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Small interference ITGA6 gene targeting in the human thymic epithelium differentially

regulates the expression of immunological synapse-related genes

Abstract

The thymus supports differentiation of T cell precursors. This process requires relocation of developing
thymocytes throughout multiple microenvironments of the organ, mainly with thymic epithelial cells (TEC),
which control intrathymic T cell differentiation influencing the formation and maintenance of the
immunological synapse. In addition to the proteins of the major histocompatibility complex (MHC), this
structure is supported by several adhesion molecules. During the process of thymopoiesis, we previously
showed that laminin-mediated interactions are involved in the entrance of T-cell precursors into the thymus,
as well as migration of differentiating thymocytes within the organ. Using small.interference RNA strategy,
we knocked-down the ITGAG6 gene (which encodes the CD49f integrin a-chain) in cultured human TEC,
generating a decrease in the expression of the corresponding CD49f subunit, in addition to modulation in
several other genes related to cell adhesion and migration: Thymocyte adhesion to TEC was significantly
impaired, comprising both immature and mature thymocyte subsets. Moreover, we found a modulation of the
MHC, with a decrease in membrane expression of HLA-ABC, in contrast with increase in the expression of
HLA-DR. Interestingly, the knockdown of the B2M gene (encoding the beta-2 microglobulin of the HLA-
ABC complex) increased CD49f expression levels, thus unraveling the existence of a cross-talk event in the
reciprocal control of CD49f and HLA=ABC. Our data suggest that the expression levels of CD49f may be
relevant in the general control of MHC expression by TEC and consequently the corresponding synapse with
developing thymocytes mediated.by the T-cell receptor.
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Introduction

The thymic microenvironment is crucial for intrathymic T cell migration and maturation by providing inductive signals.
This tissue is essentially composed by thymic epithelial cells (TEC), which play a vital role in T cell development and
induction of self-tolerance for adaptive immunity. TEC are responsible for the production of the majority of the

inductive signals, including cytokines, chemokines and components of extracellular matrix (ECM).*™

The thymus is microanatomically structured in discrete cortical and medullary regions that contain phenotypically-and
functionally distinct TECs, as well as thymocytes at defined stages of maturation.””” Thymocyte development takes
place during a stepwise progression and requires tuned migration through the distinct thymic regions, where
maturing thymocytes interact with microenvironmental cells. Those interactions are mediated by a series of
ligand/receptor molecular associations, as for example those in the immunological synapse involving major
histocompatibility complex (MHC) and the T-cell receptor (TCR), respectively expressed by TEC and developing
thymocytes, as well as cell adhesion/cell migration related TEC/thymocyte ‘interactions.””? Although in real life the
thymic epithelium is a tridimensional (3D) network, adhesion of developing thymocytes with cultured TEC can be seen
in 2D conditions, with formation of typical synaptic structures, as revealed by confocal microscopy.’ Moreover, we can
measure changes in the human TEC-thymocyte adhesion degree by experimentally modulating cell adhesion-related

molecules such as ECM ligands and receptors, and semaphorins, among others.”™

During the course of classical immunological synapse formation between T-cells antigen-presenting cells (APCs), the
adhesive proprieties of immune cells are crucial for the dynamic assembly of signaling complexes. Integrins give
support to those interactions and, in mature immunological synapses, there is an external integrin ring, formed by
lymphocyte function-associated antigen 1 (LFA-1), which surrounds central TCR clusters in the contact zone.'*"
Moreover, different microdomains containing immunoreceptors (MHC proteins, pathogen recognition receptors,
integrins, among others) have been reported in APCs, being important for efficient pathogen recognition, the

formation of the immunological synapse, and subsequent T cell activation.™*

The thymic synapse is the first T cell-specific synapse, although the relevance of signaling complex formation to TCR
signaling during thymus:development is much less clear. The first thymic synapse investigated was the one inducing
negative. selection .of thymocytes, which have rearranged their TCR and express both CD4 and CD8 accessory
molecules on their membranes.” It was shown that positively selecting synapses, studied in the mouse model, are
established during multiple short encounters with microenvironmental cells.” Very few papers actually deal with the
intrathymic T cell/microenvironmental cell synapse and also virtually nothing is known concerning the human thymus.
Interestingly however, it has been reported that a-distroglycan, a subunit of the distroglycan complex (which binds

the ECM molecule laminin), plays a role in the intrathymic immunological synapse, since blocking this molecule



through different strategies resulted in altered intrathymic T-cell development, as revealed in fetal mouse thymus

organ cultures.'®

Components of ECM are critically involved in the formation of thymic microenvironments and T cell development, by
establishing molecular bridges between thymocytes and microenvironmental cells. The major membrane receptors
for adhesion to ECM proteins in metazoa are integrins, transmembrane heterodimers composed of a and B subunits,
comprising 18 a and 8 B members, so far known to assemble into 24 distinct dimers.” ECM-integrin interactions play
a critical role in the regulation of signaling pathways that coordinate several biological processes, including cell

adhesion, migration proliferation and survival.*®*

In a large series of studies, we showed that TEC constitutively produce various ECM /molecules.and express the
corresponding integrin-type receptors.®?® In particular, others and we have demonstrated the expression of laminin
isoforms in human and murine thymus, as well as the expression of functional laminin receptors by TEC and
developing thymocytes, which play a role in the adhesion of thymocytes to TEC in normal murine and human

thymuses.”*

CD49f is an ECM cell adhesive protein, a6 integrin chain, encoded by the ITGA6 gene, which can associate with 1 or
B4 sub-unities to form laminin receptors.”” In normal epithelial tissues, a6p4 has been implicated in forming and
stabilizing of hemi-desmosomes, which contribute to the organization and maintenance of epithelial structure.
Accordingly, the loss of ITGA6 or ITGB4 gene function, in-humans, is associated with some forms of epidermolysis

bullosa.®

Particularly in the thymus, CD49f participates in the homing of T cell progenitors into this organ and may function as

costimulatory molecule for thymocyte development.?*?’

