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Nucleofector® Technology and
Genome Editing
An Introduction to Nucleofection® and CRISPR
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Nucleofector® Technology
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The principle

Gene transfer directly 
into the nucleus

Cell type -
specific solutions

Cell of interestSubstrate of 
interest

Pores are generated in the cell 
and nuclear membranes during 

the Nucleofection® Process, 
allowing substrates to enter the 

cell and the nucleus

+ -

Nuanced electrical pulses

For more information watch Nucleofection® Technology Animation - YouTube
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What Is Transfection?
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Methods to transfer material (DNA, RNA and proteins) into living cells

Cytoplasm
Nucleus

Lipofection Electroporation Nucleofection® Viral Transduction
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Proven Transport of DNA Into The Nucleus
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Methods to transfer material (DNA, RNA and proteins) into living cells

DNA GFP DAPI Merge

Transport Expression Nucleus

Primary NHDF-neo cells were transfected with labeled plasmid DNA encoding GFP, fixed after 2h in 
3.5% PFA and analyzed by confocal microscopy.
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Transfection – Primary Cells vs. Cell Lines
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Primary Cells: 

Cell Lines: 

Closest to in vivo situation (biological relevance)

Short-term culture

Usually hard-to-transfect

Current "trending" cell types: Immune cells (T-cells, NK-cells)

Immortalized cells

Long-term culture (e.g. HeLa since 1949)

Usually easier to transfect

Widely used cell lines: CHO, HEK293, THP-1
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More Than 80 Primary Cell Types
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Superior transfection efficiencies of difficult to transfect primary cells
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More Than 100 Optimized Protocols for Cell Lines
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Analysis time: 24 h post transfection
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Nucleofector® Technology
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Versatility for many applications

Knock-out 
generation

Knock-in 
generation Screenings Transfection 

control

Co-expression of
different molecules

(e.g. DNA, RNA,
protein, RNPs)

Functional 
genomics

Target 
validation

Target 
identification Pre-clinical

Virus 
production

RNAi rescue 
Production of 
recombinant 

proteins

CRISPR Co-transfection

Drug 
discovery 

assays

Generation of
stably transfected

cell lines

Pathway 
analysis

Signal 
transduction

Localization 
studies

Gene 
expression

analysis

iPSC
reprogramming

Reporter gene 
assays

Genome 
Editing
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Nucleofection® Process in 5 Simple Steps
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4D-Nucleofector® X Unit as an example
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Summary – Nucleofector® Technology
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Principle

Major 
Benefits

High transfection efficiency and viability

Efficient non-viral transport of DNA straight into the nucleus of primary cells and cell lines

Maintenance of functionality

Allows transfection of non-dividing cells such as neurons

Nuclear transfer of cargo enables expression of gene independent from cell division and 
faster gene expression

Optimized, ready-to-use protocols

Versatility – can transfect plasmid DNA, DNA oligos, mRNA, peptides, RNPs in either primary 
cells or cell lines

Scalable to higher throughput or larger volume using the same transfection conditions
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Nucleofector® Technology Portfolio
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Supporting different throughput and scales

Small scaleSmall scale, 
optimization Large scale High throughput/ Screening

Suspension Suspension Adherence

HT Nucleofector®

System
4D-Nucleofector®

96-well Unit
4D-Nucleofector®

LV Unit
4D-Nucleofector®

X Unit
4D-Nucleofector®

Y Unit

Platform

Main 
application (s)
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Nucleofector® Technology Portfolio

12

Supporting different throughput and scales

Small scaleSmall scale, 
optimization Large scale

Suspension

High throughput/ Screening

Suspension Adherence

HT Nucleofector®

System
4D-Nucleofector®

96-well Unit
4D-Nucleofector®

LV Unit
4D-Nucleofector®

X Unit
4D-Nucleofector®

Y Unit

Throughput

Reaction vessel

Cell number 20 µL:   104 to 106

100 µL: 105 to 107

Low - Medium Very low High Very high Medium

107 to 109 104 to 106 104 to 106 104 to 105

Platform
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Transferability of Transfection Conditions
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Example: T cells

Small scale Large volume

High throughput screening

Substrate (e.g.
DNA, mRNA, RNP…)

Solution P3 Pulse code EO-115

Cell type: 
T-cell (human)
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CD3+ T cells  were pulsed  with pMaxGFP™ in P3 Solution and Pulse FI-115.

Transferability of Transfection Conditions
Comparison of units and vessels
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The 4D-Nucleofector® X Unit
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The Generalist

• 2 x 104 to 2 x 107 cells per reaction
• Parallel processing of two 100 µL 

Nucleocuvette® Samples
• 16-well Nucleocuvette® Strips for smaller 

cell number with higher throughputFlexible:

Application:

• Transfection of low and medium cell 
numbers 

• Primary cells and cell lines with various 
substrates
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384-well HT Nucleofector® System
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The high-throughput platform

Throughput and 
Automation:

Application:

2 x 104 to 2 x 106 cells per reaction 
(as in X- or 96-well Unit)

Parallel processing of up to 384 wells 
per Nucleofection® Experiment

Each well can be individually 
programmed

Automation/ Integration into LH 
System possible

High throughput screening (CRISPR)

Genome wide screens to identify
• New mechanisms involved in 

diseases

• Novel drug targets

384-well HT Nucleofector® System

Power Supply Unit
• Generating high voltage pulses

Plate Handler Unit
• Carousel with two plate positions

HT Software (Laptop included)
• Easy set-up of Nucleofection® Experiments

• Seamless integration into liquid handling systems
Lonza Bioscience | June 2023
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Scalable Technology
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Condition transfer from research to manufacturing

1 mL cartridge LV cartridge100 µL cuvettes20 µL strips

1 x 107 – 2 x 108 cells

3 x 107 – 1 x 109 cells

1 x 105 – 1 x 107 cells
1 x 104 – 1 x 106 cells

Research Manufacturing

X Unit LV Unit

Lonza Bioscience | June 2023
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Compared to Mega-
nucleases, Zinc finger 
nucleases and TALENs, 
CRISPR/Cas 9 is
• Easier to use
• Cheaper

“For the first time ever, 
researchers had an 
extremely flexible tool that 
could be easily guided to 
target nearly any location in 
the genome (…).”

