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Lucas Lange?, Axel Schambach?, Berislav Bosnjak ™ and Reinhold Férster ™*

" Institute of Immunology, Hannover Medical School, Hannover, Germany, ? Institute of Experimental Hematology, REBIRTH
Cluster of Excellence, Hannover Medical School, Hannover, Germany

To present antigens to cognate T cells, dendritic cells (DCs) exploit the chemokine
receptor CCR7 to travel from peripheral tissue via afferent lymphatic vessels to
directly enter draining lymph nodes through the floor of the subcapsular sinus.
Here, we combined unlimited proliferative capacity of conditionally Hoxb8-immortalized
hematopoietic progenitor cells with CRISPR/Cas9 technology to create a powerful
experimental system to investigate DC migration and function. Hematopoietic progenitor
cells from the bone marrow of Cas9-transgenic mice were conditionally immortalized by
lentiviral transduction introducing a doxycycline-regulated form of the transcription factor
Hoxb8 (Cas9-Hoxb8 cells). These cells could be stably cultured for weeks in the presence
of doxycycline and puromycin, allowing us to introduce additional genetic modifications
applying CRISPR/Cas9 technology. Importantly, modified Cas9-Hoxb8 cells retained
their potential to differentiate in vitro into myeloid cells, and GM-CSF-differentiated
Cas9-Hoxb8 cells showed the classical phenotype of GM-CSF-differentiated bone
marrow-derived dendritic cells. Following intralymphatic delivery Cas9-Hoxb8 DCs
entered the lymph node in a CCR7-dependent manner. Finally, we used two-photon
microscopy and imaged Cas9-Hoxb8 DCs that expressed the genetic Ca®* sensor
GCaMPB6S to visualize in real-time chemokine-induced Ca?* signaling of lymph-derived
DCs entering the LN parenchyma. Altogether, our study not only allows mechanistic
insights in DC migration in vivo, but also provides a platform for the immunoengineering
of DCs that, in combination with two-photon imaging, can be exploited to further dissect
DC dynamics in vivo.
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INTRODUCTION

A key feature of dendritic cells (DCs) is their capability to migrate
and transport antigens from peripheral tissues to secondary
immune organs, thus inducing tolerogenic and inflammatory
immune responses (1, 2). This migration is mediated mainly
by the interaction of the chemokines CCL19 and CCL21 with
their receptor, CCR7, expressed on DCs (3). In peripheral tissues,
haptotactic gradients of CCL21 secreted by lymphatic endothelial
cells attract CCR7" DCs toward lymphatic capillaries (4) where
locally released CCL21 regulates their entry into the vessel lumen
(5, 6). Within lymph capillaries, DCs actively follow CCL21
chemokine gradients crawling toward collecting vessels, in which
they are passively transported by lymph flow toward the lymph
node (LN) (7). Lymph delivers transported cells into the LN
subcapsular sinus (SCS), a space between LN capsule and cortex,
where lymphatic endothelial cells lining the SCS ceiling form
CCL21 (and possibly CCL19) gradients crucial for direct DC
transmigration through SCS floor toward the T cell zone (8, 9).
Although the CCL19/21-CCR? axis is indisputably the main
axis regulating DC migration, many questions regarding the
mechanisms of DC migration and function remain unresolved
and hamper development of novel therapeutic and vaccination
strategies. For example, it would be crucial to establish the relative
importance of several other chemokine receptors and their
ligands implicated in the migration of DCs, including CX3CL1-
CX3CRI1 (10) as well as CXCL12-CXCR4 (11). Furthermore,
it would be essential to directly compare deficiency of various
receptors implicated in DC migration through tissue, such
as C-type lectin receptor CLEC-2 (12), hyaluronan (13), or
sphingosine 1-phosphate receptors (14). Moreover, it would
be important to visualize contributions of divergent signaling
cascades, including genes involved in calcium signaling and
cytoskeletal organization, in various stages of DC migration
(1, 15). Last of all, these studies would need to be done in complex
three-dimensional environments, ideally ex vivo or in vivo (16).
The recent discovery and application of clustered, regularly
interspaced, short palindromic repeats (CRISPR)/CRISPR-
associated nuclease (Cas9) technology in eukaryotic cells
presented a milestone for genome engineering due to its
simplicity (17-20). Single guide RNA (sgRNA) screens in bone
marrow (BM) cells from mouse strains that express Streptococcus
pyogenes Cas9 have already identified genes involved in B cell
activation and differentiation (21) and DC activation (22, 23).
However, another level of the CRISPR/Cas9 technology can be
achieved by its coupling to long-term in vitro hematopoietic
progenitor cell lines. These hematopoietic precursors, transiently
immortalized by retroviral transduction with an estrogen-
inducible form of the transcription factor Hoxb8 (24), were
recently used for further transduction with lentiviruses coding
for Cas9 and guide RNAs (gRNAs) (25, 26). Grajkowska et

Abbreviations: BM, bone marrow; cDC, conventional dendritic cell; DC,
dendritic cell; Dox, doxycycline; dTom, dTomato; GCaMP6S, GFP-Calmodulin-
M13-6 slow; GM-CSE, granulocyte macrophage colony-stimulating factor; LPS,
lipopolysaccharide; LN, lymph node; M-CSE, macrophage colony-stimulating
factor; pDC, plasmacytoid dendritic cell; pt, post transduction; Puro, puromycin;
SCS, subcapsular sinus; sgRNA, single guide RNA.

al. used CRISPR/Cas9 to target E protein transcription factor
TCF4 in either protein coding or enhancer region to decipher
mechanisms by which isoform-specific TCF4 expression controls
the development of plasmacytoid DCs (25). Leithner et al.
used a similar system to target Itgb2, coding for integrin p2,
and Ccr7 and reported that the knockout cells are impaired
in integrin-mediated adhesion to glass surfaces and migration
toward CCL19 in 3D collagen gels, respectively (26).
Transduction with Cas9 expressing lentiviruses used in
previous studies, however, requires antibiotic selection that is
time consuming and might affect differentiation potential of
transiently immortalized Hoxb8" hematopoietic progenitor cells
(25, 26). To circumvent that problem, we used bone marrow
(BM) cells from a Cas9 expressing mouse strain (22) and
lentivirally transduced them with an inducible form of the
transcription factor Hoxb8, creating conditionally immortalized
murine hematopoietic cells. These cells could be expanded
for weeks in cell culture, providing sufficient time for their
genetic engineering by successive transductions with lentiviral
vectors encoding for sgRNAs, while at the same time retaining
their potential for differentiation into DCs, macrophages or
granulocytes. Our lentiviruses also coded for fluorescent proteins,
allowing not only for the selection of successfully transduced
cells with gene editing, but at the same time also facilitated their
tracking in vivo. We used Cas9-Hoxb8-derived DCs to track
CCR7-mediated DC migration and visualize CCR7-mediated
calcium signals while entering LN via afferent lymphatics.