Accordingly, thymocyte adhesion on microenvironmental
cells, as well as thymocyte migration, is dependent on laminin-mediated interaction, through integrin-type receptors,
such as VLA-6 (a6B1 or CD49f/CD29).*"*® Recently, we showed that siRNA targeting ITGA6 in TEC could modulate cell
migration-related genes, including those coding for ECM as well as chemokine ligands and receptors, promoting a

significant decrease in celladhesion to laminin.?®

In a_second vein, the integrin f4 subunit is associated with proliferation of endothelial cells through a
molecular association with HLA-ABC, which corresponds to Class | molecules of the major
histocompatibility complex.?*%

Using the small interference RNA strategy, we examined here the engagement of ITGA6 and its
corresponding protein CD49f, in human TEC, looking for its putative role on the TEC-related immunological
synapse. We observed modulation of immunological synapse-related genes, including MHC class I and class
I1, as well as cell adhesion molecules and chemokine receptors. These changes were associated with other

morphological and functional alterations, including TEC shape shrinkage and decrease in capacity to adhere
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to laminin, as well as decrease in proliferation of TEC in vitro. Our data thus unravels the role of the CD49f
integrin subunit expressed by the human thymic epithelium upon the TEC expression of MHC molecules and
other cell adhesion proteins, crucial for the formation and maintenance of the immunological synapse
between TEC and developing thymocytes. It is thus conceivable that the maintenance of the immunological
synapse involving human TEC is much more complex than what has been so far reported for the
immunological synapse in the periphery of the immune system.

Materials and methods
Cell culture conditions and transient transfection

The human TEC line was obtained from an infant thymus by explant technique and limiting dilution cloning, being
derived from explants of a postnatal organ.' It has been kindly provided by Dr./Maria Luiza Toribio (Universidad
Autonoma de Madrid, Madrid, Spain). These cells express constitutively MHC class | and class Il molecules (HLA-ABC
and HLA-DR, respectively) as well as several cell adhesion proteins, including ICAM-1, VCAM-1 and various integrin-
type ECM receptors including VLA-3, VLA-4, VLA-5 and VLA-6;"%*' being able to interact with thymocytes.'®*? The
expression of those key TEC molecules was confirmed in present work. Cells were cultured in 10% fetal bovine serum-
supplemented RPMI 1640 medium at 37° C in a 5% CO, atmosphere. The experimental protocol for expression of
siRNA via transient transfection was applied ».using three ITGA6 specific siRNAs (sc-43129A: 5'-
CCAUCACAGUAACUCCUAALtt-3', 5'-UUAGGAGUUACUGUGAUGGtt-3'; sc-43129B: 5'-GGAUAUGCCUCCAGGUUAALt-3',
5'-UUAACCUGGAGGCAUAUCCtt-3"; sc-43129C:..5'-CCAAACUGAUCCAGUAUAALt-3', 5'-UUAUACUGGAUCAGUUUGGtt-
3"), or the negative control siRNA (scrambled sequence); all synthesized by Santa Cruz Biotechnology (Santa Cruz Co.,
catalog sc-43129). Cells were seeded in 6-well plates 1 day prior to transfection at 2 x 10° cells per well, and grown in
media supplemented with 10% fetal bovine-serum (FBS) and antibiotics (penicillin/streptomycin) until 60 to 80%
confluence. ITGA6 specific and Scramble siRNAs (5nM) were complexed with Lipofectamine 2000 (Invitrogen, catalog
11668019) according to the manufacturer’s instructions and applied to each well in a total volume of 500 pl OptiMEM
(Gibco, catalog 31985070). Cells were incubated 6 hours at 37° C in 5% CO, atmosphere and transfection medium was

removed and replaced with complete medium after 6 h. Experiments were conducted 48 hours after transfection.

Quantitation of MRNA by real-time reverse transcriptase-polymerase chain reaction (RT-PCR) and PCR array

RNA extraction was performed using RNeasy Mini Kit (QIAGEN, 74104). Total RNA was quantified using ND8000
spectrophotometer (Thermo Scientific NanoDrop Products, DE, EUA) and RNA integrity was tested using Agilent 2100
Bioanalyzer (Agilent Technologies, CA, USA). The extraction was carried with TEC after 48 hours after transfection,
following the manufacturer’s protocol. Complementary DNA (cDNA) synthesis was performed using Superscript Il
Reverse Transcriptase with oligo-dT primers (Invitrogen, catalog 18064014), in accordance with the manufacturer’s

instructions, using 2.0 ug of extracted RNA per sample. Amplification conditions for each cycle were as follows: 5 min



at 659C; 2 min at 422C, 50 min at 429C and 15 min at 602C. The final cDNA products were diluted 10-fold and
amplified using FAST SYBR Green Master Mix (Applied Biosystems, catalog 4385612) in a 25 pl reaction mixture that

was pipetted into each well of a 96-well optical plate. All standard dilutions were run in triplicate.

Real-time PCR was performed using a two-step cycling program involving an initial single cycle of 95°C for 10 min,
followed by 40 cycles of 95°C for 15 seconds, then 60°C for 1 min in the StepOnePlus™ Real-Time PCR System (Applied
Biosystems, NY, USA) with Sequence Detector System software 1.6.3. A first derivative dissociation curve was
performed (95° C for 1 min, 65° C for 2 min, then ramped from 65° C to 95° C at a rate of 2° C/min). The formation of a

single peak at temperatures higher than 80° C confirmed the presence of a single PCR product in‘the reaction mixture.

