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Abstract

The mechanisms by which lamin A/C in CD4" T-cells control intestinal homeostasis and
can cause inflammatory bowel disease (IBD) are completely unknown. Here, we explore
lamin A/C role in a mouse model of IBD. Adoptive transfer to Ragl’ mice of Lmna™
CD4* T-cells, which have enhanced regulatory T-cells (Treg) differentiation and
function, induced less severe IBD than WT T-cells. Lamin A/C deficiency in CD4" T-
cells enhanced transcription of the Treg master regulator FOXP3, thus promoting Treg
differentiation, and reduced Th1 polarization, due to epigenetic changes in the Th1 master
regulator T-bet. In mesenteric lymph nodes (LNs), retinoic acid (RA) released by CD103*
DCs downregulated lamin A/C in CD4" T-cells, enhancing Treg differentiation.
However, in peripheral LNs, non-RA-producing CD103" DCs predominate, facilitating
lamin A/C expression in CD4" T-cells and therefore Thl differentiation. Our findings
establish lamin A/C as a key regulator of Th differentiation in physiological conditions

and show it as a potential immune-regulatory target in IBD.
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Introduction

A-type lamins (lamin A/C) are type-V intermediate filaments that, together with B-type
lamins, form the nuclear lamina [1,2]. Lamin A/C contributes to nuclear structure
maintenance, cell migration, proliferation, differentiation, cell cycle progression,
epigenetic regulation, and gene expression [3,4].

Lamin A/C is transiently expressed in CD4" T-cells upon engagement of the T-cell
receptor (TCR) with an antigen; however, little is known about the function of lamin A/C
in immune cells, and specifically in CD4" T-lymphocytes. CD4* T-lymphocytes are a
major component of adaptive immunity, a highly complex and specialized immune
response that defends against infection [5] but can also cause autoimmune diseases [6].
CD4* T-lymphocytes are activated through interaction via their TCR with an antigen in
the context of MCH-I1I presented by an antigen-presenting cell (APC), forming a tight
association called an immune synapse (IS) [7]. The transient lamin A/C expression upon
antigen engagement enhances IS formation and thus CD4" T-cell activation [8].
Activated T-cells proliferate and polarize towards different phenotypes (Thl, Th2, Th17,
or Treg) depending on the cytokine microenvironment and other factors [9]. The cytokine
interleukin (IL-) 12 promotes Thl polarization, inducing the transcription of Thx21 (T-
bet), whereas IL-4 enhances Th2 differentiation through the upregulation of GATA3
expression [10]. Lamin A/C significantly enhances Th1l differentiation and Th1l effector
function against vaccinia virus (VACV) and Leishmania major infections in mice,
without affecting Th2 polarization [11]. Other important T-cell phenotypes are Th17 and
Tregs, which play important roles in immune-mediated inflammatory diseases [12,13].
Th17 polarization is induced by IL-23, IL-6, and TGF-, which promote expression of
the master Th17 transcription factor (TF) Roryt. Treg differentiation is triggered by TGF-

 and IL-2 through the induction of Foxp3 expression [5].



Treg cells play a central role in resolving the exacerbated Th1 and Th17 proliferation and
activity that causes bowel inflammation in inflammatory bowel disease (IBD), a chronic
autoimmune disease of the intestine that comprises ulcerative colitis and Crohn disease
[14,15]. Here, we investigated the role of lamin A/C expression in CD4* T-cells during
IBD in a well-established mouse model [16,17]. In this model, adoptive transfer of WT
or Lmna’ naive CD4* T-cells into Rag1” mice, which lack T-cells and B-cells, leads to
bowel inflammation through the dysregulation of Th1/Treg differentiation [18-20]. Our
results show that lamin A/C deficiency in CD4" T-cells protects against IBD development
by reducing Thl polarization and enhancing Treg differentiation and function, while
having no effect on Th2 and Th17. Lamin A/C deficiency increased Foxp3 expression
and epigenetically decreasesreti Thx21 (T-bet) gene transcription, pointing to independent
actions of lamin A/C in Thl and Treg polarization. Moreover, we provide evidence that
lamin A/C expression in CD4" T-cells is regulated by the differential release of retinoic
acid (RA) by peripheral or mesenteric LN dendritic cells (DCs), thus determining T-cell
differentiation toward the Treg or Thl phenotype.

Materials and Methods

Detailed material and methods are described as supplementary information.
Quantitative proteomics

Proteins extraction and peptide identification were performed as described in [21] and
[22], respectively. Functional protein analysis of the whole set of quantified proteins was
performed using the systems biology triangle algorithm (SBT) [23].

Inflammatory bowel disease mouse model

Intestine inflammation was induced as described in [16,17]. Mice were monitored over 8
weeks to assess colitis development. Body weight and symptoms were checked twice a

week. Disease severity was assigned a clinical score as follows:



=  Weight loss: 0 (no loss), 1 (1-5%), 2 (5-10%), 3 (10-20%), and 4 (>20%)

= Stool consistency: 0 (normal), 2 (loose stool), and 4 (diarrhea)

= Rectal prolapse: 0 (absent), 2 (low), and 4 (pronounced)

» Rectal bleeding: 0 (absent), and 4 (present)

= Spine curvature: 0 (absent), 2 (low), and 4 (pronounced)
Histopathological analysis
Transverse colon sections (5 um) were cut and stained with hematoxylin-eosin to evaluate
inflammation severity. Images were obtained with an Olympus BX41 microscope. For
each colon region, 2 images were evaluated on serial sections cut with a 100-pum
separation (6 images per mouse). Colitis severity was assessed according to the following
features: leukocyte infiltration, goblet cell depletion, epithelial hyperplasia, crypt
damage, and submucosal inflammation, with each feature assigned a score from 0 to 4.
Ulceration was also scored as follows: 0 (absent), 2 (present), and 4 (prominent). Features
were scored by two blinded observers, and were summed to give a final histological score.

Chromatin immunoprecipitation-quantitative PCR

Chromatin immunoprecipitation-quantitative PCR was performed as described in [24].
Primers used for ChIP-gPCR are listed in Supplementary Table 1.

Results

Lamin A/C deficiency in CD4* T-cells enhances Treg differentiation in vitro by
upregulating Foxp3 transcription

Lamin A/C controls Thl differentiation, and thus determines the immune response
against infections [11]. To assess the potential role of lamin A/C in Treg and Thl7
polarization, we isolated naive CD4* T-cells from spleen and LNs of WT and Lmna™
mice and cultured them in vitro with anti-CD3/CD28 antibodies plus either Treg (TGF-$3

and 1L-2) or Th17 (IL-23 and IL-6) polarizing cytokines. Lmna”’ CD4* T-cells produced



a significantly higher proportion of Treg-cells (CD25" FOXP3*) than WT cells (Figure
1A). Moreover, Lmna”- CD4* T-cells expressed higher levels of FOXP3 than WT CD4*
T-cells (Figure 1A). Lmna™ and WT CD4* T-cells showed no significant differences in
cell percentage or in mean fluorescence intensity (MFI) for the Th17 cytokine IL-17 [25]
(Figure 1B). These experiments demonstrate that lamin A/C controls Treg differentiation
in vitro by modifying Foxp3 expression levels and suggest that lamin A/C regulates Treg
differentiation upon TCR stimulation. We next analyzed the Foxp3 and Rorc (RORyt)
mRNA expression in Lmna™ and WT T-cells activated in vitro with anti-CD3/CD28 for
48 h. Lmna™" T-cells had elevated Foxp3 mRNA expression compared with WT controls,
whereas Rorc (RORyt) expression did not differ between genotypes (Figure 1C). In
complementary experiments, we drove increased lamin A/C in CD4" T-cells by in vitro
transduction with GFP-lamin A/C retrovirus (Supplementary Figure 1). GFP-lamin A/C-
expressing CD4* T-cells showed significantly lower Treg differentiation than GFP-
expressing cells (Figure 1D), further demonstrating the role of lamin A/C in determining
Treg differentiation.