TALEN = Transcription activator-like 
effector nuclease
CRISPR = clustered regularly 
interspaced short palindromic 
repeats

A Short History of Genome Editing

18

The rise of CRISPR as the genome-editing technology

Citation and figure adapted from Adli (2018) The CRISPR tool kit for genome editing and beyond | Nature Communications under Creative Commons License (Attribution 4.0 International)
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https://www.nature.com/articles/s41467-018-04252-2
https://creativecommons.org/licenses/by/4.0/
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Genome Editing via CRISPR/Cas9
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In more detail

Genome specific 
gRNA Sequence

Cas9 nuclease

PAM sequence
5`- NGG - 3`

Genomic DNA

Double Strand Break in target DNA

Lonza Bioscience | June 2023
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A Short History of Genome Editing
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Downstream consequences of double strand break

The downstream consequences 
of the double-stranded break are 
dictated by the endogenous DNA 
repair pathways, not the 
technology used to create the 
break. 

Breaks induce DNA repair and 
increase mutagenesis 
frequencies by >1000 fold

NHEJ for Knock-outs

HDR for DNA 
repair/insertion/deletion

Citation and figure adapted from Adli (2018) The CRISPR tool kit for genome editing and beyond | Nature Communications under Creative Commons License (Attribution 4.0 International)
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https://www.nature.com/articles/s41467-018-04252-2
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Several options and formats
Logistics of CRISPR Cas9 Editing System

21

Knock-out
Knock-in

Cas9 Guide RNA Homology Donor DNA

• Plasmid coding for Cas9
• Cas9 mRNA
• Cas9 Protein

• Plasmid coding for guide
• crRNA + tracrRNA
• sgRNA

• Plasmid
• Linearized Plasmid
• dsDNA
• ssDNA

Lonza Bioscience | June 2023
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Utilizing CRISPR-Cas9 Beyond Genome Editing
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Major application areas of CRISPR-Cas-based technologies

Figure adapted from Adli (2018) The CRISPR tool kit for genome editing and beyond | Nature Communications under Creative Commons License (Attribution 4.0 International)
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https://www.nature.com/articles/s41467-018-04252-2
https://creativecommons.org/licenses/by/4.0/
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CRISPR/Cas9 for Genome Editing
Different substrate types

1. Transcription
2. Export

3. Translation

4. Complex formation

5. Nuclear transfer

Cas9-gRNA Plasmid Cas9 mRNA + sgRNA Cas9-sgRNA RNP

Editing Efficiency
Off-target effects

Editing Efficiency

Lonza Bioscience | June 2023
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ZFN or 
TALEN

CRISPR

Note: It is also possible to 
transfect Sleeping Beauty and 

PiggyBac® constructs.

2xor or

Fok1–ZF or Fok1-TAL fusion plasmid or mRNA Repair plasmid or ssODN (optional)

2x

or

Cas9 + gRNA plasmid Repair plasmid or ssODN (optional)

or

Cas9 plasmid Repair plasmid or ssODN (optional)

or

RNP (Cas9 protein + gRNA) Repair plasmid or ssODN (optional)

or

gRNA plasmid or PCR cassette

Lonza Bioscience | June 2023

Setup for co-transfections
Genome Editing
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Nucleofector® Technology – Enabling Genome Editing 
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CRISPR – "A tool for rewriting the code of life"

Publications Using Nucleofector® Technology and CRISPR

Google Scholar Search for “Nucleofect* CRISPR”, March 2023

Lin-Shiao... J.A. Doudna, Nucleic Acids Research, 2022
Albanese et al., Nature Methods, 2022
Hultquist et al., Nature Protocols, 2019
Shifrut et al., Cell, 2018
Roth et al., Nature, 2018
And many, many more...

A “ge ne  sc isso r” made of an enzyme and RNA 
that revolutionizes biomedical research

Nob e l Prize  in  Che m ist ry 20 20  t o  Em m anue lle  
Charp e nt ie r and  Je nnife r A. Doud na
(citing our technology )

0
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2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
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How To Start?
Lonza Knowledge Center

More than 650 ready-to-use 
protocols in Lonza Knowledge 
Center: knowledge.lonza.com

Conditions optimized for 
plasmid delivery works for 
other substrates as well

Optional fine tuning for RNP 
delivery1 2 3

26Lonza Bioscience | June 2023
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How To Start?
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Optimal Nucleofection® Conditions

Download Optimized 
Protocol

Lonza Bioscience | June 2023
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How To Start?
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Optimal Nucleofection® Conditions

Depending on the cell type, 

first verify optimal conditions (given in the ready-
to-use protocol) using pmaxGFP™

or determine optimal conditions 
(e.g. for iPSC clones)

Lonza Bioscience | June 2023
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Designing Your Experiment
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Plasmid considerations

Purity

Quality

Backbone

• Use highly purified DNA
• Check A260:A280 ratio, should 

be ideally 1.8 -2.0, but 1.6 is 
acceptable

• Use endotoxin removing prep kits

• Check for nicked or degraded 
DNA on agarose gel

• Promoter strength
• IRES plasmid might give lower 

efficiency, depending on position 
of gene of interest relative to 
IRES sequence

Lonza Bioscience | June 2023
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Designing Your Experiment
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Plasmid Quality: Nicked DNA may lead to lower efficiency

0

20000
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60000

80000

100000

120000

140000

160000

old old new new

Plasmid preparation

Luciferase expression (RLU)
in Hela cells
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Designing Your Experiment
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Plasmid Backbone: Expression level is promoter dependent

Rel. Luciferase Expresion (% of CMV)

Luciferase expression using different promoters
• SV40 promoter: weak Luc expression
• CMV promoter: strong Luc expression

0%

20%

40%

60%

80%

100%

120%

SV40 CMV SV40 CMV SV40 CMV

THP-1 mouse T cell HUVEC
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Designing Your Experiment
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Plasmid Backbone: Special sequences can influence expression 

CMV

CMV

CMV

maxGFP

maxGFP

MCS empty

IRES

IRES

MCS empty

maxGFP

pmaxGFP™

Construct A

Construct B

0%
20%
40%
60%
80%

100%
120%

pmaxGFP™ Construct A Construct B pmaxGFP™ Construct A Construct B

HL-60 HUVEC

Mean fluorescence (% of maxGFP™ Expression)