MATERIALS AND METHODS

Animals

Mice were bred at the Central Animal Facility at Hannover
Medical School under specific pathogen-free conditions. The
following mouse strains were used: C57BL/6] (as donors for
the generation of immortalized progenitor cells), C57BL/6N (as
recipients for Hoxb8 cell-derived dendritic cells), B6J.129(Cg)-
Gt(ROSA)26Sortm1.1(CAG-cas9*,-EGFP)Fezh/]  (designated
here as Cas9 mice), B6-Tg(TcraTcrb)1100Mjb Ptprca-Pepcb/Boy
(OT-I Ly5.1 mice), B6Cg-Tg(TcraTcrb)425Cbn/] (OT-II Ly5.1
mice). All experiments were conducted in accordance with the
local animal welfare regulations reviewed and approved by the
institutional review board and the “Niedersachsisches Landesamt
fiir Verbraucherschutz und Lebensmittelsicherheit (LAVES).”

Antibodies and Staining Reagents

Following antibodies and staining reagents were used in
this study: Brilliant Violet 510 anti-mouse I-A/I-E (clone
M5/114.15.2), PE-Cy7 anti-mouse CD11c (N418), APC rat IgG2c
k Isotype control (RTK4174), PerCP-Streptavidin, PerCP-Cy5.5
anti-mouse CD8a (53-6.7), PerCP anti-mouse CD4 (RM4-5),
APC anti-mouse CD40 (3/23), APC anti-mouse CD80 (16-
10A1), APC Armenian Hamster IgG Isotype control (HTK888),
FITC anti-mouse MHCII/I-Ab (AF6-120.1), APC rat I1gG2b «
Isotype control (RTK4530), PE-Cy7 anti-mouse CD11b (N418)
(all from Biolegend), PE anti-mouse CD11b (M1/70), PE anti-
mouse TCR Va2 (B20.1) (all from Invitrogen), eF660 anti-
mouse CDI11b (M1/70), eF450 anti-mouse CD11b (M1/70),
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PE anti-mouse F4/80 (BMS8), PE anti-rat IgG2a k-Isotype
control (BR2a), APC anti-mouse CXCR4 (2B11), Alexa Fluor
488 anti-mouse Lyve-1 (ALY7), APC anti-mouse CD117/cKit
(ACKa), PE anti-mouse CD135/FIt3 (A2F10), APC anti-mouse
CDl1c (N418), PE-Cy7 anti-mouse Ly-6A/E/Sca-1 (D7), biotin
anti-mouse CD115/M-CSFR (AF598), APC anti-mouse Ly6C
(HK1.4), PE-Cy7 anti-mouse CD45.1 (A20), biotin rat IgG2a
k Isotype control (eBR2a), PE rat IgG2b k Isotype control
(eB149/10H5), APC anti-mouse CD86 (GL1), APC rat IgG2a «
Isotype control (eBR2a), PE anti-mouse CD197 (CCR7) (4B12),
APC anti-mouse CD197 (CCR7) (4B12), APC-eF780 anti-mouse
Ly-6G/GR-1 (RB6-8C5; all from eBioscience), ATT0647 GFP-
Booster (ChromoTek), FITC anti-mouse CD317 (PDCA-1; JF05-
1C2.4.1) (Miltenyl Biotec), PE anti-mouse CD11c (HL3) (BD
Biosciences), PE-Streptavidin and Cy5 anti-mouse B220 (TIB146;
both homemade).

Vector Construction and Viral Particle

Production

Third generation lentiviral self-inactivating (SIN) vectors co-
expressing respective sgRNAs and fluorescent marker genes
were based on pLKO_TRC005 (Addgene) and constructed in
the following manner. sgRNA transcripts are initiated from
human RNA polymerase III promoter U6 (hU6) and expression
of the fluorescent marker genes is driven by enhancer/promoter
sequences of the spleen focus forming virus (SFFV). To facilitate
cloning of gene targeting protospacer sequences into the
vector backbone, a 105 bp-BsmBI-stuffer sequence was inserted
downstream of hU6 and upstream of the sgRNA scaffold. Nuclear
export and stabilization of the vector’s mRNA transcripts
were enhanced by incorporation of the post-transcriptional
regulatory element of the Woodchuck hepatitis virus (PRE)
(27, 28). pLKO5.hU6.sgRNA.BsmBI-Stuffer.SFFV.dTomato.PRE
was generated by replacing the Tet2 protospacer
sequence of pLKO5.hU6.sgRNA.Tet2.SFFV.dTomato.PRE
with  the BsmBI-Stuffer from pRRL.PPT.hU6.BsmBI-
Stuffer.SF.SpCas9.T2A.dTomato.PRE.LoxP  using restriction
enzymes Ndel and EcoRIL. pLKO5.hU6.sgRNA.BsmBI-
Stuffer.SFFV.Cerulean.PRE and pLKO5.hU6.sgRNA.BsmBI-
Stuffer.SFFV.eYFP.PRE were obtained by removal of dTomato
from  pLKO5.hU6.sgRNA.BsmBI-Stuffer.dTomato.PRE  via
Agel and Bsrgl and insertion of Agel/BsrGI digested Cerulean
or EGFP ¢DNAs from pRRL.PPT.SF.Cerulean.PRE and
pRRL.PPT.PGK.eYFP.Tubulin.PRE  (both kindly provided
by Tobias Maetzig, Hannover Medical School, Hannover,
Germany), respectively.

Protospacer sequences were designed with the online tools
CRISPR Design (http://crispr.mit.edu/) (Zhang Lab, MIT,
2015) or CCTop (https://crispr.cos.uni-heidelberg.de/) (29).
Generation of pLKO5.hU6.sgRNA.Ccr7.SFFV.dTomato.PRE
is described elsewhere (30). Lentiviral vectors expressing
sgRNAs targeting Cxcr4 and Trpml were cloned as follows:
designed sequences were ordered as oligonucleotides carrying
BsmBI overhangs at their 5-ends. After phosphorylation
and annealing of the respective oligonucleotide pairs, the
double-stranded protospacer DNA was incorporated into the

BsmBI site of pLKO5.hU6.sgRNA.BsmBI-Stuffer.dTomato.PRE,
pLKO5.hU6.sgRNA.BsmBI-Stuffer.Cerulean.PRE and/or
pLKO5.hU6.sgRNA.BsmBI-Stuffer.eYFP.PRE  according to
Heckl et al. (31). The following gene targeting protospacer
sequences were used: Ccr7, GTTTGGCGTCTACCTGTGTAA;
Cxcrd, ACGTTTTCATCCCGGAAGCA; Trpmll, TGCCAG
CGGTACTACCACCG (sgRNA 1) and GGGCTGGTGAGGT
CCCCACC (sgRNA 3).

The lentiviral SIN vector RRL.PPT.T11.
Hoxb8 hPGK.M2.P2A.Puro.pre  (LV.T11.Hoxb8.Puro)  was
generated from construct pRRL.PPT.T11.MCS.PGK.M2.pre. We
introduced a codon-optimized mouse Hoxb8 transgene (protein
coding sequence see NCBI Reference Sequence: NP_034591.1)
under the inducible T11 Tet promoter (32). Codon optimization
was performed with the GeneArt algorithm (ThermoFisher). The
reverse transactivator M2 is constitutively expressed from the
human phosphoglyceratekinase (hPGK) promoter. For selection,
we used the puromycin resistance gene 3 of M2, fused by a P2A
self-cleaving site (33, 34). Details are available on request.