Lamin A/C induces epigenetic changes in CD4* T-cells that determine Thl
commitment

To investigate the mechanism through which lamin A/C modifies Th commitment, we
performed a comparative proteomic analysis between WT and Lmna’ CD4* T-cells
activated in vitro for 48 h. In a set of ~7180 analyzed proteins, 103 showed significant
between-genotype differences (p-value < 0.05), based on quantification with at least 2
peptides per protein and Zq values > £ 2. Of these 103 proteins, 51 were upregulated and
52 downregulated in Lmna’ CD4* T-cells. Functional analysis using the UniProt
Database categorized 66 of the differentially expressed proteins into six functional

groups: epigenetics, DNA machinery, immune system, metabolism, cytoskeleton, and



vesicular transport (Figure 2A). The categories with the highest numbers of differentially
regulated proteins were epigenetics (16 proteins) and DNA machinery (15 proteins)
(Figure 2A). This suggests that lamin A/C directly or indirectly regulates the expression
of several enzymes involved in epigenetic and transcriptional processes in CD4* T-cells.
Epigenetic-modifying enzymes in the epigenetic category included two components of
the polycomb group (PcG) of proteins (EZH1, EED), two histone methyltransferases
(CARM1, and ASH2L), two histone acetyltransferases (B2RRD7 and EP300), and two
histone demethylases (PHF8 and KDM5B) (UniProt Database) (Figure 2B). Other
proteins in the epigenetic category included MBD3, a protein that binds to methyl-CpG
domains (UniProt Database), and LAP2a, a lamin A/C binding partner of in the
nucleoplasm [26], both of which were upregulated in Lmna” CD4* T-cells (Figure 2B).
Epigenetic regulation is a key determinant of Th fate [27], and lamin A/C is an important
epigenetic modulator of cell differentiation [28,29]. We therefore investigated the
capacity of lamin A/C to modulate epigenetic modifications of the master TFs of Th
polarization. For this, we analyzed posttranslational histone modifications on the
promoters of genes encoding these TFs in in vitro-activated Lmna”’ and WT CD4* T-
cells. Chromatin immunoprecipitation (ChIP)-qPCR analysis of the Foxp3 and Rorc
(RORyt) promoters revealed no between-genotype differences for any of the
modifications studied (H3K4me3, a marker of active promoters; H3K27me3 a Polycomb
marker of repressed or poised promoters; and H3K4mel, an enhancer marker) (Figure
2C). In contrast, Lmna™ T-cells had significantly fewer H3K4mel marks on the Tbet
promoter than WT cells (Figure 2C). As previously mentioned, Lmna’ CD4* T-cells
show different amount of EZH1 and EED (Figure 2B), components of the polycomb
complex PRC2 [30,31]. To assess the role of EZH1 and EED in lamin A/C effect on

epigenetic regulation, we drove reduced EZH1 and EED, by in vitro transduction with



EZH1 or EED RNAI retrovirus (Supplementary Figure 2) in Thl differentiating WT and
Lmna’ CD4* T-cells. EZH1, but not EED, downregulation not only abolished Tbx21 (T-
bet) mRNA differences between WT and Lmna”- CD4* T-cells but also abolished the
differences in T-bet regulated-Ifng (IFNy) mRNA (Figure 2D). This suggests that lamin
AJC contributes to the regulation of T-bet expression during Thl commitment, at least in
part through an epigenetic mechanism.

Lamin A/C deficiency in CD4* T-cells confers greater Treg immunosuppressive
function

We next assessed whether lamin A/C deficiency, in addition to enhancing Treg
differentiation, improves Treg function. Naive CD4" CD25" T-cells were isolated from
Lmna”’ and WT mice and differentiated in vitro toward the Treg phenotype. At 5 days of
differentiation, CD25" Tregs were positively selected by antibody and magnetic bead
binding (Figure 3A). The obtained Tregs were characterized by RT-qgPCR for the
expression of cytokines commonly released by Tregs (IL-10, TGF-B, and IL-35), Treg
surface receptors of the CD28 family (CTLA4, ICOS, and PD-1), and other characteristic
Treg surface molecules (CD25, GITR, LAG-3, and CD49b). 1110, Tgfbl (TGF-B), 112ra
(CD25), Tnfrsfl8 (GITR), and Pdcdl (PD-1) mRNA expression was significantly
increased in Tregs derived from Lmna’ T-cells (indicated as Lmna’ Tregs) compared
with cells derived from WT T-cells (indicated as WT Tregs) (Figure 3B). Additionally,
Lag3 and Itga2 (CD49b) expression was also higher in Tregs derived from Lmna” T-
cells, although the difference compared with WT was not significant (Figure 3B). An in
vitro suppression assay to test the capacity of these Tregs to inhibit Thl proliferation
showed that Lmna’ Tregs were more potent suppressors of Thi cell proliferation than

WT Tregs (Figure 3C).



To confirm these findings in FOXP3* Tregs, we crossed Lmna™ in CD4* T-cells mice
with mice expressing RFP-FOXP3. This enabled us to sort the CD4* CD25" FOXP3*
population from in vitro-differentiated Tregs (Figure 3D) and perform in vitro
suppression assays on Th1 cells. Flow cytometry detection of IFNy* cells confirmed that
FOXP3* Tregs derived from Lmna’” CD4* T-cells have an enhanced Thi
immunosuppressive function compared with Tregs derived from WT T-cells (Figure 3E).
To ascertain the importance of FOXP3 in Treg induction in Lmna’ CD4* T-cells, we
drove reduced FOXP3 by in vitro transduction with Foxp3 RNAI retrovirus
(Supplementary Figure 3) in Treg differentiating WT and Lmna” CD4* T-cells. Foxp3
downregulation significantly reduced GITR membrane expression in WT and Lmna”
CD4* T-cells abolishing the differences between WT and Lmna’ CD4* T-cells
(Supplementary Figure 3). This suggests that FOXP3 mediates lamin A/C-dependent
modulation of Treg differentiation and function.

Lamin A/C deficiency in CD4* T-cells protects against IBD development

To assess the impact of lamin A/C deficiency on Thl/Treg differentiation in vivo, we
analyzed several parameters to define the inflammatory process in a mouse model of IBD
based on T-cell adoptive transfer to T-cell and B-cell immunodeficient Ragl” mice
[16,17]. Weight loss and disease symptoms were monitored twice a week, and revealed
that mice adoptively transferred with Lmna’" CD4* CD25 T-cells developed a milder
disease, showing less weight loss and less severe symptoms than mice adoptively
transferred with WT CD4" CD25" T-cells (Figure 4A). We also assessed colon shortening,
a common feature of colitis evidencing inflammation and tissue healing [32]. Mice
receiving Lmna”" T-cells showed less colon shortening than recipients of WT T-cells
(Figure 4B). To assess the anti-inflammatory effect of Lmna”’- CD4* T-cells on IBD, we

quantified the IBD-associated anti-inflammatory cytokine 1L-10 [33-35] in mesenteric



LNs (MLNs) by flow cytometry (Figure 4C) and in colon by RT-qPCR (Figure 4D). IL-
10 expression levels were higher in mice receiving Lmna” T-cells than in recipients of
WT T-cells. Moreover, recipients of Lmna” T-cells had elevated MLN mRNA expression
of 1122, a protective cytokine in this model [36-38] and depressed mRNA expression of
the pro-inflammatory cytokine 116 [34] (Figure 4D).

Histopathological analysis on colon slices to score colitis severity considered the
following features: leukocyte infiltration, goblet cell depletion, epithelial hyperplasia,
crypt damage, and submucosal inflammation. Ulceration was also considered when
present. Representative micrographs clearly show that colitis was milder in mice
transferred with Lmna’ CD4" T-cells than in mice transferred with WT CD4* T-cells, in
which colon inflammation was severe (Figure 4E and Supplementary Figure 4).

Lamin A/C mediates Treg and Th1 differentiation in the IBD mouse model.

To characterize the importance of CD4" T-cell-expressed lamin A/C in IBD in more
detail, we analyzed Treg, Thl, and Th17 populations in MLNs and colon isolated after 8
weeks of disease development in immunodeficient Ragl” mice adoptively transferred
with Lmna” or WT naive CD4* CD25 T-cells. Flow cytometry analysis detected
significantly more CD25* FOXP3* T-cells in recipients of Lmna’- CD4* CD25 T-cells
than in mice receiving WT CD4" CD25 T-cells (Figure 5A). Conversely, the absence of
lamin A/C in adoptively transferred T-cells reduced the frequency of IFNy-positive Thl
cells. In contrast, analysis of IL-17 revealed no differences in Th1l7 differentiation
between transferred Lmna” and WT CD4* T-cells (Figure 5A).