Multicistronic plasmids 
(e.g. IRES or T2A) may 
result in lower expression 
levels: IRES plasmids

Potential reasons for 
lower expression for 
protein downstream 
IRES:
• Intracellular long 

mRNA might be 
degraded

• Inefficient internal 
ribosomal entry sites

Lonza Bioscience | June 2023
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Designing Your Experiment
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Plasmid Backbone: Special sequences can influence expression 

Example T2A plasmids: Alternative option: Co-transfection of 
GFP plasmid might help to sort for 
positive cells

• Co-transfection works highly 
efficient in Nucleofection®

Experiments

• Low amounts of pmaxGFP™
co-transfected with Cas9 plasmids 
are able to mark the positive cells 
of expressing Cas9

Cas9 plasmid Cbh Cas9 EGFP2A

Potential reasons for lower expression 
for gene downstream T2A:

• Intracellular long mRNA might be 
degraded

• Long protein (before self cleavage)/ 
fusion protein

• Long process to generate functional 
gene product due to self-cleavage

Cas9 plasmid Cbh Cas9 EGFP2A

pmaxGFP™ CMV maxGFP

Lonza Bioscience | June 2023
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Designing Your Experiment
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Nucleofection® of mRNA

Follow the same protocol and use the same program that is used for the transfection of 
DNA with your cells

The mRNA should be capped and poly-adenylated

Optimal amount has to be titrated, might be higher than for plasmid:  2 - 20 µg in 100 µL 
reaction

When higher amount is required, the volume should not exceed 10% of the total sample 
volume

Depending on the cell type (e.g. for DCs) it might be best to add the mRNA directly into 
the empty cuvettes and then add the cell-solution mix on top. After adding the cell 
suspension transfect the sample immediately

For further reading please see our Genome Editing Citation List, e.g.
• Hendel et al. Nat. Biotechnol. 2015
• Bak et al. Cell Reports 2017 

Lonza Bioscience | June 2023
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RNP complexes might be the method of 
choice because of various advantages:

Designing Your Experiment

35

Nucleofection® of RNPs

No cloning of constructs needed

Less toxic than DNA

More stable than mRNA

No transcription/translation process needed: Easier 
dosage

Defined action time (short term): Lower risk of off-
target effects

Lonza Bioscience | June 2023
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Designing Your Experiment
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Nucleofection® Conditions for transfection of RNPs

In most publications Cas9:gRNA ratio between 1:1.2 and 1:5 
was used

RNP complexing: Titrate optimal ratio between 
Cas9 protein and gRNA

Suggested starting range for Nucleofection®:

Titrate optimal amount of RNP for transfection

Usually “foreign” buffer should not be more than 10%

Avoid too much dilution of Nucleofection®

sample by RNP buffer:

Consider complexing directly in Nucleofector® Solution

Addition of an unspecific ssODN, e.g. Alt-R Cas9 
Electroporation Enhancer (IDT)

Concentration 20 µL reaction 100 µL reaction

0.08 – 0.8 µg/µL
0.5 – 5 pmol/µL

1.6 – 16 µg
10 – 100 pmol

8 – 80 µg
50 – 500 pmol

Lonza Bioscience | June 2023
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Designing Your Experiment
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Nucleofection® Conditions for transfection of RNPs

In most publications Cas9:gRNA ratio between 1:1.2 and 1:5 
was used

RNP complexing: Titrate optimal ratio between Cas9 
protein and gRNA

Suggested starting range for Nucleofection®:

Titrate optimal amount of RNP for transfection

Usually “foreign” buffer should not be more than 10%

Avoid too much dilution of Nucleofection® sample by 
RNP buffer:

Consider complexing directly in Nucleofector® Solution

Addition of an unspecific ssODN, e.g. Alt-R Cas9 
Electroporation Enhancer (IDT)

Concentration 20 µL reaction 100 µL reaction

0.08 – 0.8 µg/µL
0.5 – 5 pmol/µL

1.6 – 16 µg
10 – 100 pmol

8 – 80 µg
50 – 500 pmol

Lonza Bioscience | June 2023
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Designing Your Experiment

38

Example: Nucleofection® of RNPs into resting T cells (Knock-in)

For further information and detailed protocol see: Case Study and Associated Protocol “Synthetic sgRNAs Enable Researchers to Study Viral Infection in Resting Human CD4+ T Cells” from Synthego and Lonza

Detailed protocol on CRISPR based genome editing in primary resting CD4+ T Cells

Simultaneous, polyclonal six-gene KO following a single RNP Nucleofection®

Process and knock-in experiments

Protocol can be adapted to other primary cells and cell lines – our Scientific 
Support Team will help

Lonza Bioscience | June 2023
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Designing Your Experiment

39

Example: Nucleofection® of RNPs into resting T cells (Knock-in)

20 µL Volume 100 µL Volume

Kit
P3 Primary Cell 4D-Nucleofector® X Kit S

(V4XP-3032 for 16 x 20 μL reaction) 
1.6 – 16 µg 10 – 100 pmol

P3 Primary Cell 4D-Nucleofector® X Kit L
(V4XP-3012 for 12 x 100 μL reaction; 
V4XP-3024 for 24 x 100 μLreaction)

Cell number 1-2 x 106 0.5-1 x 107

Nucleofector® Solution 20 µl (P3 + supplement) 100 µl (P3 + supplement)

SpCas9 100 pmol 500 pmol

sgRNAs 40 pmol 200 pmol

HDR template 0.8 – 1.12 pmol 4 – 5.6 pmol

For further information and detailed protocol see: Case Study and Associated Protocol “Synthetic sgRNAs Enable Researchers to Study Viral Infection in Resting Human CD4+ T Cells” from Synthego and Lonza

Lonza Bioscience | June 2023
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Designing Your Experiment

40

Example: Nucleofection® of RNPs into resting T cells

For further information and detailed protocol see: Case Study and Associated Protocol “Synthetic sgRNAs Enable Researchers to Study Viral Infection in Resting Human CD4+ T Cells” from Synthego and Lonza

