plates or tubes and solubilize on a plate
shaker at maximum speed for 30 min at room temperature.
In case of large volumes of RNA solution, especially regarding
the tracrRNA, aliquot to smaller quantities. All RNA
solutions should be stored at �80�C and not subjected
to multiple freeze-thaw cycles.

Trans-activating CRISPR
RNA (tracrRNA)

Edit-R synthetic crRNA
non-targeting control#1

Decomplemented FBS N/A Thaw the frozen FBS in a 37�C water bath and
decomplement by heating at 56�C for 30 min. Store
at 4�C for a up to one month.

(Continued on next page)

ll
OPEN ACCESS

STAR Protocols 2, 100732, September 17, 2021 5

Protocol

https://www.microsoft.com/en-us/microsoft-365/excel
https://www.microsoft.com/en-us/microsoft-365/excel
https://www.flowjo.com/
https://www.graphpad.com/
https://kroemerlab.shinyapps.io/TumGrowth/
https://kroemerlab.shinyapps.io/TumGrowth/


CRITICAL: b-mercaptoethanol is a hazardous reagent and must be handled in a chemical

foam hood. Once diluted the working stock can be handled in ordinary cell culture

conditions.

CRITICAL: When diluting sulfuric acid (18.9 M), it is important to take precaution and al-

ways add acid to water, and never the other way around!

Alternatives: The ELISA coating buffer in this protocol is commercially available from Bio-

legend, and it can be replaced with a customized carbonate-bicarbonate buffer (0.1 M, pH

9.6) containing 0.0686 M sodium bicarbonate and 0.0314 M sodium carbonate.

Continued

Reagent Final concentration Preparation

b-mercaptoethanol 50 mM (1,0003) Dilute 200 mL b-mercaptoethanol (14.3 M) with 56.8
mL PBS and pass through a 0.22 mm filter. Store
at 4�C for up to 6 months

Recombinant
murine GM-CSF

50 mg/mL Reconstitute the lyophilized powder at 50 mg/mL in
0.1% BSA (Low-Endotoxin)/PBS in a sterile environment,
aliquot and store at �80�C. Stable for more than one
year, avoid freeze-thaw cycles, store at 4�C for a
maximum of 14 days.

Dexamethasone 25 mM Reconstitute at 25 mM in ethanol, stable
at �20�C for more than a year.

Doxycycline 25 mg/mL Reconstitute at 25 mg/mL in water, stable
at �20�C for more than a year.

CellTracker�
Blue CMAC Dye

10 mM Reconstitute the 5 mg powder with 2.39 mL DMSO in a
sterile environment, aliquot to smaller volume and
store at �20�C for up to 2 years.

Crizotinib 10 mM Reconstitute the 5 mg powder with 1.1 mL DMSO in a sterile
environment, aliquot and store at �20�C for up to 1 year.

LPS 1 mg/mL Reconstitute lyophilized LPS with sterile Milli-Q water in a
sterile environment, aliquot store at �20�C for up to 1 year.

Recombinant
murine TNFa

50 mg/mL Recombinant murine TNFa from Biolegend is bottled at
lot-specific concentrations is diluted at 50 mg/mL with 0.1%
BSA (Low-Endotoxin)/PBS, aliquoted and stored at �80�C.
Stable for more than one year, avoid freeze-thaw cycles.

Ovalbumin (OVA) 100 mg/mL Reconstitute the powder with DC medium, pass through a
0.22 mm filter, and aliquot and store at �20�C for up to 1 year.

OVA peptide (SL8) 100 mg/mL Reconstitute the powder at 1 mg/mL stock concentration with
PBS, pass through a 0.22 mm filter, aliquot and store at �80�C
for up to 1 year. Once thawed, dilute to 1 mg/mL with RPMI
1640 medium and store at �80�C for up to 3 months.

FACS buffer (1% BSA) 1 mg/mL PBS containing 1% (w/v) BSA. Dissolve 5 g of BSA powder
in 500 mL of PBS, pass through a 0.22 mm filter and store
at 4�C for up to 1 month.

ELISA coating buffer (13) N/A For each 96-well plate, dilute 2 mL of 53 concentrated
coating buffer with 8 mL ddH2O and use the diluted
buffer within 48 h, or pass through a 0.22 mm filter and
store at 4�C for maximum 3 months.

ELISA washing buffer N/A ELISA washing buffer is 13 TBS containing 0.05% Tween 20
(v/v). Store at room temperature for a maximum of one month

ELISA diluent N/A ELISA diluent is PBS with 1% (w/v) BSA and 5% FBS (v/v).
Dissolve 5 g of BSA powder in 500 mL of PBS, gently shake
to dissolve the powder completely, then add 50 mL FBS,
mix, and pass through a 0.22 mm filter. The sterile diluent
can be stored at 4�C for up to 1 month.

ELISA stopping buffer
(2 M sulfuric acid)

2 M Prepare 845 mL ddH2O in a 1 L glass bottle, then use a
25 mL serological pipette to slowly add 100 mL pure
sulfuric acid (18.9 M), do not mix the solution but let the
bottle at room temperature for about 2 h. Gently mix
and store at room temperature, for up to 6 months.
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Basic DC culture medium (BC medium)

Reagent Final concentration Amount

RPMI 1640 medium 13 500 mL

Decomplemented FBS 10% 57 mL

Sodium pyruvate (100 mM) 1 mM 5.7 mL

HEPES (1M) 10 mM 5.7 mL

Pen/Strep, 10,000 U/mL 100 U/mL: 5.7 mL

Total 13 575 mL

Store at 4�C for up to 4 weeks

Antibiotics-free basic DC culture medium (AF-BC medium)

Reagent Final concentration Amount

RPMI 1640 medium 13 500 mL

Decomplemented FBS 10% 57 mL

Sodium pyruvate (100 mM) 1 mM 5.7 mL

HEPES (1M) 10 mM 5.7 mL

Total 13 570 mL

Store at 4�C for up to 4 weeks

Dex/Dox (10003)

Reagent Final concentration Amount

Dexamethasone (25 mM) 100 mM 40 mL

Doxycycline (25 mg/mL) 1 mg/mL 400 mL

PBS 13 9.56 mL

Total 10003 10 mL

Store at 4�C for a maximum of 3 months

DC complete growth medium (CG medium)

Reagent Final concentration Amount

BC medium 13 50 mL

b-Mercaptoethanol (50 mM) 50 mM 50 mL

recombinant GM-CSF (50 mg/mL) 10 ng/mL 10 mL

DEX/DOX (10003) 100 nM DEX & 1 mg/mL DOX 50 mL

Total 13 50 mL

Use within 24 h

DC differentiating medium (DF medium)

Reagent Final concentration Amount

BC 13 50 mL

b-Mercaptoethanol (50 mM) 50 mM 50 mL

Recombinant GM-CSF (50 mg/mL) 20 ng/mL 20 mL

Total 13 50 mL

Use within 24 h

DC transduction & transfection medium (TT medium)

Reagent Final concentration Amount

AF-BC medium 13 50 mL

b-Mercaptoethanol (50 mM) 50 mM 50 mL

(Continued on next page)
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CRITICAL: Contains SDS and DTT, should be handled in a chemical foam hood. The buffer

is for rapid preparation of denatured protein samples for WB only when protein quantifi-

cation is not necessary.

Predesigned synthetic crRNAs

Briefly centrifuge tubes or plates containing synthetic crRNAs to ensure that the RNA is pelleted at

the bottom of the vial, then add appropriate volume of nuclease-free 10 mM Tris-HCl Buffer (pH 7.4)

to reach a final concentration of 10 mM. After mixing, the solutions are aliquoted to limit the number

of freeze-thaw cycles, and can be stored at �80�C for more than a year.

Alternatives: Synthetic CRISPR RNAs (crRNAs) used in this protocol are predesigned se-

quences from Horizon discovery. Alternative crRNAs by other providers can be used but

KO efficacy and target specificity might be different.

Tumor cell lysis

Collect MCA205 cells and wash twice with cold PBS before reconstituting to desired cell density in

PBS. Prepare cell lysate by 5 repeated freezing-thawing process in liquid nitrogen before sonication

Continued

Reagent Final concentration Amount

DEX/DOX (10003) 100 nM DEX & 1 mg/mL DOX 50 mL

Recombinant GM-CSF (50 mg/mL) 10 ng/mL 10 mL

Total 13 50 mL

Use within 24 h

DC transduction & transfection and differentiation medium (TT-DF medium)

Reagent Final concentration Amount

AF-BC medium 13 50 mL

b-Mercaptoethanol (50 mM) 50 mM 50 mL

Recombinant GM-CSF (50 mg/mL) 20 ng/mL 20 mL

Total 13 50 mL

Use within 24 h

DMEM based culture medium (D-BC medium)

Reagent Final concentration Amount

DMEM medium 13 500 mL

Decomplemented FBS 10% 50 mL

Pen/Strep, 10,000 U/mL 100 U/mL: 5.5 mL

Total 13 555 mL

Store at 4�C for up to 4 weeks

Rapid western blotting protein preparation buffer

Reagent Final concentration Amount

43 LDS sample buffer 23 5 mL

103 sample reducing agent 13 1 mL

RIPA buffer 13 4 mL

Protease & phosphatase inhibitors 13 1 tablet

Total 13 10 mL

The homogenized buffer can be aliquoted and stored at �20�C for up to 6 months
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to ensure disruption of the cells. Centrifuge the lysate at 1,000 g for 5min to removemembranes and

debris and use the supernatant for further experimentation. Aliquot the prepared lysate and store at

�80�C or use immediately.