This pattern of Th population changes was also revealed by RT-PCR analysis of colon
tissue, with Ragl™ recipients of Lmna’ CD4* CD25 T-cells having higher mRNA
expression of Foxp3, Tgfbl (TGF-B), and 1135 and lower expression of Tbet, /fny, and

1112 (Figure 5B). No differences were observed in expression levels of Roryt and 11173,
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related to Th17 differentiation (Figure 5B). However, 1123 expression levels were lower
in colon o mice receiving Lmna”’> CD4* CD25" T-cells, although the difference did not
reach statistical significance (Figure 5B).

The intestine microenvironment is particularly rich in RA, which is released by epithelial
cells and DCs [39,40]. Exposure to RA during in vitro activation of naive WT CD4" T-
cells for 48 h downregulated lamin A/C expression in activated CD4* T-cells.
Immunofluorescence analysis revealed a lower proportion of lamin A/C* cells in the RA-
exposed population (Supplementary Figure 5A), and 3D reconstructions detected less
lamin A/C MFI per cell (Supplementary Figure 5B). Stimulated and Treg differentiated
WT CD4" T-cells show mRNA expression of a, B and y RA receptors (Rara, Rarb, Rarg,
respectively) (Supplementary Figure 6A). Exposure to RA receptor a or y agonists during
in vitro activation of naive WT CD4* T-cells for 48 h downregulated lamin A/C
expression in activated CD4" T-cells (Supplementary Figure 6B).

Retinoic acid-producing CD103* DCs from mesenteric lymph nodes regulates lamin
AJC expression in CD4* T-cells.

To assess whether lamin A/C expression in CD4" T-cells is physiologically regulated
depending on the lymphoid organ, we determined lamin A/C protein expression by flow
cytometry in spleen, MLNs, and popliteal LNs (PLNSs) in response to intraperitoneal (i.p.)
VACYV infection (spleen and MLN analysis) or intradermal (i.d.) infection in the footpad
(PLN analysis). At 6 days post-infection, lamin A/C expression was modestly increased
in CD4" T-cells from spleen and MLNs, compared with a much more pronounced
increase in CD4" T-cells from PLNs (Figure 6A).

RA is known to be produced by the CD103" DCs population, mostly present in MLNs,
Peyer’s Patches (PPs), and intestine, whereas it is not produced by CD103" DCs, which

are preferentially located in spleen and peripheral LN (PeLN) [39,41,42]. To corroborate
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this, we isolated CD11c* DCs from MLNs and PeLNs, and determined the proportions of
CD103" and CD103" DCs. As expected, CD103* DCs were more abundant in MLNs than
PeLNs (Figure 6B). We next pulsed CD11c* DCs (CD45.2) from MLNs or PeLNs with
OVA and cultured them for 48 h with WT/OTIl naive CD4" T-cells from spleen
(CD45.1). Flow cytometry analysis of lamin A/C levels revealed that CD11c* DCs from
MLNs strongly downregulated lamin A/C expression in CD4* T-cells compared with
CD11c* DCs from PeLNs (Figure 6C).

Retinoic acid and lamin A/C deficiency in CD4* T-cells enhance Treg differentiation
in vitro and in vivo.

To test whether lamin A/C is involved in the effect of RA on Treg differentiation, we
performed in vitro Treg differentiation assays with WT and Lmna’" CD4* T-cells
activated in the presence or absence of RA for 48 h. Treg-polarizing cytokines were added
at 48 h and maintained until the end of the experiment. RA exposure significantly
increased the proportion of Tregs (CD25" FOXP3* cells) derived from WT CD4" T-cells,
reaching levels comparable to those detected upon Treg-polarization of untreated Lmna
- CD4* T-cells; RA exposure of Lmna’~ CD4* T-cells did not further increase the
proportion of derived CD25" FOXP3* cells (Supplementary Figure 7A). In addition,
assessment of FOXP3 MFI per cell showed that RA exposure of WT CD4* T-cells or the
lack of lamin A/C independently enhanced Treg differentiation (Supplementary Figure
7A).

To corroborate these results in vivo, we treated Rag1” mice in the IBD model with daily
i.p. injections of RA during the first 2 weeks after adoptive transfer of WT or Lmna™
CD4* T-cells (Supplementary Figure 7B). Analysis 8 weeks after adoptive cell transfer
showed that RA exposure or lack of lamin A/C independently enhanced the percentage

of Tregs (CD25" FOXP3* cells) and the FOXP3 expression per cell (Supplementary
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Figure 7C). Furthermore, RA treatment or lack of lamin A/C also protected mice against

weight loss and colon shortening in the IBD model (Supplementary Figure 7D and E).

Discussion

Our findings suggest that lamin A/C controls T-cell differentiation, through epigenetic
and non-epigenetic mechanisms. Lamin A/C regulates the abundance of enzymes related
to histone modifications in activated CD4" T-cells and H3K4mel modification in the
Tbx21 (T-bet) promoter, resulting in reduced Thl polarization in the absence of lamin
AJ/C. Moreover, lamin A/C also regulates FOXP3 expression, reflected in increased Treg
differentiation and function in Lmna” CD4* T-cells. It is known that FOXP3
overexpression alone induces Treg differentiation [43]. Our data show that FOXP3
downregulation abolished lamin A/C-dependent increased Treg differentiation. Lamin
AJ/C-dependent FOXP3 regulation does not involve epigenetic changes, since WT and
Lmna’" CD4* T-cells showed no significant differences in H3K4me3, H3K27me3, or
H3K4mel modifications in the Foxp3 promoter. FOXP3 expression can be induced by
TCR activation and IL-2 signaling, promoting the binding of NFAT, CREB, AP-1, and
ATF TFs to the Foxp3 promoter [44]. TCR activation induces lamin A/C [8], and lamin
AJ/C can interact with TFs to modulate gene expression and cell differentiation [4,45-47].
Therefore, it is possible that lamin A/C might negatively modulate the expression of other

genes related to Treg differentiation, hypothesis that warrants future investigation.

Our results from the T-cell transfer IBD model corroborate our previous data regarding
naive CD4" Th1 differentiation [11] since we observed enhanced Treg and reduced Thl
polarization upon adoptive transfer of Lmna” naive CD4* T-cells. Th17 polarization was
unaffected, suggesting that lamin A/C specifically regulates Th1 and Treg responses, but

not Th2 or Thl7 responses. An altered Th17/Treg balance has been proposed as a
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common mechanism in autoimmune diseases [48]; in contrast, the Th1/Treg balance has
less experimental support. A possible contribution of Thl and Tregs has been proposed
in Crohn’s disease [49]. Our study demonstrates the key role of Th1/Treg misbalance in
IBD, and shows how Thl and Treg populations are functionally counter-regulated by
distinct mechanisms. Lmna”~ CD4* T-cells protect against IBD development in mice

through the simultaneous upregulation of Tregs and downregulation of Th1l cells.

IBD is a multifactorial disease that has been linked to environmental factors, genetic
susceptibility, and changes in the gut microbiota [50,51]. To avoid any influence of
microbiota heterogeneity, we performed our IBD experiments under cohousing
conditions [52]. The protection from IBD development in Ragl” mice receiving lamin
A/C-deficient CD4" T-cells could be due to increases in Treg differentiation and function.
We show that Tregs from Lmna’~ CD4* T-cells express higher levels of 1L-10, TGF-B,
PD-1 and CD25, pointing to an enhanced suppressive function [53,54] and elevated
MRNA and protein expression of GITR, a marker of active Tregs [55]; moreover, our
functional analysis demonstrates that Lmna’-CD25* Treg or Lmna’-CD25* FOXP3* Treg
populations have a higher Thl suppressive activity than WT cells. Thus, our results
confirm that lamin A/C deficiency in CD4* T-cells not only augments Treg
differentiation, but also enhances Treg immunosuppressive function, leading to reduced
IBD development. Previous work demonstrated the capacity of CD4* CD25* Tregs to
block and solve the established IBD in mice [56]. In this context, our results suggest that
transfer of in vitro polarized Tregs lacking lamin A/C expression holds promise as a cell

therapy against IBD.