Depending on your desired outcome (e.g. editing efficiency, number of viable transfected cells) you might want to test 
additional pulses. Please test (some of) the following pulse conditions along with a no pulse control:

Lonza Bioscience | June 2023
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Genome Editing Publications Using Nucleofector® Technology

41

Search for your cell type of interest 

Citation List available for download: CRISPR Transfection: Efficient Genome Editing | Lonza

Lonza Bioscience | June 2023
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Sample Handling – Optimized Protocols

42

4D-Nucleofector® X Unit

Lonza Bioscience | June 2023
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Designing Your Experiment

43

Cell considerations

Example: 
NHBE, Lonza Cat. No. CC-2541 

Cell condition 
can influence 
transfection 
results

Ideal conditions

Special 
considerations 
for primary cells

Lonza Bioscience | June 2023
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Designing Your Experiment

44

Step 1: Harvest cells of interest

Example: 
NHEK-Ad, Lonza Cat. No. 00192627

Cell Harvesting

Determine cell concentration 
(cells/ml) of cell suspension 

every time

For monolayers, monitor 
trypsinization, limit exposure 

to trypsin

If possible, 
trypsinize at RT

Centrifuge at low force 
(80-100 x g) 

Lonza Bioscience | June 2023



Public

Tips for a Nucleofection® Experiment

45

Step 2: Mix and combine

Cell Handling before Nucleofection®

• Drain pellet completely prior to re-suspension in 
Nucleofector® Solution

• Gentle re-suspension with Nucleofector® Solution
• Cells should be in Nucleofector® Solution for no 

longer than 15–20 minutes

Nucleofector® Solution at RT 
(already mixed with 
Supplement)

Volume of substrate ideally 
less than 10% of total sample 
volume

Lonza Bioscience | June 2023
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Tips for a Nucleofection® Experiment

46

Step 2: Mix and combine

20 µL 100 µL 1 mL 20 mL

Cells 1x10e6 5x10e6 5x10e7 1x10e9

Solution P3 16.4 µL 82 µL 820 µL 16.4 mL

Supplement 3.6 µL 18 µL 180 µL 3.6 mL

pmaxGFP™ (1 µg/ µL)* 0.4 µL 2 µL 20 µL 400 µL

Example: Nucleofection® Experiment for T cells (human, activated)

*Volume of substrate ideally less than 10% of total sample volume

Transfer of cell suspension to Nucleocuvette® by avoiding air bubbles

Lonza Bioscience | June 2023
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Software / GUI

47

The home screen

Up to three functional units can be 
operated with one Core Unit

Integrated detection of functional 
modules

Choose vessel type to start 

Or go from last results and experiments

Lonza Bioscience | June 2023
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Tips for a Nucleofection® Experiment

48

Step 3: Nucleofection® Process

Setup of Nucleofector® Program on 4D-Nucleofector® Core Unit or PC Editor

Select Nucleofector® Vessel (e.g. Strip or Cuvette) Load Nucleofector® Experiment or enter Experiment name

Lonza Bioscience | June 2023
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Tips for a Nucleofection® Experiment
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Step 3: Nucleofection® Process

Setup of Nucleofector® Program on 4D-Nucleofector® Core Unit or PC Editor

Select wells to be used Edit wells by selecting sample type (sample or control option) 
and adding cell type code (or pulse code and solution)

Lonza Bioscience | June 2023
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Tips for a Nucleofection® Experiment

50

Step 4: Cell handling post Nucleofection®

Format Single Nucleocuvette®

Vessel
16-well Nucleocuvette®

Strip
96-well Nucleocuvette®

Plate
384-well 

Nucleocuvette® Plate

Transfection volume 100 µL 20 µL 20 µL 20 µL

Culture medium to be 
added to the sample post 
Nucleofection®

500 µL 80 µL 80 µL 40 µL (60 µL max. well 
volume)

Use pipette provided to remove transfected cells (for 100 µL Single Nucleocuvette® Vessel)

Avoid foam formation/air bubbles

Incubation of sample after addition of media for 10 min at RT may increase viability (recovery step)

Always handle cells with care

2

3

4

5

Add warm and equilibrated medium to Nucleocuvette® Vessel before removal of transfected cells 
(volume recommendation in table below)1

Lonza Bioscience | June 2023
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Tips for a Nucleofection® Experiment

51

Step 5: Transfer of cells to culture dish

Plate transfected cells in 
pre-warmed media

Plate transfected cells at 
appropriate/ 

recommended density 

Use fresh growth 
medium with correct 
supplementation for 
respective cell type

Wait at least 24 hours 
before adding selective 

agent to culture medium

Expression can be 
detected as soon as 

3–8 hours post 
Nucleofection®

Experiment

Lonza Bioscience | June 2023
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Genome Editing

52

Case studies

Immune 
cells

Cell and 
gene therapy

Drug 
Discovery/ 
Screening

iPSCsBase/ Prime 
editingCase studies

Lonza Bioscience | June 2023



Public

53

Case Study: Immune Cells
Tips and tricks for RNP Nucleofection®

Figure by Seki and Rutz (2018) Optimized RNP transfection for highly efficient CRISPR/Cas9-mediated gene knockout in primary T cells | Journal of Experimental Medicine, 
under Creative Commons License (Attribution 4.0 International)

Case Study: 
Seki and Rutz, J Exp Med, 2018

Nucleofection® of RNPs into resting human CD4+ 
T cells and activated mouse CD8+ T cells

Effects of different Nucleofection® Conditions

Effects of different sgRNAs

Cas9:sgRNA ratio

Effects of different Cas9 proteins

Transfection of multiple gRNAs
Duplex of 
− Fluorescently labelled Alt-tracrRNA-Atto550 (IDT) 
− Alt-crRNA (IDT) 
Complexed with Cas9 protein (IDT)

Lonza Bioscience | June 2023
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Screening of RNP Transfection Conditions
In activated mouse CD8+ T cells

54

Screening for mean fluorescence intensity (MFI) and 
knock-out of CD90 (KO)

Transfection resulted in functional target gene KO by 
using specific sgRNA (CD90-negative cells by FACS)

Figure by Seki and Rutz (2018) Optimized RNP transfection for highly efficient CRISPR/Cas9-mediated gene knockout in primary T cells | Journal of Experimental Medicine, 
under Creative Commons License (Attribution 4.0 International)

