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Abstract

Integrin-mediated interactions between hematopoietic cells and their microenviron-

ment are important for the development and function of immune cells. Here, the role

of the integrin adaptor Kindlin-3 in B cell homeostasis is studied. Comparing the indi-

vidual steps of B cell development in B cell-specific Kindlin-3 or alpha4 integrin knock-

out mice, we found in both conditions a phenotype of reduced late immature, mature,

and recirculating B cells in the bone marrow. In the spleen, constitutive B cell-specific

Kindlin-3 knockout caused a loss ofmarginal zoneB cells and an unexpected expansion

of follicularB cells. Alpha4 integrin deficiencydid not induce this phenotype. InKindlin-

3 knockout B cells VLA-4 as well as LFA-1-mediated adhesion was abrogated, and

short-term homing of these cells in vivo was redirected to the spleen. Upon inducible

Kindlin-3 knockout, marginal zone B cells were lost due to defective retention within

2 weeks, while follicular B cell numbers were unaltered. Kindlin-3 deficient follicular B

cells displayed higher IgD, CD40, CD44, CXCR5, and EBI2 levels, and elevated PI3K

Abbreviations: BCR, B cell receptor; BM, bonemarrow; FO, follicular; GC, germinal center; GEO, gene expression omnibus; GSEA, geneset enrichment analysis; Iv, intravenous; K3, kindlin-3;

LFA-1, lymphocyte function-associated antigen-1; MFI, mean fluorescence intensity; MZ, marginal zone; PB, peripheral blood; TFH, follicular helper T cells; VLA-4, very late antigen-4; wt, wildtype
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signaling upon CXCR5 stimulation. They also showed transcriptional signatures of

spontaneous follicular B cell activation. This activation manifested in scattered germi-

nal centers in situ, early plasmablasts differentiation, and signs of IgG class switch.
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1 INTRODUCTION

The correct differentiation of B cells requires their appropriate local-

ization to distinct organs, zones, and signals in a sequential pro-

cess. Integrins support leukocyte development and differentiation

by orchestrating cell extravasation from the blood circulation and

retention within the hematopoietic organs. The two major integrins

expressed on B cells are the heterodimers alpha4beta1 (α4β1, a.k.a.
very late Ag-4 (VLA-4), CD49d/CD29) and αLβ2 (lymphocyte function-

associated antigen-1 (LFA-1), CD11a/CD18).1 VLA-4 is thought to be

essential for the interaction of early B cell progenitors with the bone

marrow (BM) niche, mediating their adhesion to stromal elements

expressing theVLA-4 ligandVCAM-1,2,3,4 whereas LFA-1 is considered

to predominantly orchestrate the interactions of differentiated B cells

within lymph nodes. Both LFA-1 and VLA-4 might contribute to effi-

cient Ag acquisition of B cells and their subsequent activation.5,6

The ligand-binding function of integrins requires their transition

from a low into a high-affinity conformation. This transition, triggered

by the so-called inside-out integrin activation cascade, allows rapid and

dynamic changes in integrin-mediated cell adhesion. The process is ini-

tiated by cell surface receptors such as chemokine receptors, the B

cell receptor (BCR), or CD44 that bind chemokines, Ags, or hyaluronic

acid, respectively,7–9 and subsequently involves several kinases to acti-

vate the integrin. The high-affinity conformation of the integrin is sta-

bilizedby at least two types of intracellular integrin adaptors, talins and

kindlins, which bind independently to different motifs in the cytoplas-

mic tail of β integrin subunits.10,11

The kindlin family comprises three members, namely Kindlin-1,

Kindlin-2, and Kindlin-3 (K3), with K3 being exclusively expressed

in the hematopoietic system.12 Hematopoietic stem- and progenitor

cells, T-cells, neutrophils and platelets require K3-mediated integrin

activation for their correct positioning and function.13–16 It has not yet

been studied, whether K3 plays a role in the differentiation of normal B

cells or their malignant counterparts, which are highly dependent on

VLA-4 activation,9,17 and elucidation of the function of K3 in B cells

might bring new insights into mechanisms not only of lymphomagen-

esis but also of autoimmunity.

Here, we used the mb1 Cre transgene to create mouse strains har-

boring a K3 or CD49d/VLA-4 deletion in pre-pro B cells and all later

stages.18 We identified the requirement of K3 for both, VLA-4 and

LFA-1 activation and found distinct K3 and VLA-4 roles in controlling

immatureB cells andmaintainingmarginal zoneBcells. K3 loss induced

follicular (FO) B cell activation and increased CXCR5 responsiveness

resulting in proliferation and de novo scattered germinal centers and

plasmablast differentiation.

2 METHODS

2.1 Study approvals and mice

All mouse experiments were approved by the animal ethics com-

mittees. Fermt3 (K3) floxed (fl/fl) (Fermt3tm2.1Ref) mice19 were

obtained from Reinhard Fässler, Martinsried, Germany, ITGA4

(CD49d) floxed (Itga4tm1Tpa) mice20 from Thalia Papayannopoulou,

Washington, USA, and mb1 Cre (Cd79atm1(cre)Reth) mice18 from

Michael Reth, Freiburg, Germany. Tamoxifen–inducible Cre mice

(B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J) and Cre reporter mice

(Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J) were purchased

from Jackson Laboratories. All strains were backcrossed to C57BL/6J.