The RNA extracts from both knocked down and control TEC, in five independent experiments, were used in Human
Extracellular matrix and adhesion molecules e Chemokines and chemokine receptors RT? Profiler PCR Arrays (QIAGEN,
respectively catalogs PAHS-013Z and PAHS-0227) in 96-well plates, designed for 84 focused genes and 5 housekeeping
genes, following the manufacturer’s protocol. The first-strand cDNA was synthetized using the RT? First Strand Kit in
accordance with the manufacturer’s instructions, using 1.0 pg of extracted RNA per sample. The array plates, RT* First

Strand Kit and RT? SYBR Green Mastermix were purchased from QIAGEN.

The fluorescence accumulation data of real-time RT-PCR reaction of each sample were used to fit four parameters
sigmoid curves to represent each amplification curve using the library qpcR* for the R statistical package version
2.14.1.%* Endogenous controls used in the normalization between the different amplified samples were selected

among ACTB, B2M, GAPDH, HPRT1 e RPL13A human genes by the method geNorm.*
Immunohistochemistry

Transfected TEC were grown in Lab-Tek chambers, washed in PBS and ethanol fixed at room temperature for 10 min.
Samples were incubated with PBS/BSA 1% to block non-specific fluorochrome binding; being then subjected to the
anti-human CD49f goat polyclonal antibody (Santa Cruz Co., catalog sc-10730) for 45 min at room temperature. After
three gentle PBS washings, the'Alexa 546-coupled anti-goat Ig secondary antibody (Invitrogen, A-21085) was applied
for one hour followed by PBS and nucleus staining with DAPI (Invitrogen, CA, USA). Fluorochrome-labeled Abs was
detected using a Zeiss Axio Imager A2 microscope (Carl Zeiss, Oberkochen, Germany). Images were acquired with a
CCD camera (Hamamatsu Orca, Shizuoka, Japan). As negative controls, primary antibodies were replaced by an
unrelated anti-human goat immunoglobulin followed by Alexa 546-coupled anti-goat Ig secondary antibody. This

condition'did not generate any significant labeling.
Flow Cytometry

We also performed cytofluorometric analyses for evaluating the membrane density of the following integrin o or

chains: CD49b, CD49c, CD49d, CD49f, CD29 and CD104 (respectively a2, a3, a4, a6, f1 and 4 integrin chains). TEC



were immunostained with corresponding specific fluorochrome-labeled antibodies, or unrelated Ig isotype-matched
negative controls. Briefly, after 48h of gene silencing procedures, the cells were detached of the tissue culture plates
using EDTA and centrifuged before being transferred to wells within a round-bottom 96-well plate (Nunc) and blocked
in suspension with normal human serum for 15 min at 4°C. The cells were then treated with the fluorochrome-labeled
primary mouse anti-human antibody or unrelated control (1:10 dilution) for 30 min in dark chamber; washed in PBS

and re-suspended in the fixing solution, 2% formaldehyde in PBS. All antibodies were purchased from BD Bioscience.

Cell cycle status was determined by flow cytometry using Propidium lodide (Pl), in combination with KI-67 staining.
The analysis was carried with TEC after 48 hours after transfection. Cells were detached of the tissue culture plates
using EDTA and re-suspended in 10% fetal bovine serum-supplemented RPMI 1640 medium:. Cells were washed twice
with permeabilization buffer with saponin (Perm buffer, eBioscience, catalog 00-8333-56) and re-suspended in the
same buffer. Cells were stained with the Alexa 488 coupled anti-KI-67 antibody (1:20 dilution) for 30 minutes at 42C in
the dark followed by wash Perm buffer and fixed (paraformaldehyde and saponin) for:30 minutes at 42C (Fix/Perm
buffer, eBioscience). The cells were then washed with ice-cold PBS, re=suspended in 0,1% Triton X-100 solution
(Sigma-Aldrich, catalog 9002-93-1) and incubated with ribonuclease (0,2mg/mL) and propidium iodide (20ug/mL) for

30 minutes at room temperature. The anti-Ki67 polyclonal antibody was purchased from Abcam (catalog ab15580).

In order to verify the ability of siRNA to affect cell viability, one million of human TEC cells transfected with ITGA6
specific or Scramble siRNAs as control were stained using:Annexin-V/propidium iodide (PI) kit (BD Bioscience,
556547). The externalization of phosphatidylserine in apoptotic cells was assessed using Annexin-V conjugated to
green-fluorescent FITC dye whilst Pl was' included to characterize dead cells. Thymocytes incubated with
dexamethasone (Sigma-Aldrich, catalog 50-02-2) during 8 hours at 37°C, in a CO, incubator were used as positive
control for cell death. In all cases, cells were analyzed by flow cytometry, and dot plots were generated for the

simultaneous Annexin V and Pl/labeling.

