1' frontiers
in Immunology

ORIGINAL RESEARCH
published: 28 May 2019
doi: 10.3389/ mmu.2019.01138

OPEN ACCESS

Edited by:
Toshiyuki Murai,
Osaka University, Japan

Reviewed by:
Bernd Knoll,
University of Ulm, Germany
Craig T. Lefort,
Rhode Island Hospital, United States

*Correspondence:
Susanna Carola Fagerholm
susanna.fagerholm@helsinki.

TThese authors have contributed
equally to this work

*Present Address:

Markus Moser,

Center for Translational Cancer
Research (TranslaTUM), TUM School
of Medicine, Technische Universitat
Munchen, Munich, Germany

Stephan W. Morris,

HealthChart LLC, Memphis, TN,

United States

Specialty section:
This article was submitted to
Molecular Innate Immunity,
a section of the journal
Frontiers in Immunology

Received: 07 January 2019
Accepted: 07 May 2019
Published: 28 May 2019

Citation:
Guenther C, Faisal |, Uotila LM,
Asens ML, Harjunpaa H, Savinko T,
Ohman T, Yao S, Moser M, Morris SW,
Tojkander S and Fagerholm SC (2019)
A b2-Integrin/MRTF-A/SRF Pathway
Regulates Dendritic Cell Gene
Expression, Adhesion, and Traction
Force Generation.
Front. Immunol. 10:1138.
doi: 10.3389/ mmu.2019.01138

Check for
updates

A b2-Integrin/MRTF-A/SRF Pathway
Regulates Dendritic Cell Gene
Expression, Adhesion, and Traction
Force Generation

Carla Guenther *, Imrul Faisal ', Liisa M. Uotila ', Marc Llort Asens *, Heidi Harjunpaa ?,
Terhi Savinko !, Tiina Ohman 2, Sean Yao?, Markus Moser #, Stephan W. Morris %%
Sari Tojkander 22 and Susanna Carola Fagerholm *

1 Fagerholm Lab, MIBS, University of Helsinki, Helsinki, Fand, 2 Institute of Biotechnology, University of Helsinki, Heldk
Finland,® Department of Veterinary Biosciences, University of Hefgii, Helsinki, Finland? Department of Molecular Medicine,
Max Planck Institute of Biochemistry, Martinsried, Germany Department of Pathology, St. Jude Children's Research
Hospital, Memphis, TN, United States® Department of Hematology-Oncology, St. Jude Children's Reearch Hospital,
Memphis, TN, United States

b2-integrins are essential for immune system function becae they mediate immune
cell adhesion and signaling. Consequently, a loss df,-integrin expression or function
causes the immunode ciency disorders, Leukocyte AdhesiorDe ciency (LAD) type | and
[ll. LAD-11l is caused by mutations in an important integriregulator, kindlin-3, but exactly
how kindlin-3 regulates leukocyte adhesion has remained @ompletely understood.

Here we demonstrate that mutation of the kindlin-3 binding e in the b2-integrin

(TTT/AAADB2-integrin knock-in mouse/Kl) abolishes activation of theactin-regulated

myocardin related transcription factor A/serum responsedctor (MRTF-A/SRF) signaling
pathway in dendritic cells and MRTF-A/SRF-dependent genexgression. We show that
Ras homolog gene family, member A (RhoA) activation and laemtous-actin (F-actin)
polymerization is abolished in murine TTT/AAA2-integrin Kl dendritic cells, which leads
to a failure of MRTF-Ato localize to the cell nucleus to coantate genes together with SRF.
In addition, we show that dendritic cell gene expression, adesion and integrin-mediated
traction forces on ligand coated surfaces is dependent on ta MRTF-A/SRF signaling
pathway. The participation ofb2-integrin and kindlin-3-mediated cell adhesion in the
regulation of the ubiquitous MRTF-A/SRF signaling pathwaiy immune cells may help
explain the role ofb2-integrin and kindlin-3 in integrin-mediated gene regution and

immune system function.

Keywords: dendritic cells, adhesion, MRTF-A, SRF, MKL-1, L AD-lll, traction force

INTRODUCTION

Leukocyte adhesion is an essential process in immunity. sidheis necessary for leukocyte
surveillance in tissues, phagocytosis, lymphocyte homaukdcyte extravasation, T-cell priming,
and cytotoxic killing. One of the most important group of adiien molecules on leukocytes are
the b2-integrins.b2-integrins are transmembrane proteins consisting of bhehain CD18 which