Lentiviral particles were produced by transient transfection of
293T cells based on the calcium phosphate precipitation method
assisted by 25 wM chloroquine (Calcium Phosphate Transfection
Kit and chloroquine from Sigma-Aldrich). 293T packaging
cells were con-transfected with 15 pg pcDNA3.gp.4xCTE
(HIV-1 Gag-Pol) (35), 5 pg pRSV-Rev (kindly provided by
T. Hope, Northwestern University, Chicago, IL, USA), 3 g K73
pEcoEnv-IRES-puro (36) and 5 pg sgRNA-expressing vector.
Supernatants were harvested 24 and 48 h after transfection and
100-fold concentrated by ultracentrifugation (16-18h, 13,238
x g, 4°C). Viral pellets were resuspended in IMDM (Biochrom)
supplemented with 10% FBS (PAA Laboratories), 1% penicillin-
streptomycin, and 1% glutamine (Gibco) (designated as complete
IMDM) and stored at —80°C.

The  MLV-based gammaretroviral vector  plasmid
pRSF91.GCaMP6S.i2.dTomato.pre was generated in
multiple steps. First, the GCaMP6F open reading frame of
pGP.CMV.GCaMP6F (37) was amplified with primers 5'-
ATCCGCTAGCGCTACCGGTCTCAGATCTCG-3'  (forward)
and 5'-GGTATGGCGGATCCTGATCTAGAGTCGCGG-
3’ (reverse), thereby introducing 5 the Agel and 3’ the
BamHI restriction site. The GCaMP6F amplicon was
subcloned into a shuttle vector and verified by sequencing.
Next, GCaMP6F was excised via Agel/BamHI (1,395 bp)
and ligated with 346 bp (BamHI/Bspml) and 5,849 bp
(BspmI/Agel) fragments of pRSF91.i2.dTomato.pre to obtain
pRSF91.GCaMP6F.i2.dTomato.pre.  Subsequently, part of
the GCaMP6F cDNA was replaced with relevant sequences
of GCaMP6S via a 4-fragment ligation. For this purpose,
pGP.CMV.GCaMP6S (37) was cut with Nhel and Notl and
the 1,321 bp GCaMP6S fragment was ligated with 1,307 bp
(NotI/BsrGI), 4,427 bp (BsrGI/Mscl) and 535bp (Mscl/Nhel)
fragments from pRSF91.GCaMP6F.i2.dTomato.pre.  The
resulting vector plasmid pRSF91.GCaMP6S.i2.dTomato.pre was
also verified by sequencing.

The  production  of  ecotropic  gammaretroviral
RSF91.GCaMP6S.i2.dTomato.pre vector particles was conducted
as previously described (38, 39). The supernatants were 50-fold
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concentrated via ultracentrifugation at 13,238 x g and 4°C for
16-20h. Viral vector pellets were resuspended in StemSpan
medium and stored at —80°C until further usage.

Generation and Cell Culture of Hoxb8

Progenitor Cell Lines

Mouse hematopoietic stem and progenitor cells were isolated
from C57BL/6] or Cas9 mice using a lineage cell depletion kit
(Miltenyi). A total of 1 x 10° cells were pre-stimulated for 48 h
in StemSpan SFEM (Stem Cell Technologies) supplemented
with rm-IL-3 (20 ng/pl), rm-SCF (50 ng/pl), rh-Flt-3L,
rh-IL-11 (each 100 ng/pl; all cytokines from PeproTech),
and 1% penicillin-streptomycin (PAN Biotech) in a 24-well
suspension plate (Sarstedt). Cells were transduced with
LV.T11.Hoxb8.Puro particles (2x MOI 2.5) two times on
Retronectin (Takara Clontech) coated wells in medium
containing 4 mg/ml protamine sulfate (Sigma-Aldrich). For
expansion, we transferred cells to 48-well plates and changed
the medium to complete IMDM supplemented with cytokines
as described above (except rm-SCF: 100 instead of 50 ng/ul) in
the presence or absence of 1pg/ml doxycycline (Dox; Takara
Clontech) and/or 0.3-1pg/ml puromycin (Puro; Invivogen).
On day 4 post transduction (pt), cultures were passaged to
6-well plates and the vector copy number (VCN) per cell was
determined as previously described (40). Cultures were fed every
2-3 days and diluted on day 8, 15, and 38pt to 1 x 10° cells
in 4ml of medium. On day 22-26 pt, samples selected with
puromycin and doxycycline were frozen with 2 x 10° cells per
aliquot in 90% FBS + 10% DMSO (Merck).

For transduction of Cas9-Hoxb8 cells, viral particles (MOI
4.5 of 50x concentrated GCaMP6S encoding particles and 100
ul of 100x concentrated sgRNA encoding particles) were bound
to Retronectin (Takara Clontech)-coated 96-well plates (Sarstedt)
by centrifugation (30 min—2h, 2, 000 x g, 4°C). After removing
the supernatant, Cas9-Hoxb8 cells resuspended in complete
IMDM medium supplemented with rm-SCE rh-IL-11, rh-FIt3L,
rm-IL-3, Dox, Puro and polybrene (Sigma-Aldrich; 4 jg/ml)
were added to the plate, centrifuged (45 min, 700 x g, 32°C) and
incubated at 37°C. In some cases, cells were incubated 30 min
prior to and during transduction with 10 wuM cyclosporine A
(Sigma-Aldrich). After 24 h, cells were washed and resuspended
in fresh complete IMDM medium supplemented with rm-SCE,
rh-IL-11, rh-FIt3L, rm-IL-3, Dox, and Puro.

Generation of Macrophages

Macrophages were generated in vitro based on a protocol
described by Ho and Sly (41). Briefly, bone marrow cells were
cultured overnight in complete IMDM. Non-adherent bone
marrow cells were collected the next day. Hoxb8 cells or non-
adherent bone marrow cells were then transferred to complete
IMDM supplemented with 5 ng/ml rm-M-CSF (Immuno Tools)
and 150 pM 1-thioglycerol (Sigma-Aldrich). After 6 days of M-
CSF culture, Hoxb8 and bone marrow cells, which have not
become adherent by then, were removed and the remaining
adherent cells were further cultured in the presence of M-CSF
and 1-thioglycerol until analysis on day 9.

Generation of DCs

DCs were generated in vitro as described previously (3).
Briefly, bone marrow cells or Hoxb8 cells were cultured
for 9 days in RPMI medium (Gibco) supplemented with
10% FBS (PAA Laboratories), 1% penicillin-streptomycin, 1%
glutamine (Gibco), 2-mercaptoethanol (Sigma), and cell culture
supernatant from a GM-CSF producing cell line (5% final
concentration). On day 8 of culture, aliquots of cells were
collected and stained for the expression of markers specific
for DC, macrophages or monocytes. For activation, cells were
treated with lipopolysaccharide (LPS; 1 pg/ml; Sigma-Aldrich)
at day 8 of culture for the remaining 16h. In all cases, DC
differentiation and maturation status was assessed by analysis of
the CD11c and MHCII expression. For intralymphatic injection,
GM-CSEF-differentiated cells were selected based on cell size by
fluorescence-activated cell sorting to enrich DCs and to remove
dead cells and doublets. Sorting yielded a purity of 78-89%
CD11c"MCHIIT cells.