Lonza Bioscience | June 2023
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Screening of RNP Transfection Conditions
In activated mouse CD8+ T cells

55

Verification with selected Nucleofection® Conditions

Transfection resulted in functional target gene KO by 
using specific sgRNA (CD90-negative cells by FACS)

Figure by Seki and Rutz (2018) Optimized RNP transfection for highly efficient CRISPR/Cas9-mediated gene knockout in primary T cells | Journal of Experimental Medicine, 
under Creative Commons License (Attribution 4.0 International)

Lonza Bioscience | June 2023
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Different sgRNAs Show Different Effects
In activated mouse CD8+ T cells

56

gRNA targeting different regions can result in different 
KO efficiency

Figure by Seki and Rutz (2018) Optimized RNP transfection for highly efficient CRISPR/Cas9-mediated gene knockout in primary T cells | Journal of Experimental Medicine, 
under Creative Commons License (Attribution 4.0 International)

Lonza Bioscience | June 2023
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https://creativecommons.org/licenses/by/4.0/


Public

Optimization of Cas9 Protein – gRNA Ratio
In activated mouse CD8+ T cells
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Fine tuning of total complexing ratio and total RNP 
amount

KO efficiency of CD90 in activated mouse CD8+  T cells 
is highly dependent on the amount and the ratio

Figure by Seki and Rutz (2018) Optimized RNP transfection for highly efficient CRISPR/Cas9-mediated gene knockout in primary T cells | Journal of Experimental Medicine, 
under Creative Commons License (Attribution 4.0 International)
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https://rupress.org/jem/article/215/3/985/42565/Optimized-RNP-transfection-for-highly-efficient
https://creativecommons.org/licenses/by/4.0/
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Optimizing Knock-Out Efficiency
Multiple gRNAs in non-activated human CD4+ T cells
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Multiple gRNAs targeting the same gene might increase 
the KO efficiency

Figure by Seki and Rutz (2018) Optimized RNP transfection for highly efficient CRISPR/Cas9-mediated gene knockout in primary T cells | Journal of Experimental Medicine, 
under Creative Commons License (Attribution 4.0 International)
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https://rupress.org/jem/article/215/3/985/42565/Optimized-RNP-transfection-for-highly-efficient
https://creativecommons.org/licenses/by/4.0/
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Optimizing Knock-Out Efficiency
Influence of different Cas9 proteins
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KO efficiency for CCR7 and CD127 in non–activated human 
CD4+ T cells varies depending on Cas9 protein used

Figure by Seki and Rutz (2018) Optimized RNP transfection for highly efficient CRISPR/Cas9-mediated gene knockout in primary T cells | Journal of Experimental Medicine, 
under Creative Commons License (Attribution 4.0 International)
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Case Study: Immune Cells
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Drug discovery screening in primary T cells

Hultquist et al., 2016, Cell Reports, 17, 1438-1452; October 25, 2016
Hultquist et al., 2019, Nature Protocols, January ;14(1):1-27.

High-throughput platform for 
the efficient, multiplex editing of 
host factors that control HIV 
infection in primary CD4+ T cells.

Rapid generation of isogenic 
human cells with ablated 
candidate factors and identifies 
gene modifications that provide 
viral resistance.

Infection with 
HIV

Functional 
genetics of HIV 
host factors

CD4+ T-cells

+ Cas9 RNPs
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Case Study: Immune cells
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Nucleofection® of RNPs in Resting T cells

Figure from Albanese et al., (2022) Rapid, efficient and activation-neutral gene 
editing of polyclonal primary human resting CD4+ T cells allows complex functional 
analyses | Nature Methods under Creative Commons License (Attribution 4.0 
International)

Schematic overview of the pipeline to establish polyclonal KOs in human 
resting CD4+ T cells

For further information and detailed protocol see: Case Study and 
Associated Protocol “Synthetic sgRNAs Enable Researchers to Study Viral 
Infection in Resting Human CD4+ T Cells” from Synthego and Lonza

Lonza Bioscience | June 2023

https://www.nature.com/articles/s41592-021-01328-8
https://creativecommons.org/licenses/by/4.0/
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Case Study: Nucleofection® of RNPs in Resting T cells
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Six-gene KO following a single RNP Nucleofection® Process

Figures from Albanese et al. (2022) Rapid, efficient and activation-neutral gene editing of polyclonal primary human resting CD4+ T cells allows complex functional analyses | Nature Methods under Creative Commons 
License (Attribution 4.0 International)
For further information and detailed protocol see: Case Study and Associated Protocol “Synthetic sgRNAs Enable Researchers to Study Viral Infection in Resting Human CD4+ T Cells” from Synthego and Lonza

Viability of cells with CD46-single KO, four-gene KO (CD46, 
CD4, CXCR4 and PSGL-1) or six-gene KO (as in a) were 
analyzed. WT cells served as control.

Simultaneous, polyclonal six-gene KO following a single RNP 
Nucleofection® Process. Expression of surface receptors 
was quantified by flow cytometry after 2 weeks (a) or 
immunoblot (b) 25d after Nucleofection®

Lonza Bioscience | June 2023

https://www.nature.com/articles/s41592-021-01328-8
https://creativecommons.org/licenses/by/4.0/
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HDR template (up to 3 kb)

Collection, isolation and 
activation of T cells

Case Study: Immune Cells

63

Insertion of large DNA sequences in primary human T cells

Development of a CRISPR-Cas9 genome-targeting system that 
does not require viral vectors, allowing rapid and efficient 
insertion of large DNA sequences (> 1kb) at specific sites in 
the genomes of primary human T cells, while preserving cell 
viability and function.

Roth, T.L. et al. (2018) Reprogramming human T cell function and specificity with non-viral genome 
targeting | Nature. Nature 559, 405–409

Development of a widely adaptable technology to barcode and 
track targeted integrations of large non-viral DNA templates 
(2-3 kb) to perform pooled knock-in screens in primary 
human T cells.