In all experiments, the fluorescence intensity of labeled TEC was determined with a FACSCanto Il flow cytometer (BD
Biosciences, San Diego, CA, USA), with at least 10,000 events recorded for each sample derived from at least three
independent assays. The analyses were carried out using the BD FACSDiva 6.1.3 or the Summit softwares (respectively

from BD Biosciences, CA, and Dako, Carpinteria, USA).
Immunoblotting

Protein expression was also determined by immunoblotting. Cells were washed with phosphate-buffered saline (PBS)
buffer, lysed in protease inhibitor (Sigma-Aldrich, catalog P8340) passing through a 27-gauge needle. Lysates were
cleared by centrifugation at 12,000g for 5 min, and the concentration of protein was determined with Qubit® 2.0
Fluorometer (Invitrogen, CA, USA). Equal amounts (10ug) of protein were fractionated by sodium dodecyl sulfate—

polyacrylamide gel electrophoresis (SDS-PAGE; 10% polyacrylamide) before transfer to nitrocellulose membranes



(Invitrogen, catalog LC2006). The protein transfer was carried out using the iBlot® 7-Minute Blotting System
(Invitrogen, CA, USA). Membranes were blocked with 5% milk in Tris-tween buffer (25 mM Tris—HCI, pH 7.4, 150 mM
NaCl, 2.7 mM KCl, 0.1% Tween 20) for 2 h at room temperature. After being washed thoroughly 3 times during 10 min
with the same buffer, the membranes were incubated with the anti-CD49f rabbit antibody (Cell Signaling, catalog
3750S), washed and subjected to the peroxidase-coupled goat anti-rabbit 1gG (Abcam, catalog ab6721) (1:1500
dilution) for 2 h at 37 °C, then washed three times again. Secondary antibody was used according to the
manufacturer’s instructions, and its detection was improved by applying the enhanced chemiluminescence kit«(GE

Healthcare, catalog RPN2232).
Thymocyte-Thymic epithelial cell adhesion assay

Human TEC cultures with 48h of transfection were used to verify the ability of siRNA ITGA6 transfected TEC to bind
thymocytes. To test this, it was applied two distinct techniques. One approach was the co-culture in the 24 well plates
for phenotyping analysis by flow cytometry of those thymocytes that remained adhered on the TEC monolayer. We
exposed TEC monolayer to 50 thymocytes per TEC for one hour at 37°C in a 5% CO2 atmosphere, nonadherent cells
were gently washed out, and adhered thymocytes were harvested and phenotyped. Cells were washed and

subsequently submitted to three-color immunofluorescence staining as previously described.'®*

A second approach
to evaluate thymocyte/TEC adhesion was by direct counting, under the microscope, the numbers of thymocytes which
had adhered to TEC cultures. TECs were trypsinized, replated to 8-well Labtek chambers (4 x 103 cells/0.5 ml in each
chamber) for 12--18h, exposed to 50 thymocytes per TEC for one hour at 37°C in a 5% CO2 atmosphere, non-adherent
thymocytes were gently washed out, and cover glasses were fixed in cold absolute ethanol for five minutes and
stained with Giemsa or used for immunoflurescence. Countings were integrated in the form of an association index

(Al) and calculated using the following formula, previously validated for this type of analysis.'®*?

_ number of TEC with thymocytes x number of thymocytes boundto TEC 5
total TEC number

Al 100

At least 300 thymic epithelial cells with or without adhered thymocytes, were counted per well. These experiments
were repeated at least three times, with two separate observers performed counting blind. We did not consider the
growth rates; however, the evaluation by two different observers after transfections did not suggest any

modifications in'growth rates when compared no treated with treated cells.

Human thymuses were obtained as a by-product of cardiac surgery performed on children at Necker Hospital. The
study was approved by the Necker Hospital Ethical Committees for human research and was performed according to

the European Union guidelines and the declaration of Helsinki.

In silico molecular docking



The three-dimensional (3D) model of the CD49f sub-unit was generated by comparative modeling method using the
program Modeller 9v11.%® The crystal structure of integrin CD49e (PDB code: 1JV2) was identified as the best template
after PSI-BLAST (http://nar.oxfordjournals.org/content/25/17/3389.short) analysis against the Protein Data Bank
(PDB).*’ The docking calculations were performed with HADDOCK easy interface
(http://haddock.science.uu.nl/services/HADDOCK/haddockserver-easy.html) using the standard protocols and
automatically determining values.*® This interface requires only starting structures and lists of interacting residues.
The generated 3D model of CD49f was used as a starting structure, as well as the crystallographic structure of Beta-2-
microglobulin (B2M) available at PDB. The interaction residues were based on the interactions derived from the X-ray
crystallographic structure of MHC class Il histocompatibility antigen interaction with B2M (PDB code: 3JTS). The best
10 solutions were clustered and sorted according to the intermolecular energy (sum of van der. Waals, electrostatic

and ambiguous interaction restrains energy terms) and their average buried surface area.
Statistical analyses

The comparison of means of normalized gene expression values of PCR.arrays between the two groups (unpaired) was
performed using Student’s t tests. Results were represented in graphs displaying the expression levels mean *
standard error of mean of each group relative to mean of the control group (fold-change), defined by the arbitrary
value of 1. Also, the statistical analysis of the cytofluorometry data was performed using Student’s t tests to compare
differences between the two groups (unpaired). In this case, results were presented as mean * standard error of the
mean fluorescence intensity. Two-tailed levels of significance less than or equal to 0.01 and 0.05 were considered as

“highly significant” and “significant”, respectively.

Functional protein association networks, including direct (physical) as well as indirect (functional) associations, were
inferred using the platform freely.available in the framework of the STRING database (http://string-db.org), developed
by STRING CONSORTIUM 2016 which includes SIB - Swiss Institute of Bioinformatics, CPR - NNF Center for Protein

Research and EMBL - European Molecular Biology Laboratory.