To check for their potential to differentiate into conventional
or plasmacytoid DC (cDCs and pDCs, respecitvely) BM cells or
Hoxb8 cells were cultured for 9 days in RPMI medium (Gibco)
supplemented with 10% FBS (PAA Laboratories), 1% penicillin-
streptomycin, 1% glutamine (Gibco), 2-mercaptoethanol
(Sigma), together with cell culture supernatant from a FIt3L
producing cell line, as described previously (42). On day 8-9 of
culture, cells were harvested and analyzed by flow cytometry.

Dendritic Cell-Induced Proliferation of T

Cells in vitro

DCs were generated as described above. During the final
16h of culture, they were incubated in the presence of
lipopolysaccharide (LPS; 1g/ml; Sigma-Aldrich) and chicken
ovalbumin grade VI (200 jLg/ml, Sigma-Aldrich). After being
washed twice, 10* DCs were co-cultured in round-bottom 96-
well plates with 10° eFluor 670-labeled CD8* or CD4™ T cells
isolated by magnetic cell separation (CD8a+ or CD4+ T Cell
Isolation Kit mouse, Miltenyi) from spleens and lymph nodes of
OT-1Ly5.1 or OT-II Ly5.1 mice, respectively. After 3 days of co-
culture, T cell proliferation was determined by flow cytometry on
LSRII (BD) and analyzed with FlowJo (TreeStar) v.7 and v.10.

Transwell Migration Assay

10° in vitro differentiated DCs were resuspended in 100
pl complete RPMI and loaded in collagen-coated transwells
(Corning BV, 5 um pore size) that were placed in 24-well plates
containing 600 pl complete RPMI containing 0, 10, 100 or
200 ng/ml CCL21 (Peprotech). After incubation for 2h at 37°C
5% CO», migrated cells were collected and a defined number of
6 wm YG Fluoresbrite Microparticles (Polysciences) were added
for counting of migrated cells by flow cytometry.

Gene Editing Efficiency Analysis

DNA was isolated from Hoxb8 cells using QIAmp DNA
Mini Kit (Qiagen) and sgRNA target sites were amplified
by PCR with NEBNext® High-Fidelity 2X PCR Master
Mix (New England Biolabs). The following primers were
used: Ccr7 exon3: 5-TGTGCTTCTGCCAAGATGAG-3/, 5'-
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TCAGCCCAAGTCCTTGAAGA-3’;  Mcolnl/Trpmll  exon
2: 5-GGGAGATCAGAAAGGATAACATC-3', 5-ACTCAT
TGCACATGAAGTTCTC-3’; and Mcolnl/Trpmll exon 4: 5'-
ACCATTGCCTTCCGACATCT-3/,  5-GGTGTGCAAGTGA
CAAGGTTA-3'. PCR reactions were purified using QIAquick
PCR Purification Kit (Qiagen) for Sanger sequencing. The
composition and frequency of insertions and deletions (INDELS)
was analyzed using ICE software (Synthego; https://ice.synthego.
com/#/) (43).

Intralymphatic Injection

Intralymphatic transfer of Hoxb8 cell-derived DCs with
or without gene modifications was performed as described
previously (9). Briefly, 4 x 10* cells of a defined population were
injected in 5 pl of PBS into the afferent lymphatic vessel of the
popliteal LN. In comparative studies, a total of 8 x 10* cells of a
1:1 mixture of two populations were injected. Popliteal LNs were
subsequently analyzed using either two-photon microscopy or
immunohistology (see below).

Two-Photon Microscopy

LNs were explanted immediately after intralymphatic injection
and glued into a custom-built perfusion chamber using tissue
adhesive (Surgibond). During imaging, LNs were continuously
superfused with prewarmed, oxygenated (95% O, and 5%
CO;) RPMI medium supplemented with 5 g/l Glucose (Sigma)
as described earlier (44). Images were acquired with an
upright Olympus BX51 microscope equipped with a W Plan-
Apochromat 20x/1.0 DIC objective (Zeiss), TrimScope scanning
unit (LaVision Biotech), and Mai Tai Titanium:sapphire pulsed
infrared lasers (Spectra-Physics). For excitation of GFP and
dTomato the laser was tuned to 920 nm. Time-lapse series were
generated on a view field of 300 x 300 x 90-100 um for up
to 2h with 15-17 images acquired per z-stack every 15-17s.
Imaging data was analyzed using Imaris 7.4-8.4 (Bitplane). A
median filter was applied on all movies to reduce background
noise. Tracking of cells was performed automatically based on
the dTomato signal of the cells. Manual corrections were applied
where required and dead or dying cells were excluded from
the analysis. GCaMP6S mean intensity values (arbitrary units)
were exported to Excel (Microsoft). To account for difference
in GCaMP6S expression between cells and differences between
the location of cells within LNs, normalized GCaMP6S values for
each frame were calculated as a difference of GCaMP6S signal
and mean GCaMP6S value for the subsequent 3 minutes (12
frames) of the same track. Finally, data points with GCaMP6S
normalized value > 1,000 arbitrary units were considered as Ca?*
signals (see also Figure 11B for details).

Immunohistological Analysis

Popliteal LNs were explanted 4 h after intralymphatic injection,
fixed overnight in 2% paraformaldehyde (PFA; Carl Roth) plus
30% (vol/vol) sucrose, embedded in Tissue-Tek OCT (Tissue-
Tek, Sakura), and frozen on dry ice. 8 wm thick cryosections were
counterstained in TBS/T (Tris-buffered saline + 0.05% Tween
20) at room temperature using anti-Lyve-1 antibody and GFP
booster. High-resolution composite images of whole LN sections

were acquired with a Zeiss AxioScan Z1 (Plan-Apochromat
objective: 10x/0.45 M27; camera: Axiocam 506 mono) or a
Olympus BX61 (UPlanSApo objective: 10x/0.4; camera: F-View
II), respectively. All pictures were contrast adjusted. Distribution
of cells and distance measurements to the SCS were performed
using Imaris and Image] as described earlier (8).

Statistical Analysis

All analyses were done with GraphPad Prism (v4 or v7). We
calculated p-values using the non-parametric Mann-Whitney
test or Fisher’s exact test for comparison of two groups, or
Kruskal-Wallis test with Dunn’s test to compare multiple groups.
All data are pooled from at least two independent experiments,
as indicated below each figure, and p < 0.05 was considered
statistically significant.

RESULTS

Generation of Cas9-Hoxb8 Cells

In contrast to previous studies, which used an estrogen-
regulated form of Hoxb8 (24-26), we generated a doxycycline
(Dox)-inducible third generation lentiviral vector for Hoxb8-
mediated immortalization of murine hematopoietic cells. For
enrichment of transgene positive cells, we also introduced
a puromycin (Puro) selection cassette. To verify the vector-
dependent immortalization of primitive hematopoietic stem and
progenitor cells, we first transduced lineage-negative cells from
C57BL/6] mice followed by cell culture in the presence of mSCE,
hulL-11, huFIt3L, mIL-3, Dox, and Puro. Cells expressing the
Hoxb8 construct were rescued from Puro treatment until day
15 post transduction (pt), whereas non-transduced cells showed
low cell numbers and viability (Figure 1A). To allow for further
genome modification with CRISPR/Cas9 technology, we isolated
lineage-negative cells from Cas9 mice and selected them with the
same strategy as described for the C57BL/6] mice. Only gene-
modified cells survived longer than 15 days pt (Figure 1B). These
cells, which we could stably culture for at least 16 weeks, were
used for further experiments and were designated as Cas9-Hoxb8
cells.