Mice were sacrificed for analysis at the age of 8–12 weeks. For nega-

tive selection of B cells, Pan B cell isolation kit II (Miltenyi) or EasySep

mouse pan B cell isolation kit (Stem cell Technologies) was used.

Purity was confirmed to be >90% by flow cytometry. For all experi-

ments, fl/fl littermates expressing no Cre were used as wildtype (wt)

controls.

2.2 Flow cytometry

For B cell subset determination, single-cell suspensions were prepared

from freshly isolated organs. Integrins and chemokine receptors were

labeled at 4◦C and B cell subset markers at room temperature prior to

detection by flow cytometry (Gallios, Beckman Coulter, and Fortessa,

BD). Absolute cell numbers were determined by flow cytometry using

Flow-Count-Fluorospheres (Beckman Coulter) or the EVE automatic

cell counter (NanoEnTek). Analysis was performed using Kaluza (Beck-

man Coulter) or FlowJo (BDBioscience).

2.3 Immunofluorescence

Spleens were frozen in TissueTek (Miles Laboratories) and stored at

−80◦C before cutting them to 10-μm cryostat sections. Sections were

fixed in methanol, blocked using 1% BSA, and incubated with pri-

mary Abs at 4◦C, followed by respective secondary Abs. Primary Abs
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were directed against laminin (Novus), B220 (BD), Ki67 (R&Dsystems),

Moma1 (Abcam), IgM (Southern Biotech), GL7 (Biolegend), and IgG

(AbDSerotec, house biotinylated). Corresponding secondaryAbswere

donkey anti-rabbit Alexa 647-conjugated IgG (Dianova), donkey anti-

rat Alexa565-conjugated IgG (Abcam), donkey anti-sheep Alexa 488-

conjugated IgG (Dianova), and Streptavidin-Dylight 594 (Vector Lab).

Sections were mounted using antifade mounting medium containing

DAPI (Biozol) and were examined using a 20× PL ApoChromat objec-

tive (numerical aperture 0.8) and an Axioimager microscope (Zeiss)

with an Axiocam 506 mono-color camera, or a confocal laser scan-

ning microscope LSM 710 with motorized stage (Zeiss). Images were

acquired by Zen software (Zeiss) and analyzed using Image J (NIH).

2.4 Adoptive transfer

Up to 15 × 106 splenocytes from K3 fl/fl Cre reporter mice with or

without mb1 Cre expressing GFP/dTomato (K3 deficient- and control

cells, respectively) were injected intravenously (i.v.) into C57BL/6J wt

mice (Janvier Laboratories). The absolute injected cell number was

determined by flow cytometry using FlowCount Fluorospheres (Beck-

manCoulter). After 3 h,micewere sacrificed, single-cell suspensions of

theorganswerepreparedand thenumberof recovereddonor cellswas

determined by flow cytometry. The normalized cell recovery rate was

calculated as GFP/dTomato positive cells/106 of murine host cells/106

cells injected as described before.21,22

2.5 Real-time analysis of VLA-4 affinity

Real-time flow cytometry of VLA-4 affinity was performed as

described.23 The autofluorescence baseline of purified splenic B cells

was determined using an Accuri flow cytometer (BD Biosciences).

After 1 min measurement, the small molecule VLA-4 ligand LDV-

FITC was added to the sample and the fluorescence intensity was

recorded for an additional 2 min. Then, CXCL12 (100 ng/ml), CXCL13

(500 ng/ml) or anti-IgM F(ab)2 (10 μg/ml) was added. After another

2min, unlabeled LDVwas added in excess.Measurement continued for

further 3 minutes. The dissociation rate constant (Koff), was obtained

by fitting the data to a one-phase exponential decay equation. The

ligand residence timewas calculated as 1/Koff as described.
24

2.6 In vitro shear flow assay

Shear flow assays were performed as previously described.17,22 Plates

were coated with protein A followed by immobilization of VCAM-1-

Fc or ICAM-1-Fc and subsequent overlay with chemokine (CXCL12).

Shear stress was generated with an automated syringe pump attached

to the outlet side of a parallel laminar flow chamber (6-channel μ-
slides, Ibidi). Purified splenic B cells were perfused in the flow cham-

ber, the entire perfusion period was recorded and digitalized. Anal-

ysis of the video-recorded segments was performed using a cus-

tomized software (WIMASIS). Frequenciesof adhesive categorieswere

determined as percentages of cells flowing immediately over the

substrates.

2.7 Tamoxifen treatment

Tamoxifen (5 mg; Sigma-Aldrich) per mouse was administered orally to

8-10-week-old Fermt3fl/fl RosaCreERT2 mice on 2 consecutive days.

Bloodwas taken1weekafter tamoxifen administration;micewere sac-

rificed2weeksafter administration.Marginal zoneand follicularBcells

were quantified by flow cytometry.

2.8 Transcriptome analysis

ClariomeDassay (Affymetrix)was performedonRNAof sorted splenic

follicular B cells (CD19+/B220+/IgM+/CD21low) from 10-week-old

K3ΔB mice and control littermates. Normalized RNA intensity was

obtained after Robust Multichip Average (RMA) normalization using

the oligo R package.25 Differential expression analysis between K3ΔB
andcontrolmicewasperformedwith the linearmodel-basedapproach,

limma R package.26 P-value, adjusted with Benjamini Hochberg (BH)

method, below 0.05 was set as the significance threshold. Genes were

ranked according to the log2 foldchange in K3ΔB versus control and

used as input in a gene-set enrichment analysis with the fgsea R pack-

age. MSigDB was used as gene-sets.27,28 BH P-value below 0.05 was

set as significance threshold. Transcriptome data are available at Gene

Expression Omnibus (GEO), accession number: GSE172080 (access

token: clsncsmqxpkzhin).