Little is known on the regulation of A-type lamin expression in immune cells. An RA
responsive element has been described in the LMNA promoter of P19 embryonal

carcinoma cells [57], and RA is known to downregulate lamin A/C expression in the
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human leukemic cell line HL-60 [58] and in human monocyte-derived myeloid cells [59].
Our study shows that RA stimulation of RARa. or y downregulates antigen-recognition-
induced lamin A/C expression in CD4" T-cells in vitro. Moreover, lamin A/C expression
in CD4™ T-cells depends on the specific T-cell microenvironment in vivo; lamin A/C is
highly expressed in activated CD4" T-cells located in PLN, whereas lamin A/C
expression is significantly lower in activated CD4" T-cells in MLNs and spleen. These
differences are consistent with known variations in RA availability depending on the
tissue microenvironment [60]. CD103* DCs in the gut, MLNs, and PPs can release RA to
T-cells undergoing activation [41], whereas CD103™ DCs, located mainly in PeLN and
spleen, do not produce RA [42]. Accordingly, our data confirm that MLNs contain more
CD103" DCs than PeLNs and MLN-derived CD11C" DCs significantly downregulate
lamin A/C expression in CD4" T-cells, whereas CD11C" DCs from PeLN do not have
this effect. RA exposure can also modulate DC and macrophage phenotype, and thus
affect T-cell activation, differentiation, and function indirectly. Thus, high RA
concentrations generate DCs with a low T-cell activation capacity, inducing FOXP3*
Tregs, whereas low RA concentrations are required for optimal T-cell activation to induce
effector T-cells [61]. RA may thus have a dual effect on lamin A/C expression: a direct
action on the T-cell Lmna promoter, and an indirect action by modifying DC phenotype,

determining the T-cell lamin A/C expression response upon antigen-recognition.

Several studies have reported the capacity of RA to induce Treg differentiation from naive
T-cells. For example, RA induces FOXP3 expression when added during the activation
of naive CD4" T-cells [62]. This process appears to be dependent on TGF-3 expression
[41,63], but it remains unclear how RA affects Foxp3 gene expression [64,65]. Our results
confirm that RA increases Treg differentiation and show that lamin A/C downregulation

during CD4" T-cell activation has a similar effect. Moreover, RA and its precursor
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vitamin A have been used to ameliorate colon inflammation in mouse models [66]. Our
results with the IBD mouse model corroborate this effect and show the same outcome
with the adoptive transfer lamin A/C-deficient CD4" T-cells. RA-based therapy would be
a multi-target treatment for IBD, whereas a strategy based on lamin A/C downregulation
in CD4" T-cells could specifically resolve the Th population misbalance characteristic of
the disease. Retinoids are not used to treat IBD due to concerns about their
efficacy/toxicity balance in this context [67]. Other current IBD therapies such as
corticosteroids and immunosuppressive drugs have severe side effects [68]. Our results
suggest potential for therapeutic immunotherapy based on lamin A/C downregulation in

Tregs for diseases associated with a Th1/Treg misbalance such as IBD.

In summary, our data indicate that lamin A/C deficiency in CD4" T-cells protects against
IBD development by reducing Thl polarization and enhancing Treg differentiation and
function, while having no effect on Th2 and Th17 commitment. Lamin A/C deficiency
increased Foxp3 expression and epigenetically reduced Thx21 (T-bet) gene transcription,
pointing to independent actions of lamin A/C in Thl and Treg polarization. Moreover,
we provide evidence that lamin A/C expression in CD4" T-cells is regulated by the
differential release of RA by peripheral or mesenteric LN DCs, thus determining T-cell

differentiation toward the Treg or Thl phenotype.
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Figure legends

Figure 1. CD4* T-cells from Lmna’ mice show enhanced in vitro Treg differentiation
and FOXP3 expression. (A, B) Naive CD4 * T-cells were isolated from WT and Lmna
" mouse spleens and stimulated with anti-CD3/CD28 antibodies for 5 days in the presence
of cytokines to trigger (A) Treg differentiation (TGF-f and IL-2) (B) Th17 differentiation
(IL-23 and IL-6). Plots and graphs show (A) Treg and (B) Th17 differentiated cells as a
percentage of total CD4" T-cells (n=3-6 pools from at least 2 mice) and (A) FOXP3 mean
fluorescence intensity (MFI) of FOXP3* CD4* T-cells and (B) IL-17 MFI of IL-17* CD4*
T-cells (n=7, 7 pools of 2 mice). (C) RT-gPCR analysis of Foxp3 and Rorc (Roryt) mMRNA
expression in CD4* T-cells isolated from WT and Lmna’ mouse spleens and activated in
vitro with anti-CD3/CD28 for 48 h (n=6 mice). Data are means = SEM of at least 3
independent experiments analyzed by unpaired Student t-test; *P<0.05. (D) Treg
differentiation of splenocytes transfected with GFP-empty or GFP-lamin A/C retrovirus.
Transfected WT and Lmna™ naive CD4* T-cells were in vitro cultured with cytokines to
promote Treg differentiation (see Methods). Representative flow cytometry plots show
the percentage of CD25" FOXP3" cells (n=6, 6 mice). Data are means + SEM of 2
independent experiments analyzed by one-way ANOVA with the Bonferroni multiple
comparison test. *P<0.05, **P<0.01;***P<0.001, ns= not significant.

Figure 2. Lamin A/C regulates epigenetic changes modulating the expression of
several epigenetic enzymes and modifying H3K4mel in the Thx21 (T-bet) promoter.
Naive CD4* T-cells were isolated from WT and Lmna’ mouse spleens and LNs and
stimulated with anti CD3/CD28 antibodies for 2 days. Live cells were selected by FACS
for high-throughput quantitative proteomic analysis using isobaric labeling (TMT 10-

Plex analysis). (A) Sixty-six proteins differentially expressed between Lmna”’ and WT
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CD4* T-cells are shown, categorized into 6 functional groups: epigenetics, DNA
machinery, immune system, metabolism, cytoskeleton, and vesicular transport. The
categories with the highest number of differentially regulated proteins were epigenetics
and DNA machinery. Upregulated and downregulated proteins in Lmna” CD4* T-cells
are indicated with red and blue arrows, respectively. (B) Heat-map of protein abundance
changes in the epigenetics category. For each protein, the gene name is shown together
with the corresponding Zq values (standardized log2 ratio) on a color scale (red indicates
upregulated and blue downregulated). The mean difference (Dif) between WT and Lmna
I Zq values is shown (n=4, 4 pools of 5 mice each). (C) ChIP-gPCR analysis of the
indicated histone modifications in the Foxp3, Thx21 (T-bet), and Rorc (RORyt)
promoters. Data are shown as the fold change relative to WT input sample (2 pools of 4
mice each). Data are means = SEM of 2 independent experiments analyzed by the Student
t-test, comparing Lmna’ vs WT. *P<0.05. (D) RT-gPCR analysis of Tbx21 (T-bet), and
Ifng (IFNy) mRNA expression in CD4* T-cells isolated from WT and Lmna” mouse
spleens, activated in vitro with anti-CD3/CD28 for 48 h (n=6 mice) and retroviral
transduced with RNAI scramble (pLuc), RNAI against EED (pEED) or against EZH1
(pEZH1). Data are means + SEM of 3 independent experiments analyzed by one-way
ANOVA with the Bonferroni multiple comparison test. *P<0.05, **P<0.01, ns= not
significant.

