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SUMMARY

T cell development depends on specialized thymic microenvironments formed by cortical (c) and medullary
(m) thymic epithelial cells (TECs), which arise from a common epithelial progenitor. However, the molecular
mechanisms that govern TEC differentiation and function remain poorly understood. Particularly, mTECs
display remarkable functional heterogeneity driven by complex genetic programs essential for central
tolerance. Here, we investigated the role of the transcription factor KLF2 in TEC biology. TEC-specific
deletion of KLF2 (KLF2 cKO) in mice impairs mTEC maintenance and selectively remodels transcriptional
programs across cTEC and mTEC subsets, including several recently identified mimetic TECs. These
perturbations imprint sustained thymic dysfunction and restrict regulatory T cell differentiation and func-
tion. Furthermore, KLF2 cKO mice show increased lymphocytic infiltration in peripheral tissues in aged
and autoimmune-prone models, suggesting an increased susceptibility to the breakdown of immunological
self-tolerance. Our findings highlight KLF2 as a critical regulator of TEC homeostasis and the prevention of

autoimmunity.

INTRODUCTION

The development of functionally diverse and self-tolerant T cells
in the thymus is critical to establish immune responses to
infections and cancer while preventing autoimmunity. Thymic
stromal microenvironments, formed by cortical (c) and medul-
lary (m) thymic epithelial cells (TECs), play a fundamental role
in guiding the development of immunologically competent
T cells and the prevention of T cell autoreactivity. While cTECs
govern T cell lineage commitment and positive selection,
mTECs are essential for central tolerance induction mediating
the negative selection of autoreactive T cell clones or their
deviation into regulatory T cell lineage. Because TEC function
is compromised by aging or stress, such alterations contribute
to declines in T cellimmunity and increase susceptibility to auto-
immunity.” Thus, elucidating the molecular mechanisms that
govern TEC homeostasis is essential for the design of therapeu-
tic strategies to correct thymic function.

The proper development of the mTEC compartment is central
for the establishment of self-tolerance. A defining feature of
mTEC biology is the promiscuous gene expression of tissue-
restricted genes (TRGs), enabling ectopic presentation of tissue-
restricted antigens (TRAs). This process is partially controlled
by the autoimmune regulator (Aire), although additional factors
contribute to its function.? Recent single-cell RNA sequencing
(scRNA-seq) analyses have exposed extensive heterogeneity
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within cTECs and mTECs, delineating diverse functional states
and distinct transcriptional programs, including “mimetic” TECs
that recapitulate peripheral tissue phenotypes through the
recruitment of lineage-specific transcription factors.>® While
these populations may contribute to TRA presentation and central
tolerance, the molecular mechanisms governing their emergence
and functional diversification remain poorly understood.

Krippel-like factors (KLFs) are zinc finger transcription factors
that regulate a wide range of biological processes, including
cellular differentiation and tissue development.” Accumulating
evidence implicates that members of the KLF family are impor-
tant regulators of TEC biology. A previous study identified
KLF6 as a critical regulator of TEC development, influencing
mTEC differentiation, late stages of T cell maturation, and the
control of autoimmunity.> Complementary findings revealed a
role for KLF4 in regulating TEC homeostasis and protecting
against pregnancy-induced thymic involution, suggesting that
specific KLF family members may contribute to TEC develop-
ment and function. Guided by transcriptomic analyses of highly
expressed transcription factors, we identified KLF2 as being
enriched in specific TEC subsets and subsequently examined
its functional relevance in TECs. Herein, we demonstrate that
Kif2 deficiency in TECs restricts thymic function, primarily by
impairing mTEC differentiation and the development and func-
tion of regulatory T cells, ultimately predisposing to defects in
immunological self-tolerance.

iScience 29, 115161, April 17, 2026 © 2026 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
mailto:nalves@i3s.up.pt
https://doi.org/10.1016/j.isci.2026.115161
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2026.115161&domain=pdf