Roth, T.L. et al. (2020) Pooled Knockin Targeting for Genome Engineering of Cellular Immunotherapies: 
Cell Cell 181, 728-744

+

RNP (Cas9 protein + gRNA)

T cell expansion and analysis

Nucleofection®

Theo Roth was a speaker at Lonza Virtual Event, Genome Editing of Immune Cells, Sept 2022
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https://www.nature.com/articles/s41586-018-0326-5
https://www.cell.com/cell/fulltext/S0092-8674(20)30332-9?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867420303329%3Fshowall%3Dtrue
https://www.workcast.com/register?cpak=9246734389177299&referrer=email
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Case Study: Immune cells
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Efficient gene knock-in in primary human and murine myeloid cells

Collection and isolation of 
human and murine myeloid cells Studying myeloid cells function

Freund et al. (2020) Efficient gene knockout in primary human and murine myeloid cells by non-viral delivery of CRISPR-Cas9 | Journal of Experimental Medicine. J Exp Med, 217 (7): e20191692. 

Near population-level genetic KO of single and multiple targets

Cellular fitness and response to immuno-logical stimuli is not significantly impacted by gene editing

Enables pathway discovery and drug target validation concerning innate immunity

RNP (Cas9 protein + gRNA)

Complete primary 
optimization with 
Cas9-RNPs for several 
human and murine 
cell types using the 
4D-Nucleofector®

96-well Unit
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Genome Editing
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Case studies

Immune 
cells

Cell and 
gene therapy

Drug 
Discovery/ 
Screening

iPSCsBase/ Prime 
editingCase studies
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DNA WebLogo created with 
target motifs in which C:G at 
position 6 was edited to G:C 
(n=2)

Nucleofector® Technology – Enabling Genome Editing

66

Base editing

Citation and figure adapted from Chen et al. (2021) Programmable C:G to G:C genome editing with CRISPR-Cas9-directed base excision repair proteins | Nature Communications 12, 1384 under Creative Commons 
License (Attribution 4.0 International)

Genes linked to dyslipidemia, 
hypertrophic cardiomyopathy, 
and deafness were targeted, 
showing the therapeutic 
potential of these base editors 
in interrogating and correcting 
human genetic diseases.

Development of „a class of C:G to G:C Base Editors to create
single-base genomic transversions in human cells“

„(..) Nickase-Cas9 fused to a cytidine deaminase and base
excision repair proteins“
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https://www.nature.com/articles/s41467-021-21559-9
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Case Study: Base editing
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Potential base editing strategies for future clinical applications

C•G  → T•A

Figure adapted from Siegner et al. (2022) Adenine base editing efficiently restores the function of Fanconi anemia hematopoietic stem and progenitor cells | Nature Communications. Nat Commun 13, 6900
and Kluesner et al. (2021) CRISPR-Cas9 cytidine and adenosine base editing of splice-sites mediates highly-efficient disruption of proteins in primary and immortalized cells | Nature Communications Nat Commun 12, 2437 
under Creative Commons License (Attribution 4.0 International)

A•T → G•C C•G → G•C

Effective ABE editing in HPSCs from FA patients leads to
restored FA pathway funtion

Indicates potential of base editing strategies for future 
clinical applications

Relies on introducing single base changes without DNA
cleavage

The deaminated base (U or I) gets changed to T or G 
and leads to the final mutation as C to T (CBE) or A to G (ABE)

Lonza Bioscience | June 2023

https://www.nature.com/articles/s41467-022-34479-z
https://www.nature.com/articles/s41467-021-22009-2
https://creativecommons.org/licenses/by/4.0/
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Case Study: Base editing
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Gene editing strategy for IPEX patients

IPEX = immune dysregulation polyendocrinopathy enteropathy X-linked; FOXP3 = fork-head box protein 3
Goodwin et al., (2020) CRISPR-based gene editing enables FOXP3 gene repair in IPEX patient cells | Science Advances Vol 6, Issue 19, 6 May 2020

IPEX syndrome
Severe pediatric disease with limited treatment options; 

„caused by mutations in the FOXP3 gene, which plays
critical role in immune regulation“

IPEX syndrome 
is an ideal 
candidate for a 
therapeutic
approach

CRISPR-based gene correction 
in HSPCs or T cells permitting 
regulated expression of FOXP3 
protein

Persistent FOXP3 
protein expression and 
reserved Tregs phenotype 
and function in FOXP3
edited Tregs

Gene editing strategy is 
suitable for IPEX patients 
with diverse mutations

“These results 
demonstrate the 

feasibility of gene 
correction, which will be 

instrumental for the 
development of 

therapeutic approaches 
for other genetic 

autoimmune diseases”
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Genome Editing
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Case studies
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Gene Modification

70

Different methods relevant for cell and gene therapies

Non-viral Gene 
Modification

Transposon 
based 
(Sleeping Beauty, 
PiggyBAC®)

Targeted 
gene editing
(ZFN, TALEN, 
CRISPR)

Targeted gene editing 
technologies (CRISPR/ Cas9,
ZFN and TALEN)

All three can be delivered in 
different modalities
(pDNA, mRNA, Protein or RNPs)

Transposon based genomic 
integration
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CRISPR/Cas9-mediated HBB Gene Editing in HSPCs
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Dever et al., (2016) CRISPR/Cas9 β-globin gene targeting in human haematopoietic stem cells | Nature. Nature 539, 384-389
For further reading: Lattanzi et al., (2021) Development of β-globin gene correction in human hematopoietic stem cells as a potential durable treatment for sickle cell disease | Science Translational Medicine Sci Transl
Med. Jun 16; 13(598); 

β-haemoglobinopathies
(sickle cell disease, β-thalassaemia)

Caused by mutations in the HBB gene

CRISPR/Cas9-
mediated HBB 
gene editing 
in HSPCs

Cas9 gene-editing system 
combining Cas9 RNPs & adeno-
associated viral vector delivery 
of a homologous donor to 
achieve homologous 
recombination at the HBB gene

Electroporation of 80 
million CD34+ HSPCs 
using the 
4D-Nucleofector® LV-Unit

Purification of a 
population of HSPCs 
with > 90% targeted 
integration

Advancing the 
development of next-

generation therapies for 
β-haemoglobinopathies 
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Inducible Cas9 T Cells
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Combining viral and non-viral approaches
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Inducible Cas9 T Cells
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Combining viral and non-viral approaches
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Safety evaluation of CRISPR/Cas9 Genome Editing
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A study in HSPCs