Figure 3. Lmna’ Tregs have a stronger immunosuppressive action than WT Tregs.
(A) Naive CD4" T-cells were isolated from WT and Lmna”- mouse spleens and stimulated
with anti CD3/CD28 antibodies for 5 days in the presence of cytokines to trigger Treg
differentiation. At day 5 of in vitro Treg differentiation, CD25" Tregs were positively
selected by magnetic sorting. (B) RT-qPCR analysis of the indicated Treg-related genes;

MRNA expression is shown as the fold change vs WT (n=6-9, at least 6 pools of 2 mice
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each). Data are means + SEM of 6 pools of 2 mice analyzed by unpaired Student t-test
comparing Lmna’" vs WT; *P<0.05. (C) Treg suppression assay with in vitro-
differentiated CD25* Tregs from CD45.2 WT and Lmna’ mice cocultured with naive
CD4" T-cells isolated from CD45.1 WT mouse spleens. For cocultures, Tregs were used
at the indicated serial dilutions (1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:0) with a constant naive
CD4" T-cell concentration in the presence of IL-12, IL-2, and soluble anti-CD3/CD28
antibodies. Naive CD4" T-cells were stained with Cell Violet to quantify the T-cell
proliferation rate. Representative plots of the 1:4 and 1:8 Treg dilutions are shown, and
the graph shows the percentage of proliferative naive CD4" T-cells (n=4, 4 mice of a
representative experiment of 2). Data are means + SEM of 4 mice analyzed by 2-way
ANOVA with the Bonferroni multiple comparison test. (D) At day 5 of in vitro Treg
differentiation, FOXP3-RFP* Tregs from CD4-CRE-Lmna®/f°*.FOXP3-RFP mice were
selected by FACS. (E) The WT and Lmna’~ FOXP3-RFP* Tregs were cocultured with
naive CD4" T-cells isolated from CD45.1 WT mice in the presence of IL-12, IL-2, and
soluble anti-CD3/CD28 in a similar suppression assay to that described above.
Representative plots are shown of the 1:8 and 1:16 Treg dilution, and the graph shows the
percentage of IFNy* cells (n=3, 3 pools of 2 mice in a representative experiment of 2).
Data are means + SEM analyzed by 2-way ANOVA with the Bonferroni multiple
comparison test. *P<0.05;**P<0.01;***P<0.001.

Figure 4. A-type lamin deficiency in CD4* T-cells protects against IBD development
in mice. Rag1” mice were adoptively transferred with WT or Lmna’ CD4* CD25" T-
cells to induce IBD. Mice were sacrificed 8 weeks after T-cell transfer. (A) Evolution of
body weight loss and colitis symptoms during IBD development (n=6-7, at least 6 mice
from a representative experiment of 5). Data are means + SEM of at least 6 mice analyzed

by 2-way ANOVA with the Bonferroni multiple comparison test. (B) Representative

29



colons and quantification of colon length (mm) after 8 weeks of IBD development (n=6-
7 mice from a representative experiment). Data are means + SEM of at least 6 mice
analyzed by one-way ANOVA with the Bonferroni multiple comparison test. (C) IL-10"
cells as a percentage of the total CD4" T-cell population in mesenteric LNs (MLNs) after
8 weeks of IBD development (D) RT-gPCR analysis of the indicated inflammation-
related genes in the colon after 8 weeks of IBD development (n=7, at least 7 mice from a
representative experiment of 5). Data are means = SEM of at least 6 mice analyzed by
unpaired Student t-test. (E) Representative micrographs of hematoxylin-eosin stained
colon sections (scale bars, 500 um at 4x magnification and 250 um at 10x magnification).
The graph shows the disease score (0-3) recapitulating markers of intestinal inflammation
indicated on the micrograph: leukocyte infiltration (1), goblet cell depletion (2), epithelial
hyperplasia (3), crypt damage (4), and submucosal inflammation (5) (n=6-7, at least 6
mice from a representative experiment of 5). Data are means + SEM analyzed by one-
way  ANOVA  with the Bonferroni multiple comparison test.
*P<0.05;**P<0.01;***P<0.001. Black *: comparison between WT and Lmna”’ . Red *:

comparison between WT and No CD4. Blue *: comparison between Lmna”-and No CD4.

Figure 5. A-type lamins mediate Treg and Thl differentiation in the IBD mouse
model. Lmna’- and WT CD4* CD25" T-cells were adoptively transferred to Rag1”- mice
to induce IBD, assessed 8-weeks post adoptive transfer. (A) CD25"FOXP3*, IFNy*, and
IL-177 cells as a percentage of the total CD4" T-cell population in MLNs and the colonic
lamina propria (n=3 mice from a representative experiment). (B) RT-qPCR analysis of
the indicated genes related to Treg, Thl, and Th17 differentiation in colon (n=6 mice).
Data are means + SEM of a representative experiment analyzed by unpaired Student t-

test comparing Lmna’" vs WT. *P<0.05;**P<0.01;***P<0.001.
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Figure 6. An RA-producing CD103* DCs population is prominent in mesenteric
lymph nodes and downregulates lamin A/C expression in CD4* T-cells. CD11c" DCs
were isolated from MLNs or peripheral lymph nodes (PeLNs) of CD45.2 WT mice. (A)
Lamin A/C mean fluorescence intensity (MFI) analysis by flow cytometry of CD4"
CD69" CD25" T-cells upon intraperitoneal (spleen and MLN) and footpad (PLN)
infection with vaccinia virus (n=5, 5 mice). (B) Representative plots showing the
enrichment of MLNs for CD11c*CD103* DCs vs PeLNs; the graph shows the percentage
of CD11c* CD103* DCs in MLNs and PeLNs (n=4, 4 mice) (C) Coculture of OVA-
loaded CD11c* DCs isolated from MLNs or PeLNs of CD45.2 WT mice with CD45.1
WT/OTII naive CD4" T-cells from spleen. The plot and graphs show lamin A/C MFI and
the percentage of lamin A/C-positive CD4" T-cells at 48 h of activation. Data are means
+ SEM of a representative experiment of 3 analyzed by unpaired Student t-test.

*P<0.05;**P<0.01.

Provided supplementary material:
Supplementary detailed material and methods
Supplementary Figures 1 to 7

Supplementary Figure legends

Supplementary Tables 1 and 2
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Supplemental Material and Methods

Mice

Lmna”’ mice have been described previously [69]. OTII and CD4-CRE mice were obtained
from the Jackson Laboratory (stock number 004194 and 017336, respectively), as were
C57BL/6J 129S7-Ragltm1Mom/J (Ragl™) mice, which lack B and T lymphocytes. Female
mice were used from 8 to 12 weeks of age. C57BL/6-CD45.1" and C57BL/6-CD45.1"
CD45.2* Lmna/* mice were kindly provided by Y. Zheng [70]. C57BL/6 CD4-CRE-
Lmnaf/°* mice were generated by crossing C57BL/6-CD4-CRE and C57BL/6-Lmnaflo¥/flox
mice. Foxp3-IRES-mRFP (FIR) mice were obtained from Jackson Laboratory (stock number
008374) and were crossed with C57BL/6 CD4-CRE-Lmna™®/M* mice. All mice were bred
in specific pathogen-free conditions at the Centro Nacional de Investigaciones

Cardiovasculares (CNIC).

Animal experiments were approved by the local ethics committee and the Spanish Ministry
of Agriculture and Fisheries, Food and Environment. All animal procedures conformed to
EU Directive 86/609/EEC and Recommendation 2007/526/EC regarding the protection of
animals used for experimental and other scientific purposes, enforced in Spanish law under

Real Decreto 1201/2005.

Antibodies
Alexa Fluor 488-conjugated anti-lamin-A/C and Alexa Fluor 488-conjugated mouse
immunoglobulin (Ig) G1 isotype control were obtained from Cell Signaling. Anti-CD3, anti-

CD28, APC-conjugated anti-CD45.1, PECy7-conjugated anti-CD45.1, PE-conjugated anti-



IFNy, APC-conjugated anti-IFNy, FITC-conjugated anti-CD4, V450-conjugated anti-CD4,
APC-conjugated anti-CD25, PECy7-conjugated anti-CD25, and FITC-conjugated anti-
FOXP3 were from Tonbo Bioscience. PercpCy5.5-conjugated anti-CD64, PE-conjugated
anti-CD103, Pe-Cy7-conjugated GITR, and FITC-conjugated anti-CD11c were from
Biolegend. PE-conjugated anti-IL-10 and biotinylated antibodies against B220, CD19,
MHCII, CD11c, CD11b, CD44, CD49b, IgM, CD25, and CD8a were from BD Biosciences.

Antibodies against H3K4me3, H3K4mel, H3K27me3, and H3K27ac were from Diagenode.

Plasmids

The plasmids for retroviral transduction of control luciferase RNAI, EZH1 RNAi and EED
RNAi were a gift from George Daley (pSMP-Luc: Addgene plasmid # 36394;
http://n2t.net/addgene:36394; RRID: Addgene_36394. pPSMP-EZH1 1: Addgene plasmid #
36359; http://n2t.net/addgene:36359; RRID: Addgene 36359. pSMP-EED_2: Addgene

plasmid # 36386; http://n2t.net/addgene:36386; RRID: Addgene_36386) [71].

The plasmid for retroviral transduction of Foxp3 RNAI was a gift from Dan Littman (LMP
1066, Addgene plasmid # 24071; http://n2t.net/addgene:24071; RRID: Addgene 24071)

[72].