STEP-BY-STEP METHOD DETAILS

Edit-R lentiviral CAS9 nuclease expression particle transduction and single cell cloning

Timing: 6 weeks

This step describes the construction of CAS9-expressing inducible immortalized dendritic cells (in-

iDCs), containing the culture of immortal cells, de-immortalization to obtain immature DCs (de-in-

iDCs), lentiviral transduction, and clone validation regarding the expression of CAS9 and gene-edit-

ing efficacy (Figure 1A).

1. Transduction of iniDCs with CRISPR CAS9 lentiviral particles

a. Collect 70–80% confluent cultured iniDCs by trypsinizing with TrypLE� Express for 5 min at

37�C. Collect cell suspension and centrifugate at 500 g for 5 min at room temperature (RT)

and resuspend the cell pellet with freshly prepared TT medium for cell counting.

b. Adjust the cell density to 23105 viable cells/mL, seed 1 mL cell suspension in TT medium

(equal to 23105 cells) into a 12-well plate and let the cells adapt overnight (>12 h) in a cell cul-

ture incubator at 37�C and 5% CO2.

c. The next day, remove themedium and replace with 0.5mL RPMI 1640. Calculate the volume of

lentiviral particles to be used for transduction at a MOI of 0.3 as detailed below:

Volume = 0.3 MOI 3 cell number (23105)/lentiviral titer (107TU/mL) = 0.006 mL

d. Thaw the lentiviral particles on ice, gently mix the solution by pipetting up and down several

times, and drop 6 mL into the 0.5 mL iniDC culture. Gently shake the plate to homogenize len-

tiviral particles in the iniDC culture, and put the plate back to the cell culture incubator.

e. Six hours after adding the lentiviral particles, complement the medium with additional 1.5 mL

TT medium, gently shake to mix, and put the plate back to the CO2 incubator.

Note: It is recommended to stain the cells with trypan blue before cell counting, which is help-

ful to obtain a precise number of viable cells. Once the lentiviral particles are thawed and

mixed, aliquot the solution into single use quantities and store them at �80�C. Repeated
freeze-thaw cycles should be avoided. For all transduction and transfection procedures, it is

recommended to use medium without Pen/Strep or blasticidin which potentially affects

cellular viability and transduction efficacy according to the manufactures’ instructions.

2. Antibiotic selection of transfected cells and single cell sorting for cloning

a. At 48 h post transduction, replace the medium with fresh CG medium containing 10 mg/mL

blasticidin and maintain the selection. Once the blasticidin resistant cells recover to normal

proliferation (in about 3 days) and reach confluency in the 12-well plate (in 5–7 days, yield

2–5 3 105 cells), aspirate old media and add 500 mL prewarmed TrypLE� Express reagent

for 5 min to trypsinize the cells. Gently flush the cell layer with a P1000 pipette to confirm

detachment, stop the trypsinization with 500 mL prewarmed CG medium and transfer all con-

tent into a T25 tissue culture flask containing 10 mL complete DC growth medium (supple-

mented with 10 mg/mL blasticidin) and keep the cells in the cell culture incubator.

b. When blasticidin resistant cells reach 70%–80% confluency in the T25 flask, aspirate used me-

dia and add 3 mL prewarmed TrypLE� Express reagent for 5 min to detach adherent cells.

Gently agitate the T25 flask to confirm cellular detachment, stop the trypsinization with

5 mL of prewarmed CG medium and transfer all content into a 15 mL falcon tube. Spin at

500 g at room temperature, remove the supernatant, and resuspend the pellet with 5 mL

CG medium. To sort single cell clones:
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i. Pass the cell suspension through a 70 mm cell strainer to make a single cell suspension,

count cellular density and adjust it to 13106 cells/mL with CG medium containing

10 mg/mL blasticidin.

ii. Prepare 96-well flat bottom tissue culture-treatedmicroplates by adding 150 mL/well of the

CG medium containing 10 mg/mL blasticidin.

iii. Transfer 1 mL single cell suspension to a FACS tube, add 1 mL DAPI solution (1 mg/mL) as a

viability dye, and immediately proceed to flowcytometric sorting.

iv. Single cell sorting can be performed with a BD FACSAria� Fusion Cell Sorter with the help

of an experienced operator. Debris and dead cells are excluded based on forward / side

scatter characteristics and DAPI staining, while healthy cells are seeded in 96-well flat-bot-

tom tissue-culture plates prepared in step (ii) at one cell/well. Keep the cells in a cell culture

incubator and observe plates regularly until visible clones arise.

c. Once clones have grown in the 96-well plates, discard the culture supernatant and add

50 mL/well TrypLE� Express and incubate for 5 min at 37�C. Gently flush the cell layer with

Figure 1. Overview of the genotype-phenotype screening procedure and hit validation steps

(A) Generation of inducible immortalized dendritic cells (iniDC) that stably express the CRISPR-CAS9 nuclease.

(B) CRISPR RNA (crRNA) library screening for the identification of genes involved in the iniDC functions.

(C) Generation of gene-edited iniDC clones and validation of DC function alteration.

(D) Principle of DC immunotherapy based on in vitro differentiated iniDC (de-iniDC).

ll
OPEN ACCESS

10 STAR Protocols 2, 100732, September 17, 2021

Protocol



a P200 pipette to confirm cellular detachment, stop the trypsinization by adding 100 mL CG

medium containing 10 mg/mL blasticidin, resuspend cells by pipetting up-and-down several

times, transfer clones to a new 96-well plate and incubate further in a cell culture incubator

until cells reach confluency. This step allows transfering clones to a single 96 well plate which

facilitates the handling in subsequent steps.

d. When cells reach confluency, trypsinize them as described in step (c), and stop with 150 mL CG

medium containing 10 mg/mL blasticidin. Resuspend cells by pipetting up-and-down several

times, transfer 180 mL cell suspension into a new 96-well plate that will be used as the assay

plate; transfer the remaining cellular suspension into another 96-well plate and supply

180 mL/well CG medium (containing 10 mg/mL blasticidin) to obtain the seed plate for preser-

ving clones. The assay plate is cultured overnight (>12 h) before protein extraction and WB

detection of CAS9 nuclease expression.

Note: The procedure in step 1 will likely yield 30%–50% transduction efficiency, which means

more than 50% of cell death is expected at day 3 after blasticidin treatment, and resistant cells

will recover normal proliferation.

CRITICAL: It is important to maintain blasticidin throughout the selection of single clones

tominimize the number of CAS9 nuclease-negative clones in further verification steps. Due

to the risk of contamination during the sorting process, it is recommended to use double

amount of Pen/Strep in the CG medium for this step. Visually detectable clones form

2–3 weeks after sorting. Evaporation should be controlled and supplementation of fresh

CG medium might be necessary.

Pause point: If the western blotting verification will take longer, the seed plates can be

frozen at �80�C. Collect clones as described above and transfer cell suspensions into 96-

well V-shape plate. Centrifuge the V-shape plates, discard supernatant, then resuspend the

cell pellets with 100 mL FBS containing 10% DMSO and immediately put them into �80�C.

3. Detection of CAS9 expression levels in different clones.

a. Centrifugate the assay plate at 500 g for 5 min at RT, discard the supernatant and invert the

plate on a paper tissue to remove remaining liquid. Add 100 mL rapid WB protein preparation

buffer per well, shake the plate on a plate shaker at maximum speed (approximately 1300 rpm,

on a Heidolph TITRAMAX 100R shaker) for 5 min, transfer the solution into a 96-well PCR plate,

and heat the samples to 100�C for 5 min.

b. Subject the denatured proteins to standard western blotting for the detection of CAS9

nuclease expression level. A loading control such as b-actin should be detected on the

same blot.

c. Clones that express a high level of CAS9 can be selected for further testing.

Note: All western blotting data exemplified here was obtained by using the Invitrogen

NuPAGE� electrophoresis system, including all equipment and reagents as listed in the

NuPAGE� technical guidelines (Manual part no. IM-1001/MAN0003188). Alternative prod-

ucts might be used, but methodology might need to be adjusted. Representative data pro-

vided in this protocol was obtained using a mouse monoclonal antibody to CAS9 (dilution

1:2,000, incubation overnight (>12 h) at 4�C) and an HRP mouse monoclonal antibody to

b-actin (dilution 1:20,000, incubation for 2 h at room temperature).