forms heterodimers with the foua-chains: CD11a, CD11b, CD11c, and CD11d, forming 4 di erent
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receptors e.g., CD11a/CD18 (LFA-1a by, ITAL Ag), WT dendritic cells (2). While these experiments indicate that
CD11b/CD18 (Mac-l,avby, CR3, ITAM Ag), CD11c/CD18 activeb2-integrins suppress the mature, migratory dendritic cell
(p150p95,axby, CR4, ITAX Ag), CD11d/CD18aphy, ITAD  phenotype, the signaling pathways downstreanb2{integrins
Ag) (D). that mediate this phenotypic switch have not been identi ed.
b2-integrins participate in the leukocyte adhesion cascade SRF has been termed the master regulator of the cytoskeleton
where they mediate slow rolling and rm adhesion to theas this transcription factor regulates the expression of many
endothelium @). During this process b2-integrins bind cytoskeletal genes. The majority of SRF-mediated transonipt
intercellular adhesion molecules (ICAMs) expressed omf cytoskeletal genes has been shown to be dependent on
endothelial cells. In addition to ICAM$2-integrins also bind to its cofactor MRTF-A. In leukocytes, MRTF-A/SRF have been
a vast variety of other ligands such as complement protein iC3shown to regulate the expression of cytoskeletal proteins as
during phagocytosis3). well as b2-integrins ((4-16). The MRTF-A/SRF pathway is
Integrins have been found to transmit signals bidirectibyya activated in response to external cell stimuli which initefe
which means that they mediate inside-out and outside-imactin polymerization downstream of RhoA activation. MRTF-
signaling during cell adhesion. On resting leukocytesdntes A constantly shuttles between the cytoplasm and the nucleus
are typically in an inactive, bent conformation which prevent but has been shown to be mainly cytoplasmic in resting cells.
ligand binding @). Intracellular signaling initiated for example by In the cytoplasm MRTF-A is bound to G-actin, thus upon F-
chemokine receptors eventually leads to integrin conforomatl  actin polymerization MRTF-A is released and free to shuttte in
changes into an active conformation that has an increaseattyg  the nucleus. Nuclear MRTF-A then initiates gene transcriptio
for ligands (inside-out signaling) 4f. Subsequent integrin- together with SRF1(7).
ligand binding results in further recruitment of integrinsnd Here we show that kindlin-3-regulatdoR-integrin adhesion
cytoskeletal proteins to the adhesion site, followed by iteg is required for signaling via RhoA and actin to initiate MRTF-
mediated outside-in signaling leading to further cellulaanges. A nuclear localization in dendritic cells. Furthermore, deitid
Integrin conformational changes are regulated by bindifig ocell adhesion, traction force generation and gene expnessio
cytoplasmic cofactors to the cytoplasmic tail of th2integrin  is regulated by MRTF-A/SRF signaling. These results may
(5). The best characterized integrin cofactor is talin, whish help explain the role ob2-integrins and kindlin-3 in gene
associated with the active (high a nity) integrin conforrtian  regulation in leukocytes, leukocyte adhesion processes and
and mediates further binding of cytoplasmic proteins such agmmune responses.
actin and focal adhesion kinasé€)( Talin has been shown to
mediate integrin downstream signaling under higher fordesv METHODS
and intermediate force transmission is mediated by another
cytoplasmic integrin cofactor, kindlirgj. Mice
The importance of adhesion molecules, their ligands and theiBone marrow was collected from euthanized male and female
cytoplasmic interaction partners is demonstrated in a groupC57Bi/6NCrl (Charles River), previously described TTT/AAA
of immunode ciencies termed leukocyte adhesion de cie®i b2-integrin knock-in mice (1) (8-39 weeks) and full MRTF-
(LAD). While LAD-I is caused by reduced or abolishedA knockout and control mice previously described in Cheng
expression ab2-integrins (7), LAD-IIl is caused by the mutation et al. (L8). Fetal liver cells were collected from Kindlin-3 and
or absence of kindlin-3. LAD patients experience recurrentontrol mice. Experiments were performed according to Fihnis
bacterial and fungal infections as well as severe bleetihg\D-  Act on Animal Experimentation (62/2006) and approved by the
Il only) as a result of impaired leukocyte and platelet adbesi  Finnish National Animal Experiment Board. Kindlin-3 and
Kindlin-3-null mice have a similar phenotype as LAD- control mice were handled in strict accordance with regioias
Il patients, demonstrating the importance of kindlin-3 in in Germany regarding the use of laboratory animals.
integrin regulation §). While it has been demonstrated that
only a low level of kindlin-3 is required to enable prope2- Dendritic Cell Culture
integrin function ©), the exact mechanism by which kindlin-3 Dendritic cells were generated by culturing bone marrow%er
regulates adhesion remains incompletely characteriz8d We 10 days (media change on day 3; 6 and 8) in 10 ng/ml GM-CSF
have previously established a mouse model with a TTT/AAAPeprotech) RPMC10% FCS, 100 U/ml Pen/Strep and 2 mM L-
b2-integrin  knock-in mutation, which results in kindlin-3 glutamine. In some experiments, &1 CCG1423 (Cayman) was
being unable to bind td2-integrins and consequently a loss used to inhibit MRTF-A for 2 days before experiments.
of leukocyte adhesionl1(). Furthermore, the reduced2-
integrin/kindlin-3 interaction leads to a range of phenotgpi Immunohistochemistry
changes in leukocytesl1-13). Interestingly, TTT/AAAb2-  1x1® dendritic cells on uncoated, iC3b &/ml; Calbiochem)
integrin K1 dendritic cells (DCs) display an increased mattisn ~ or bronectin (10mg/ml; Calbiochem) coated coverslips were
phenotype. They express higher level of costimulatory markeserum starved for 1h with 0.3% FCS/RPMI, followed by
such as CD40, CD80, CD86, chemokine receptors (CCR7) arsgrum stimulation (15% FCS 30min). In adhesion stimulation
produce more cytokines (IL-12, IL-10) than wild type cells.experiment WT and Kl dendritic cells were detached, serum
KI dendritic cells also display increased migration to lymphstarved in suspension for 1h and stimulated with replating the
nodes and induce increased Thl resporisesvo compared to cells on glass coverslips or on iC3b coated coverslips fordlls C
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were xed with 4% PFA. F-actin content of 25-100 cells/adimaTraction Force Microscopy
was assessed via measurement of corrected total cell cemes 200.000 dendritic cells in 2 ml whole media were incubate@lfio
(CTCF) of TRITC-phalloidin (Sigma) as described in Abashidzen iC3b (6ng/ml in PBS Calbiochem) -coated silicone-based gel
et al. (19). All slides were imaged using a Leica SP5 Il (Leicaubstrates (Young's Moduli3 1 kPa)(Matrigen, USA).
Microsystems) LAS AF Lite Software, with 561 Laser (10% laser For MRTF-A = and control experiments, cells were
power). Z-stacks were taken with the following parametersplated on elastic polyacrylamide (PAA) gel substrates (Yaeung'
Spectral Range: 570-779 nm, QD405/488/561/635 mirror,tISmaviodulus D 1 kPa) @2). Substrates were covered with
Gain 800V, Smart O set 0,0%, Pinhole 111m8, Zoom: 1,00; sulfate uorescent microspheres (Invitrogen, diameter 269
Objective 63X, z-Distance 8.083, 55 steps, Format 512512. excitation wavelength 488) before coating with iC3b. Sulfo
MRTF-A staining was performed on non-starved, serumSANPAH (Sigma-Aldrich) was used as a linker in between the
starved, and serum stimulated cells. After xation cellsrave substrate and the coating. Cells were incubated on sulestfat
permeabilized with 0,2% Triton-x/PBS for 5min and stainedlh prior to imaging. Single cells together with the underlying
for 1h with anti MRTF-A (C-19, sc-21558, Santa Cruzbeads were imaged with 3l Marianas imaging system (3l