¢? CellPress

OPEN ACCESS

RESULTS

KLF2 functions cell-intrinsically within TECs to maintain
regular thymopoiesis

To identify novel transcription factors involved in TEC differ-
entiation, we analyzed the expression of Kif family members
using publicly available bulk RNA-seq datasets of TEC subsets.
We noted high expression of Kif2 and KI/15 alongside Kif6
(Figure S1A), which has previously been implicated in the regula-
tion of TEC differentiation.® KLF2 is a well-established regulator
of T cell trafficking and differentiation, as well as B cell and endo-
thelial cell biology'®~'%; however, its role in TEC development
and function remains undefined. Because germline deletion of
KIf2 causes embryonic lethality around embryonic day (E) 12.5
due to severe hemorrhage,'® investigating its role in TECs has
been challenging, as TEC development initiates around this
stage and continues postnatally.” To target the KIf2 gene in
TECs, we crossed KIf2"" mice with Foxn1°™ transgenic mice,
in which Cre expression is restricted to the thymic epithelium.
In the KLF2 conditional knockout (cKO) mice, in which Foxn1
expression starts around embryonic day 11.5,'° Kif2 is deleted
in TEC progenitors during development and remains absent in
their progeny into adulthood. Given our previous findings that
Foxn1-driven Cre expression alone does not induce signifi-
cant alterations in TEC differentiation or thymopoiesis,'” Kif2""
littermates were used as controls. KLF2 cKO mice were viable
and exhibited no overt growth abnormalities (data not shown),
indicating that loss of KIf2 does not impair overall develop-
ment. RT-PCR analysis confirmed efficient deletion of exon 2
of the KIf2 gene in TECs from KLF2 cKO mice, but not in controls
(Figure S1B).

Total thymic cellularity was significantly reduced in KLF2 cKO
mice at postnatal day 3, and at 2 and 10 weeks of age (Figure 1A),
suggesting impaired thymopoiesis resulting from altered TEC
differentiation and function due to Kif2 deficiency. Comparison
of the thymic epithelial composition revealed altered cTEC/
mTEC proportions in KLF2 cKO mice during puberty and young
adulthood, characterized by an increased frequency of cTECs
and a reduced frequency of mTECs (Figure 1B). Nevertheless,
the absolute number of cTECs was comparable between control
and KLF2 cKO mice, whereas mTECs were selectively reduced
during postnatal life (Figure 1C). Because TEC development is
a dynamic process that begins early during embryogenesis
and continues into postnatal life,'® we assessed the impact of
KIf2 deficiency in TECs at early stages of thymic development.
Although reduced in frequency at E18, the number of mTECs
remained comparable to controls at both E14 and E18 time-
points (Figure S1C), suggesting that mTEC dysfunction caused
by Kif2 deficiency becomes apparent during postnatal and
adult life. We next analyzed postnatal mTECs based on the
subdivision of MHCII®"CD80™" (mTEC'®) and MHCII"CD80"
(mTEC™) subsets. While mTEC' cells represent a heterogeneous
population of immature progenitors and differentiated subsets,
including CCL21* and post-Aire cells, mTEC™ cells are enriched
for mature Aire-lineage cells.”® We found an increased propor-
tion of mTEC" and Aire* cells, along with a reduced frequency
of mTEC® cells, in the thymi of 2-week-old KLF2 cKO mice,
with the frequency of Aire* cells also significantly increased
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at 10 weeks of age (Figure 1D). Due to the overall reduction
in MTEC numbers in KLF2 cKO mice, mTEC'® were significantly
decreased at both 2 and 10 weeks of age, whereas mTEC" and
Aire™ cells were significantly reduced only at 2 weeks (Figure 1D).
These results indicate that KLF2 contributes to the maintenance
of the mTEC compartment throughout life.

KLF2 governs specific modules within the
transcriptional landscape of cTECs and mTECs