The plasmid for retroviral transduction of pBABE-puro-GFP-wt-lamin A (Addgene plasmid
# 17662; http://n2t.net/addgene:17662; RRID: Addgene 17662) and pBABE-puro-GFP

were a gift from Tom Misteli [73].

T-cell isolation, activation, and polarization
CD4" CD25" T-cells from spleens were purified by negative selection on separation columns

(Miltenyi Biotec) after labeling the cells with a cocktail of biotinylated antibodies against



B220, CD19, MHCII, CD11c, CD11b, CD44, CD25, CD49b, IgM, and CD8a and a solution
containing streptavidin-bound magnetic microbeads (Miltenyi Biotec). For polarizing
experiments, CD4* CD25" T-cells from WT and Lmna’" mice were stimulated with plate-

bound anti-CD3 (10 ug/mL) and soluble anti-CD28 (2 pg/mL).

Polarizing conditions were as follows: TGF-p (20 ng/mL) and IL-2 (10 ng/mL) for Treg
polarization, IL-23 (10 ng/mL) and IL-6 (20 ng/mL) for Th17 polarization and IL-12 (10
ng/ml) and IL-2 (10 ng/mL) for Thl polarization. Antibodies were from BD bioscience and
cytokines from Tonbo Bioscience. Cells were cultured for the indicated times in RPMI-1640
medium (GIBCO) supplemented with 10% fetal bovine serum (FBS), 2 mM
ethylenediaminetetra-acetic acid (EDTA), 100 mg/mL penicillin, 100 mg/mL streptomycin,
20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 55 pM p-2-

mercaptoethanol, 1 mM sodium pyruvate, and 2 mM L-glutamine.
Quantitative proteomics

Proteins were extracted with 50 mM Tris-HCI, 2 % SDS, 50 mM iodoacetamide (IAA) and
digested using the filter aided sample preparation (FASP) protocol with minor modifications
[21]. For stable isobaric labeling, the resulting tryptic peptides were dissolved in 100 mM
triethylammonium bicarbonate (TEAB) buffer, and each peptide sample was labeled using
the 10-plex TMT Reagents (Thermo Fisher). To increase proteome coverage, TMT-labeled
samples were fractioned by high-pH reverse-phase chromatography (High pH Reversed-
Phase Peptide Fractionation Kit, Pierce). Labeled peptides were analyzed by LC-MS/MS in
an Orbitrap Fusion mass spectrometer (Thermo Fisher). For peptide identification, the
spectra were analyzed with Proteome Discoverer version 2.1.0.81 using SEQUEST-HT

(Thermo Fisher ). Peptide identification at 1 % FDR was validated and quantitative data



analyzed using the WSPP statistical model [22]. Functional protein analysis of the whole set
of quantified proteins was performed using the systems biology triangle algorithm (SBT)

[23].

Inflammatory bowel disease mouse model

Intestine inflammation was induced by the inoculation of > 5x10° CD4* CD25™ T-cells from
CD4-CREYM. mnaf®/Mox or CD4-CRE™W-Lmna®/MX mice into T-cell and B-cell
immunodeficient Rag1” mice through the retro-orbital sinus [16, 17]. Mice were monitored
over 8 weeks to assess colitis development. Body weight and symptoms were checked twice

a week. Disease severity was assigned a clinical score as follows:

=  Weight loss: 0 (no loss), 1 (1-5 %), 2 (5-10 %), 3 (10-20 %), and 4 (> 20 %).

= Stool consistency: 0 (normal), 2 (loose stool), and 4 (diarrhea).

= Rectal prolapse: 0 (absent), 2 (low), and 4 (pronounced).

= Rectal bleeding: 0 (absent), and 4 (present).

= Spine curvature: 0 (absent), 2 (low), and 4 (pronounced).
Histopathological analysis
After 8 weeks of IBD development, mouse colons were collected and fixed in 4 %
paraformaldehyde for 48 h and transferred to 70 % ethanol. Colons were cut into six portions
of approximately 5 mm. A set of three portions - one each from the proximal, medial, and
distal colon - was dehydrated to xylene and embedded in paraffin. The remaining portions
were used for mMRNA expression analysis. Transverse colon sections (5 um) were cut and
stained with hematoxylin-eosin to evaluate inflammation severity. Images were obtained
with an Olympus BX41 microscope. For each colon region, two images were evaluated on

serial sections cut with a 100 um separation (6 images per mouse). Colitis severity was



assessed according to the following features: leukocyte infiltration, goblet cell depletion,
epithelial hyperplasia, crypt damage, and submucosal inflammation, with each feature
assigned a score from 0 to 4. Ulceration was also scored as follows: 0 (absent), 2 (present),
and 4 (prominent). Features were scored by two blinded observers, and were summed to give

a final histological score.

In vitro Treg suppression assay

CD4* CD25 T-cells were isolated from CD4-CREW"-Lmnaf®/x and CD4-CRE"/*-
Lmnaf®/° mice spleens and polarized toward Treg phenotype. After 6 days of in vitro
differentiation, CD4* CD25" T-cells were isolated from CD45.1/WT mouse spleens, and Treg
polarization was checked by flow cytometry. In vitro-generated Tregs were stained with
FITC-conjugated anti-CD4, APC-conjugated anti-CD25, and 4',6-diamidine-2'-phenylindole
dihydrochloride (DAPI) (Thermo Fisher) and selected by fluorescence-activated cell sorting
(FACS). CD45.1/WT CD4* CD25 T-cells were stained with CellTrace Violet (Thermo
Fisher). Treg:T-naive cocultures then set up serial ratios (1:2, 1:4, 1:8, 1:16, 1:32, 0:1) in the

presence of soluble anti-CD3 (10 pg/mL) and soluble anti-CD28 (2 pg/mL).

Retinoic acid (RA) treatment in vitro and in vivo

RA powder (ATRA, Sigma-Aldrich) was diluted in dimethyl sulfoxide (DMSO) and added
to in vitro cultures at day 0 in a final concentration of 10 nM. After 48 h of incubation, RA
was washed out. The RARa agonist BMS753 (Tocris) and the RARy agonist CD1530
(Tocris) were diluted in DMSO and added to a final concentrations of 5, 10 or 50 nM for 48
h. Non-treated controls cells were cultured under the same conditions in the presence of

DMSO.



For in vivo treatment, mice received intraperitoneal (i.p). injections of 30 ug/mL RA diluted
in corn oil (Sigma-Aldrich) every day during the first 2 weeks of IBD induction in the mouse

model.

Colon lymphocyte isolation

Colons were extracted from mice with induced IBD and washed with HBSS buffer (Thermo
Fisher) supplemented with 100 mg/mL penicillin and 100 mg/mL streptomycin. Colons were
then cut longitudinally and placed in HBSS containing 100 mg/mL penicillin and 100 mg/mL
streptomycin, and 5mM 1.4 dithiothreitol (DTT) (Sigma-Aldrich) and incubated for 20 min
at room temperature (RT) to break down the intestinal mucus. After, colons were washed and
incubated again with HBSS and 2 mM EDTA during 20 min at 37 °C to detach the intestinal
epithelium. The colons were washed again, cut into small pieces, and incubated for 30 min
at 37 °C in HBSS supplemented with 100 mg/mL penicillin, 100 mg/mL streptomycin, 1 %
type 1V collagenase (Roche), and 10 mM DNase | (Sigma-Aldrich). The dispersed cell
suspension was filtered through a 70 um cell strainer, and the filtered cells were centrifuged

at 1500 rpm for 5 min at 4 °C to obtain a cell pellet.