2.9 Phosphoflow

Viable cells from spleens were identified using fixable viability dye

eFluor 780 (Thermo Fisher). Following stimulation at 37◦C by CXCL13

(500 ng/ml; R&D) or α-IgD (10 μg/ml) in RPMI containing 0.5% BSA for

5 min, the cells were immediately fixed with pre-warmed Fix solution

(BD PhosFlow, Fix buffer 1) at 37◦C for 10 min and subsequently per-

meabilized with 90% methanol for 10 min on ice. Phosphorylation of

AKT in follicular B cells was then determined by co-staining the cells

using anti-pAKT(S473), CD19, CD24, and CD21Abs.

2.10 Chemotaxis assay

Freshly isolated splenocytes were subjected to Boyden chamber tran-

swells (Corning, 5 μm pore size) for 2 h, with the lower well-containing

medium alone (control) or medium containing CXCL12 (100 ng/ml) or

CXCL13 (500 ng/ml). Chemotaxis was cytometrically quantified using

flow counting beads; B cells were identified by CD19 staining.
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2.11 Calcium mobilization assay

Whole splenocytes were labeled with Fluo-3-AM (Thermo Fisher) and

subsequently stained on ice with Abs against B220, CD24, and CD21,

allowing for the identification of follicular B cells. Prior to measure-

ment, cells were warmed to 37◦C. Fluorescence was acquired for

3 min on BD Cytoflex at 37◦C. After one minute, the stimuli (anti-

IgM (10 μg/ml), anti-kappa (10 μg/ml), anti-IgD (10 μg/ml), CXCL12

(100 ng/ml), or CXCL13 (500 ng/ml) were added. Fluorescence over

timewas plotted using FlowJo, and the area under the curvewas deter-

mined graphically using ImageJ.

2.12 Polarization analysis

Bcells from spleenswere isolated by negative selection to purity>90%

andseededonchamber slides coatedwitheitherCollagen I (Ibidi) alone

or co-coated with CXCL12 or CXCL13 and allowed to adhere in HBSS

containing 0.5% BSA, 1 mM CaCl2, and MgCl2 for 30 min. The cells

were then fixed and stained with Phalloidin-AF488 (Thermo Fisher).

Imageswere taken by anMRmmono-color camera at 20×PLNeoFluar

objective (numerical aperture 0.5) of an AxioObserver.Z1 (Zeiss) using

Zen software (Zeiss). Cellular polarization was classified according to

the pattern of phalloidin staining and analyzed using Image J (NIH).

2.13 Statistical analysis

Statistical analysis was performedwith GraphPad Prism 5. Normal dis-

tributionwas tested for all datasets. Normally distributed groups were

compared using unpaired or paired t-test, not-normally distributed

data sets usingMann-Whitney orWilcoxonmatched-pairs signed-rank

test. Significance threshold was P < 0.05, with values at P < 0.05

marked as *, P< 0.01 as **, and P< 0.001 as ***.

3 RESULTS

3.1 K3 as well as CD49d expression are required
to maintain immature and mature B cells in the bone
marrow

We intercrossed mice expressing the Cre-recombinase under the con-

trol of the mb1 (CD79a) promoter18 with Fermt3 (K3) fl/fl mice and

ITGA4 (CD49d) fl/fl mice, thereby establishing mice harboring a K3

knockout or a CD49d knockout specifically in all B cells (Supplemental

Fig. 1A and B). Then, we compared the distribution of different B cell

subsets in the organs of these mice (hereafter called K3ΔB mice and

CD49dΔB mice) with their respective wt littermates by flow cytom-

etry (for gating strategies see Figure 1A). An overview of the marker

expression duringB cell development is shown in Supplemental Fig. 1C.

An example for the gating of BCR negative subpopulations is shown in

Supplemental Fig. 1D. Despite the efficient mb1 Cre-based knockout

from very early B cell stages on,18 mice from both conditional knock-

out strains did not differ from littermate controls in their number of

early (BCRnegative) and IgM low immatureB cells (Figure1B,Ci). How-

ever, numbers of immature IgMhigh/IgDneg were in tendency reduced

in K3ΔB mice (P = 0.05) and significantly reduced in CD49dΔB mice

(Figure 1Cii). In both knockout conditions, IgMhigh/IgDint B cells were

reduced (Figure 1 Ciii). The most striking change observed in both

K3ΔB and CD49dΔB mice compared to wt littermates was a loss of

IgMhigh/IgDhigh B cells, which comprise the recirculating, mature B cell

subset (Figure 1D). As the CXCL12-CXCR4 axis controls B lineage

cell movement within BM,29 we next analyzed the migratory behav-

ior of the B cell subsets in detail, including BCR negative B cell sub-

populations (Pre-Pro-, Pro-, and PreB cells).Weobserved that uponK3

loss, chemotaxis towards CXCL12 was decreased in all B cell subsets

except the very earliest ones (Pre-Pro-, Pro-, and Pre B cells; Supple-

mental Fig. 1E), proposing migration defects as a potential mechanism

for the loss of the later, IgD positive B cell subsets. Total B cell num-

bers in BMaswell as the percentage of B cells among lymphocytes was

unaltered in K3ΔB and CD49dΔB mice compared to wt controls (Sup-

plemental Fig. 1F).