Results

Anti-ITGA6 siRNA oligonucleotides impair the expression of CD49f and other integrin subunits by human TEC

To assess the consequences of CD49f (a6 integrin) expression loss, human TEC were transfected with oligonucleotides
(siRNA) that target the ITGA6 mRNA (silTGA6). We did confirm our recent results*® showing a significant knockdown of
ITGA6 gene expression, as ascertained by real time PCR with primers located in the regions of siRNAs degradation. The
measurement of mMRNA levels was assessed using the carefully designed RT-gqPCR primers for each one of the three
individual siRNAs duplexes (Supplementary Information, Fig. 1). We found 70--80% reduction of ITGA6 mRNA in TEC

transfected with ITGA6 siRNA as compared with the scramble oligonucleotide. As expected, ITGA6 gene knockdown



10

was also reflected at the CD49f protein expression levels, as seen by immunoblotting and flow cytometry analyses
(Supplementary Information, Fig. 1). The immunoblotting analysis suggests virtual complete loss of the CD49f protein,
which is at variance with the significant amounts detected by flow cytometry. This apparent discrepancy is likely due
to the fact that the protein extraction for the immunoblotting experiments did not preserve the entire membrane

fraction, and the soluble fraction may be more affected by the action of gene knockdown process.

The surface expression of other a-integrin subunits, CD49b, CD49c, and CD49d, was also decreased following the
ITGA6 gene knockdown, whereas CD49e expression was not modified on the cell surface (Fig1a)..Furthermore, by
using RT-gPCR we found that the expression of ITGA2, ITGA4 and ITGA5 was down-modulated in ITGA6 knocked-down
cells, averaging 59%, 12% and 12% (Fig. 1b). Interestingly, in contrast to ITGA2, ITGA4 and ITGA5 mRNA, the mRNA
levels of ITGA3 were not affected in the cells. This is consistent with previous published 'data in which a6p4 integrin

regulates the transcription of a2 and the translation of a3 integrin subunits.*

To determine whether expression of a6B4 (CD49f/CD104) and a6B1 (CD49f/CD29) integrins were suppressed on the
TEC surface following transfection with silTGA6, cells were analyzed ‘by flow cytometry. Considering that the B4
subunit forms heterodimer specifically with the a6 subunit, the knockdown of this subunit resulted in depletion of the
44% in surface expression of B4 integrin (Fig. 1c). Nevertheless, the expression of Bl integrin was not affected in
protein level on the membrane of TEC (Fig. 1b). Like 1, a5 integrin subunit levels were not significantly decreased in
the a6 knocked-down TEC (Fig. 1a). These findings indicate that, in addition to the decrease of a6B1, cell surface

expression of a6B4 is diminished in silTGA6 transfected human TEC.
Effects of down-regulating ITGA6 on thymocyte adhesion as well as adhesion molecules expressed on TEC

Considering our previous data showing that antibodies to the laminin receptor could significantly inhibit adhesion of

developing thymocytes to TEC,/in both mice and humans,**™*

we evaluated whether ITGA6 siRNA could also promote
similar effects, when compared to controls. We found a dramatic decrease in thymocyte adhesion on ITGA6 siRNA-
treated TEC, as ascertained by the association index, which is calculated based on number of TEC with thymocytes as

well as number of thymocytes bound to TEC (Figs. 2a-b).

Since we also observed a considerable diminution of the average surface of TEC after ITGA6 siRNA treatment, we also
calculated the numbers of thymocytes adhered per TEC, as well as the numbers of adhered thymocytes per TEC
surface (expressed in mm?). As seen in figure 2c, in both cases the diminution of adhered thymocytes was highly

significant.

The interference upon cell adhesion following ITGA6 siRNA treatment on TEC could be explained, not only by the
decrease in CD49d/CD29-mediated interaction, but also by the modulation in extracellular matrix and other adhesion
genes observed after the ITGA6 knockdown. Among the genes analyzed by PCR Array, we found 42 genes who

modulation of expression was statistically significant, being either down- or up-regulated (Figure 3). Fifteen genes

10
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were up-modulated as compared the expression levels in ITGA6 siRNA versus control siRNA treated TEC, whereas the
expression of 27 genes was down-regulated and the expression of 2 genes was completely abolished in ITGA6

knocked treated TEC, SELE and TIMP3 (Supplementary Information, Table 1).

We next asked whether other important group of genes, the chemokine receptors and ligands, would be affected by
knockingdown ITGA6. Chemokine receptors and ligands have been implicated in signal transmission at the
immunological synapse between T lymphocytes and their cellular partners,” being involved with membrane
compartmentalization and regulating local T-cell adhesiveness through lymphocyte function-associated antigen (LFA)-

1 activation.**

The knockdown of ITGA6 promoted huge modulation in several chemokines genes (Figure4). Of the
84 genes studied in this group, 79 genes were expressed in TEC, among which 18 presented-a significant modulation
in the expression, where 8 were down modulated and 10 presented up modulation when ITGA6 was abrogated. These
results suggest that knockdown of ITGA6 suppresses cell spreading and adhesion of thymic epithelial cell and that a6

integrin plays a key role in the expression of cell adhesion genes.

We then evaluated whether the adhesion blockade targeted preferentially a given CD4/CD8-defined thymocyte
subset (Fig. 3). This was not the case, since all immature and mature subsets were similarly affected after adhesion in
ITGA6 siRNA-treated TEC, when compared to control TEC, strongly suggesting that there is no preferential reduction

of a subpopulation of thymocytes due to decreased the density of expression of CD49f in TEC.