Cas9-Hoxb8 cells showed a roundish cell shape (Figure 1C)
and expressed c-Kit, while expression of Sca-1 was absent
(Figure 1D), indicating that the cells are skewed toward the
myeloid rather than lymphoid lineage. In addition, Cas9-Hoxb8
cells partially expressed CD11b, Ly6C and the M-CSF receptor,
while CD11c could not be detected on their surface and Flt3
was only marginally expressed (Figure 1D). Low Flt3 expression
did not result from receptor internalization as a consequence of
culture in the presence of FIt3L, as FIt3L deprivation for 24 h did
not result in FIt3 upregulation on the surface of Cas9-Hoxb8 cells
(data not shown).

Cas9-Hoxb8 Cells Have the Potential to
in vitro Differentiate Into Macrophages and
Dendritic Cells

To further characterize the Cas9-Hoxb8 cells, we assessed their
myeloid potential by withdrawing mSCE hulL-11, huFIt3L, mIL-
3, Dox, and Puro and exposing the cells to established in
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FIGURE 1 | Immunoengineering of conditionally immortalized Hoxb8 cells from murine bone marrow. (A,B) Development of cell numbers and viability of
lineage-negative BL6 (A) or Cas9 (B) bone marrow cells after mock infection or transduction with a Hoxb8-encoding lentivirus and subsequent culture in the presence
or absence of doxycycline (Dox), and puromycin (Puro). (A) Cell numbers and viability from day 15 post transduction (pt) are shown. (C) Morphology (bright-field
microscopy after cytospin and Pappenheim staining; scale bar: 25 um) and (D) flow cytometric analysis of Hoxb8 cells grown in medium with mSCF, hulL-11, huFIt3L,
miIL-3, doxycycline, and puromycin. Data are representative of two independent experiments (C,D).
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FIGURE 2 | Phenotype of Cas9-Hoxb8 cell-derived macrophages. (A) Phenotype and (B) morphology (oright-field microscopy; scale bar: 50 wm) of primary BM cells
(1° BM) or Cas9-Hoxb8 cells cultured in the presence of M-CSF for 9 days. Gray curves depict isotype controls. Data are representative of two independent
experiments.

vitro myeloid cell differentiation protocols. First, the cells were  described by Ho and Sly (41). On day 9 of M-CSF culture,
cultured in the presence of macrophage colony-stimulating factor ~ Cas9-Hoxb8 cells exhibited expression of CD11b as well as
(M-CSF) according to a macrophage differentiation protocol  F4/80 (Figure 2A) and the characteristic adherent morphology
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FIGURE 5 | Phenotype of primary bone-marrow derived DCs (1° BM DCs) and Cas9-Hoxb8 DCs in CM-CSF cultures before LPS activation. Flow cytometric analysis
of cells cultured for 8 days in the presence of GM-CSF. Without LPS activation, both (A) 1° BM and (B) Cas9-Hoxb8 cells were su_bdivided on the basis of CD11c,
MHCII and CD11b expression. Histograms show surface expression of the markers indicated on MHCIINCD1 1bl© (red) and MCHIIMCD1 1pM (blue) myeloid cell

of macrophages (Figure 2B), just like macrophages derived from
primary, freshly isolated bone marrow (1° BM) cells, which were
treated according to the same protocol. The responsiveness of
Cas9-Hoxb8 cells to M-CSF is consistent with their expression
of the M-CSF receptor (Figure 1D).

Next, we tested the differentiation potential of Cas9-Hoxb8
cells toward pDCs. Therefore we replaced mSCE hulL-11,
huFIt3L, mIL-3, Dox and Puro by FIt3L. Surprisingly—and in
contrast to primary BM cells—Cas9-Hoxb8 cells failed to acquire
a pDC phenotype (CD11b~PDCA-17B220"; Figure 3). This
unexpected observation is presumably due to the low expression
of Flt3 on Cas9-HoxB8 cells (Figure 1D) impeding their FIt3L-
driven differentiation into pDCs.

Next, we replaced mSCE hulL-11, huFIt3L, mIL-3, Dox, and
Puro with granulocyte-macrophage colony-stimulating factor
(GM-CSF), which triggers the in vitro generation of dendritic
cells and granulocytes. After 9 days of GM-CSF culture, cells were
treated with the TLR4 agonist lipopolysaccharide (LPS) to induce
DC maturation. GM-CSF-differentiated and LPS-treated Cas9-
Hoxb8 cells showed a phenotype very similar to GM-CSF-treated
and LPS-matured primary bone marrow cells, characterized
by a major population of DCs (CD11c*MHCII™) and smaller
population of granulocytes (GR-1*MHCII™) (Figure 4A). In
addition, GM-CSF-differentiated and LPS-activated Cas9-Hoxb8
cells strongly up-regulated the co-stimulatory molecule CD80
and the chemokine receptor CCR7 (Figure 4A). Interestingly,
although CD80 expression on Cas9-Hoxb8 cells was comparable

to the level found on LPS-activated BM-DCs, CCR7 was
expressed at slightly lower levels as compared to BM-DCs
(Figure 4A). Further, Cas9-Hoxb8 cell-derived DCs acquired the
typical morphology of BM-derived DCs (Figure 4B).

Interestingly, before LPS stimulation cells from both primary
BM cells and Cas9-Hoxb8 cells express both macrophage and
DC markers (Figure5). This finding is in agreement with
recent observations characterizing GM-CSF cultures of primary
BM cells as a mixture of DCs and macrophages (45). In
contrast, in our hands LPS activation of GM-CSF-differentiated
Cas9-Hoxb8 DCs as well as BM-DCs creates population of
cells showing homogenous expression of CD86 and CCR7
(Figures 4A, 7A). Since both markers are not expressed on BM-
derived macrophages cultured in the presence of GM-CSF (45),
we conclude that—similar to Leithner et al. (26)—Cas9-Hoxb8
cells differentiate into a relatively homogenous population of
myeloid DCs.

In summary, Cas9-Hoxb8 cells possess the potential to in vitro
differentiate into macrophages and dendritic cells.

Cas9-Hoxb8 Cell-Derived Dendritic Cells
Have the Ability to Induce T Cell
Proliferation

Given that GM-CSF-differentiated Cas9-Hoxb8 cell-derived DCs
phenotypically resemble their BM-derived counterparts, we

compared also their functionality for T cell activation. To that
end, we loaded GM-CSF-differentiated Cas9-Hoxb8 as well as
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FIGURE 6 | T cell activation potential of Cas9-Hoxb8 cell-derived DCs. (A) LPS-induced expression of the costimulatory molecules CD40, CD80, and CD86 on DCs
derived from primary BM cells or from Cas9-Hoxb8 cells. Representative plots from three independent experiments. (B) Proliferation profiles of eFluor 670
(eF670)-labeled OT-1 and OT-lI cells cultured for 3 days with Ovalbumin (Ova) loaded, LPS-stimulated BM-derived or Cas9-Hox8 cell-derived DCs. Cells were gated as
DAPI=CD45.1TCD8™ (OT-I) or DAPI=CD45.1tCD4* (OT-ll). Gray curves depict control profiles of OT-I and OT-Il cells which were cultured in the absence of DCs.
Representative plots from three independent experiments. (C) Numbers of OT-I and OT-I cells after co-culture for 3 days with ovalbumin loaded, LPS-stimulated
BM-derived or Cas9-Hox8 cell-derived DCs. Data are pooled from three (OT-I) or four (OT-Il) independent experiments. Red bars, mean; Kruskal-Wallis and Dunn’s
multiple comparisons test; ns, not significant; *p < 0.05; *p < 0.01; ***p < 0.001.