3.2 Upon Kindlin-3 deletion, marginal zone B
cells are lost while follicular B cells are expanded

Having observed that bothCD49d integrin and its intracellular adaptor

K3 are mandatory to ensure normal IgM high and IgD low expressing

(IgMhigh)/IgDlow) immature as well as recirculating, mature B cell num-

bers in BM (Figure 1 Cii,D), we next analyzed whether these subsets

are altered in the blood of K3ΔB and CD49dΔB mice. In K3ΔB mice,

the immature and mature B cell pools were homogeneously increased

in the blood (Figure 2A), which was reflected in an elevation of total

B cell numbers (Supplemental Fig. 2A). CD49dΔB mice did not exhibit

this increase in blood B cells, suggesting that CD49d is not the only

integrin controlling the trafficking of this pool of B cells.

Spleen weight was significantly increased in K3ΔB compared to

wt controls (Figure 2B). We visualized splenic structures by using

immunofluorescence (Figure 2C) as well as immunohistochemical

approaches (Supplemental Fig. 2B, C). Laminin immunofluorescence

staining of spleen sections combined with B220 as a B cell marker

revealed the lack of loosely packed marginal zone (MZ) B cells sur-

rounding the quasi-continuous laminin staining lining of the white

pulp30 in K3ΔB mice. We confirmed this observation by using an Ab

against metallophilic macrophages (Moma1, Figure 2C) to define the

MZ, in combination with IgM. Metallophilic macrophages form a ring

around the follicular areas at the inner side of the MZ. In all staining

approaches, MZ B cells lined the white pulp areas in wt mice but were

absent in K3ΔBmice (Figure 2C; theMZ is indicated by double arrows

in thewt andCD49dΔBpanels, single arrows show theMZarea lacking

MZB cells in theK3ΔBpanel). In CD49dΔB spleens, theMZB cell com-

partment was thinner than in wt mice but still present. This phenotype
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F IGURE 1 K3 and CD49d are equally important for developing B cell subsets in BM. BM-derived B cells were defined as B220 and/or CD19
positive as shown by an exemplary flow cytometry plot of a wtmouse. B cell developmental stages were defined by IgM and IgD expression (A).
K3ΔBmice (n= 14 per group), CD49dΔBmice (n= 9 per group) were compared to their respective Cre negative wt littermates. Early B cells (green
gate) were defined as IgM/IgD negative (B). Immature B cell populations were subdivided according to the expression levels of IgM and IgD
(orange, blue and purple gates and plots (Ci-Ciii). Recirculating B cells (red gate) were IgM and IgD high (D), groups were compared using unpaired
t-test. ns: P> 0.05; **P< 0.01; ***P< 0.001

was confirmed by immunohistochemistry, revealing a sharper bound-

ary between B cell follicles and red pulp in K3ΔB than in control mice

(Supplemental Figure 2 B, C), and a reduced thickness of the MZ B cell

area inmost of the follicles of CD49dΔBmice.

Next, we analyzed the composition of splenic B cell subsets by flow

cytometry, confirming that MZ B cells were absent in K3ΔB mice. In

CD49dΔB mice, MZ B cell numbers were significantly reduced com-

pared towt (Figure 2D). In contrast, total spleen numbers of immature,

transitional B cell were unaffected by the knockout conditions (Fig-

ure 2Ei). In K3ΔB mice, a strong increase in mature, follicular B cells

was observed (Figure 2Eii).

3.3 Upon Kindlin-3 deletion B cells home
preferentially to spleen

We next delineated the mechanisms of MZ B cell abrogation and fol-

licular B cell expansion upon K3 loss. First, to test the recirculation

and homing capacity of splenic cells, we crossed K3ΔB mice with mice

expressing a fluorescent reporter for Cre activity.31 In this reporter

system, B cells expressed eGFP in the presence of Cre, while cells with

no active Cre expressed tdTomato (Supplemental Fig. 3A). This system

allowed detection of the knockout andwt cells in a short-term (i.e., 3 h)

homing assay. In accordance with the elevated B cell numbers in the

spleen in K3ΔB mice (Figure 2B), the total spleen homing rate of K3

deficient B cells was significantly increased, to 1.8 times the rate of wt

B cells. The fraction of K3-deficient B cells remaining in the blood was

increased3.3-fold, compared to their controls. Recirculation toBMwas

strongly reduced to only 6.7% of the homing rate of K3-proficient B

cells (Figure 3A).