Biotechnology) 1:100 in 1%FBS/PBS. intelligent Imaging Innovations, Germany) &37 C in 5%
COy. A63x/1.2 W C-Apochromat Corr WID0.28 M27 objective
RhoA Bound GTP Level was used. Following live cell imaging, cells were detached fro

The RhoA activity was assessed via RhoA G-LISA Activatiofe gel substrates with 10 Trypsin (Lonza) and a second
Assay Kit (Cytoskeleton Inc, Denver) according to theSet of nanobead images, serving as reference images, were
manufacturers instructions. Samples were collected frorRPbtained. Spatial maps of cell-exerted nanobead displacements
serum starved cells to acquire a non-stimulated baselired v Were achieved by comparing the reference bead images togethe
GTP-bound RhoA (determined for each biological repeat and s¥ith the experimental images. With the knowledge of the bead
to 1). Based on this value the fold change of RhoA activatias w displacement elds, substrate stiness (1 kPa), and a manual
calculated for serum-stimulated cells (serum starvataifotved — trace of the cell boundary, the cell-exerted traction eldsres

by 15% FCS for 10 min). All samples were collected on ice argPMputed by using Fourier Transform Traction Cytomet&&(

snap frozen in liquid nitrogen within 10 min after lysing ticells ~ 24). The root mean squared magnitude was computed from the
and stored at 80 C until G-LISA was run. traction eld.

Cell Migration Assays

Static Adhesion Assay I o .
Static adhesion assay with resting and activated (200 nNUPdB3D migration assays were performed withSlide Chemotaxis

Sigma-Aldrich) cells at 0.2 x S@elis/mi on ICAM-1 (6mg/mi; S0 (1Pidi) imaging slides according the manufacturers jrcsl.
. ] . Brie y, dendritic cells were mixed into a 1.5 mg/ml bovine
R&D Systems) and iC3b (fg/ml; Calbiochem) was performed . - L . .
. . . . collagen | (cellsystemsSlides) mix and injected into thae'sl
as previously describe@(). Rescue experiments with MRTF-A thin imaging strin. After 45min collagen polvmerization. ook
were performed after cell transfection as follows: CD11b, €D1 ging P gen poly !

W, CDIA TTTIAAA, NRITE-A_ (21 n pCDNAS Luectoror % S50 g e medng s sere ledl g
a combination of them were transfected into COS-1 cellsgisin g~

Xfect (Takara) following the manufacturer's guidelinedtef systems). Qne slide was used for ea_ch condmgn, assays were
. . repeated 3 times. Dendritic cells were imaged using 3| Marianas

transfection, the cells were incubated for 48 h at@before . . . . . .

A . . imaging system (3l intelligent Imaging Innovations, Gemga
static adhesion and western blot experiments. o S : :

by utilizing multipoint imaging. Controls were always image

before treated or knock-in/-out dendritic cells. A 10x/0.3C E
Western Blot . . Plan-Neo uar Ph1 WDD 5.2 M27 objective was used, the dish
Transfected cells were lysed in M-PER lysis buer (Thermqygg placed in a heated sample chami@87 C), controlled for

Scienti ¢) in the presence of phosphatase and protease inhigito CO,. Cells were imaged using bright eld, for 4 h every minute.
(Pierce), and lysates were analyzed by Western blottingnary

antibodies against MRTF-A, and against myc-tag were fronquR

Santa Cruz. Total RNA was isolated from WT and WT MRTF-A inhibited
dendritic cells with Nucleospin RNA kit (Macherey-Nagel)
Flow Cytometry and converted into cDNA with High-Capacity cDNA Reverse

Following Fc block (eBiosciences, 93) cells were staingdtiee  Transcription kit (Thermo Fisher Scientic) according to
following antibodies: CD11a-PE (BioLegend, 2D7), CD18BeFI the manufacturers' protocols. The quantitative Real-Time
(BD Biosciences, C71/16) CD11c-PE-Cy7 (eBioscience,)N418CR (qRT-PCR) was performed by using Tagman chemistry.
CD11b-APC (BioLegend, M1/70), CD80-APC (eBioscience, 1@®rie y, the cDNA was ampli ed in a 1Im volume containing
10A1), CCR7-PE (BioLegend, 4B12), CD40-PE (BioLegendl, x TagMan Fast Advanced Master Mix and predeveloped
3/23), CD86-FITC (BD Biosciences, GL1). FITC-conjugatedagMan primers and probes (CCR7 Mm01301785 ml,
antibodies were used at 1:100 dilution, all other antibediere CD1la Mm00801807_m1). 18S rRNA (Eukaryotic 18S rRNA
used at 1:200 dilution. Data were acquired using a LSRFseetesEndogenous Control, Thermo Fisher Scienti c) was used as a
(BD) and analyzed using FlowJo software (TreeStar, USA). reference gene and no template control (NTC) was included in
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each assay. Reactions were run with CFX96 Touch Real-TinRESULTS