BM DCs with ovalbumin during LPS activation and mixed them
with MHC class I or MHC class II restricted T cells carrying
a transgenic T cell receptor specific for epitopes of ovalbumin.
The cells are known as OT1 and OT2 cells, respectively and
were stained with a proliferation dye prior use. In line with our
previous observations, LPS-matured ovalbumin-loaded Cas9-
Hoxb8 and BM-derived DCs showed an equally pronounced
up-regulation of the co-stimulatory molecules CD40, CD80, and
CD86 (Figure 6A). Consequently, Cas9-Hoxb8 cell-derived DCs
induced a robust proliferation of CD8" OT-I as well as CD4™
OT-II T cells comparable to that induced by BM-derived DCs
(Figures 6B,C). Thus, Cas9-Hoxb8 cell-derived DCs are equally
potent as BM-derived DCs in inducing T cell proliferation.

Cas9-Hoxb8 Cells Provide a Source of
Genetically Modified Dendritic Cells for the
Study of Dendritic Cell Migration

In addition to T cell activation, migration is another key feature
of DCs pivotal for their central role in immunity. For instance, to
present antigens to cognate T cells, DCs travel from peripheral
tissue to draining lymph nodes via afferent lymphatics in a

CCR7-dependent manner (3, 9). To test if Cas9-Hoxb8 cell-
derived DCs rely on the same mechanisms and thus can be
exploited as a tool to study DC migration, we used lentiviral-
based CRISPR/Cas9 technology to knockout Ccr7. Cas9-Hoxb8
cells were transduced with a lentivirus expressing dTomato
(dTom) and sgRNA targeting Ccr7 (30). Successfully transduced
cells were purified by fluorescence-activated cell sorting based
on dTom expression and subsequently differentiated into DCs
in the presence of GM-CSF followed by the treatment with
LPS. Flow cytometric analysis confirmed that dTom* DCs
completely lacked CCR7 expression despite being fully activated
and exhibiting high levels of CD80 (Figure 7A). Interestingly,
sequence trace decomposition that determines the composition
and frequency of insertions and deletions indicated that 4.8%
of cells still had intact sgRNA targeting locus (Figure 7B).
Nevertheless, in contrast to dTom™ Ccr7/* DCs, these Ccr7—/~
DCs were not responsive to CCL21 in in vitro transwell migration
assays (Figure 7C). Furthermore, 4h after injection into the
afferent lymphatics of popliteal lymph nodes, Ccr7t/+ DCs
populated the lymph node T cell zone, whereas Ccr7~/~ DCs
entered the lymph node parenchyma with delayed kinetics and
failed to populate the deep T cell zone (Figure 7D), as it was
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FIGURE 7 | **p < 0.01. (D) Microscopy of popliteal lymph nodes obtained 4 h after intralymphatic injection of YFP-expressing Cer7+/* DCs and dTom-expressing
Ccr7~/~ DCs (6-8 x 104 cells in 5 wl PBS; scale bar: 200 pm). (E) Total cell counts and (F) relative distribution of Cer7t/* and Cer7—/~ DCs 4 h after intralymphatic
injection into popliteal LNs of B6 mice. (G) Migration distance from the subcapsular sinus (SCS) for the Ccr7t/+ and Ccr7—/~ DCs that entered LN parenchyma.
Dots represent cell number per LN section (E) or individual cells (G). Data are representative for (D) or pooled from (E-G) two independent experiments with a total of
7 lymph nodes analyzed. Error bars, SD; red bars, median; Mann-Whitney test; *o < 0.05; ***p < 0.0001.

observed in previous studies applying Ccr7-deficient BM-derived
DCs in a similar setup (9). Quantification showed that there
were significantly less Ccr7~/~ DCs than Ccr7t/* DCs per
picture taken (Figure 7E) and that almost half of Ccr7~/~ DCs
was retained in the SCS, while more than 75% of Ccr7+/+
DCs penetrated into LN parenchyma (Figure 7F). Furthermore,
Ccr7t/+ DCs that penetrated the LN parenchyma from the SCS
floor progressed on average almost 4 times further toward the T
cell zone than Ccr7—/~DCs (Figure 7G).

To further validate and expand our approach, we used
lentiviral-based CRISPR/Cas9 technology to knockout Trpmll,
a gene encoding for the ionic channel TRPMLI (transient
receptor potential cation channel, mucolipin subfamily, member
1). TRPML1 was recently described to be required for fast
and persistent migration of activated DCs, and TRPMLI-
deficient mature DCs migrated less efficiently to the draining
LNs upon injection into the footpad (46). Due to the lack
of TRPMLI-specific antibodies for TRPMLI1 detection by flow
cytometry, we confirmed TrpmlI gene editing by sequence trace
decomposition and found that two selected Trpmll-targeting
sgRNAs (sgRNA 1 and 3) induce gene editing in more than
80% of the Cas9-Hoxb8 cells also expressing the fluorescent
marker Cerulean encoded by the same lentivirus (Figure 8A),
suggesting that the large majority, if not all, transduced cells
has an edited Trpmll gene. Therefore, we used these cells as
Trpmll~/~ Hoxb8-DCs and compared their migration during
entry from afferent lymphatics into the lymph nodes via the
SCS floor to Trpmll*/+ DCs (Figure 8B). We found slightly
less Trpmll~/~ DCs compared to Trpmll*/* DCs within the
draining popliteal LN (Figures 8B,C). More pronounced was
migration impairment of TrpmlI~/~ DCs, preventing them from
entry into the LN parenchyma and 4h after i.l. transfer 41.6 £+
14.7% of these cells still resided in the LN sinus (Figures 8B,D).
Furthermore, analysis of those cells that penetrated the LN
parenchyma from the SCS floor revealed that, on average,
Trpml1™/* DCs had progressed more than 2 times further
toward the T cell zone than Trpml1~/~ DCs (Figure 8E).

Collectively, these data suggest that Cas9-Hoxb8 cell-derived
DCs rely on the same mechanisms for migration like BM-derived
DCs and can therefore serve as an excellent tool to dissect DC
migration.

The Unlimited Proliferative Capacity of
Cas9-Hoxb8 Cells Allows Consecutive
Genetic Manipulations

The fact that Cas9-Hoxb8 cells could be maintained for a period
of at least 16 weeks in the undifferentiated state while keeping full
differentiation capacity offers many experimental benefits. Beside
their potential for generating high numbers of knockout cells or

their storage upon freezing for future experiments, the longevity
also provides the opportunity to knockout multiple genes by
consecutive genetic manipulations. To test this, we transduced
dTom™ Ccr7~/~ Cas9-Hoxb8 cells with a lentivirus expressing
Cerulean and a sgRNA targeting Cxcr4. This second round of
transduction was done in the presence of cyclosporine A, as
this has been demonstrated to enhance the transduction rate by
overcoming a restriction against lentiviruses (47, 48). Transduced
cells as well as control Cas9-Hoxb8 cells were subsequently
differentiated into mature DCs. Flow cytometric analysis revealed
that dTom™ Cerulean™ DCs lacked CCR7 expression and
showed only marginal CXCR4 expression despite being fully
activated and exhibiting high levels of CD80 (Figure 9).