Troubleshooting 1

4. Validation of gene editing efficacy of selected CAS9-expressing iniDC clones

a. Based on CAS9-expression detected by WB, label selected clones that express high level of

CAS9 in the seed plates. Trypsinize those clones as described in step 2c and stop trypsin
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with 150 mL CG medium, transfer all content to one well of a 6-well plate, supply 2 mL of CG

medium (containing 10 mg/mL blasticidin), and maintain in an incubator until cells reach 50%–

70% confluency.

b. Trypsinize the clones in 6-well plates with 0.5mL/well prewarmed TrypLE�Express for 5min at

room temperature. Gently flush the cell layer with a P1000 pipette to confirm cellular detach-

ment, and stop trypsin with 1.5 mL TT-DF medium. For each clone, transfer 0.4 mL/well of cell

suspension into a new 6-well plate, supply 1.6 mL/well CGmedium (containing 10 mg/mL blas-

ticidin) to obtain the seed plate for clone preservation. The remaining cell suspension is trans-

ferred to another 6-well plate (assay plate), supplied with 1mL TT-DFmedium, and let adapt in

the incubator overnight (>12 h) for crRNA transfection.

c. The next day, remove used medium and replace with 2 mL fresh TT-DF medium.

d. Prepare the transfection mixture:

i. add 5.5 mL of previously prepared 10 mM crRNA targeting the murine high mobility group

box 1 (Hmgb1) gene or the same quantity of non-targeting control gRNA #1, plus 5.5 mL of

10 mM tracrRNA to 100 mL of serum-free RPMI 1640 medium, mix by pipetting up-and-

down to get the guidance RNA transfection complex;

ii. add 10 mL of DharmaFECT 1 transfection reagent to 100 mL of serum-free RPMI 1640 me-

dium, mix gently by slowly pipetting up-and-down;

iii. 5 min later, gently mix the solutions i and ii and incubate for another 20 min at room tem-

perature to obtain transfection complexes.

e. Add 200 mL of transfection mix dropwise into 2 mL CAS9-expressing iniDC culture, and gently

agitate the plate. Incubate transfected cells in a cell culture incubator for 72 h to achieve gene

editing.

f. As described in step 3, prepare homogenate from post-transfected cells with 250 mL/well of

the rapid WB protein preparation buffer. Subject the denatured proteins to WB detection

of HMGB1 expression with b-actin as a loading control. Clones that show the highest

Hmgb1 knockout efficiency should be selected and expanded for the following screening

campaign while maintaining blasticidin (10 mg/mL) selection pressure.

CRITICAL: Make sure that all plasticware is RNase-free verified, and treat the bench as well

as instruments with the RNase away spray or other surface RNase decontaminants before

handling RNA to avoid degradation of crRNA and tracrRNA oligos.

Note: This is a general description for the preparation of a transfectionmixture, which is designed

for the transfection of one singlewell of a 6-well plate. The conditions (final concentrationof crRNA

and tracrRNA are 25 nM used with 10 mL of DharmaFECT 1 per well) are optimized for an efficient

transfection of 13106 iniDC CAS9 in 2 mL of TT-DF medium. For the test of gene-editing efficacy

in iniDC CAS9 clones, we suggest using gRNA targeting the murine Hmgb1 gene (positive con-

trol) together with non-targeting control gRNA #1 as a negative control (please see Table S1 for

details). For the detection ofHMGB1 expression, the rabbit polyclonal antibody toHMGB1 can be

diluted at 1:2,000 for an overnight (>12 h) incubation at 4�C.

Note: CRISPR crRNA transfection can also be performed with freshly prepared CAS9-expressing

iniDCs (iniDC CAS9). In such case, collect cultured iniDC CAS9 by trypsinization and adjust cell

suspension to a concentration of 53105/mL with TT-DF medium. Seed 2 mL of the suspension

to 6-well tissue culture plates (equal to 13106 cells/well) and proceed to the described transfec-

tion steps. We recommend to use the TT-DF medium for transfection which allows for simulta-

neous differentiation and facilitates downstream functional assays with the gene-modified de-in-

iDCs. However, transfection can be performed with TT medium if clones need to be sorted.

The protocol established for HMGB1 (positive control) and non-targeting control crRNAs (negative

controls) can be applied for the genetic screening of genes of interest using the clone that we

selected based on the high CAS9 activity, as detailed below.
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Note: The knockout of genes of interest needs to be confirmed by western blot or sequencing

of crRNA-targeted region in the genomic DNAwhen cell lines are being established for further

evaluation.

Genetic screening with non-pooled guidance RNAs by means of an in vitro antigen cross-

presentation assay

Timing: 7 days.

This major step describes a typical small to medium-scale genetic screening based on the iniDC

CAS9 cells, with non-pooled synthetic crRNA + tracrRNA transfection to obtain specific gene

knockout (Figure 1B). The exemplified screening uses the OVA antigen cross-presentation assay

as functional readouts.

Alternatives: This step focuses on identifying genes that are involved in the antigen cross pre-

sentation ability of DCs, but it can be adapted to other DC phenotypical or functional assays as

described below, after the ini-DC CAS9 cells are transfected with the crRNA library.

5. Prepare the verified iniDC CAS9 clones and expand cells according to the number of gRNAs that

need to be transfected. For example, a 96-well crRNA library plate typically holds 80 distinct

crRNAs which together with 8 non-targeting controls (Figure 2) results in 88 transfections. Consid-

ering the dead volume, a total number of iniDC CAS9 cells for seeding >90 wells should be pre-

pared, i.e., a minimum of 903 53105/mL3 2mL = 93107 viable iniDCCAS9 cells for each crRNA

plate. Seed 13106 de-iniDC CAS9 cells/well in 2 mL DF medium into 6-well tissue-culture plates.

Label plates and wells according to the gRNA to be transfected and incubate the cells in a cell

culture incubator

6. Prepare the crRNA-tracrRNA mixture:

Calculate the total number of crRNAs to be transfected, and prepare a pool of 10 mM tracrRNA

(100 mL/well) in serum-free RPMI 1640 medium to cover all the crRNA to be transfected. For

example, to transfect a crRNA library from one 96-well plate, which usually covers 80 genes (columns

1 and 12 are commonly reserved for controls, please refer to Figure 2 for a typical plate layout),

tracrRNA sufficient for 90 transfections should be prepared. Dilute 495 mL of tracrRNA working stock

in 9 mL serum-free RPMI 1640 medium in a RNase-free falcon tube, mix by pipetting up-and-down,

and distribute 100 mL/well to the corresponding 80 wells in a new 96-well plate. Additional tracrRNA

solution will be loaded to the rest wells for the non-targeting control gRNA. Then add 5.5 mL of each

Figure 2. Scheme of synthetic CRISPR RNA (crRNA) transfection in 96-well plate format

A typical gRNA library plate containing 80 synthetic crRNAs of interest (as described in Steps 5 to 9) is employed for

screening. It is suggested to use 8 wells of non-targeting control gRNA #1 for screening one plate to obtain a sufficient

number of unmodified cells as controls. Key steps include 1) preparation of the trans-activating CRISPR RNA

(tracrRNA) and distribution into a 96-well plate at 100 mL/well to be complemented with equal quantities of specific

gRNAs or non-targeting control gRNA; 2) preparation of DharmaFECT #1 transfection reagent; 3) addition of 100 mL/

well transfection reagent to the tracrRNA/gRNA complexes, followed by incubation to obtain transfection-ready

solutions; 4) transfer of 200 mL transfection mix to 13106 iniDC CSA9 cells.
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specific crRNAs (from library plates) or the non-targeting control crRNA to their corresponding wells

in the tracrRNA plate, mix by pipetting up-and-down with a multichannel, and incubate 5 min at

room temperature.

7. Prepare DharmaFECT 1 transfection reagent in equal amounts i.e., 900 mL of DharmaFECT 1 in

9 mL serum-free RPMI1640 medium. Incubate 5 min at room temperature.

8. Add 100 mL of DharmaFECT 1 solution to each well contains 100 mL of the crRNA-tracrRNA

mixture, mix by pipetting up-and-down and incubate 20 min at room temperature to obtain

transfection complexes.

9. Directly drop the 200 mL transfection mix to the designated 6-well plates. Gently shake the

plates to homogenize transfection efficacy across the well and incubate the plates in a cell cul-

ture incubator for 3 days.

10. Remove supernatant and replace with 2 mL of fresh DF medium, incubate at 37�C for 24 h to let

the transfected cells recover from transfection.

11. On the 4th day post transfection, remove 1 mL of the medium from each well, detach cells by

scraping with dispensable cell lifters and transfer the cellular suspension to a 96-deep-well

plate. Centrifuge the plate at 500 g for 5 min, remove supernatant and resuspended cell pellets

with 500 mL fresh DF medium for cell counting. There is a typical yield of 5–7 3105 cells from

each well, which is sufficient for functional assays and/or frozen stocks.