Described key factors mediating B cell homing to and localization

within spleen are the chemokine receptors CXCR4 and CXCR5,32 and

the adhesion molecule CD44,33,34 besides the integrins VLA-4 and

LFA-1. Analyzing their expression on spleen-derived B cells in the pres-

ence and absence of K3, CXCR5, and CD44 expression was signifi-

cantly increased in K3 deficient B cells, and CXCR4 expression was

retained (Figure3B). VLA-4andLFA-1 subunits (CD49d,CD29,CD11a,

CD18) were comparable in K3 deficient and proficient splenic B cells

(Figure 3C). In CD49dΔB mice, the only significant change observed

(besides the obvious loss of CD49d, Supplemental Fig. 1B) was the

concomitant downregulation of its beta subunit CD29 (Supplemental

Fig. 3B). Collectively, the data suggest that defective integrin function

in K3-deficient B cells is accompanied by an altered requirement and

function of the chemokine (CXCR5)-CD44 axis.
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F IGURE 2 MZB cells are lost and follicular B cells expanded in the absence of K3, while CD49dΔBmicemerely show reducedMZ
thickness. Heart blood fromK3ΔBmice (n= 13 per group), CD49dΔBmice (n= 9 per group) and respective wt littermates was analyzed by flow
cytometry. Immature B cells were defined by high IgM and low/no IgD expression, while mature B cells expressed high levels of IgD (A). Spleens
were isolated andweighed (B). Cryosections of spleens were stained with Abs against Laminin and B220 defining follicle boundaries and B cell
zones respectively (upper panels) orMoma1 and IgMdefiningmetallophilic macrophages and B cell zones respectively (lower panel).White double
arrows indicate the width of theMZ, the single arrows in the K3ΔB panels indicate where themarginal zone is absent. Scale bars depict 50 μm (C).
MZ B cells were flow cytometrically assessed by gating on the CD21high/CD24low population. Representative dot plots and quantification ofMZ
B cells are shown here (D). Transitional (Ei) and follicular (Eii)B cells were defined by expression levels of CD21 and CD24 as shown. Groups were
compared using unpaired t-test. ns: P> 0.05; *: P< 0.05; **: P< 0.01; ***: P< 0.001
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F IGURE 3 K3 deficient B cells show
altered homing and homing receptor
expression, andMZB cell retention in the
spleen is dependent on K3. Splenocytes were
isolated fromK3 fl/fl Cre reporter mice±mb1
Cre and injected into the tail vein of wt
C57BL/6mice. After 3 h, spleen, blood, and BM
of the recipients were analyzed by flow
cytometry. B cells were identified by CD19 and
T cells by CD5 expression, transferred cells
were identified by red/green fluorescence. The
normalized cell recovery rate was calculated as
transplanted cells per million of total cells per
million cells injected (n= 9 per group) (A).
Receptor expression was analyzed by flow
cytometry onwhole splenocytes of K3ΔBmice
and control littermates. B cells were defined by
CD19 expression (B) and (C). Groups were
compared using unpaired t-test. ns: P> 0.05;
*P< 0.05; ***P< 0.001

3.4 Chemokine- and BCR-mediated integrin
activation is highly dependent on K3

To confirm the presumable defect in chemokine-induced integrin acti-

vation in K3-deficient B cells, we used a real-time binding assay based

on the small monovalent VLA-4 ligand LDV,23 coupled to a fluorophore

(FITC), as described.22 The rate at which bound LDV-FITC is replaced

by unlabeled competing LDV is a direct measure of the affinity state

of the VLA-4 integrin and allows for calculation of dissociation con-

stants and the reciprocal ligand residence time.23,24 Stimulation of

the CXCR4 receptor by CXCL12 (Figure 4A), or the CXCR5 receptor

by CXCL13 (Figure 4B) doubled ligand residence time from about 12

s to 24 s, reflecting a switch from low to medium affinity VLA-4.23

Both chemokines failed to increase VLA-4 affinity in K3-deficient B

cells.

Integrin activation of B cells interacting with follicular dendritic

cells might involve B cell receptor stimulation by Ag, which is pre-

sented by the follicular dendritic cells, along with integrin ligands and

chemokines. In wt but not K3-deficient cells, B cell receptor stimula-

tion by anti-IgM increased VLA-4 affinity comparable to chemokine-

mediated activation (Figure 4C). To demonstrate that not only VLA-4

but also LFA-1 activation on B cells is defective uponK3 loss, we used a

reductive assay under shear flow mimicking homing processes, as pre-

viously described.17,22 Thereby, inside-out activation of VLA-4 or LFA-

1byCXCL12 takes place in vitrowhen cells are allowed to interactwith

adhesive surfaces coatedwithVCAM-1/ICAM-1 andCXCL12.35 In this

assay, in the absence of the stimulatory chemokine signal, only a few

cells arrested (Figure 4D, E). Arrests were strongly increased in pres-

ence of the chemokine and clearly required the presence of K3, sug-

gesting its contribution for VLA-4 and LFA-1 inside-out activation to

high-affinity states.

Integrin-mediated adhesion and retention are most relevant to

cell populations at tissue-circulation interfaces, as is the spleen MZ.