Citation and figure adapted from Cromer et al., 2022,  Ultra-deep sequencing validates safety of CRISPR/Cas9 genome editing in human hematopoietic stem and progenitor cells | Nature Communications 
under Creative Commons License (Attribution 4.0 International)

Nucleofection® of RNPs in primary human hematopoietic 
stem and progenitor cells (HSPCs) using the 4D-
Nucleofector® X Unit

„As CRISPR-based therapies enter the clinic, evaluation of 
safety remains a critical and active area of study.“

Employing a „clinical next generation sequencing (NGS) workflow to 
achieve high sequencing depth and detect ultra-low frequency 
variants across exons of genes associated with cancer, all exons, and 
genome wide“

Lonza Bioscience | June 2023
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4D-Nucleofector® LV Unit
Commercial license

75

*Clinical use requires the approval from the appropriate regulatory authorities

Who needs
the license?

When does
payment start?

Coverage

Fees

• A license is required by the account who owns and 
uses the equipment(s), not by the account who 
finally uses the generated product (if that differs)

• Payment starts upon commercial application of the 
equipment

• Any equipment used by the account is covered
• Any product (used for research or clinical 

applications*) or service is covered

• Fees are to be negotiated
• Payments can be one-time or annual
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Publications and Trials
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With 4D-Nucleofector® LV Unit

Pub lic a t ions

• Nawandar et al. (2022) Human anelloviruses produced by recombinant expression of synthetic genomes. bioRxiv preprint
• Ottoviano et al. (2022) Phase 1 clinical trial of CRISPR-engineered CAR19 universal T cells for treatment of children with refractory B cell leukemia. Sci. Transl. 

Med. 14, eabq3010
• Vazquez-Lombardi et al. (2022) High-throughput T cell receptor engineering by functional screening identifies candidates with enhanced potency and 

specificity. Immunity 55:1953–1966
• Georgiadis et al (2021) Base-edited CAR T Cells for combinational therapy against T cell malignancies. Leukemia 35(12):3466-3481
• Lattanzi et al. (2021) Development of β-globin gene correction in human hematopoietic stem cells as a potential durable treatment for sickle cell 

disease. Science Translational Vol. 13, Issue 59
• Basar et al. (2020) Large-scale GMP-compliant CRISPR-Cas9–mediated deletion of the glucocorticoid receptor in multivirus-specific T cells. Blood Adv 4(14): 

3357–3367
• Brownrigg et al. (2020) Closed-system transposon-mediated manufacture of GMP grade CAR T-cells via the Lonza Nucleofector LV XL. Cytotherapy 22: S382
• Mendt et al. (2018) Generation and testing of clinical-grade exosomes for pancreatic cancer. JCI Insight 3(8). JCI Insight. 2018;3(8):e99263
• Schiroli et al. (2017) Preclinical modeling highlights the therapeutic potential of hematopoietic stem cell gene editing for correction of SCID-X1. Sci Transl

Med 9(411):eaan0820
• Dever et al. (2016) CRISPR/Cas9 β-globin gene targeting in human haematopoietic stem cells. Nature.539(7629):384-389

Clin ic a l t r ia ls

• 2 ongoing
• Further in preparation/IND filing
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https://www.isct-cytotherapy.org/article/S1465-3249(20)30449-7/fulltext
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4D-Nucleofector® LV Unit
1 mL Nucleocuvette® Cartridge
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Up to 1 x 108 cells

Manual filling via sterile injection port

1 mL filling volume

Video tutorial: Large volume transfection for cell and 
gene therapy | Lonza

Provided together with cell-specific
Nucleofector® Solution

Lonza Bioscience | June 2023

https://bioscience.lonza.com/lonza_bs/CH/en/4d-nucleofector-lv-unit-for-large-volume-transfection
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4D-Nucleofector® LV Unit
1 mL Nucleocuvette® Cartridge
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Up to 1 x 109 cells

Automatic filling via reservoirs (or bags)

Up to 20 x 1 mL filling volume

Video tutorial: Large volume transfection for cell and 
gene therapy | Lonza

Provided together with cell-specific
Nucleofector® Solution

Lonza Bioscience | June 2023

https://bioscience.lonza.com/lonza_bs/CH/en/4d-nucleofector-lv-unit-for-large-volume-transfection
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Genome Editing
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Transfection of Human Induced Pluripotent Stem Cells
Technical Reference Guide and Citations
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Byrne et al., (2015) Multi-kilobase homozygous targeted gene replacement in human 
induced pluripotent stem cells | Nucleic Acids Research | Oxford Academic (oup.com). 
Nucleic Acids Res 43(3): e21

Yang et al., (2013) Optimization of scarless human stem cell genome editing | Nucleic 
Acids Research | Oxford Academic (oup.com). Nucleic Acids Res 41:9049-61

Tanudjojo et al., (2021) Phenotypic manifestation of α-synuclein strains derived from 
Parkinson’s disease and multiple system atrophy in human dopaminergic neurons | 
Nature Communications Nat Comm 12, 3817

Grobarczyk et al., (2015) Generation of Isogenic Human iPS Cell Line Precisely 
Corrected by Genome Editing Using the CRISPR/Cas9 System | SpringerLink. 
Stem Cell Rev and Rep 11:774–787

Chavez et al., (2015) Highly efficient Cas9-mediated transcriptional programming | 
Nature Methods. Nat Meth 12(4): 326–328

Byrne and Church, (2015) CRISPR‐Mediated Gene Targeting of Human Induced 
Pluripotent Stem Cells - Byrne - 2015 - Current Protocols in Stem Cell Biology. 
Curr Prot Stem Cell Biol 35:5A.8: -1-5A.8.22
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https://academic.oup.com/nar/article/43/3/e21/2411028
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Nucleofection® of iPSC-derived Dopaminergic Neurons
Tanudjojo et al. Nat.Comm. 2021
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Citation and figure adapted from Tanudjojo et al., (2021) Phenotypic manifestation of α-synuclein strains derived from Parkinson’s disease and multiple system atrophy in human dopaminergic neurons | Nature 
Communications under Creative Commons License (Attribution 4.0 International)