For genetic screening the concentration of viable cells (with the average of non-target crRNA

transfected wells as a reference) is adjusted to 53105/mL, and cells are seeded in 96-well U-bot-

tom tissue culture plates in 100 mL/well, equals to 53104 cells/well, in replicate wells. The in vitro

antigen cross-presentation assay can be proceeded as detailed from step 19 to 24. The

ELISA quantification of IL-2 in the supernatant of B3Z-DC coculture can be performed as detailed

in step 16 and IL-2 concentration will be used as a proxy of DC antigen cross-presentation

capability.

12. For data analysis, IL-2 values from crRNA transfected samples are normalized to the average of

non-target control crRNA-transfected cells.

13. When performing transfection in 6 well plates, it is likely to obtain more than enough cells for

functional assays. The rest of the cells can be frozen in a 96-well V-shape plate at �80�C, which
can be used for further functional screening, or for sorting to select clones that are KO of the

gene of interest (Figure 3). To freeze cells, centrifuge plates for 5 min at 500 g, remove super-

natant and rapidly resuspend cell pellets with FBS containing 10% DMSO (100 mL/well), seal

the plates and directly transfer to �80�C where the cells can be kept for a maximum of

12 months.

Detection of DC surface costimulatory markers and typical cytokine production

Timing: 3 days cell differentiation + 6 h handling time.

This major step contains the phenotypic analysis of de-iniDCs expressing CRISPR-CAS9, including

the detection of surface co-stimulatory and maturation markers via flow cytometric staining and

quantification of major cytokine production via customized ELISAs (Figure 1C). The analyzed cyto-

kine panel includes pro-inflammatory markers such as IL-1b, IL-12, TNFa, and IL-6 (Cavaillon,

2001; Scheller et al.,2011) as well as latent TGFb, that is linked with immunosuppressive functions

(Ghiringhelli et al.,2005), which are inhibited in the presence of DEX (Jones et al., 2010) yet are

released by de-iniDC in response to stimulation with LPS (Richter et al., 2013). DC maturation and

activation gain of function or loss of function phenotypes are indicated in gene edited de-iniDC

by changes in the abundance of the tested cytokines in the cell culture supernatant or the expression

of surface co-stimulatory and maturation markers such as CD69, CD80, CD86 as well as CD83 and

MHCII, respectively.
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14. De-immortalization and stimulation of DC maturation and activation.

a. Collect iniDC CAS9 cells and dilute to 53105 cells/mL with DF medium. Seed 1 mL of cell

suspension/well in 12-well tissue culture plates (equal to 53105 cells/well) and incubate at

37�C for 3 days to obtain differentiated de-iniDC CAS9. Determine the necessary well num-

ber needed according to the experimental design including all controls and treatment con-

ditions. A typical experiment includes triplicates for each condition.

b. Prepare a working solution of LPS by diluting the 1mg/mL stock at a factor of 1/500 (final con-

centration 2 mg/mL), recombinant murine TNFa by diluting the 50 mg/mL stock at a factor of

1/1,000 (final concentration 50 ng/mL), and MCA205 lysate to a concentration equal to

53105 cells/mL, all with the DF medium. Remove used medium and replace with 1 mL of

fresh DFmedium, working solution of LPS, recombinant TNFa, or the MAC205 lysate as stim-

uli for DC maturation and activation. Incubate the plates for 16 h at 37�C
c. Collect all content of each well by scrapping cells from the well bottom using a plastic cell

lifter, transfer the suspension into a 96-deep well round-bottom plate (which holds a

maximum of 1.2 mL liquid in each well). Spin the plate at 500 g for 5 min at 4�C.
d. Carefully aspirate 500 mL of supernatant for the quantification of cytokines by means of ELISA

or directly store samples at �20�C for a short period (<1 month) or �80�C for longer period

(up to 12 month). Remove the remaining supernatant, resuspend the cell pellet with 200 mL

cold PBS, mix thoroughly by pipetting and transfer the cell solution to a 96-well V-shape plate

for surface staining with the fluorescently-labeled antibody panel (Table 1), followed by flow

cytometric analysis.

Note: Sample dilution factors for different ELISA kits have to be optimized to be compatible

with the detection rage of the selected ELISA kit. Supernatant collected according to the

aforementioned steps and to be quantified with the ELISA method described in this protocol,

we recommend to dilute the sample as listed in Table 2.

15. Flow cytometric staining of de-iniDCs:

a. Centrifuge cells at 500 g for 5 min at 4�C, discard the supernatant by inverting and gently

flicking down the plate and remove all remaining liquid by touching a paper tissue.

Figure 3. Validation of Fpr1 or Clec4a2 KO

(A) Detection of Fpr1 expression in Fpr1 KO clones by immunoblot; b-actin was used as loading control.

(B) Schematic diagrams of the target sequence of gRNA in the Clec4a2 gene and representative sequence

electropherogram for the validation of target region deletion.
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b. Resuspend the cell pellet in 100 mL cold PBS containing 1/500 diluted Zombie UV viability

dye, mix by pipetting up-and-down several times and incubate at 4�C in the dark for 25 min.

c. Directly add 100 mL FACS buffer containing 1/500 diluted Fc block antibody (anti-CD16/

CD32) and incubate for 10 min at 4�C in the dark.

d. Repeat step a, then resuspend the pellet with 100 mL antibody mixture diluted (in FACS

buffer) according to the information in Table 1, mix by pipetting up-and-down several times

and incubate for 30 min at 4�C in the dark.

e. Add 150 mL FACS buffer per well and repeat step a, then resuspend the pellet with 100 mL

FACS buffer containing 10% PFA, mix by pipetting up-and-down several times and incubate

for 20 min at 4�C in the dark. Directly add 150 mL FACS buffer per well and repeat step a.

f. Resuspend the pellet with 200 mL FACS buffer, centrifuge at 500 g for 5 min at 4�C, discard
the supernatant by inverting and gently flicking down the plate and remove all remaining

liquid by touching a paper tissue.

g. Repeat step f.

h. Resuspend the cells in 100 mL FACS buffer and conduct flow cytometry analysis.

CRITICAL: All steps involving the manipulation of PFA (from step e to h) should be handled

in a chemical foam hood.

Note:When fixing the cells, it is important to mix and resuspend the pellet immediately when

cells are in contact with PFA (e).

Pause point: Fixed samples can be stored at 4�C for up to 2 weeks before flowcytometric

analysis.

16. Customized ELISA reagents and procedures:

a. Dilute an appropriate amount of ELISA capture antibody in 13 ELISA coating buffer accord-

ing to the suggested dilution factor in Table 2. Add 100 mL/well of the capture antibody so-

lution into 96-well high-binding assay plates. Incubate at 4�C overnight (>12 h), or at room

temperature for a minimum of 4 h.

b. Discard the liquid by inverting and gently flicking down the plate and remove all residual

liquid by touching a paper tissue, then add > 250 mL of ELISA washing buffer and incubate

for at least 30 s before discarding the liquid. Altogether this is one out of several ‘washing’

steps. Repeat the washing step 4 times.

c. Discard the liquid andadd200mL/well of ELISAdiluent toblock unspecificbinding sites. Incubate

for a minimum of an hour at room temperature. The plates are now ready for sample loading.

Pause point: If not use immediately, discard the diluent and remove all residual liquid by

touching a paper tissue, and freeze the assay-ready plates at �20�C. The plates can be

stored at �20�C for up to 3 months.

Table 1. Antibody staining panel for flowcytometric analysis on the BD LSR Fortessa cytometer with appropriate

compensation setup

Laser Excitation (nm) Emission Filter (nm) Target label Dilution

UV 355 450/50 Zombie UV 1/500

Violet 405 450/40 CD40 eFluor450 1/100

Blue 488 530/30 MHC-II FITC 1/200

695/40 CD80 PerCP-Cy5.5 1/200

Yellow-Green 561 710/50 CD69 PE-Cy5 1/100

LP750 CD83 PE-Cy7 1/100

Red 633 670/14 CD11C APC 1/100

780/60 CD86 APC-Cy7 1/100

The gating strategy is exemplified in Figure 4.
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d. Reconstitute the lyophilized standard to the highest concentration (please refer to Table 2)

with ELISA diluent, and prepare a serial dilution with ELISA diluent in separate tubes, the

standards, together with a blank (ELISA diluent alone), can be transferred to a 96-well V-

shape plate or a deep well plate to facility sample handling. The mother solution can be

aliquoted to smaller volumes and stored at�20�C for up to 6 months. Dilute samples (super-

natant) with ELISA diluent as suggested in Table 2.

e. Discard the ELISA diluent, remove residual liquid by tapping the plate upside down on a pa-

per tissue, and transfer 100 mL/well of blank, standards, and appropriately diluted samples to

the designated wells. Precoated plates from �20�C should be brought to room temperature

prior to sample loading. Incubate the plates at room temperature on a plate shaker (e.g.,

benchtop shakers for western blotting at a speed of 40–80 rpm) for 2 h.

f. Discard the liquid and wash the plates 4 times. Dilute an appropriate amount of biotinylated

detection antibody in ELISA diluent according to the suggested dilution factor in Table 2.