PCR Detection System (Bio-Rad) with a program consisting . . .
initial steps of 50C for 2 min and 95C for 20 s followed by 40 OthA Aqtlva}tlon and F.'ACtm
cycles of 95C for 3's and 60C for 30's. Each sample was run in POlymerization Following Extracellular
triplicate. qRT-PCR data was analyzed by using CFX MaestiStimuli Are Reduced in

(Bio-Rad) and nalized with Excel(Microsoft). Relative wit TTT/AAA- b2-Integrin KI Dendritic Cells
were calculated by using the comparative i@ethod which has 2 _integrin-mediated leukocyte adhesion to integrin ligan

been described elsewhef), requires the interaction betweds2-integrin and kindlin-3 (L1,
12). Reducedb2-integrin/kindlin-3 interaction in TTT/AAA-
mRNA Sequencing b2-integrin Kl dendritic cells leads to marked changes in gene

The sequencing was performed at the Biomedicum Functiong@*Pression and cellular reprogramming to a migratory phenotype
Genomics Unit (FUGU) of the University of Helsinki with (12). To identify pathways downstream of kindlin-3 that are
the Illumina NextSeq500 using a NextSeq Mid Output 15dnvolved in integrin/kindlin-3-regulated gene expression i
cycle ow cell. From &g of total RNA from each biological dendritic cells, we performed Ingenuity Pathway Analysis\JIP
replicate (4 MRTF-A= and 4 MRTF-A7, age matched), of gene expression data from WT and Kl dendritic cell§)( This
Library preparation was done using a NEBNExtUItra™ software combines algorithms with published datasets of arim

Il Directional RNA Library Prep Kit for lllumina (E7760) literature, public and third-party databases to identify mcllar
and mRNA enrichment was done by NEBNext Poly(A) interactions, causations and model pathways. As indicated in
mRNA Magnetic Isolation Module (E7490), according to Table 1, the MRTF-A/SRF pathway was predicted to be inhibited
manufacturer’s protocols. 10 PCR cycles were used. Lilsrarié@S & consequence of the redut@eintegrin/kindlin-3interaction
concentrations were determined by Qubit, while quality aimés N TTT/AAA-b2-integrin KI dendritic cells.

distribution were analyzed using Bioanalyzer 2100. Fastsjare The MRTF-A/SRF pathway is regulated by actin dynamics
deposited at NCBI's Gene Expression Omnibus (GEO) databaiie cells. G-actin-bound MRTF-A remains cytoplasmic, whilst

with BioProject ID PRJINA535475 and BioSample accessidih0A-induced F-actin polymerization releases this traipsion
number SAMN11506732. factor. MRTF-A is subsequently free to translocate into the

nucleus where it initiates transcription of cytoskeletahge

. together with SRF1(7, 31, 32). Based on the IPA prediction that
RNA-Seq Data Analysis the MRTF-A/SRF pathway is inhibited in KI dendritic cells, we
The sequencing quality of raw RNA-Seq reads f.rom fastq leswagst set out to investigate RhoA activity and actin polymeziion
evaluated by FastQC (http://www.bioinformatics.babratem i, WT and Ki cells. Indeed, RhoA activity in serum-stimuldte
uk/projects/fastqc/). Sequencing reads were then aliggaéhat el was lower in KI cells compared to WT celRigure 14)
the mouse reference genoméys musculusGRCmM38.95)  4nq in addition, serum-stimulated F-actin polymerizatiorasv
by HISATZ @6). Transcripts were counted using HTSedsjgnjcantly decreased in KI dendritic cells compared to WT
(27). Dierential expression analysis was performed by the Ryengritic cells Figures 1B,Q. These results show that2-

Bioconductor package DESeq2d( using <0.05 as cuto for  inteqrins are upstream of RhoA-mediated F-actin polymeiizat
the adjusteg-value. Heatmaps were generated from normalizegh, gendritic cells.

expression (regularized log transformation) values foivrdhal
samples that were obtained from DESeq2.

MRTF-A Nuclear Shuttling Is Impaired as a

_ ) Result of Mutated CD18 or Deleted
Pathway Enrichment Analysis Kindlin-3

All the di erentially expressed genes having adjuspz-dalue As F-actin polymerization initiates MRTF-A nuclear shuttin
<0.05 (calculated by DESeqz2) were ranked by their log2 f0|déllowing regulation of gene transcription together with SRF

changes. Pathway enri_chmentanalysisforGO biological psoce 33 34) we investigated serum-induced MRTF-A shuttling
of the ranked gene list was done with the GSEA softwarf gonqritic cells. In resting as well as serum starved

version 3.0 £9) against C5 gene ontology biological procesgyenyitic cells MRTF-A was mainly cytoplasmic independent of

dataset (versi_on 6.2) downloaded from molecular Signatur‘F‘unctionalb2-integrin/kind|in-3 interaction, as expected. Serum
database (MSigDB). The GSEA output was further processed and

visualized using EnrichmentMap (version 3.2.0) on Cytpsca
(version 3-7-1)- In addition, pathway enrichment analySiB foTABLE 1| IPA was performed with gene expression pro les from KIN D 3.
reactome pathways was performed by g:Pro [&8)(