Cas9-Hoxh8 Cells Also Allow Stable
Transduction With Genetically Encoded
Calcium Indicator for Tracking of
Chemokine-Induced Calcium Signals

in vivo

To exploit the full potential of the multiple genetic modifications
in Cas9-Hoxb8-DCs for investigating DC migration, we decided
to retrovirally engineer Ccr7+/* and Ccr7~/~ Cas9-Hoxb8-
DCs to express the genetic calcium (CaZt) sensor GCaMP6S
(37) together with constitutively expressed dTomato. By this
approach we aimed to create DCs proficient or deficient for
CCR7 allowing recording Ca®* signaling in real-time during
DC entry into the LN parenchyma. Initial calcium flux assays
using flow cytometry indicated that CCL21 specifically triggers
calcium flux in Cer7t/* but not Ccr7~/~ Cas9-Hoxb8-DCs
(Figure 10). We next intralymphatically injected GCaMP6S™
Ccr7t/* or Cer77/~ Cas9-Hoxb8-DCs and imaged them by
two-photon microscopy during the first 2h after injection.
Within this time frame, intralymphatically injected DCs are
known to enter the lymph node parenchyma (9). Using this
approach, we observed that many GCaMP6S™ Ccr7t/* Cas9-
Hoxb8-DCs exhibit prominent changes in GCaMP6S intensity
during the recording period, while only few GCaMP6S™
Ccr77/~ DCs showed signal alteration above background
(Figure 11A and Supplementary Video 1). To quantify the Ca?*
signals, we tracked the injected cells based on their expression
of the reporter gene dTomato (not shown) and analyzed
mean intensity values of GCaMP6S intensity as described
in Materials and Methods. Figure 11B illustrates differences
in GCaMP6S intensity of representative GCaMP6S* Ccr7+/+
or Ccr7~/~ Cas9-Hoxb8-DCs. Quantitative analysis revealed
that 39% of injected GCaMP6St Ccr7t/*+, but only 17%
of GCaMP6St Ccr7~/~ Cas9-Hoxb8-DCs had at least one
prominent change in GCaMP6S signal, indicating change in
intracellular Ca?t concentration (Figure 11C). A more detailed
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FIGURE 8 | TRPML1 is required for efficient DC migration from the subcapsular sinus into the lymph node parenchyma. (A) Analysis of the composition and frequency
of insertions and deletions of Cas9-Hoxb8 cells which were transduced with lentiviruses expressing different sgRNAs targeting Trom/7. Cas9-Hoxb8 cells which were
transduced with lentiviruses expressing either sgRNA 1 or 3 were used to generate Troml1 ~/= DCs for further experiments. R, Pearson correlation coefficient; R2
describes how strongly the calculated chromatograph of the indel distribution correlates with the Sanger sequencing results of the sample DNA. (B) Microscopy of
popliteal lymph nodes obtained 4 h after intralymphatic injection of YFP-expressing Trpm/fr/Jr DCs and dTom-expressing Trpmlf/* DCs (1:1 mixture; 8 x 104 cells
in 5 ul PBS; scale bar: 200 wm). Data are representative for three independent experiments with 13 lymph nodes. (C) Total cell counts and (D) relative distribution of
Tromi1+/+ and Tromi1—/~ DCs 4 h after intralymphatic injection into popliteal LNs of B6 mice. (E) Migration distance from the subcapsular sinus (SCS) for the
Tromi1+/+ and TromI1—/~ DCs that entered LN parenchyma. Dots represent average cell number per LN section (C) or individual cells (E). Data are pooled from
three independent experiments with a total of 13 lymph nodes analyzed. Error bars, SD; red bars, median; Mann-Whitney test; ns, not significant; ***p < 0.0001.
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signals were acquired for another 60 s. Data are representative for three independent experiments.
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analysis of cells with changes in GCaMP6S signals indicated
that there is no difference in the median number of calcium
signals per GCaMP6S* Ccr7t/+ and Cer7~/~ Cas9-Hoxb8-DCs
(Figure 11D), but that the average signal duration is significantly
prolonged in cells expressing CCR7 compared to those were Ccr7
had been disrupted (Figure 11E). Overall, these results suggest
that Cas9-Hoxb8-DCs expressing the Ca** indicator GCaMP6S
allow real-time tracking of Ca®* signals during migration and
chemokine recognition in vivo.

DISCUSSION

In this study, we expanded the benefits of CRISPR/Cas9
technology in hematopoietic progenitor cells transiently
immortalized by the transcription factor Hoxb8 which enforces
self-renewal and arrests differentiation (24-26, 49, 50).
Specifically, we conditionally immortalized hematopoietic
progenitor cells from the BM of Cas9-transgenic mice by the

introduction of a Dox-regulated form of Hoxb8 giving rise
to Cas9-Hoxb8 cells. These cells resemble common myeloid
progenitor cells that can be stably kept in the culture for at least
16 weeks (data not shown) and thus provide superfluous time
for multiple genetic modifications by, in our case, consecutive
retroviral or lentiviral transduction, as demonstrated for the
knockout of Ccr7, Cxcr4, and Trpmll. Moreover, overexpression
of the genetically encoded Ca** sensor GCaMP6S demonstrates
that cells with reporter proteins or gene overexpression can also
be obtained with high efficacy. Successfully manipulated cells
can be purified based on the expression of fluorescent proteins,
subsequently expanded, kept in culture and cryopreserved for
future projects. Therefore, the Cas9-Hoxb8 cells presented in
this study offer a fast track toward genetically modified myeloid
cells, circumventing problems associated with low transduction
of primary cells as well as time-consuming and costly breeding
to obtain multiple-gene knockout mice (depicted on Figure 12).

In our hands, Cas9-Hoxb8 cells generated from lineage-
depleted BM cell retained macrophage, dendritic cell and
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FIGURE 11 | CCR7-induced Ca2t signaling during entry of Cas9-Hoxb8-DCs transduced with Ca2* sensor GCaMP6S into the lymph node. (A) Ex vivo time-lapse
imaging of lymph nodes within 5 min after intralymphatic injection of 4 x 104 Cer7+/* Hoxb8-DCs (left) or Ccr7—/~ Hoxb8-DCs (right) transduced with Ca?* sensor
GCaMP6S. White arrowheads indicate cells with changes in GCaMP6S signal intensity, indicating changes in CaZ* concentration within the cell. For more details see
Supplementary Video 1. Scale bar represents 15 um. (B) Changes in GCaMP6S signal intensity for each 5 GCaMP6S* Cer7t/* Cas9-Hoxb8-DCs and
GCaMP6ST Cer7—/~ Cas9-Hoxb8-DCs. Data are represented as a difference in GCaMP6S signal intensity for each time point to the median value for next 3 min.
Horizontal dashed lines depict thresholds [defined as a change in a signal intensity >1,000 arbitrary units (a.u.)] used to detect Ca2t signals. (C) Pie-charts indicating
the percentage of GCaMP8S™ Ccr7+/+ Cas9-Hoxb8-DCs or GCaMP6S™ Cer7—/~ Cas9-Hoxb8-DCs with changes in Ca2™ signals. There is a significant difference
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0.05), while ns indicates no significant difference (Mann-Whitney test). Data are representative (A,B) or pool (C-E) of 6 independent experiments with total of 7 lymph
nodes per cell type.