Discard the washing buffer and remove residual liquid by tapping the plate upside down

on a paper tissue, and add 100 mL of diluted detection antibody solution to each well. Incu-

bate at room temperature for 1 h on a plate shaker at a speed of 40–80 rpm.

g. Discard the liquid and wash the plates 4 times. Dilute an appropriate volume of avidin-HRP at

1/1,000 with the ELISA diluent. Discard the washing buffer, remove residual liquid by tapping

the plate upside down on a paper tissue, and add 100 mL/well avidin-HRP. Seal the plates

with adhesive aluminum foil and incubate at room temperature for 30 min on a plate shaker.

h. During step g, bring the 1-Step� Ultra TMB-ELISA substrate solution to room temperature.

Discard the avidin-HRP solution and wash the plates 5 times. After the last wash, remove re-

sidual liquid by tapping plate upside down on a paper tissue, and add 100 mL/well substrate.

Figure 4. Gating strategy for the flow cytometric analysis of DC surface markers

Cells were first gated in FSC and SSC, followed by gating on live cells (Zombie UV-) and exclusion of doublets. Live

CD11C+ DCs were selected to generate histograms of the indicated activation and costimulatory markers.
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Incubate in the dark, and observe the colorization, the positive controls (e.g., the maximum

concentration used for the standard curve) should turn blue. Typical substrate incubation

time is 5–20 min, when the most concentrated standards will become dark but clear blue.

i. Add 50 mL/well of stop solution to terminate the reaction. The color of the solution should

turn from blue to orange/yellow. Read the absorbance at 450 nm as soon as possible.

Note: It is important to bring the ELISA diluent, standards, samples, and TMB substrate to

room temperature before use. The colorization step should not exceed 20 min, and must

be continuously observed. Formation of crystals after adding the stop solution indicates

over-colorization, which will interfere the interpretation of the results.

Troubleshooting 2–5

Evaluation of DC phagocytosis of dying cancer cells

Timing: 3 days cell differentiation + 6 h handling time.

The uptake of (parts of the) dying cancer cells by phagocytic DC provides the basis for tumor-asso-

ciated antigen transfer frommalignant cells to the immune system, thus constitutes an essential step

in the generation of anticancer immunity (Galluzzi et al., 2017). This major step describes the proto-

col for the quantification of de-iniDC mediated phagocytosis of dying cancer cells by regular

flowcytometry (Figure 1C), which allows for the identification of essential genes implicated in the

generation of anticancer immunity.

17. Prepare de-iniDC and MCA205 cells for co-culture

a. Collect cultured iniDC cells and dilute to 53105 cells/mL with DF medium. Seed 1 mL cell

suspension/well in 12-well tissue culture plates (equal to 13105 cells/well) and incubate at

37�C for 3 days to obtain differentiated de-iniDC CAS9. A typical experiment includes trip-

licates of each condition, determine well numbers according to the experimental design

including controls and treatments.

b. Prepare MCA205 cells in 75 cm2 tissue culture flasks at 13107 cells/20 mL D-BC medium for

crizotinib treatment, and 0.53107 cells/20 mL D-BC medium for the DMSO control (un-

treated cells), let adapt overnight (>12 h).

c. Stain the MCA205 cells with CellTracker blue dye (10 mMdiluted in 20 mL serum-free DMEM)

for 60 min, then replace with 20 mL D-BC containing 15 mM crizotinib or 0.15% DMSO. Treat-

ment of 18–24 h should yield > 50% apoptotic cells.

18. Collect de-iniDCs and MCA205 cells for coculture.

a. For de-iniDCs, remove the culture supernatant by aspirating with a vacuum pump, replace

with 1 mL fresh BCmedium, and detach adherent cells with a cell lifter. Flush the well bottom

with a P1000 pipette, transfer all content into 1.5mL centrifuge tubes (or 96-deep well round-

Table 2. Key information for the customized ELISA

Target Sample dilution Top standard concentration Capture antibody Detection antibody Avidin-HRP

IL-1b 1:1 2,000 pg/mL 1:500 1:500 1:1,000

IL-2 1:5a 125 pg/mL 1:500 1:500 1:1,000

IL-6 1:50–100 500 pg/mL 1:500 1:500 1:1,000

IL-12(p70) 1:1 500 pg/mL 1:100 1:1,000 1:1,000

TGFb 1:5 500 pg/mL 1:500 1:500 1:1,000

TNFa 1:5 4,000 pg/mL 1:200 1:1,000 1:1,000
aUnder certain treatment conditions, the production of IL-2 by B3Z (in case of co-culture with SL10 charged DCs) can be very

abundant, thus the dilution factors of those samples may need to be adapted. For example, IL-2 sample can be diluted at 1/

25–1/50.
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bottom plates), and centrifuge at 500 g for 5 min at room temperature. Remove supernatant,

resuspended each cell pellet with 0.5 mL DF medium for cell counting, and adjust the de-in-

iDC density to 13106 viable cells/mL.

b. For MCA205 cells, do not change medium, but directly lift the cell culture layer with a cell

scrapper (Corning). Flush the flask bottom with a 10 mL serological pipet, transfer all content

into 50 mL falcon tubes, and centrifuge at 500 g for 5 min at room temperature. Remove su-

pernatant, resuspended each cell pellet with 5 mL DF medium for cell counting, and adjust

the MCA205 density to 13106 total cells/mL.

Note: In these steps we recommend to detach cells by scrapping instead of trypsinization for

two reasons: 1) this allows to maintain the phenotypes of differentiated de-iniDCs which will

be used immediately for co-incubation with tumor cells; 2) MCA205 cells are treated with cri-

zotinib to induce immunogenic cell death (ICD) (Liu et al., 2019) which promotes their uptake

by de-iniDCs, this allows to collect all viable, dying, and dead cells without affecting the

exposed ICD hallmarks; this note also explains the reason for reconstituting densities of de-

iniDCs based on viable cells and MCA205 on total cells.

c. Mix 0.2 mL of de-iniDCs and 0.8 mL of MCA205 cells (1 to 4 ratio of DC to MCA205) in tissue

culture-treated 12-well plates and co-culture for 2 h in a cell culture incubator. Detach

adherent cells with a cell lifter. Flush the well bottomwith a P1000 pipette, transfer all content

into a 1.5 mL centrifuge tube (or 96-deep well round-bottom plate), and centrifuge at 500 g

for 5 min at 4�C to collect the cells and proceed to surface staining with fluorescently labeled

anti-mouse CD11c antibody:

i. Centrifuge cells at 500 g for 5 min at 4�C, discard the supernatant by vacuum aspiration

or by inverting and gently flicking down the plate and remove residual liquid by touching

a paper tissue.

ii. Resuspend the cell pellet with 200 mL FACS buffer containing 1/1000 diluted Fc block

antibody (anti-CD16/CD32), transfer the cell suspension to a 96-well V-shape plate,

and incubate for 10 min at 4�C in the dark.

iii. Spin the plate at 500 g for 5 min at 4�C, discard the supernatant by inverting and gently

flicking down the plate and remove residual liquid by touching a paper tissue.

iv. Resuspend the pellet with 50 mL of APC-conjugated anti-CD11c antibody (1/100 diluted

in FACS buffer), mix by pipetting up-and-down several times and incubate for 30 min at

4�C in the dark.

v. Add 150 mL of FACS buffer per well and repeat step iii), then resuspend the pellet with

50 mL FACS buffer containing 10% PFA, mix by pipetting up-and-down several times

and incubate for 20 min at 4�C in the dark.

vi. Add 200 mL FACS buffer per well and repeat step iii). Repeat this step twice more to wash

out residential PFA.

vii. Resuspend with 100 mL FACS buffer and assess the sample by flow cytometry to quantify

the proportion of CD11c and CellTracker double positive events as a proxy for DC medi-

ated phagocytosis.

Note: It is important to mix and resuspend the cell pellet immediately upon addition of PFA.

CRITICAL: All steps involving the manipulation of PFA (from sub steps v to vii) should be

handled in a chemical foam hood.

Pause point: Fixed samples can be stored at 4�C for up to 2 weeks for flowcytometric

analysis.

Evaluation of DC antigen-cross presentation capability in vitro

Timing: 3 days cell differentiation + 48 h handling time.
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Strong evidence suggest that DC-mediated antigen cross-presentation is paramount for induction

of anticancer immunity (Galluzzi et al., 2017). This major step describes the protocol for the evalua-

tion of antigen cross-presentation in vitro using soluble ovalbumin (OVA) as a model antigen (Fig-

ure 1C). Cross-presentation efficiency is measured by the readout of B3Z hybridoma T cell line in

terms of interleukin 2 (IL-2) production, which allows for the quantitative comparisons between

de-iniDCs with different genotypes

19. Collect well-differentiated de-iniDCs and dilute to 53105 cells/mL with DF medium. Seed

100 mL cell suspension/well in 96-well tissue culture U-bottom plates (equal to 53104 cells/

well) and let adapt in the 37�C incubator. A typical experiment includes triplicate wells for

each condition, determine well numbers according to designed control or treatments.