Upstream Molecule type Predicted p-value of
Lo regulator activation overlap
Statistics state
The Student's 2-tailetitest and Mann-Whitney test, were used
SRF Transcription regulator 3,01E-10

to calculate statistical signi cance in prism. For tractiéorce b N
microscopy and migration assays Mann-Whitney tests werd.useVRTF-8/MKL2 Transcription regulator Inhibited 1.888-09
All p—values are shown as0.05.<0.01 .<0.005 MRTF-A/MKL1 Transcription regulator Inhibited 4,24E-09
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the b2-integrin ligand iC3b could induce MRTF-A nuclear
shuttling in DCs. Indeed, placing DCs on iC3b allowed for
MRTF-A nuclear shuttling in WT but notb2-integrin Ki
DCs (Figure 2B. However, placing theb2-integrin Kl cells
on bronectin-coated surfaces, which allows fod-integrin-
mediated adhesion of these cells, allowed for MRTF-A nuclear
shuttling both in the absence and presence of serbigure 2.
These results show that integrin-mediated adhesion, rettien
integrin/kindlin signaling, is responsible for the shuttjrof this
transcription factor in DCs.
0.0 These results conrm that MRTF-A nuclear shuttling is
- +Serum regulated by kindlin-3 regulatedp2-integrin-mediated cell
adhesion, which in turn mediates RhoA activation, F-actin
polymerization and MRTF-A nuclear shuttling in dendritic
cells. These results further conrm the bioinformatics dat
showing that b2-integrin/kindlin-3 regulates MRTF-A/SRF-
mediated gene expression in dendritic cells.

4. ¢ 4 ; -.“’
” =T mm  Inhibition of MRTF-A in WT Dendritic Cells
Does Not Regulate Dendritic Cell
Costimulatory Molecule Expression or Cell
e so Migration in 3D
We have previously shown that thie2-integrins negatively

- WT /3 K regulate dendritic cell maturation, which is associatedhwi

Absorbance
54 ©
- N
1 1

61 =

Fold Change

+ Serum increased surface expression of CD40, CD80 and CD86
FIGURE 1 | Abolished b2-integrin/kindlin-3 link leads to impaired actin costimulatory molecules and the chemokine receptor CCR7 in
dynamics and impaired nuclear MRTF-A shuttling{A) RhoA activity in WT and TTT/AAA-b2-integrin Kl cells ((2). CCRY7 is the receptor for
Kl dendritic cells was measured in serum starved cells (0.3%etal calf serum chemokines CCL19 and CCL21 which guides dendritic cells
(FCS)/RPMI for 1 h) and serum-stimulated cells (15% FCS for b@in).N D 3, to the Iymph nodes where they engage in T-cell priming.
one representative result is shown(B) F-actin content was assessed via . . .
measurement of corrected total cell uorescence (CTCF) of TRC-phalloidin !n order .IO InveStlgate Whe.ther the MRTF.-A/SRF pathway is
stained cells. Baseline level of F-actin was acquired fromesum starved cells involved in regulating dendritic cell maturation downstreash
and F-actin fold change was calculated for 15% FCS-stimulatd cells (30 min b2-integrins, we inhibited MRTF-A with a speci c inhibitor,
stimulation). 25-100 cells per condition were measured\ D 3. CCG1423 in WT dendritic cells and ana|yzed phenotypic

(C) Immuno uorescence images of serum starved and serum-stimuleed WT

and K cells stained with TRITC-phalloidinpt< 0.05. changes by ow cytometry Figure3. We did not nd

signi cant changes in CD40, CD80, or CD86 expression in
CCG1423-treated WT dendritic cells as compared to WT non-
treated dendritic cells. MRTF-A inhibition, led to a signaat
stimulation led to MRTF-A translocation into the nuclei of WT increase in CCR7 expression on the cell surface in DCs,
dendritic cells, however in KI dendritic cells MRTF-A remath  although mRNA levels were not a ectedFigures 3D-F.
predominantly cytoplasmicHigures 2A,B. CCR7 levels were not increased in MRTF-A~ DCs
These results con rm the IPA results and suggest that RhoAFigure 3B.
activity, actin dynamics and MRTF-A shuttling are dependent MRTFA/SRF has been previously linked to cell migration
on functional b2-integrins in dendritic cells. However, thesein neutrophils, lymphoblasts and hematopoetic stem cells
results do not exclude the possibility that except for kindlin (14, 35 36). We therefore asked the question whether the
3, also other cytoplasmic factors that bind to the TTT siteMRTF-A/SRF pathway regulates dendritic cell migration. We
in the b2-integrin cytoplasmic tail may regulate this pathway.compared dendritic cell migration speeds in a 3D collagen
Therefore, in order to further pinpoint thé2-integrin cofactor matrix after MRTF-A inhibition or deletion in the presence
involved in activating the MRTF-A/SRF pathway we analyzed Fof chemokine CCL19Kigures 3G,H. Surprisingly, we did not
actin polymerization and MRTF-A shuttling in Kindlin-3 = nd a signi cant dierence between migration speed either
dendritic cells. Indeed, Kindlin-3= dendritic cells showed after MRTF-A inhibition with CCG1423 nor as a consequence
impaired F-actin polymerization and MRTF-A shuttling similar of MRTF-A deletion (utilizing MRTF-A~ ) in dendritic cells
to Kl cells Figures 2C,D. (Figures 3G,H. In summary we have found that the MRTF-
To examine whether integrin/kindlin complexgger seor  A/SRF pathway in dendritic cells is downstreamb@fintegrins
integrin- and kindlin-3-regulated adhesion, is responeilibr  but does not regulate dendritic cell expression of costimuiator
regulating MRTF-A nuclear shuttling, we investigated wlegth molecules, nor cell migration in 3D.
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FIGURE 2 | Abolished b2-integrin mediated adhesion leads to impaired nuclear MRA-A shuttling. (A) Total percentages of dendritic cells with nuclear MRTF-A ah
cytoplasmic MRTF-A are shownN D 4 and 200 cells per condition were analyzed. MRTF-A stainingias performed on non-starved, starved and serum stimulated
cells and (B) immuno uorescence images of WT and Kl cells are shown after seim stimulation.(C) F-actin content as CTCF of WT and kindlin-3= 25-100 dendritic
cells per condition were measuredN D 2. (D) Total percentages of kindlin-3 = and WT dendritic cells with nuclear MRTF-A and cytoplasmic RTF-A are shown.(E)
Total percentages of adhesion on iC3b induced nuclear MRTR-and cytoplasmic MRTF-A are shown. WT and Kl dendritic cellwere detached, serum starved in
suspension, and stimulated with replating on glass coverigs or on iC3b coated coverslips.(F) Total percentages of WT dendritic cells starved on glass copared to
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otherwise indicated:N D 3 and 200 cells per condition were analyzed. MRTF-A stainingias performed on non-starved, starved, and serum stimulate cells.