DC and CD4* T-cell in vitro cocultures

MLNs and PeLNs were isolated from CD45.2/WT mice, cut into small pieces, and incubated
for 10 min at 37 °C in HBSS containing 1 % liberase TL (Roche) and 1000 U/mL DNase I.
The resulting cell suspension was filtered through a 70 pum cell strainer, and the filtered cells
were centrifuged at 1800 rpm for 5 min at 4 °C. The pelleted cells were stained with the
following antibodies and reagents: FITC-conjugated anti-CD11c, PercpCy5.5-conjugated
anti-CD64, PE-conjugated anti-CD103, and DAPI. Two DCs populations were selected by

FACS: CD11c CD64 CD103* and CD11c CD64 CD103". Naive CD4* T-cells were isolated



from CD45.1/OTII/WT mouse spleens, and DCs and naive T-cells were cocultured at a 1:5

ratio.
Chromatin immunoprecipitation-quantitative PCR

CD4* CD25 T-cell pellets (2x10°) were crosslinked according the protocol of Oldenburg
and Collas [24], snap frozen, and preserved at -80 °C. Crosslinked pellets were analyzed by
chromatin immunoprecipitation (ChIP)-qPCR [24]. The amplification conditions were as
follows: denaturation at 95 °C for 3 min; 40 cycles of 95 °C for 10 s, annealing at 60 °C for
15 s, extension at 72 °C for 20 s; and denaturation at 95 °C for 1 min. The primers used for
ChIP-gPCR are listed in Supplementary Table 1, and were designed with the NCBI primer-
designing tool using gene sequences obtained from the NCBI database. Promoter regions of
the studied genes were selected by tracking backwards from the transcription start site (TSS)
to the beginning of the gene sequence. The expression of each studied gene was analyzed by
the comparative Ct method with Biogazelle gBasePLUS software, using the housekeeping
genes Ube2b and Gapdh as internal controls. Results are presented as fold-change relative to

control conditions.

Production of retrovirus and retroviral transduction

Phoenix-Eco retrovirus producer cell line were kindly provided by Dr. Daniel Martin Pérez
(Viral Vector Unit of CNIC). Calcium phosphate-mediated DNA transfection was performed
as previously described by Wigler, M et al [74] with some modifications. Briefly, the day
before plasmid transfection, Phoenix-Eco cells were plated at a density of 2.5 x 10° cells per
10-cm dish in DMEM medium (GIBCO) supplemented with 10 % FBS, 100 mg/mL
penicillin, and 100 mg/mL streptomycin. The next day, cells were transfected with 5 g viral
vector. Plasmid DNA was mixed with HBSS buffer, then 1 M CaCl, was added and the
mixture was allowed to stand at RT for 15 min. Finally, the mixture was added to the plates



in a dropwise manner. After 16 hours, media were aspirated, and cultures were fed with fresh
DMEM medium supplemented with 10 % FBS, 100 mg/mL penicillin, and 100 mg/mL
streptomycin. 48 h after transfection, viral supernatants were collected and filtered through

45 um pore size filters.

For viral transduction, isolated naive CD4" T-cells were activated for 24 h before the addition
of fresh viral supernatants. Cells were then spun for 90 min at 2200 rpm at 30 °C . After spin
infection, the cells were cultured in fresh RPMI-1640 medium and harvested on day 5 for
intracellular staining and RNA analysis through Reverse transcription quantitative PCR (RT-

gPCR).
Reverse transcription-quantitative PCR

Total RNA was isolated with TRI Reagent™ Solution (Invitrogen-Thermo Fisher) and
isopropanol precipitation or with the RNeasy Mini kit (Qiagen). RNA concentration and
purity were assessed from the ratio of absorbance at 260 and 280 nm. Complementary DNA
(cDNA) was synthesized from total RNA (0.1 to 1 pg per reaction) with the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems) using random primers and RNase
Inhibitor. Quantitative PCR was performed in technical triplicates with the ABI PRISM
7900HT Sequence Detection System (Applied Biosystems) and using the PCR Power SYBR
Green PCR Master Mix (Applied Biosystems). The amplification conditions were as follows:
denaturation at 95 °C for 10 min; 40 cycles of 95 °C for 15 s, annealing at 60 °C for 30 s,
extension at 72 °C for 40 s; and denaturation at 95 °C for 1 min, followed by dissociation
curve analysis. Primer sequences are listed in Supplementary Table 2. The results were
analyzed as is indicated above, using the housekeeping genes Hprtl (hypoxanthine
phosphoribosyl transferase 1), Actb (B-actin) and Gapdh as internal controls. Results are

presented as fold-change relative to internal controls.



Flow cytometry

CD4* T-cells were stimulated for 6 h with PMA (20 ng/mL) plus ionomycin (1pg/mL).
Brefeldin A (Sigma-Aldrich) was added for the last 2 hours to allow intracellular cytokine
accumulation. Surface antigens were stained with antibodies, and cells were then fixed and
permeabilized with either the Cytofix or the Cytoperm kit (BD Biosciences), followed by
staining of intracellular cytokines and transcription factors. FOXP3 was stained using the
Mouse Foxp3 Buffer set (BD Biosciences). For lamin A/C intranuclear staining, cells were
permeabilized by incubation with 0.5 % Triton X-100 for 5 min. The antibodies were used
at the manufacturer-recommended concentrations. Data were acquired in FACSCantoll or
LSRFortessa flow cytometers (BD Biosciences) and were analyzed with BD FACSDIVA

(BD Biosciences) or FlowJo (Treestar Inc.) software.
Immunofluorescence and microscopy

CD4* T-cells were plated forl h at 37 °C onto Poly-L-Lysine-coated slides (50 pg/mL;
Sigma-Aldrich). Samples were then fixed with 4 % paraformaldehyde and permeabilized
with 0.5 % Triton X-100/PBS solution for 5 min at room temperature. Cells were incubated
with Alexa488-conjugated anti-mouse lamin A/C (1:100, Cell Signaling) and DAPI (1:500,

Thermo Fisher) for 1 hour at room temperature.

Samples were mounted in Fluoromount-G imaging medium, and immunofluorescence
images were acquired with a Zeiss LSM700 confocal microscope (Plan-Apochromat 63 x
1.4, 40 x 1.3, 25 x 1.2 oil objective; Carl Zeiss, Oberkochen, Germany). Images were
analyzed using ImageJ Fiji software and Imaris software (Bitplane) by an observer blinded

to genotype.



Statistical analysis

Statistical analyses were performed with Prism GraphPad or Microsoft Office Excel. Unless
otherwise stated, statistical significance was calculated by two-tailed Student t-test. When
specified, one-way ANOVA or 2-way ANOVA with Bonferroni post-hoc multiple
comparison test was used. Significance of differences was calculated as follows: *P < 0.05,

**p <0.01, ***P < 0.001, and **** P < 0.0001.

Citation numbers refer to the main manuscript.
Supplementary figure legends

Supplementary Figure 1. GFP-lamin A/C retrovirus drives lamin A/C overexpression.
Splenocytes were isolated from CD45.1 WT/OTII mice and CD45.2 Lmna”/OTII mice and
cocultured in vitro in the presence of OVA-peptide for 48 h. The splenocytes were then
transfected with GFP or GFP-lamin A/C retrovirus and cultured in vitro with cytokines to
promote Treg differentiation. Representative plots are shown of GFP* transfected
splenocytes; the graph shows quantification (n = 3 and 3 mice). Data are means + SEM of

one representative experiment of 3 analyzed by the Student t-test. ns, not significant.

Supplementary Figure 2. Lmna’- CD4* T-cells show increased Ezh1 and reduced Eed
MRNA levels RT-gPCR analysis of Eed, and Ezhl mRNA expression in CD4" T-cells
isolated from WT and Lmna’ mouse spleens, activated in vitro with anti-CD3/CD28 for 48
h (n = 6 mice) and retroviral transduced with a scramble RNAI (pLuc), a EED RNAI (pEED)
or a EZH1 RNAI (pEZH1). Upon transduction, cells were incubated for 72 hours in the

presence of cytokine IL-12 and IL-2 to promote Th1l differentiation. Data are means + SEM



of 3 independent experiments analyzed by one-way ANOVA with the Bonferroni multiple

comparison test.

Supplementary Figure 3. FOXP3 downregulation reduces GITR membrane expression

in Lmna’ and WT CD4* T-cells.

Naive CD4 * T-cells were isolated from WT and Lmna” mouse spleens and stimulated with
anti-CD3/CD28 antibodies for 2 days and differentiated in the presence of cytokines TGF-f
and IL-2 to promote Treg phenotype. At day 2, activated cells were retroviral transduced
with a RNAI against Foxp3. Plots and graphs show (A) GITR and (B) FOXP3 positive cells
as a value relative to control transduced WT cells (n =6-9 pools from at least 2 mice). Data
are means + SEM analyzed by one-way ANOVA with the Bonferroni multiple comparison

test. *P < 0.05, **P < 0.01, ***P < 0.001.