Since silTGA6 TEC showed a decreased in number of cells, we evaluated cell death in these preparations using the
Annexin V/PI double-labeling. We found that the ITGA6 knockdown did not influence cell viability, with both Control-
siRNA and ITGA6-siRNA treated cells were-primarily Annexin V-FITC and PI negative, indicating that they were viable
and not undergoing apoptosis (Supplementary, Fig. 2). Taken together, these data indicate that ITGA6-knockdown

induced arrest in proliferation of TEC, without affecting apoptosis.
ITGA6 knockdown in human.TEC modulates immunological synapse related genes

The impact of ITGA6 siRNA (applied on TEC) upon T cell adhesion might have consequences in T cell development and
selection, since-interactions of these cells with TEC have a crucial role in the regulation of these processes, particularly
in the formation and maintenance of immunological synapse. Therefore, we investigated other synapse related
molecules in.the human thymic epithelium. As shown in Figure 3a, gene expression of two important adhesion

molecules relevant in the immunological synapse and known to be potent co-stimulatory molecules,*®*

namely
vascular cell adhesion molecule (VCAM-1) and the intercellular cell adhesion molecule (ICAM-1) was down modulated
after the knockdown of ITGA6, decreasing 60% and 24%, respectively. In this condition, we also found significant
down regulation in the expression of ITGAL and ITGA4 genes that encode a chains of other integrin-type surface
receptors LFA-1 and VLA-4 (CD49d/CD29), which also play a significant role in both the formation of the

supramolecular activation cluster in the immunological synapse and in cellular crosstalk™ (Fig. 4).
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A further immunologic synapse related molecule is the chemokine receptor CXCR4, whose activation is related to
synapse maintenance,” and mutations of the CXCR4 gene, seen in the WHIM syndrome, impair the stability of T-cell
52,5

synapse.””* Targeting ITGA6 gene by siRNA in cultured TEC did induce a decrease in the expression of the CXCR4
gene, as revealed by qRT-PCR (Fig. 4).

We then searched whether or not the expression levels of class | and class Il major histocompatibility complex, HLA-
ABC and HLA-DR, was affected by the knock-down of ITGA6 in human TEC. Interestingly, as compared to controls, this
treatment promoted a consistent decrease in membrane expression of HLA-ABC, whereas thedexpression of HLA-DR

was increased, as determined in 5 independent experiments (Fig. 5).

Previous reports showed that HLA-ABC can interact with the B4 integrin subunit in endothelial cells.?>*° To explore the
possibility of the a6 integrin subunit, which pairs with B4 integrin, also interacting with HLA-ABC in the human thymic
epithelium, we applied a transfection protocol using B2-microglobulin (B2M)<siRNA in cultured TEC. Transfection
efficiency was determined by flow cytometry analysis and RT-gPCR at 48h after introduction of the B2M siRNA. The
protein levels of HLA-ABC complex, which contains the B2-microglobulin, decreased 50% on the membrane of TEC,

when compared to control cells, and the mRNA level of B2M was down-regulated around 73% (Fig. 6).

We then evaluated cytofluorometric analyses of the membrane expression levels of CD49f and B2M, in conditions of
reciprocal knocking down of ITGA6 and B2M genes. As compared to controls, in four independent experiments the
ITGA6 knockdown resulted in decrease in B2M protein contents in TEC, whereas the B2M gene knockdown increased
CD49f expression levels. This was ascertained by analyzing the relative cell numbers and means of fluorescence
intensity of each protein (Fig. 6). Such experiments clearly show the existence of a cross-talk event in the reciprocal

control of CD49f and HLA-ABC.

Hypothetically, this cross-talk imight be through direct physical interaction between the two molecules. We then
approached this possibility-by performing in silico docking experiments. We identified that two residues in the B-
propeller region, present in thé extracellular portion of the a6 integrin chain, interact with two residues on the N-
terminal region of the B2-microglobulin. The residues likely involved in this interaction are Lys58 and Leu289 in a6

integrin chain and GIn8and Tyr10 present in f2-microglobulin. These results are summarized in figure 7.
Discussion

Intrathymic laminin/integrin mediated interactions are known to be relevant in interactions between developing

thymocytes with epithelial and nonepithelial components of the thymic microenvironment.*®*%>*

Recently we showed
that targeting the ITGA6 gene in human TEC [using the siRNA strategy, with consequent inhibition of CD49f, the a
chain that forms the heterodimers a6B1 (CD49f/CD29) and a6B4 (CD49f/CD104)] resulted in a complex alteration in
cell migration-related gene networks in thymus epithelium, including several chemokines and ECM ligands.?® In this

same study, we further revealed that ITGA6 gene targeting also decreased TEC proliferation and changed the
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morphology of the growing cells, without affecting cell viability. This was confirmed herein with the experiments

designed to detect cell death through double labeling for Annexin V/PI in both control and ITGA6 targeted cells.

We also showed that abrogation of ITGA6 gene by transient siRNA specific gene targeting in human TEC down-
regulates the membrane expression of other integrin chains, such as a2, a3, a4 and B4, consequently diminishing,
various laminin receptors (a6p1, a6p4, a2B1, a3B1) and the fibronectin receptor a4p1, which also binds the adhesion
molecule VCAM-1. Interestingly enough, VCAM-1 gene expression was also decreased after applying ITGA6 siRNA in

cultured human TEC.

Considering the above data, it was plausible to hypothesize that the same treatment on growing TEC would impair
adhesion of developing thymocytes. This was actually the case. Such a decrease comprised all CD4/CD8-defined
thymocyte subsets, a finding that is further supported by the decreasing in the TEC/thymocyte adhesion, previously

showed in TEC treated by anti-a6 integrin.***

Importantly, we also found that the surface expression of HLA-ABC and HLA-DR were modulated by the knockdown of

the integrin a6 subunit in TEC.