MRTF-A Regulates Gene Expression of dendritic cells Figures 4B,3. Several cytoskeletal genes and
Cell Cycle, Lipid Metabolism, and cytoskeletal modulators, such as Fgr, Hck, Stmnl, Ckap2l,

Cytoskeletal Genes in Dendritic Cells A”('j”'Tngi’A;“éjzbtr”tare. doﬁ”rgg”?te.d boﬁ:‘ n _MRT'Z'S
Although the MRTF-A/SRF pathway is often described a%n ther. th i ;jlntegrflnth _e;_ “t'C HC];QS_ flgu_re )'d
the “master regulator of the cytoskeleton,” the role of the ogether, these data further ndicate -integrin an

MRTF-A/SRF pathway in regulation of gene expression irMRTF_A are on a common pathway regulating gene expression

dendritic cells has not previously been investigated. Tcegae in dendritic cells.

more in-depth understanding of the role of the MRTF-A/SRF o .

pathway in dendritic cells, we therefore performed RNA-MRTF-A Inhibition Results in Decreased

Seq analysis of MRTF-A cells Supplementary Table 1 Dendritic Cell Adhesion

Supplementary Figure 1. 1401 genes were found to be One of the most prominent phenotypical changes of TTT/AAA-
di erentially expressed between WT and MRTF-A cells. b2-integrin Kl dendritic cells is their reduced adhesion. Man
429 of the MRTF-A-regulated, dierentially expressed genesytoskeletal proteins are necessary for cell adhesion. We
are also regulated bp2-integrins in DCs (2) (Figure 4A). hypothesized that the reduced adhesion in Kl cells may be
The main pathways a ected were cell cycle-related, but alspartly due to the suppression of the MRTF-A/SRF pathway
for example lipid metabolism genes appear to be regulated Bnd subsequent changes in expression of cytoskeletal gilres.
MRTF-A. However, also cytoskeletal genes and Rho GTPa#iaus analyzed static adhesion of MRTF-A inhibited dendritic
signaling were signi cantly a ected by MRTF-A deletion in cells to b2-integrins ligands ICAM-1 and iC3b. As shown
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FIGURE 3 | Inhibition but not deletion of MRTF-A leads to altered CCR7
expression and no change in migration speed(A) CD40 (B) CD80 (C)
CD86 and (D) CRR7 expression in WT NT and MRTF-A inhibited dendritic
cells (N D 6); (E) CCR7 expression of MRTF-A / and MRTF-A (N D 5);
surface marker expression was determined by ow cytometry(F) CCR7
mRNA level of MRTF-A inhibited and NT WT dendritic cells detmined by
gPCR (N D 4). (G) Scatter plots of tracked WT NT and WT MRTF-A inhibited
and (H) MRTF-A / and MRTF-AS=C dendritic cell speeds in a 3D collagen
matrix toward CCL19 are shown. Only cells faster than hm/min have been
evaluated as migratory and used for the analysis. pj < 0.05.

cells. A similar reduction in adhesion was seen in MRTF-
A = dendritic cells Figure5C. There are two MRTF
isoforms present in most cells;: MRTF-A and MRTF-B3),
RNA-Seq analysis conrmed that murine dendritic cells
express both MRTF-A and MRTF-B, with MRTF-A being
expressed at higher levels than MRTF-Biglre 5D). The

di erence in adhesion of the MRTF-A = dendritic cells as
compared to inhibitor-treated cells could thus be explained
by MRTF-B partly compensating for MRTF-A functions in
these cells.

To investigate whether MRTF-A-regulated gene expression by
itself could rescue adhesion in TTT/AAB2-integrin Kl cells,
we cotransfected COS-cells with TTT/AA#R-integrins and a
constitutively active form of MRTF-A that can enter the nuge
without cell stimulation 21) and investigated cell adhesion in
these cells. MRTF-A- did not rescue TTT/AAAb2-integrin-
mediated adhesion in transfected COS cells, indicating thiat t
pathway alone is not su cient to drive cell adhesion when
kindlin cannot bind to the integrin to induce integrin action
(Figures 5E, . Nevertheless, these results show that the MRTF-
A/SRF pathways contributes taR-integrin-mediated dendritic
cell adhesion to ligands.

b2-integrins themselves have been shown to be negatively
regulated by SRF and MRTF-A in that lack of either
transcription factor results in CD11b overexpression in
neutrophils (L4, 36). In hematopoetic stem cells SRF deletion
results in integrin overexpressior3). We thus set out to
clarify if the reduced adhesive phenotype following MRTF-A
inhibition was due to downregulation ob2-integrins. We
measured surface expression levels of H&integrins b2-
chain (CD18) and three of tha-chains, CD1la, CD11b, and
CD11lc Figures 5G—K. Surprisingly we found that none
of these b2-integrin subunits was signi cantly decreased
and CDlla was even signicantly increased following
MRTF-A inhibition (Figure 5G, although gPCR showed
reduced levels of expression of CD1IEig(re 51). MRTF-

A deletion did not aect CD1la surface expression levels
(Figure 5K). Therefore, reduction ofb2-integrin mediated
adhesion following MRTF-A inhibition is not due to reduced
b2-integrin expression.