Supplementary Figure 4. A-type lamin deficiency in CD4* T-cells protects against IBD
development in mice. Ragl” mice were adoptively transferred with WT or Lmna™ CD4*
CD25" T-cells to induce IBD. Mice were sacrificed 8 weeks after T-cell transfer. (E) The
graph shows the quantification of the representative micrographs of hematoxylin-eosin
stained colon sections of figure 4. The graph shows the disease score (0-3) recapitulating
markers of intestinal inflammation indicated on the micrograph: leukocyte infiltration (1),
goblet cell depletion (2), epithelial hyperplasia (3), crypt damage (4), and submucosal

inflammation (5) (n = 6-7, at least 6 mice from a representative experiment of 5). Data are



means = SEM analyzed by one-way ANOVA with the Bonferroni multiple comparison test.

*P < 0.05;**P < 0.01;***P < 0.001. Black *: comparison between WT and Lmna™ .

Supplementary Figure 5. Retinoic acid (RA) downregulates lamin A/C expression in
CD4* T-cells. Naive CD4" T-cells were isolated from WT mouse spleens and activated with
anti CD3/CD28 antibodies for 2 days in the presence of retinoic acid (RA, ATRA) or vehicle.
(A) Immunofluorescent labeling of the nuclear envelope protein lamin A/C (green) in 48 h-
activated CD4" T-cells counterstained with DAPI (blue). Scale bars, 25 pm in main views
and 10 pum in the high-magnification views of the boxed areas. The graph shows the
percentage of lamin A/C expressing cells. (B) Representative volume and intensity analysis
of lamin A/C staining (n =6, 6 samples of 3 pools of 2 mice). Data are means + SEM analyzed

by unpaired Student t-test. *P < 0.05; ***P < 0.001.

Supplementary Figure 6. Expression of retinoic acid receptor a, B, and y in naive,
activated and Treg differentiated CD4 T cells and stimulation of RARa or RARy

reduces lamin A/C protein induction upon CD4 T cell stimulation.

(A) Naive CD4 * T-cells were isolated from WT and Lmna” mouse spleens and stimulated
with anti-CD3/CD28 antibodies for 5 days in the presence of cytokines TGF-B and IL2 to
trigger Treg differentiation. RT-gPCR analysis of Rara (RARa), Rarb (RARP), and Rarg
(RARY) mRNA expression. Data are means = SEM of at 3 independent experiments analyzed
by one-way ANOVA with the Bonferroni multiple comparison test. (B) Naive CD4" T-cells
were isolated from WT mouse spleens and activated with anti CD3/CD28 antibodies for 2
days in the presence of RARa or RARy agonist or vehicle. The plot and the graph show the

lamin A/C mean fluorescence intensity (MFI) analysis by flow cytometry of CD4" T-cells.



Supplementary Figure 7. Lamin A/C downregulation augments Treg differentiation in
vitro and in vivo and provides equal protection against IBD as retinoic acid (RA)
treatment. (A) Naive CD4" T-cells were isolated from WT and Lmna’ mouse spleens and
stimulated with anti CD3/CD28 antibodies in the presence of RA or vehicle for 48 h, when
Treg cytokines were added. Representative plots show the percentage of CD25" FOXP3*
Tregs in the CD4" T-cell population analyzed by flow cytometry at day 5 of Treg
differentiation. Graphs show quantification of the CD25" FOXP3" Treg percentage and
FOXP3 MFI (n = 6, 6 mice). (B) Ragl™” mice were adoptively transferred with WT or Lmna
- CD4* CD25 T-cells to induce IBD development. During the first 2 weeks, mice received
daily i.p injections of RA. Mice were sacrificed 8 weeks after the T-cell transfer. (C) Flow
cytometry analysis of CD25" FOXP3" cells in MLNs at 8 weeks after T-cell transfer. (D)
Weight loss during IBD development. (E) Representative colons and quantification of colon
length (mm) after 8 weeks of IBD (n = 5-9, at least 5 mice of a representative experiment of
2). Data are means + SEM analyzed by 1-way ANOVA (A, B, D, F) and 2-way ANOVA (E)

with the Bonferroni multiple comparison test. *P < 0.05; **P < 0.01; ***P < 0.001.






Supplementary tables

Supplementary Table 1. Primers used for ChIP-gPCR analysis

Gene 5’-3’ Forward sequence 5’-3’ Reverse sequence
Tbx21 (T-bet) | CCGTAGTTATTGGAATAGAACA | ATACCAACCGGTGTCTGTGT
Foxp3 CCCAGGAGGCCATTAACAGG TTTGGCCCCATGCTATGGTT
Rorc (RORyt) | AGCTGCTTGGCTCAGCATAA TTGCCTGCGTCATTCTGACT
Ube2b TCACGTGACCTGCTCTGATG GCATCCGGAGCCTGAGATTT
Gapdh GTTGCACTGGCCTAGCAAAG GACCGGGATTCTTCACTCCG




Supplementary table 2. Primers used for RT-qPCR analysis

Gene 5’-3’ Forward sequence 5’-3’ Reverse sequence
Tbx21 (T-bet) GAAAGGCAGAAGGCAGCAT | GAGCTTTAGCTTCCCAAATGA
Foxp3 CTCGTCTGAAGGCAGAGTCA | TGGCAGAGAGGTATTGAGGG
Ifng (IFNy) TGGCTCTGCAGGATTTTCAT | TCAAGTGGCATAGATGTGGAA
I112a (IL-12) CTGCTTGACTCTGACATCT CCACTGCTGACTAGAACTC
Tgfb1 (TGFB) ACCATGCCAACTTCTGTCTG | CGGGTTGTGTTGGTTGTAGA
Ebi3 (IL-35) CTTACAGGCTCGGTGTGGC | GTGACATTTAGCATGTAGGGC
1110 CCCTTTGCTATGGTGTCCTT TGGTTTCTCTTCCCAAGACC
l117a (IL-17) AGAATTCATGTGGTGGTCCA | ACTACCTCAACCGTTCCACG
Rocg (RORyt) GGTGACCAGCTACCAGAGG | AGCTCCATGAAGCCTGAAAG
1123a (IL-23) CAACTTCACACCTCCCTAC CCACTGCTGACTAGAACT

e GACAAAGCCAGAGTC CTAGGTTTGCCGAGTAGATCT
1122 CCGAGGAGTCAGTGCTAAG | CATGTAGGGCTGGAACCTGT
Hprt1 CCTAAGATGAGCGCAAGTTG | CCACAGGACTAGAACACCTGC
Gapdh CTACACTGAGGACCAGGTTG | GGTCTGGGATGGAAATTGTG
Actb (B-actin) GACGGCCAGGTCATCACTA | AGGAAGGCTGGAAAAGAGC
Icos GCTCGGCCGATCATAGGATG | CCTCCACTAAGGTTCCTTTCTT
Tnfrsf18 (GITR) | CAAGGTTCAGAACGGAAGT | GAAGATGACAGTCAAATG
Ctla4 GCTTCCTAGATTACCCCTTCT | AGGTGCCCGTGCAGATGGAA
Pdcd1 (PD-1) CGTCCCTCAGTCAAGAGGAG | GTCCCTAGAAGTGCCCAACA
Itga2 (CD49b) CCGGGTGCTACAAAAGTCAT | GTCGGCCACATTGAAAAAGT




Lag3

112ra (CD25)
Lmna

Rara (RARa)
Rarb (RARB)
Rarg (RARy)
Ezh1

Lbr

Eed

TCACTGTTCTGGGTCTGGAG

GGTAAAGTCGCCATTGTCTC

AACAACTGCAATGACGGAGA

CAGCTGGCCACTGCTACCTT

TGAGTACAACCTGCGCTCAC

TGACTAGGTTGTCCCCGAAG

GGCGAACTCCACAGTCTTAA

GCTGGGCAAGTACACTACGAA

GGGGTATACCTGGTACAAAT

CAGCTGGGTAAATACACCACG

CCCAAGGATGCTGATGAAA

GCCCTTTCTGCTCCCTTAGT

TGAAATCTGAGTATATGCGG

AGATATCCTGGCTGTCGAAC

GTGCTCCTGAGTGCTTAC

GCCAATGAAGAAGTCGTAC

GCAACAGAGTAACCTTATAC

CAACTGCTAATAGAGGGTGG