Although the flow cytometry plots of HLA-ABC and CD49f may convey the impression of a minimal difference, the
guantitative data concerning the mean fluorescence intensity revealed statistically significant reduction of HLA-ABC
after ITGA knockdown, and significant increase of CD49f in siB2M treated cells. One possible explanation is that if that
the presence of CD49d is necessary to maintain physiological levels of HLA-ABC on TEC membranes. Accordingly, the
decrease of CD49f results in diminution of membrane HLA-ABC. Once the membrane levels of HLA-ABC diminish,
there may be a sort of homeostatic feedback loop (which is B2-microglobulin dependent) that ultimately enhances

CD49f, with consequent resetting HLA-ABC levels to physiological conditions.

Furthermore, we detected a bidirectional modulation between integrin a6 and HLA-ABC molecule, suggesting a direct
mutual regulation in the expression of these molecules on TEC membranes. This is further supported by the in silico
experiments showing direct points of interactions. In this context, it is noteworthy that proliferation of endothelial

cells is stimulated through a mutual dependency between HLA-ABC and integrin p4.%

Although we do not provide biochemical/biophysical evidence the in silico findings do open the possibility of a direct
protein-protein interaction involving CD49f and B2-microglobulin, which might explain why a modulation of one
molecule could result in the modulation of the other. In any case, we clearly demonstrate herein that ITGA6 gene
targeting in the human thymic epithelium differentially regulates the expression of immunological synapse-related
genes, with important consequences upon the ability of developing thymocytes to adhere onto CD49f-deficient TEC.
Moreover, the fact that ITGA6 gene knockdown inhibits MHC Class | and enhances MHC Class Il molecules on TEC
membranes suggests that the expression levels of CD49f (forming a6B1 or a6B4 integrins) may be relevant in the

general control of MHC expression by TEC and consequently the corresponding TCR-mediated interactions with
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developing thymocytes, so that CD49f deficiency might rather skewing the intrathymic generation of T-cells towards

CD4" thymocytes.

Lastly, the fact that large numbers of genes involved in cell adhesion and migration together with MHC genes raises
the hypothesis that a much broader molecular network is involved in the regulation of the immunological synapse, on
the TEC side. Searching for potential protein networks, we did find in the literature points of connection grouping
together MHC and cell adhesion related networks, as summarized in figure 8. Conceptually, the data summarized in
this figure brings the hypothesis that the maintenance of the immunological synapse involving human TEC.is much
more complex than what has been so far reported for the more studied immunological synapse in the periphery of
the immune system. Such a concept precludes that the intrathymic selection of the.T=cell repertoire, through

MHC/TCR interactions, may be much more complex regulation protein networks.
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Figure 1. ITGA6 knockdown affects the expression of various integrin chains by human thymic epithelial cells.
Cultured TEC were transfected with a siRNA negative control duplex or a siRNA duplex against human ITGA6 (Control
siRNA and ITGAG6 siRNA, respectively). In panels a and b, the membrane expression of a and B chains were analyzed by
flow cytometry using monoclonal antibodies specific for each human integrin chain. Data were expressed as mean
fluorescence intensities: Effects of ITGA6 knockdown on expression levels of some corresponding genes were
ascertained by RT-gPCR, as seen in panel c. These results shown are representative of five independent experiments
and error bars_ indicate standard error. Data are shown as relative expression values, normalized by housekeeping

genes expression. Significant differences were identified by Student’s t test (*p<0.05; **p<0.01).
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Figure 2. Decrease of thymocyte adhesion to human thymic epithelial cells following knockdown of ITGA6. TEC
transfected with control siRNA or siRNA specific for the gene ITGA6 with 48 hours received thymocytes for 1 hour of
adhesion. The cells were fixed and stained.with Giemsa. Panel a illustrates representative microscopic fields of both
TEC groups. Red arrows in each of the photomicrographs indicate thymocytes adhered to the TEC. Original
magnification X200. The adhesion index (panel b) represents the quantification of differences in the numbers of
adhered thymocytes to TEC, in'which values correspond to mean * standard error (n = 4). Since ITGA6 knockdown also
diminished TEC area on the culture substrate (seen in panel ¢ on the left), we also quantified the numbers of
thymocytes per TEC and per TEC mm?® (panel ¢, middle and right side, respectively), and in all case there was a
significant reduction when ITGA6 was knocked down. Significant differences were ascertained by Student’s t test

(**p<0.01; ***p<0.001). Error bars indicate standard deviations (n = 5)

22



23

Phenotype of adherent thymocytes

TEC-control siRNA
13.4+24 70+ 3.9

Golbert et al, figure 3

105

Thymocyte phenotype
before the adhesion assay

1IZI4

9.2 83.6

1IZI2

ol

10 + 2.4

cbh4 ——
104 105
[ LA N ) IIII] 1
1I:I3
1 11 IIIII|

X
a] D L LY U N N R B B B | T '|"'Tﬁ|_|'|'|'|' T
=3 (@) 10 10 10 10
1 TEC-ITGAG6 siRNA
A il - 13 +0.9 76 + 1.7
: 5.0 i
k. TTTIT] T T T TITm UL R R RERRLL T -
10 10 10 10 =
CDg — > |/ =3
3 - 8+05
T I, T 1 |'|i|n|:l T T 1711 |||" T |_|_|T|n| T
10 10 10 10

cbg —— >

Figure 3. Decrease of thymocyte adhesion to human thymic epithelial cells following knockdown of ITGA6 affects
both mature and immature thymocytes. Normal thymocytes were led to adhere onto growing TEC, treated either
with control or ITGA6 siRNA. After washing the co-cultured, adherent thymocytes were harvested and submitted with
cytofluorometry forisimultaneous detection of CD4 and CD8 molecules. For comparison, we also included the typical
CD4/CD8 profile of human thymocytes freshly-isolated, thus before co-culture (left panel). The numbers inside each
dot plot indicate the percentages + standard deviation of cells inside the rectangles. The right panels clearly show
that, although knockdown ITGAG6 largely decrease the total numbers of thymocytes, such decrease is not specific for a
given stage of differentiation since their proportions are similar in the two conditions (Control siRNA and ITGA6

siRNA).
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Figure 4. ITGA6 knockdown affects the expression of extracellular matrix and chemokine genes by human thymic

epithelial cells. Cultured TEC were transfected with a siRNA negative control duplex or a siRNA duplex against human