The b2-Integrin/MRTFA/SRF Pathway
Contributes to Integrin-Mediated Traction

Force Generation

Integrins function as bidirectional transmitters of mectieal
forces across cell membranes. To investigate whether the
b2-integrin/kindlin-3 interaction regulates force transssion
through the integrin, we performed traction force microscopy
experiments. By comparing the beads' positions on top
of which cells were bound to iC3b to the same bead
structure without the cell we could measure how much the
cell deforms the bead-containing hydrogel. This deformati

is due to traction forces generated during adhesion and

in Figures 5A,B b2-integrin-mediated adhesion of MRTF- the force of the traction force can be calculated from
A inhibited WT dendritic cells was signi cantly reduced, bead deformation and hydrogel substrate stiness. Traction

although not as drastically as in TTT/AAB2-integrin KI

force microscopy experiments comparing TTT/AAR-integrin
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FIGURE 5 | Inhibition of the MRTF-A/SRF pathway leads to reduced adhesiindependent ofb2-integrin expression. The effect of MRTF-A inhibition onehdritic cell
adhesion to (A) ICAM-1 and (B) to iC3b was compared to adhesion of TTT/AAAb2-integrin Kl cells. Adhesion of resting, non-treated (NT)/T dendritic cells was set
to 1 and fold changes for all other conditions was calculatedN D 5. (C) MRTF-A / dendritic cell adhesion to ICAM-1 and iC3b was compared to adbsion of
MRTF-AC=C Jittermates, N D 4. (D) mRNA level of MRTF-A and MRTF-B in MRTFC mice (N D 4) based on RNA-Seq data.(E) TTT/AAA rescue experiment with
constitutively active MRTF-A (MRTF-A"). Adhesion of non-treated COS-1 cells was set to 1 and fold cange for adhesion of COS-1 cells transfected with
CD11b/CD18, CD11b/CD18-TTT/AAA (CD18 featuring the TTT/AAA niation), and CD11b/CD18-TTT/AAA plus MRTF-R", (F) Depiction of conditions used in
rescue experiment.(G) CD11a, (H) CD11b, (I) CD11c and (J) CD18 expression in WT NT and MRTF-A inhibited dendritic cel(N D 6). (K) CD11a expression in
MRTF-A / and®=C dendritic cells N D 5). (L) CD11a mRNA level of MRTF-A inhibited and NT WT dendritic celtletermined by gPCR { D 4). p < 0.05, *p