However, inhibition or alteration of normally long-lasting integrin-

mediated signals could also contribute to the shifted B cell populations

in K3 knockout mice. To differentiate between rapidly induced and

slowly developing defects in the absence of K3, we used a tamoxifen-

inducibleK3knockoutmouse strain (Fermt3fl/fl RosaCreERT2mice).13

One week after knockout induction, a significant population of MZ

B cells was found in the blood of tamoxifen-treated, but not control-

treatedanimals. 2weeks after treatment, this populationwasno longer

detectable (Figure 4F). In the spleen, the loss of K3 reduced the MZ

B cell population to about 20% of the numbers found in control mice

(Figure 4G). In summary, the data demonstrate that K3 is indispens-

able for inside-out activation of VLA-4 and LFA-1 integrins on splenic

B cells, which in turn are required for homing and retention of shear

force-experiencing B cells, particularly MZ B cells. In contrast, follic-

ular B cells were unaltered in this short-term inducible K3 knockout

mouse model (Figure 4H), indicating a long-term cause for follicular B

cell expansion.
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F IGURE 4 K3 is indispensable for VLA-4 inside-out activation. To determine VLA-4 affinity state, real time kinetic measurements were
performed on B cells isolated by negative selection as described in.23 A ligand residence time below 17 s indicates low affinity VLA-4, between 17 s
and 50 s intermediate affinity and above 50 s high affinity. CXCL12 (A), CXCL13 (B), or anti-IgM F(ab)2 (C)were added to stimulate VLA-4 affinity
upregulation (n= 5). Negatively selected B cells were perfused over a VCAM-1 (D) (n= 5) or ICAM-1 (E) (n= 3) coated surface with or without
co-immobilized CXCL12 K3 fl/fl - Rosa26CreERT2mice were treated with 5mg Tamoxifen (Tam) on two consecutive days. Control mice were
treated with oil (n= 5 per group). One (1w) and 2weeks (2w) after treatment, MZ B cells were detected in the peripheral blood by flow cytometry
(F). Twoweeks (2w) after the treatment, the spleenwas analyzed by flow cytometry for the content ofMZ (G) and follicular (H)B cells. Groups
were compared using unpaired t-test. ns: P> 0.05; *P< 0.05; **P< 0.01; ***P< 0.001.

3.5 K3 deficient follicular B cells display a
signature of increased activation and are prone to
proliferate

To get insights into the causes for the increase in follicular B cell num-

bers, we sorted this population from the spleens of K3ΔB and control

mice (Supplemental Figure 4A) and performed a transcriptome array. A

linear based-model differential analysis showed 263 genes to be signif-

icantly (P< 0.05) up-regulated in Kindlin-3 deficient compared to con-

trol B cells, while only 41 geneswere significantly downregulated (Sup-

plemental Figure4B). Among the50most significantly regulatedgenes,

shown in Figure 5A, were the chemokine receptor CXCR5 and several

important signaling molecules. Gene set enrichment analysis (GSEA)

showed an upregulation of central signaling pathways such as BCR and

NF-kappaB signaling (Figure5B) inK3deficientB cells. Themost signif-

icantly regulated gene sets from the used databases are shown in Sup-

plemental Fig. 4C. The increased activity of these pathways, together

with metabolic changes exemplified by increased activity of the PI3K-

AKT-MTOR pathway and upregulation of oxidative phosphorylation

genes (Fig. 5C) show a generally increased activation state of the K3

deficient follicular B cells.

Confirming the phenotype of increased activation, CD69, CD40,

CD38, CD44, CXCR5, and EBI2 mRNA levels were upregulated (Sup-

plemental Fig. 5A) and protein surface expression (CXCR5, CD44: Fig-

ure 3; CD69, CD40: Figure 6A) was increased in K3 deficient follicular

B cells. These molecules are associated with Ag-driven germinal cen-

ter (GC) responses and contribute to plasmablast differentiation.36–38

During an immune reaction, activation via the BCR and CD40 on fol-

licular B cells results in selective expansion of reactive B cells. Thus,

we stained spleen cryosections for the proliferation marker Ki67 and
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F IGURE 5 K3 deficient follicular B cells display an activation phenotype on RNA and surface receptor level. Follicular B cells were sorted
from the spleens of K3ΔB (n= 4) mice and control littermates (n= 3). Row-wise scaled (Z-score, color-coded) heatmap of the top 50 regulated
genes between K3 deficient B cells and control. Right column represents the log2 fold change and significantly regulated genes are highlighted by a
“*” (A). Gene set enrichment analysis was performed using several published databases fromMSigDB. Enrichment plots show up-regulated
gene-sets in K3 deficient B cells. Genes are ranked according to the log2 fold change in K3 deficient B cells vs. control (X-axis). Genes belonging to
the respective gene-sets are showedwith red ticks. The Y-axis shows the evolution of the enrichment score during the randomwalk over the
ranked list of genes (B and C)

visualized the follicular architecture and B cell areas by co-staining of

laminin and B220 (Figure 6B). In the spleens of wt littermate controls

only few follicles showed clusters of proliferating cells, as expected

in mice neither immunized nor exposed to pathogens. In contrast, in

K3ΔB mice, clusters of proliferating cells could be found in the major-

ity of follicles (Figure 6B). Quantification of the Ki67 positive cells

revealed a specific increase of proliferating B cells in K3ΔBmice, while

proliferation in the T-cell areas was unchanged (Figure 6C). In accor-

dancewith this, the numbers of CXCR5 positive follicular helper T cells

(TFH) as well as co-stimulatory molecules on B cells (CD80, CD86)

were unaffected by the K3 loss (Supplemental Fig. 5B and data not

shown).

3.6 K3∆B mice show increased germinal center B
cell and plasmablast numbers

Next, we characterized the possibility of a K3 loss-induced GC

induction. Indeed, the absolute number of GC B cells (defined as

CD95highCD38low, Figure7A)was significantly increased inK3∆Bmice

compared to wt littermates. We also observed an increase in plas-

mablasts (TACI+/CD138+/B220high/CD19low, Figure 7B, Supplemen-

tal Figure 6A) but not later stages of plasma cells (Supplemental Fig-

ure 6B), in line with our observation of an upregulation of the homing

receptor EBI2 (Supplemental Figure 5A). For further in situ character-

ization of GC and class switched B cells, we stained spleen sections of

K3∆Bmice andwt littermates for Ki-67 in combination with PNA, GL7

or IgG, to determine GC and class switched B cells, respectively. K3∆B

mice displayed an increase in Ki-67, PNA, GL7, and IgG positive areas

(Figure 7C–E). We observed a significant increase in PNA+Ki67+ GC

numbers in K3∆Bmice compared to wt littermates, with an intermedi-

ateGCnumber inK3∆Bmice (around2GCs/mm2, Figure7C). Thereby,

Ki-67 positive clusters overlapped with GL7 (Figure 7D); IgG positive

areaswere located adjacent to themain proliferative areas (Figure 7E).