20. Prepare the 23OVA working solution by adding 1 mL of the 100 mg/mL stock solution to 50 mL

DFmedium, and prepare the 23OVA peptide SIINFEKL working solution by serially diluting the

stock solution to 4 ng/mL. Add 100 mL of 23OVA, 23 SIINFEKL, or non-antigen supplemented

DF medium to each well containing the de-iniDCs, gently shake the plate to mix and then incu-

bate the cells for 4 h in the cell culture incubator. Please refer to Figure 5 for a brief scheme.

21. Spin the plate at 500g for 5min, discard the supernatant containingOVA, and add 200mL/well RPMI

1640 medium (without any additives). NONEED TOMIX at this stage. Spin the plate again at 500 g

for 5 min and discard the supernatant. Repeat this procedure once, i.e., 2 washes in total.

22. Prepare B3Z cells in DF medium at 53105 cells/mL.

23. After the last centrifugation, discard the DC supernatant and add 200 mL B3Z cell suspension (in

total 13105 cells) to the DCs. NO NEED TO MIX at this stage.

24. Incubate for 18 h at 37�C. Spin the plates at 500 g for 5 min and gently aspirate 100 mL super-

natant for the quantification of IL-2 secretion as described in step 16, or with a selected commer-

cial ELISA assay.

Troubleshooting 6 and 7

DC in vivo administration for tumor growth control

Timing: 30 days.

This major step describes the establishment of the MCA205 subcutaneous tumors in C57BL/6J mice

and the adaptive transfer of ex vivo primed de-iniDCs (Figure 1D). This allows for the evaluation of

antitumor efficacy of intratumorally delivered gene-edited de-iniDCs, thus establish a direct link be-

tween a genotype and the corresponding antitumor phenotype of DCs.

25. Brief technical procedures for the establishment of MCA205 fibrosarcoma are:

Figure 5. Typical plate design for the in vitro antigen cross-presentation assay including necessary control wells

De-iniDCs are seeded in 96-well plates at 53104 cells/well in 100 mL DF medium, while ovalbumin (OVA) and OVA257-

264 (SIINFEKL, SL8) peptide are prepared at 23 concentration for the exemplified plate layout (as described in Step

19). Wells for the ELISA standard curve should be reserved.
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a. Prepare MCA205 cells in T175 tissue culture flasks at a confluency of 50%–75%, (approxi-

mately 3-53107/flask). Detach cells as described in the ‘‘before you begin-culture of cells’’

section, and pass the cell suspension through a 70 mm cell strainer into a 50 mL falcon

tube to obtain single cell suspension. Centrifuge at 500 g for 5 min at room temperature,

discard supernatant and resuspend with 10 mL cold PBS, mix well to obtain a homogenous

cell suspension for counting, and fill the falcon tube with cold PBS to 50mL. Centrifuge at 500

g for 5 min at room temperature, discard supernatant, and resuspend the pellet with an

appropriate volume of cold PBS to adjust the cell concentration to 53106 cells/mL

b. Shave the right flank of C57Bl/6 mice (preferably six- to ten-week-old female animals) and

subcutaneously inject 100 mL cell suspension under isoflurane anesthesia (day 0). Generally

palpable tumors form around day 7.

c. Prepare de-iniDCs for intratumoral injection. At day 3, collect iniDC CAS9 cells or any gene-

modified iniDCCAS9 cells as described in the previous sections, adjust cell density to 13106/

mL in DF medium, put 40 mL cell suspension/150 mm tissue-culture dishes, which equals to

43107 cells/dish. At day 7, remove used medium and replace with 40 mL of fresh DFmedium

contains lysate yield from 43107 MCA205 cells, and incubate for 2 h. Collected de-iniDCs by

scrapping the cell culture layer with a plastic cell lifter. Centrifuge at 500 g for 5 min, resus-

pend with 10 mL cold PBS, mix to homogeneous suspension and pass through a 70 mm for

cell counting, and fill the falcon tube with PBS to 50 mL. Centrifuge at 500 g for 5 min and

resuspend pellet with appropriate volume of cold PBS to adjust cell concentration to

23107 cells/mL. Keep the cells on ice until injection.

d. Measure the longest dimension and perpendicular dimension of established tumors with a

digital caliper, calculate the tumor surface following the formula:

longest dimension (mm) 3 perpendicular dimension (mm) 3 p/4.

e. Randomize mice according to their tumor sizes and distribute into groups, containing a

vehicle control group (injection of PBS), a parental DC groups (injection of CAS9-expressing

de-iniDCs), and other groups for injection of iniDCs with different genotypes. For intratu-

moral injection, the mouse is subjected to isoflurane anesthesia (2.5% with a flow rate of

1.5 L/min) in an anesthesia box, and is then maintained in an anesthesia mask with the

same flow rate of isoflurane, on a heating pad warmed at 37�C. Disinfect the tumor area

with 70% ethanol followed by iodine to maintain sterility, and inject 50 mL of de-iniDC sus-

pension or cold PBS (as vehicle control) into the tumor bed. Repeat the de-iniDC administra-

tion every 4 days until day 19 (i.e., 4 intratumoral injections per animal in total), and measure

the tumor size regularly to generate the growth curve. Mice with tumors exceeding 250 mm2

or with apparent necrotic malignancies need to be euthanized.

CRITICAL: Mycoplasma contamination will negatively affect tumor formation in immuno-

competent mice and need to be avoided. The number of animals in each group and exper-

imental endpoints need to be defined according to the advice and regulations of the local

ethics committee.

EXPECTED OUTCOMES

Dendritic cells (DCs) are professional antigen presenting cells that bridge innate and acquired immunity

in the sense that they can be alerted by non-antigenic (adjuvant) signals to migrate into tissues in which

infection or other types of damage occur, locally capture antigenic material in the form of proteins, and

then present peptide fragments from such proteins to T lymphocytes (Anderson et al., 2020; Steinman

and Banchereau, 2007; Wculek et al., 2020). Cross-presentation involves the presentation of engulfed

proteins after their digestion into short peptides (usually 8–10 amino acids) that bind to major histocom-

patibility (MHC) Class I molecules on the surface of DCs to interact with specific T cell receptors (TCRs)

expressed on CD8+ cytotoxic T lymphocytes (Cruz et al., 2017; Gros and Amigorena, 2019). Since cross-

presentation plays a decisive role in the cellular immune response against viral and tumor-associated an-

tigens, DCs are believed to dictate whether a T cell response is initiated or not, and even to determine
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which polarity such a T cell response will acquire (Alloatti et al., 2017; Ma et al., 2011; Roberts et al.,

2016). In a way, DCs function as semiotic units (Lopez-Otin and Kroemer, 2021) that obtain information

from their microenvironment by multiple receptors including pattern recognition receptors (Kawai and

Akira, 2011), cytokine receptors (Dwarshuis et al., 2017), hormone receptors (Yang et al., 2019) and

others, to take ‘decisions’ whether to migrate (chemotaxis), to approach stressed cells (to form a syn-

apse), to engulf antigenic material (by phagocytosis or pinocytosis), to mature (to achieve competence

in antigenic presentation) and eventually to present the antigen in the context of a diversified set of cos-

timulatory and coinhibitory signals (including immunostimulatory and immunosuppressive cytokines,

such as IL-1b, IL-6, IL-12 (p70), TNFa and TGFb) to T lymphocytes (Eisenbarth, 2019; Ruhland et al.,

2020). Immunotherapies are being developed based on the concept that the provision of indispensable

signals or the removal of inhibitory circuitries may enhance the immunostimulatory DC function (Littman,

2015; Palucka and Coussens, 2016; Sharma and Allison, 2020). For this reason, genetic screens that

explore DC function and conveniently relate genotypes to phenotypes are useful.

Usually, murine DCs must be isolated ex vivo (for instance from circulating myeloid cells or from the

spleen, where they only constitute a minority of cells) or must be differentiated from precursors in vitro

(for instance from bone marrow cells) for their subsequent functional characterization (Anderson et al.,

2020; Steinman andBanchereau, 2007;Wculek et al., 2020). HumanDCs, for research purposes, are typi-

cally isolated from circulating peripheral bloodmononuclear cells (PBMCs) (Nair et al., 2012). As DCs are

terminally differentiated cells, there are no cell lines that exhibit the full spectrum of mature DC function,

rendering difficult their genetic manipulation and subsequent expansion for in vitro characterization and

in vivo experimentation. To circumvent this problem, we took advantage of an immature DC cell line in

which the Simian Virus (SV40) large T cell antigen (SV40LgT) is expressed under the control of a Tet-on

(doxycycline-inducible) promoter and the reverse tetracycline transactivator (irtTA) fused to the ligand-

binding domain of a mutated glucocorticoid receptor (Anastassiadis et al., 2010; Richter et al., 2013).

Due to the capacity of SV40LgT to block retinoblastoma (RB) and tumor protein 53 (TP53) such cells

are immortalized in the presence of doxycycline (DOX) and the synthetic glucocorticoid dexamethasone

(DEX), yet can be de-immortalized by the simultaneous removal of both factors (Richter et al., 2013).