ITGA6 (Control siRNA and ITGA67siRNA, respectively). Quantitative RT-PCR was conducted in quintuplicate and the

relative mRNA expression level were normalized to geometric mean levels of expression of reference, namely B2M,

HPRT1, RPL13A, GAPDH and-ACTB. In.graphics a and b, the effects of ITGA6 knockdown on expression levels of several

genes and respective percentage of modulation, as ascertained by PCR Array, where the mean values of the control

group correspond to 100%. The arrows indicate the ITGA6, as well as two adhesion molecules known to be part of the

immunological. synapse, namely ICAM-1 and VCAM-1. Results shown in the panels are representative of five

independent experiments and significant differences were identified by Student’s t tests (p<0.05).
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Figure 5. ITGA6 knockdown in human thymic epithelial cells affects the expression of molecules of the major
histocompatibility complex. The HLA class | and class || molecules were evaluated on the surface of TEC by
cytofluorometry after ITGA6 gene knockdown experiments. Panel a depicts cytofluorometric profiles for detection of
HLA-ABC and HLA-DR::In this panel, light and dark gray histograms represent isotype control staining for negative
control and ITGA6siRNA-treated cells respectively. Filled yellow histogram depicts the cells transfected with ITGA6
siRNA and the hachured are the cells with control siRNA. Differences in the expression levels of HLA-ABC and HLA-DR
expression in ITGA6 knockdown TEC (also verified by flow cytometry), are seen in 5 independent experiments, with
siRNA control being set as 100%. The percentages of change in the expression of HLA-ABC (left) and HLA-DR (right) in

ITGA6siRNA treated cells are represented by each bar. Significant differences were identified in each independent

experiment by Student’s t tests paired (p<0.003).
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Figure 6. Bidirectional modulation of a6 integrin and HLA-ABC in human thymic epithelial cells. Cultured TEC were
transfected either with siRNA oligonucleotides targeting the B2M gene (B2M siRNA) or with a scramble siRNA
oligonucleotide sequence (Control siRNA). Panel a depicts cytofluorometric profiles showing the effects of B2M gene
knockdown, in terms of the corresponding protein membrane expression level: as compared to control siRNA, B2-
microglobulin expression on TEC is significantly reduced after using B2M-siRNA. Insert shows the mean fluorescence
intensity, also revealing/such a reduction, and quantified in four independent experiments. B2M Gene expression
impairment was further confirmed by real time RT-PCR, seen in panel b, after normalization to geometric mean levels
of expression of reference genes HPRT, TFRC and RPL13A. Panel c reveals that siRNA ITGA6 knockdown reduces
protein expression levels of HLA-ABC, as seen by the flow cytometry profiles and mean fluorescence intensity (MFI).
Conversely, when'cells were transfected with B2M siRNA the expression of integrin a6 subunit was increased as seen
in panel d. In all flow cytometry profiles aspecific fluorescence levels were recorded by using an unrelated control Igs.
Light and dark gray histograms represent isotype negative control staining for control and ITGA6siRNA-treated cells
respectively. In the various experiments data are expressed as mean + standard error (n = 4). Significant differences

were identified by two-tailed unpaired Student’s t tests (*p<0.05; **p<0.01; ***p<0.001).
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Figure 7. Three-dimensional structural prediction of a6 integrin and 82-microglobulin direct interaction. In orange
and red is the a6 integrin and in gréen is B2-microglobulin. The arrows are representing the a-helices and loops; sticks
represent aromatic residues likely involved in protein-protein interaction. The insert highlights in blue the residues

likely involved in the interaction.
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Figure 8. Direct and indirect protein-protein. associations related with Integrin a6 and HLA-ABC and HLA-DR. Altered
proteins identified in the present/study and some curated key proteins provided by STRING tool were subjected to
global protein network analysis using STRING tool (version 10) (http://string.embl.de/). The proteins were grouped
according to molecules related with components of extracellular matrix (ECM) (top panel), major histocompatibility
complex (MHC) (middle‘panel) and chemokines (CC) (bottom panel). The connecting lines between protein nodes
indicate protein-protein interactions, specifically related with information available in curated database (blue lines),
experimentally determined (pink lines), co-expressed protein (red lines), proteins whose present homology (violet
lines) and possible®relationship determined by our present study (black lines). The protein-protein interactions
network demonstrated that Protein Kinase C Alpha (PRKCA), CD44 molecule (CD44), Integrin B2 (ITGB2), Intercellular
Adhesion Molecule 1 (ICAM1), C-X-C Motif Chemokine Receptor 4 (CXCR4) and Hypoxia Inducible Factor 1a Subunit
(HIF1A), beyond Integrin a6, were key nodes of such protein-protein interactions, possibly implicated of changes
induced by this single gene knock-down in the human thymic epithelium. As seen within the figure, protein-protein
interactions were categorized as those from: curated databases; experimentally determined; co-expression; protein

homology; determined by our results.

28