Induced α-synuclein aggregation in human iPSC-derived dopaminergic neurons using
fibrils from Parkinson's disease

Identified 56 proteins differentially interacting with aggregates triggered by brain-amplified fibrils,
e.g. DJ-1 protein

Knock-out of DJ-1 in iPSC-derived dopaminergic neurons enhance fibril-induced aggregation
and neuronal death

DJ-1, the SNCATRIP iPSC clone was transfected with two sgRNAs and CRISPR Hifi Cas9 protein (IDT), 
1.5 Mio. Cells, P3 Solution, Nucleofector® Program CA-167

Lonza Bioscience | June 2023
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Genome Editing
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Case Study: Arrayed CRISPR screening in primary SAECs
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Workflow: 384-well Nucleofection® Process

Dickson et al. (2023) Highly scalable arrayed CRISPR mediated gene silencing in primary lung small airway epithelial cells - SLAS Discovery Volume 28, Issue 2, P29-35

“Small airway epithelial cells (SAECs) play a central role in 
the pathogenesis of lung diseases and are now becoming a 
crucial cellular model for target identification and 
validation in drug discovery. However, primary cell lines 
such as SAECs are often difficult to transfect using 
traditional lipofection methods; (…)”

“Here we have established a robust, scalable, and automated arrayed CRISPR nuclease (CRISPRn) screening workflow for 
SAECs which can be combined with a myriad of disease-specific endpoint assays.”

Lonza Bioscience | June 2023

https://slas-discovery.org/article/S2472-5552(23)00003-5/fulltext
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High Throughput Nucleofector® Systems (96-well and 384-well)
Partial automation vs. full automation

84

Partial automation: Full automation:

Plate handling only (filling of plates, transfer into 
Nucleofector® System); manual control of 
Nucleofector® System

Controlling the Nucleofector® System
via the LH System

Does not require software integration Does require software integration

Lonza Bioscience | June 2023
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High Throughput Nucleofector® Systems (96-well and 384-well)
Full automation

85

4D-Nucleofector® 96-well Unit: 384-well HT Nucleofector® System:

Does require software integration Does require software integration

To automate the 4D-Nucleofector® 96-well Unit we 
offer the 4D-Nucleofector® Automation Package 
(SBA-3001)

• Serial number specific automation software

• Automation Server Interface documentation (API)

• CAD files (4D-Nucleofector® Core and 96-well Unit)

• Simulation software can be provided to support the 
full integration

Automation Package included
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Arrayed CRISPR Screening in COVID Research
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For further reading

Wang et al., Cell, 2021:
Genetic Screens Identify Host Factors for SARS-CoV-2 and Common Cold Coronaviruses: Cell 

Gordon et al., Science, 2020:
Comparative host-coronavirus protein interaction networks reveal pan-viral disease mechanisms | Science

Aim: Identifying viral entry factors for SARS-CoV-2 and other coronaviruses

Method: Genome wide CRISPR Screens in relevant cell lines

Result: Insights on the coronavirus life cycle with potential impact on the development of host-directed therapies

Aim/ Method:  Carry out “comparative viral-human protein-protein interaction and viral protein localization analysis” for SARS-Cov-2, 
SARS-CoV-1 and MERS-CoV and “subsequent functional genetic screening” to identify “host factors that functionally impinge on 
coronavirus proliferation”

Result: Identification of „important molecular mechanisms and potential drug treatments that merit further molecular
and clinical study“

Lonza Bioscience | June 2023

https://www.cell.com/cell/fulltext/S0092-8674(20)31626-3?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867420316263%3Fshowall%3Dtrue
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Arrayed CRISPR Screening in Drug Discovery
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For further reading

Shan Yu et al., ACS Chemical Biology, 2022:
Genome-wide CRISPR Screening to Identify Drivers of TGF-β-Induced Liver Fibrosis in Human Hepatic Stellate Cells

Aim: Identification of new and better druggable targets for treatment of liver fibrosis

Method: Arrayed genome-wide CRISPR/Cas9 screen in Hepatic stellate cells

Result: Identification of novel and  previously known regulators of liver fibrosis

Lonza Bioscience | June 2023

https://pubs.acs.org/doi/pdf/10.1021/acschembio.2c00006
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Videos on YouTube

+32 87 321 6511

Supporting Nucleofection® Experiments

88

Lonza resources

EU

Scientific Support  EU/ROW & USBioscience Homepage & Product Pages

Electroporation and Nucleofector® Technology | Lonza

Protocols, Citation List, Bench guides, 
Brochures, White Paper, Toss Sheets, etc.

Lonza Knowledge Center

www.knowledge.lonza.com 4D-Nucleofector® Platform - The Story Of - YouTube

scientific.support.eu@lonza.com scientific.support@lonza.com

800 521 0390 (toll free)

US
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Lonza Cologne GmbH – Nattermannallee 1, 50829 Köln, Germany

For research use only. Not for use in diagnostic procedures.

Alt-R™ is a Integrated DNA Technologies trademark. PiggyBac® is a Poseida Therapeutics, Inc. 
trademark. The Nucleofector® Technology is covered by patent and/or patent pending rights owned 
by the Lonza Group Ltd or its affiliates. All trademarks belong to Lonza, registered in USA, EU or CH or 
to third party owners and used only for informational purposes. All third party copyrights have been 
reproduced with permission or belong to Lonza. The information contained herein is believed to be 
correct and corresponds to the latest state of scientific and technical knowledge. However, no 
warranty is made, either expressed or implied, regarding its accuracy or the results to be obtained 
from the use of such information and no warranty is expressed or implied concerning the use of these 
products. The buyer assumes all risks of use and/or handling. Any user must make his own 
determination and satisfy himself that the products supplied by Lonza Group Ltd or its affiliates and 
the information and recommendations given by Lonza Group Ltd or its affiliates are (i) suitable for 
intended process or purpose, (ii) in compliance with environmental, health and safety regulations, and 
(iii) will not infringe any third party’s intellectual property rights. The user bears the sole responsibility 
for determining the existence of any such third party rights, as well as obtaining any necessary 
licenses.

For more details: www.lonza.com/legal.
© 2023 Lonza. CD-PP140 06/23

https://www.lonza.com/legal.
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