Hence, it is possible to genetically modify immortal (and infinitely expandable) cells in the presence of

DEX/DOX and then to generate de-induced or de-immortalized DCs (de-iniDCs) by the withdrawal of

DEX/DOX and to study their phenotype (Richter et al., 2013).

In our protocol, we introduced the CRISPR/Cas9 system into conditionally immortalized DCs and

selected clones that expressed Cas9 enzyme but are otherwise functionally identical to the parental

cells, once they are de-immortalized and hence converted into de-iniDCs (Figure 1A). In the

immortal stage, the Cas9 expressing DC precursors can be transfected with synthetic CRISPR

RNAs (crRNAs) to obtain the knockout of target genes and then de-immortalized for their functional

exploration in vitro and in vivo (Le Naour et al., 2020).

Being conditionally immortalized, the knockout cells generated by transfection with crRNAs can be

expanded without limits and then de-immortalized to generate functional de-iniDCs (Anastassiadis

et al., 2010; Richter et al., 2013). Such cells can be characterized in vitro for their functional properties

such as phagocytosis of dying cells, the acquisition of maturation/activation markers (like expression

of costimulatory molecules on the cell surface or the release of cytokines into the supernatant), as

well as cross-presentation of peptides derived from protein to T cells (Le Naour et al., 2020). For

this latter aspect, we took advantage of a protein antigen that is widely used in immunology, namely,

chicken ovalbumin (OVA), which can be presented by C57Bl/6 mouse-derived DCs (which express

MHC class I H2-Kbmolecules) in form of the octapeptide SIINFEKL (also abbreviated SL8) (Rotzschke

et al., 1991). The H2-Kb–SL8 complex is recognized by the TCR of B3Z hybridoma cell line, which

produce interleukin-2 (IL-2) upon its stimulation (Shastri and Gonzalez, 1993). Hence, the measure-

ment of the amount of IL-2 produced by B3Z cells cocultured with OVA-pulsed de-iniDCs can be

used as a proxy for antigen presentation (Figure 1B). In addition, it is possible to expand gene-edited

iniDC-Cas9 cells (Figure 1C), to pulse them with tumor antigens and to inject them into mice to
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determine their capacity to induced a therapeutic anticancer immune response. In this case, loss-of-

function due to the knockout of immunostimulatory genes/proteins will compromise the capacity of

DCs to reduce tumor growth (as compared to wild type DCs), while gain-of function due to the

knockout of immunosuppressive genes/proteins will enhance tumor growth reduction (Figure 1D).

The current protocol allows for the identification of genes that affectDC functions including distinct steps

of the process of antigen presentation (phagocytosis, differentiation,maturation, expression of co-inhib-

itory or co-stimulatory molecules, cytokine secretion.). Immature DCs expressing Cas9 validated by

immunoblot (Figure 6A) can be subjected to the knockout of the genes of interest by suitable guidance

RNAs (Figure 6B). Most DC functions remain detectable in DCs upon stable expression of Cas9, as docu-

mented for the induction of cytokines (Figures 6C–6G) or activation/maturationmarkers (Figures 6H–7N)

by bacterial lipopolysaccharide (LPS) or tumor necrosis factor a, as well asMHCClass I-restricted antigen

presentation to CD8+ T cells (Figures 6N and 6O). However, the augmentation of CD83, CD86, and

MHCII expression in response to stimulation with LPS or TNFa is attenuated. Cas9 expression did not

interfere neither with phagocytosis of dying tumor cells (Figures 7A and 7B), the induction of cytokines

(Figures 7C–7G) or activation/maturationmarkers (Figures 7H–7M) by tumor cell lysates, or the inhibition

of in vivo tumor growth by DCs (Figure 7N). In contrast, transfection with guidance RNAs can inducema-

jor functional changes in Cas9-expressing DCs (Figure 8A), as exemplified for the knockout of Fpr1,

which reduces the production of cytokines by LPS or tumor lysate (Figures 8B–8D), compromises antigen

presentation (Figure 8E), reduces phagocytosis of dying tumor cells (Figure 8F) and compromises the

reduction of fibrosarcoma growth by locally injected DCs (Figure 8G). Conversely, other guidance

RNAs can improve DC function in antigen presentation assays (Figure 9A), as exemplified for the

knockout of Clec4a2, which enhances the presentation of protein or peptide to T cells (Figure 9B), en-

hances the phagocytosis of dying cancer cells (Figure 9C) and improves cancer growth control by intra-

tumorally injected DCs (Figure 9D). Thus, the effects of gene knockouts may be inhibitory, suggesting

the implication of the corresponding gene product in antigen presentation, or stimulatory, suggesting

that the gene/protein has a checkpoint function. As usually in screening experiments, hits must be care-

fully validated in repeat experiments on a small scale, as well as by orthogonal approaches (such as par-

allel in vitro and in vivo experiments) to make sure that the incriminated gene/protein truly impacts DC

function. This experimental strategy allows for the exclusion of false-positive hits. False-negative results

may also be further investigated. Thus, failure of a gene-specific gRNA to induce a functional phenotype

must be followed up by control experiments evaluating the effective removal of the gene/protein that

has been targeted, for example by genomic sequencing, RT-PCRs or immunoblot.

QUANTITATIVE AND STATISTICAL ANALYSIS

Unless otherwise mentioned, data are reported as means G SD of triplicate determinations, and ex-

periments were repeated several times yielding similar results. Statistical significance was assessed

by means of an ANOVA test (Dunnett’s multiple comparisons test) or ANOVA Type 2 (Wald test).

TumGrowth was used to analyze in vivo data (Enot et al.). TumGrowth is free available at Github/

Kroemerlab. p values of 0.05 or less were considered to denote significance.

LIMITATIONS

A published study used mice expressing Cas9 in a constitutive fashion in all cell types to generate

bone marrow-derived DCs (BM-DCs) that were then subjected to transduction with a lentivirus-en-

coded, bar-coded crRNA library, followed by the stimulation of the BM-DCs with bacterial lipopoly-

saccharide (LPS) and the purification of cells producing tumor necrosis factor-a (TNFa). This protocol

required permeabilization, fixation and immunostaining of the DCs to detect TNFa. Subsequent

deep sequencing of the DNA recovered from the cells allowed for the identification of novel regu-

lators of LPS-induced TNFa induction (Parnas et al., 2015). This approach has the advantage of using

primary cells, yet is overshadowed by limitations in the quantity of the cells used for the screening, as

well as the necessity to kill the cells with the desired phenotype, hence imposing several rounds of

validation experiments with new batches of short-lived primary BM-DCs.
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The limitation of using primary BM-DCs has been overcome by using immortal cell lines. So-called

MutuDCs originate from splenic tumors obtained from CD11c:SV40LgT-transgenic C57BL/6 mice.

Such cells have the phenotype and the functional characteristics of conventional type 1 DCs

(cDC1) and can be used in vitro, in cross-presentation assays (FuertesMarraco et al., 2012). However,

they present the disadvantage that they are tumor-derived (and hence likely present unexpected ge-

netic alterations) and cannot be de-immortalized on command. As a result, they potentially form tu-

mors if inoculated into histocompatible mice. Nonetheless, such cells are amenable to genetic or

pharmacological screens in vitro (Kozik et al., 2020).

There a several subpopulations of DCs that differ in their phenotype and functional characteristics

(Balan et al., 2019; Villar and Segura, 2020). The CRISPR/Cas9-based screen that we describe

Figure 6. Characterization of the CAS9-expressing inducible immortalized dendritic cells (iniDC CAS9)

(A) Validation of CAS9 expression in iniDC CAS9 clones by immunoblot.

(B) Hmgb1 expression in iniDC CAS9 cells that were transfected with crRNA targeting murine Hmgb1 gene (two gRNA

sequence labeled as H1 and H2), or the non-target control gRNA (NT). Different transfection conditions (0.25 or

0.53106 cells/well in 12-well plate, 1 or 23106 cells/well in 6-well plate) were tested.

(C–M) Maturation and activation of DCs. BMDC, de-iniDC and de-iniDC CAS9 were treated with LPS or recombinant

TNFa for 16 h. Supernatants were collected for ELISA quantification and cytokine release is reported as bar charts (C–

G). Cells were subjected to antibody staining of surface markers and analyzed by flow cytometry. Representative

histograms indicating the increase in the expression of surface marker and normalized median fluorescence intensity

(MFI) are shown in (H–M).

Comparison of IL-2 production (N) as a proxy of OVA antigen cross-presentation to B3Z hybridoma by DCs was

evaluated as schematically depicted in (O). Nonantigen loaded- and SIINFEKL peptide (SL8)-incubated DCs were

used as negative and positive controls, respectively. Bar charts express means G SD of triplicate assessments, ND,

nondetectable. Statistical differences were calculated by means of an ANOVA test (Dunnett’s multiple comparisons

test), with *p < 0.05, **p < 0.01, ***p < 0.001 as compared to the untreated condition (UT).
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here uses de-iniDCs that adopt the phenotype of monocyte-derived DCs (moDCs) since they are

cultured in the continuous presence of granulocyte monocyte-colony stimulating factor (GM-CSF),

before and after DEX/DOX withdrawal. Hence, the insights obtained with these cells may be limited

to this particular DC subtype, pending further exploration.