granulocyte potential. Interestingly, they did not differentiate
into ¢cDCs and pDCs in the presence of FIt3L. The non-
responsiveness of Cas9-Hoxb8 cells to FIt3L might be linked to
their marginal Flt3 expression (Figure 1D). In contrast, Redecke
and colleagues reported that conditionally immortalized early
hematopoietic progenitor cells from crude preparations of BM
cells were dependent on FIt3L and could be induced by this
factor to differentiate into ¢cDCs and pDCs (24). Moreover,
the Hoxb8 cells used in that study even retained B cell and
limited T cell potential (24). Likewise, Hoxb8+ hematopoietic
progenitor cells transduced with Cas9 maintained their potential
to differentiate into pDCs, which was exploited to investigate

the role of E protein TCF4 in pDC development (25). Observed
differences between these Hoxb8 cells (24, 25) and our Cas9-
Hoxb8 cells most likely could be attributed to the differences
in the experimental protocols used for immortalization of
hematopoietic progenitor cells from BM, such as differences in
viral vector design or viral particle tropism leading to the selective
infection of progenitors lacking pDC potential. Similarly, the
cytokine cocktail, in which the immortalized cells are raised
and propagated, presumably shapes their lineage potential. The
combination of mSCE, hulL-11, huFIt3L and mIL-3, which we
employed here, has been described to support good proliferation
of progenitor cells while shifting them toward the myeloid lineage
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FIGURE 12 | Scheme of generation, maintenance, genetic modification and differentiation of Cas9-Hoxb8 cells. Lineage-negative cells from the bone marrow of Cas9
transgenic mice were conditionally immortalized by lentiviral transduction introducing a doxycycline (Dox)-regulated form of the transcription factor Hoxb8 and a
puromycin (Puro) selection cassette. Cas9-Hoxb8 cells could be kept for weeks in a non-differentiated state by culture in the presence of mSCF, hulL-11, huFIt3L,
miL-3, Dox, and Puro. Genetic modifications such as overexpression or CRISPR/Cas9-mediated knockout could be introduced by viral transduction. Successfully
targeted cells were selected based on fluorescence-activated cell sorting. The longevity of Cas9-Hoxb8 cells provided the opportunity to knockout multiple genes by
consecutive genetic manipulations. For differentiation into macrophages or dendritic cells (DCs), mSCF, hulL-11, huFIt3L, mIL-3, Dox, and Puro were replaced with
macrophage colony-stimulating factor (M-CSF) or granulocyte-macrophage colony-stimulating factor (GM-CSF).

(51) which is in line the with limited lineage potential that  transferred into the footpad of recipient mice (46). To clarify
we observed in our study. Thus, in the future, further culture =~ whether TrpmliI-deficient DCs are impaired in exiting from
protocols employing different combinations of cytokines, suchas  peripheral tissue or in exiting from the subcapsular sinus toward
those described by Lodish Lab (52-55), remain to be tested fora  the deep T cell zone, we intralymphatically injected TrpmlI-
better preservation of the stemness of immortalized cells. deficient DCs generated from GM-CSF- and LPS-stimulated
GM-CSF-derived CD11TMHCIIT DCs from bone marrow  Cas9-Hoxb8 cells and found that they translocated slower
have been described to be phenotypically heterogeneous, as  from the SCS to the T cell zone of the LN than Trpmli*/*
they expand from divergent hematopoietic progenitors (45). In  DCs.
this regard, the unlimited proliferative capacity of immortalized Besides being a potent tool for investigation of gene function
progenitor cells might offer new possibilities to obtain a defined by their mutation, Cas9-Hoxb8 cells also provide an opportunity
population of either only monocyte-derived macrophage or  to investigate cellular functions by gene overexpression or
exclusively conventional DC resembling cells from a GM-  expression of different reporters. Here, we have focused on
CSF differentiation culture. This could be possibly achieved by  chemokine-induced Ca?t signaling by tracking changes in
either sorting of defined monocyte or dendritic cell precursor  intracellular Ca** concentration in migrating DC expressing
populations from bone marrow as targets for viral transduction  the genetically encoded Ca?t sensor GCaMP6S (37). Our
with Hoxb8 or, alternatively, by subcloning of cells after Hoxb8-  combination of immunoengineering approach and two-photon
mediated immortalization. microscopy allowed us to gain in vivo insights into chemokine
Within the scope of our study, we focused on Cas9-Hoxb8  receptor-induced signaling cascades involved in the entry process
cells as a source of genetically modified dendritic cells for the  of DCs arriving via afferent lymphatics. Intralymphatically
investigation of dendritic cell migration. In line with previous  administered BM-derived DCs transmigrate through the floor of
observations with Hoxb8-FL cells (24), GM-CSF-differentiated =~ LN subcapsular sinus in a highly directional way that depends
Cas9-Hoxb8 DCs showed the classical phenotype and T cell ~ on the interaction of CCR7 with its ligands CCL19 and CCL21
activation potential of GM-CSF-differentiated BM-derived DCs. (8, 9). While long lasting Ca”signals were present in 39% of
Further, they entered the lymph node following intralymphatic =~ GCaMP6ST Ccr7/+ Cas9-Hoxb8-DCs, they were only observed
injection in a CCR7-dependent manner in a similar fashion in 17% of GCaMP6ST Ccr7~/~ Cas9-Hoxb8-DCs. As Ca’*
as described earlier for BM-derived DCs (9). In the present  signals were observed in both, migrating DCs and DCs remaining
study, we also addressed the role of the lysosomal ion channel  sessile in the SCS for entire observation period of 2h, we
TRPMLI in homing of lymph-delivered DCs. A recent study  speculate that Ca®" signals observed in Ccr7-deficient cells
reported that TRPML1 is required for persistent migration and  might arise from the recognition of other chemokines such
chemotaxis of activated DCs and Trpmll~/~ mature DCs were ~ as CXCLI12 that is also present in the subcapsular sinus, or
less efficient in migrating to the draining lymph node when  derive independent from any chemokine receptor signaling. As
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alterations of intracellular Ca?* concentrations are involved in
many DC functions, including their migration and formation
of immunological synapses with T cells (15, 56), it will
be crucial in future experiments to employ our GCaMP6S™
Cas9-Hoxb8 cells to knockout additional genes involved in
various aspects of DC function including Trpmll, Cdc42, or
RhoA, which are all known to contribute for DC migration
(46, 57).

Altogether, the  proliferative  capacity and  gene
editing potential of Cas9-Hoxb8 cells represent a potent
platform that simultaneously enables multifaceted gene
editing and overexpression of genetic reporters in
many different cell types, allowing, in combination with
immunophysics, almost indefinite possibilities for studies

of hematopoietic cell differentiation and immune cell
function.
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