Further, proliferating B cells partially expressed high IgM levels (Sup-

plemental Fig. 6C). Our data suggest that absence of K3 triggers an

expansion of follicular B cells and enhances their commitment to dif-

ferentiate into GCB cells and plasmablasts.
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F IGURE 6 K3ΔBmice show an increase in
proliferation centers in splenic follicles, CD40
and CD69 expression of follicular B cells of
K3ΔB and control mice was determined by
flow cytometry (n= 5wt; n= 7 K3ΔB for CD40
and n= 3 in both groups for CD69) (A).
Cryosections of spleens fromK3ΔB and
control mice were stained with Abs against
Laminin (blue) tomark white pulp boundaries,
B220 (red) to define B cell zones and Ki67
(green) as amarker for proliferating cells. Scale
bars are 50 μm (B). Quantification was done
using ImageJ bymanually defining B- and T-cell
zones based on laminin and B220 staining. The
total and Ki-67 positive areas of B- or T-cell
zones weremeasured and the Ki-67 positive
fractions were calculated (one representative
of 3 analyzed pairs of littermates is shown, 7
images were counted per spleen) (C). Groups
were compared using unpaired t-test. ns:
P> 0.05; *P< 0.05; ***P< 0.001

3.7 K3 deletion specifically increases the
response of follicular B cells to CXCL13 and IgD
activation

To identify the causes for the observed proliferation and lineage skew-

ing of K3 deficient follicular B cells, we assessed the expression of

the BCR IgD and IgM isotypes and found significantly elevated IgD

but unaltered IgM on these cells, compared to K3 proficient cells (Fig-

ure 8A). We analyzed calcium (Ca2+) mobilization upon BCR as well

as CXCR4 and CXCR5 (compare Figure 3B) stimulation. An example of

the analysis is depicted in Supplemental Fig. 7A. While we found com-

parable calcium responses to anti-IgM, anti-kappa light chain and IgD

activation in K3 deficient and wt follicular B cells (Supplemental Fig.

7B), the Ca2+ response to CXCL13, but not CXCL12 was increased

in K3 deficient B cells (Figure 8B). These data proposed an increase in

CXCR5 responsiveness, in line with the increased CXCR5 but retained

CXCR4 expression (Figure 3B). To further corroborate this finding, we

next analyzed activation of the PI3K pathway in response to CXCL13

and anti-IgD stimulation, using a phosphoflow approach for the PI3K

target Akt. In accordance with the Ca2+ data, Akt phosphorylation

in response to CXCL13, but not α-IgD was increased in K3 deficient

follicular B cells (Figure 8C). Along this line, CXCL13-induced chemo-

taxis was retained in K3 deficient follicular B cells despite their lower

general and CXCL12-induced motility (Figure 8D). We confirmed this

observation on a collagen substrate with or without co-immobilized

CXCL12 or CXCL13. In line with this finding, polarization of the actin

cytoskeleton during migration on a collagen substrate, as analyzed

by phalloidin staining, was significantly increased in the presence of

CXCL13 but not CXCL12 inK3 deficient B cells (Figure 8E, Supplemen-

tal Fig. 7C). In summary, we observed a clear preference of K3 deficient

B cells forCXCR5overCXCR4 signals and signs of alteredmotility, con-

sistent with GC formation.36,39
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F IGURE 7 K3ΔBmice show an increase in
GC B cells and plasmablasts, GC B cells were
flow cytometrically defined as CD95high

CD38low (pre-gated on CD19 positive) in the
spleens of K3ΔB and control mice as shown
(n= 7) (A). Plasmablasts numbers were
determined by flow cytometry as
TACI+/CD138+/B220high/CD19low (n= 7) (B).
Cryosections of spleens fromK3ΔB and
control mice were stained for PNA/ GL7 (red)
tomark germinal centers (C, D), or IgG (red) to
mark class-switched B cells (E), together with
Ki67 (green) defining proliferating cells. Scale
bars are 50 μm. PNA+ germinal centers (GCs)
were quantification in K3ΔB and control mice
(C). Groups were compared using unpaired
t-test. ns: P> 0.05; *P< 0.05; ***P< 0.001

4 DISCUSSION

In this study,we analyzedB-cell intrinsic functions of the integrin adap-

tor K3 and one of themajor B cell integrins, VLA-4 (CD49d), on basis of

highly specific conditional knockout mouse models. We found that MZ

B cell retention relies entirely on functional K3 and partially on VLA-4.

We also provide evidence that K3-mediated signaling serves as amoni-

tor of the follicularB cell pool, by limiting their proliferation and further

differentiation, via controlling their CXCR5 responsiveness.