TROUBLESHOOTING

Problem 1

Sticky cell lysates after boiling; diffuse bands during western blot (step 3).

Figure 7. Activation of the CAS9 expressing-inducible immortalized dendritic cells (iniDC CAS9) in response to

synergistic tumor cells

(A and B) In vitro phagocytosis of untreated (UT) or crizotinib-treated (CRIZO) MCA205 cells by bone marrow-derived

DC (BMDC), as well as iniDC and iniDC CAS9 that were differentiated for 4 days into de-iniDC and de-iniDC CAS9,

respectively. MCA205 cells were pre-stained with CellTracker blue. Representative dot plots (A) and the percentage

of CellTracker+/CD11C+ cells (B) are reported.

(C–M) BMDC, de-iniDC and de-iniDC CAS9 were treated with the lysate of MCA205 cells for 16 h. Supernatant was

collected for cytokine quantification by ELISA (C-G), while cells were subjected to an immunostaining of surface

markers and analyzed by flow cytometry (H–M). Cytokine concentration in cell culture supernatants and median

fluorescence intensity (MFI) of DC surface markers are reported as bar charts (means G SD of triplicates). Statistical

differences were calculated by means of ANOVA test (Dunnett’s multiple comparisons test), with *p < 0.05, **p < 0.01,

***p < 0.001 as compared to the untreated condition (UT). Representative histograms of flowcytometric analysis are

shown in (H). Differentiated iniDC and iniDC CAS9 cells (de-iniDC) were pulsed with tumor cell lysates and

intratumorally (i.t.) injected into subcutaneous MCA205 tumors grafted on immunocompetent mice to test their

immunotherapeutic potential.

Tumor growth curves are reported in (N) asmeanG SEM (n = 6). Statistical significance was calculated bymeans of theANOVA

Type 2 (Wald test) and significant results are indicated as ***p<0.001 as compared with the PBS injection group.
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Cause: Insufficient volume of buffer per each sample; insufficient denaturation of proteins; crystalli-

zation of SDS

Potential solution

Increase the volume of rapid western blotting protein preparation buffer for each sample, vigorously

shake the plate on a microplate shaker after adding the rapid western blotting protein preparation

Figure 8. Screen for genes that modulate dendritic cell phenotype and function

CAS9 expressing-inducible immortalized dendritic cells (iniDC CAS9) were transfected with specific CRISPR RNAs

(crRNA) to perform gene knockouts. Dexamethasone and doxycycline (DEX/DOX) were removed from the culture

system during transfection and recovery of cells to differentiate iniDC CAS9 cells into primary de-iniDC CAS9 which

were then used for assessing the phagocytosis of dying cancer cells (Phago), quantification of IL-1b, IL-6, and TNFa

production upon stimulation with LPS, as well as the assessment of antigen cross-presentation capacity upon

ovalbumin (OVA) treatment by interleukin-2 (IL-2) quantification in B3Z hybridoma co-culture supernatants. For each

parameter, the readouts of crRNA-transfected wells were normalized to non-target control crRNA. Averaged ratios

are summarized as a heatmap (A), in which Fpr1 is highlighted as a candidate gene whose KO leads to a loss of

function phenotype in DC. Fpr1 KO de-iniDC CAS9 cells (Fpr1�/�) were analyzed for cytokine production (B–D) upon

stimulation with LPS or MCA205 cells lysate, cross-presentation of OVA antigen or SINFKEL peptide (SL8) (E), and

phagocytosis of MCA205 cells that were either untreated (UT) or crizotinib (CRIZO)-treated (F) Cytokine concentration

and phagocytic events (CD11C+ CellTracker+ cells) are reported as bar charts (means G SD of triplicates). Statistical

differences were calculated by means of the ANOVA test (Dunnett’s multiple comparisons test), with **p < 0.01,

***p < 0.001 as compared to UT, ###p<0.001 or $$$p<0.001 as compared between Fpr1�/� and wild type (wt) de-iniDC

CAS9 cells with the same stimuli. Differentiated iniDC and iniDC CAS9 cells (de-iniDC) were pulsed with tumor cell

lysate and intratumorally (i.t.) injected into subcutaneous MCA205 tumors grafted on immunocompetent mice to test

their (immuno)therapeutic potential. Tumor growth curves are reported in (G) as mean G SEM (n = 6). Statistical

significance was calculated by means of the ANOVA Type 2 (Wald test) and significant results are indicated as *P<0.05

compared to the PBS group.
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buffer, and prolong the incubation at 100�C. Reboil the samples at 100�C for 5 min and cool to room

temperature before loading the gels.

Problem 2

Cause: Insufficient washing or blocking; Contamination of HRP in plastics or instruments.

Potential solution

Make sure the washing buffer stays long enough (>30 s) in the wells. If manipulating several plates

simultaneously, process the plates in the same order to avoid variation due to uneven washing; In-

crease the protein concentration in blocking buffer, e.g., 10% FBS, 2% BSA.

Figure 9. Screen for genes that modulate in vitro antigen cross-presentation by DC

CAS9 expressing-inducible immortalized dendritic cells (iniDC CAS9) were transfected with specific CRISPR RNAs

(crRNA) to perform gene knockout during differentiation into de-iniDC CAS9. Gene edited de-iniDC CAS9 were

incubated with ovalbumin (OVA) and cocultured with B3Z hybridoma cells to quantify interleukin-2 (IL-2) secretion

as an indicator for antigen cross-presentation capacity. A violin plot is used to depict the IL-2 concentrations (mean

value of duplicates) (A). The nonantigen loaded- and SIINFEKL peptide (SL8) loaded-DCs were used as negative

and positive controls, respectively. Candidate gene whose KO leads to defective (blue color) or increased (red

color) antigen cross-presentation are highlighted. De-iniDC CAS9 cells that are KO for Clec4a2 (Clec4a2�/�) were
tested for cross-presentation of OVA antigen or the SINFKEL peptide (SL8) (B), and phagocytosis of MCA205 cells

that were untreated (UT) or crizotinib (CRIZO)-treated (C). Cytokine concentration and phagocytic events (CD11C+

CellTracker+ cells) are reported as bar charts (means G SD of triplicates). Statistical differences were calculated by

means of the ANOVA test (Dunnett’s multiple comparisons test), with ***p < 0.001 as compared to UT, ###p<0.001

or $$$p<0.001 as compared between Fpr1�/� and wild type (wt) de-iniDC CAS9 cells with the same stimuli.

Differentiated iniDC and iniDC CAS9 cells (de-iniDC) were pulsed with tumor cell lysates and intratumorally (i.t.)

injected into subcutaneous MCA205 tumors grafted on immunocompetent mice to test their immunotherapeutic

potential. Tumor growth curves are reported in (D) as mean G SEM (n = 6). Statistical significance was calculated by

means of the ANOVA Type 2 (Wald test) and significant results are indicated as *p<0.05 and ***p<0.001 compared

to the PBS injection group.
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Use new plastics for each step, thoroughly wash tubing systems when automated liquid dispensers

are used; carefully clean heads of multichannel pipettes.

Problem 3

High variability between replicates in customized ELISA (step 16)

Cause: Contamination of cells when collecting supernatant; insufficient mixing of samples; uneven

adding of liquids; bubble formation in wells before assessment

Potential solution

Be careful when collecting supernatant from cell cultures, keep a safe distance between tips and the

well bottom; carefully mix samples when applying dilution and before loading to coated plates.

If feasible, use an automated liquid dispenser or verified multichannel pipettes.

Centrifuge plates before measuring the absorbance

Problem 4

Variation between plates in customized ELISA (step 16)

Cause: Distinct incubation periods.

Potential solution

Precisely control the incubation time of each plate

Problem 5

Edge effects in customized ELISA (step 16)

Cause: Solution not at room temperature. Tips not well inserted in the multichannel pipettes.

Potential solution

Bring solutions to room temperature in advance; use verified multichannel pipettes; ensure all tips

are loaded correctly before and during all pipetting procedures.

Problem 6

Highly uniform values between conditions for the antigen cross presentation assay. (step 24)

Cause: Insufficient washout of OVA antigen before co-culture with B3Z cells. Wrong ratio of DC to

B3Z cells

Potential solution

Ensure complete washout of non-bound OVA before co-culture with B3Z, make sure no residual so-

lution remains in wells between washing steps. Adjust the ratio of DC to B3Z cells per well.

Problem 7

Very low concentration of IL-2 secretion. (step 24)

Cause: Extended co-culture period leads to increased cell death of B3Z

Potential solution

Control the co-culture period with B3Z cells.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-

filled by the lead contact, Oliver Kepp (captain.olsen@gmail.com).

Materials availability

The iniDC cell line can be provided by S.T. upon reasonable request.

Data and code availability

This study did not generate/analyze [data sets/code].
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Supplemental information can be found online at https://doi.org/10.1016/j.xpro.2021.100732.
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