< 0.01.
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Kl to WT dendritic cells revealed that Kl dendritic cells stem cells SRF regulates adhesion and integrin expression
generate signi cantly reduced traction forces d2-integrin  (35. In neutrophils, SRF has been shown to be essential
ligand coated substrates compared to WT dendritic cellfor adhesion and extravasatior8€), whilst in macrophages
(Figures 6A,B. SRF independent gene targets of MRTF-A were predicted to
In order to investigate whether traction force generatioasw be focal adhesion associatedO) Deletion of MRTF-A in
dependent on the MRTF-A/SRF pathway downstreamb®f neutrophils leads to impaired 2D migration associated with
integrin/kindlin-3, we performed traction force microscopy altered adhesion 1¢). Therefore, our results together with
experiments on MRTF-A inhibited WT dendritic cells. published studies con rm that MRTFA/SRF transcription factors
Interestingly, MRTF-A inhibition as well as deletion resdlte play an important role in regulating the adhesive phenotype of
in a similar decrease of integrin-mediated traction foraes myeloid immune cells.
ligand coated surfaces as disruption of ti&integrin/kindlin-3 We have linked the reduced adhesion to reduced traction
interaction (Figures 6C—F. Together, these results show thatforces upon MRTF-A inhibition. This result could be interpreted
the b2-integrin/kindlin-3/MRTF-A/SRF pathway regulates as that the integrin/kindlin-3 interaction is necessary &verall
integrin-mediated cell adhesion as well as integrin-gatest generation of traction forces, because the integrin/kimdl
cellular traction forces in dendritic cells. interaction is required for optimal integrin function. Tréon
In summary we have found that the MRTF-A/SRF pathwayforces are generated by interaction of the (actin-) cyttetha
in dendritic cells is downstream of2-integrin/kindlin-3  with myosin. Both actin and myosin are MRTF-A/SRF target
interactions and that this pathway regulates dendritic gelhe genes. We thus hypothesize that reduced adhesion following
expression, cell adhesion and traction force generationnbtt  MRTF-A inhibition in dendritic cells may be due to altered
dendritic cell migration in 3D. cytoskeletal organization which ultimately renders thedigtic
cells less able to generate integrin-mediated tractiorcefer
An alternative explanation would be that kindlin-3 and talin
DISCUSSION interaction with the b2-integrin is regulated by SRF, as was
shown in SRF~ neutrophils @€). This alternative would extend
Although b2-integrins are abundantly expressed in dendriticthe regulatory feedback loop betweb®-integrin/kindlin-3, F-
cells, the role ofb2-integrins in dendritic cell functions is actin and MRTF-A back to the integrin regulators kindlin-3
relatively poorly understood. Dendritic cell migration fro and talin.
tissues to lymph nodes, which occurs in a 3D environment, Interestingly, like b2-integrin de ciency and kindlin-3
can occur without integrins37). In addition, b2-integrins have de ciency, which lead to LAD-syndromes in man, MRTF-
been shown to suppress the mature, migratory dendritic cel\ de ciency in man has recently been shown to lead to
phenotype (2. However, the signaling pathways downstreamimmunode ciency with prominent susceptibility to bacterial
of b2-integrins that mediate this phenotypic switch have notinfections (L4). Patient neutrophil and lymphocyte functions,
been identi ed. such as migration, was impaired, and patient dendritic cells
In this study we have identi ed thb2-integrin as an upstream displayed impaired spreading and podosome formatidd),(
regulator of the MRTF-A/SRF pathway. Our results show thags we have previously reported in TTT/AA#2-integrin Kl
b2-integrin-mediated, kindlin-3-regulated cell adhesiégads dendritic cells 41). The similarities of symptoms in human
to RhoA activation to regulate F-actin polymerization andMRTF-A de ciency andb2-integrin de ciency, together with
MRTF-A nuclear shuttling. This allows MRTF-A to coactivatethe results presented here, indicate that some of the funstas
genes together with SRF. Although MRTF-A has previouslintegrins and kindlin-3 in immune cells, which are impaired in
been implicated as a main player in regulating cytoskeletdlAD patients may involve regulation of transcription through
genes in other cell types, we show here by RNA-Seq analysie MRTF-A/SRF pathway. We hypothesize that abnormal
that MRTF-A also regulates gene expression related to cealkpression of actin cytoskeleton genes due to specic defects
cycle, lipid metabolism, and many other pathways in dendritidn the MRTF-A/SRF pathway in LAD cells may contribute to
cells. In macrophages, MRTF-A/SRF mediate cytoskeletal geimmune defects (e.g., defects in myeloid cell adhesion atiar,
expression 14, 36, 38), whilst in B cells SRF deletion led phagocytosis, etc) in LAD diseases.
to decreased level of IgM, CD19, and CXCR4 expression MRTF-A has previously been shown to regulate the
(39. Thus our results conrm the involvement of MRTF- development of specic adipocyte subpopulation$2)( and
A/SRF in the regulation of gene expression in immune cellss essential for thymocyte developmerit9 SRF deletion
however the e ect on gene expression appears highly celin hematopoetic stem cells led to accumulation of CD11b
type speci c. positive cells and thus an increase in macrophage like cells
We show that MRTF-A inhibition or deletion signi cantly (35). Interestingly, cell adhesion, which maintains active NFIRT
decreases adhesion t2-integrin ligands ICAM-1 and iC3b AJ/SRF signaling, has recently been shown to be essential to
but does not impact on dendritic cell 3D migration speed inprevent progenitor cells from switching to the adipocyte ligea
response to chemokine stimulation. MRTF-A and SRF havduring cardiomyocyte di erentiation 43). Mechanistical data
been shown to activate gene expression of proteins associai@dstrating the role of SRF and MRTF-A in the regulation of
with focal adhesions in broblasts and are associated witltellular identity has been gathered from neural and liverscéti
migration and invasion in a cancer cell lingg). In hematopoietic these cells, induced MRTF-A nuclear accumulation resulted i
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FIGURE 6 | Traction force generation in dendritic cells is regulatedybthe b2-integrin/MRTF-A/SRF pathway(A) Heatmaps depicting traction force generated by WT
and TTT/AAA KI dendritic cells andC) non treated WT and MRTF-A inhibited WT dendritic cell§B) Scatter plots of analyzed WT and Kl dendritic cells an¢D) non
treated WT and MRTF-A inhibited WT dendritic cell tractiorofces (Pa) are shown. Three experiments were performed, 25es were measured each time and a total
of 75 cells analyzed.(E) Heatmaps depicting traction force generated by an example RTF-AC/C and = dendritic cells. (F) Scatter plots of analyzed MRTF-A/C
and = dendritic cellsN D 4. *p < 0.05, ***p < 0.005.

downregulation of cell-type speci c genes, changes in epigene integrin-mediated traction force generation. We thus propos
status of regulator elements as well as chromatin organizat that the b2-integrin-regulated MRTF-A/SRF pathway may
(44). It is interesting to note that in dendritic cells, our gene function as a roadblock that needs to be overcome in derdriti
expression pro ling data now show that MRTF-A regulates genesells for them to initiate the phenotypic switch from an adivesi
that are associated with the cell cycle and with lipid metslbo]  to a mature, migratory phenotype.
indicating new roles of this pathway in metabolism and cell
proliferation/di erentiation in immune cells, topics for fuher
studies in the future. ETHICS STATEMENT

In summary, our results indicate that th&2-integrin-
regulated MRTF-A/SRF pathway is a key regulatory element iBxperiments were performed according to Finnish Act on
dendritic cells that regulates gene expression associaitd wAnimal Experimentation (62/2006) and approved by the Finnish
cell cycle, lipid metabolism and the cytoskeletb@-integrins  National Animal Experiment Board. Kindlin-3= and control
regulate MRTF-A/SRF signaling and expression of cytoskeletalice were handled in strict accordance with regulations in
genes, and enables the adhesive dendritic cell phenotype aG@rmany regarding the use of laboratory animals.
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