MZ B cells are a specialized splenic B cell subset cycling between

sinusoids and white pulp.40 These cells are prone to disturbances by

dual VLA-4 and LFA-1 integrin blockage and rely on several factors

involved in stabilization of high affinity adhesive processes.41,42,43 In

K3ΔBmice, we observed a loss of MZ B cells and nonfunctional inside-

out activation of both, VLA-4 and LFA-1 integrins. Our data suggest

that K3 abrogation directly interferes with integrin-mediated reten-

tion of B cells in the MZ, which we confirmed by use of a tamoxifen-

inducible knockout model that mobilized MZ B cells into blood. The
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F IGURE 8 K3ΔBmice show increased
signaling capacity towards CXCR5 activation
and alteredmigration behavior, IgM and IgD
levels were determined by flow cytometry on
follicular B cells of K3ΔB and control mice
(n= 14 per group) (A). Fluo-3 loaded
splenocytes were stimulated with CXCL12 or
CXCL13 (n= 6 per group) to induce calcium
mobilization. (B). Splenocytes of K3ΔB and
control mice were stimulated with CXCL13
and α-IgD for 5min, and Akt phosphorylation
was determined by flow cytometry (n= 7 per
group) (C). Splenocytes of K3ΔB and control
mice were subjected to a transwell migration
towardmedium alone (control), CXCL12, or
CXCL13 (n= 9 per group) (D). Negatively
selected B cells fromK3ΔB and control mice
were seeded on a substrate of Collagen I alone
or co-coated with CXCL12 or CXCL13. F-actin
was stained with Phalloidin-AF488, images
were taken at Zeiss AxioObserver (20×
magnification) and cells weremanually
classified as polarized or unpolarized according
to the pattern of phalloidin staining. Between
100 and 300 cells were counted per condition;
dots represent 5 independent experiments (E).
Groups were compared using unpaired t-test.
ns: P> 0.05; *P< 0.05; **P< 0.01; ***P< 0.001

adhesive cues necessary forMZmaintenance depend in part onVLA-4,

as lossofCD49d reducedbutnot completely abrogatedMZBcells.Our

findings are consistent to the report thatMZBcells adhere andmigrate

with the flow in a VLA-4-VCAM-1 dependent manner and utilize LFA-

1 for migration against the flow.44 Our mouse models also reflect the

co-dependency of MZ B cells on both integrins that has recently been

suggested on basis of Ab-blocking experiments.42

Both, absence of K3 and CD49d caused a massive reduction of

IgM+/IgDneg/low immature B cells in the BM, arguing for VLA-4 as the

major integrin regulated by K3 activity in immature B cells. These cells

normally reside in the BM sinusoidal vessels and the parenchyma in a

VLA-4-VCAM and CXCR4-CXCL12 dependent manner.29,45 In consis-

tence, we observed a reduced B cell chemotaxis to CXCL12 when K3

expression was abrogated.

In contrast to two previous reports46,47 we clearly show that K3 is

required for inside-out VLA-4 activation. This activation cascade inte-

grates signals from the microenvironment such as chemokines or Ag,

and is therefore highly relevant for B cell differentiation. Notably, only

by using models harboring a complete knockout of K3, as achieved in

our conditional knockout mice, residual activity of K3 is excluded. This

is crucial, as a minimal amount of K3, which is present in knockdown

approaches, is sufficient to enable integrin activation,48 which might

explain the discrepancy to previously reported observations.

An unexpected finding was the markedly enhanced proliferation of

follicular B cells and the enrichment of GC B cells and plasmablasts in

K3ΔBmice. Obviously, K3-mediated signaling serves as a control point

for follicular B cell fate, while CD49d is not sufficient for this function.

One possible explanation is that the total loss of integrin-mediated

signals and adhesion sites in the K3 KO influences the cytoskeleton

(see Figure 8E), thereby alteringmembrane compartmentalization and

BCR–co-receptor cooperation.49 Lack of K3 also results in unoccupied

focal adhesion molecules, which could be sequestered to and function

in the nucleus.50,51 In addition, K3 might also fulfill adaptor functions

independent of integrin cytoplasmic tails.52 The K3 interactome and

K3-controlled signaling pathways in follicular B cells remain, however,

to be elucidated in future projects.

Besides retention, the numbers of mature B cell subsets in spleen

are determined by their continuous differentiation from BM-derived

immature progenitors and their subsequent survival and proliferation

within the spleen microenvironment. All these processes depend on

activation signals received through the B cell receptor.53 Our tran-

scriptome analysis of K3 knockout follicular B cells showed an upreg-

ulation of essential B cell differentiation and signaling pathways, that

is, the BCR pathway, MAPK- and NF-kappaB pathways and revealed

increased expression of oxidative phosphorylation genes,54 pointing

to an activation phenotype of K3 knockout follicular B cells. As the

observed activation signatures are normally a consequence of Ag

encounter during an immune reaction, K3 deficient B cells may either

possess an altered BCR activation threshold, or their BCR repertoire

or signaling cascades are altered to receive more activation. In line
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with this hypothesis, we found increased surface expression of IgD

and CD40.Moreover, K3 loss enhanced EBI2 transcription and CXCR5

responsiveness, and therefore induced plasmablast differentiation and

a spontaneous but dispersed germinal center formation. Usually, acti-

vated B cells are recruited to CXCL13-expressing follicular dendritic

cells, where they are supported by tightly regulated adhesive interac-

tions with this microenvironment,36,39,55,56 which allows their further

differentiation. Without K3, the coordinated process of BCR stimula-

tion, adhesion to follicular dendritic cells, and T cell support appears to

be disrupted.

In summary, besides providing mechanistic insights into the VLA-

4-dependency of immature and LFA-1/VLA-4 dependency of marginal

zoneBcells,we foundanovel contributionofK3 in limiting and control-

ling follicular B cell activation, proliferation in spleen and commitment

toward germinal center responses, by altering their CXCR5 respon-

siveness, and thus their localization and further interaction with the

spleenmicroenvironment.
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