Given the alterations observed in the TEC compartment of
KLF2 cKO mice, we investigated how KLF2 regulates transcrip-
tional programs in TECs. To this end, we performed bulk RNA
sequencing (RNA-seq) on sorted cTECs and mTECs from
2-week-old control and KLF2 cKO mice to define how Kif2 defi-
ciency reshapes their transcriptional landscape. This time point
was selected because the KLF2-dependent mTEC phenotype
was evident and mTEC maturation was actively progressing
at 2 weeks, thereby enabling the identification of potential rele-
vant transcriptional changes. Control cTEC and mTEC samples
clustered together among biological replicates and segregated
by cell population. In contrast, KLF2 cKO samples formed
distinct clusters, with mutant mTECs displaying increased
heterogeneity (Figure 2A). Bioinformatic analyses identified
approximately 600 differentially expressed genes (DEGs) in
cTECs and mTECs (Figure 2B, Table S1). Worth noting, Kif2
deficiency did not induce compensatory upregulation of other
KLF family members (Figure S2A). Moreover, only a small subset
of DEGs overlapped between the two populations, indicating
that KIf2 deficiency differentially shapes the transcriptional pro-
grams of cTECs and mTECs (Figure S2B). To further explore
the molecular role of KLF2 in TECs, we separately performed
gene ontology (GO) analysis on upregulated and downregulated
DEGs in cTECs and mTECs, revealing multiple biological pro-
cesses significantly altered by KiIf2 deficiency (Table S2). For
further analysis, we selected the five most significantly enriched
biological processes, either upregulated or downregulated, in
each subset (Figure 2B). GO analysis of downregulated DEGs
in mutant cTECs indicated reduced activity of pathways
involved in T cell differentiation and leukocyte adhesion, whereas
pathways associated with the nervous system and extracellular
matrix were upregulated. The observed alterations in T cell differ-
entiation may contribute to impaired thymopoietic function,
prompting us to assess the expression of genes involved in
cTEC-mediated processes, including thymocyte migration, line-
age commitment, and selection. We observed reduced expres-
sion of key thymopoietic factors, including Ccl25, Dil4, CD83,
and b2m, which may impact early stages of T cell development
(Figure S2C), whereas most other thymopoietic genes showed
no significant differences between control and KLF2 cKO cTECs.
In addition, the expression of genes associated with mature
mTECs was unaltered (Figure S2D). Notably, GO analysis of
DEGs in mutant mTECs revealed reduced epithelial differentia-
tion, sensory perception, and neurogenesis, alongside enrich-
ment of apoptosis-, epithelial-, and extracellular matrix-related
pathways (Figure 2B; Table S2), which may contribute to
restricted mTEC lineage development and increased cell loss,
leading to contraction of the mTEC compartment. Given the
unique capacity of mTECs to express a broad spectrum of
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Figure 1. TEC-specific deficiency in KIf2 disrupts the mTEC compartment
(A) Total thymic cellularity was assessed in thymi isolated from littermate control (K/f2"™ and KLF2 cKO (Foxn1°":Kif2"") mice at postnatal day 3 and at 2 and

10 weeks of age.

(B and C) (B) Total TECs (CD45 EpCAM*) were analyzed for cTEC (Ly51*) and mTEC (UEA*) composition and (C) cellularity.

(D) Frequency and cellularity of mTEC'® (MHC 1°"CD80'"), mTEC" (MHC 1I""CD80"'9") and Aire* mTECs within the total mTEC (UEA*) of 2- and 10-week-old
control and KLF2 cKO mice. Cell population frequencies in representative flow cytometry plots are presented as mean + SD. Statistically significant differences
are indicated by * and in blue. Bar graphs represent the mean + SD, with each dot representing an individual mouse. Data are representative of 2-6 independent
experiments per time-point. P, post-natal; WK, weeks. Statistical analysis was carried out using an unpaired two-tailed Student’s t test; *p < 0.05; **p < 0.01.

TRGs, defined based on comparison between WT versus Aire-
deficient mTECs,”° we assessed the enrichment of Aire-depen-
dent and Aire-independent TRGs among the DEGs in KLF2 cKO
mTECs. Whereas upregulated genes included 20% TRGs,
predominantly Aire-independent, downregulated genes ex-
hibited a higher representation of TRGs (38%) with a more
balanced distribution of Aire-dependent and Aire-independent
TRGs (Figure 2C; Table S8), suggesting that KLF2 contributes
to TRGs representation in mTECs.

The altered TRG expression and reduced signatures asso-
ciated with sensory perception and neurogenesis prompted
us to examine whether recently identified specialized epithelial

programs were disrupted in KLF2 cKO mTECs. In particular,
the mTEC compartment is highly heterogeneous and includes
thymic mimetic cells that display transcriptional and phenotypic
features resembling those of diverse peripheral epithelial
lineages, such as tuft, neuroendocrine, enterohepatic, and mi-
crofold (M) cells, among others.>?" We extracted transcriptional
signatures of mTEC I-IV* and compared the top 200 enriched
genes within each cluster between control and KLF2 cKO
mTECs. Whereas gene sets associated with mTEC Il showed
no consistent pattern, signatures of mTEC |, Ill, and IV were
consistently downregulated in KLF2 cKO mTECs (Figure 2D;
Table S4). As mTEC IV contains mimetic subpopulations,

iScience 29, 115161, April 17, 2026 3




¢ CellPress

OPEN ACCESS

A B
cTECs
T 2 216
cTECs mTECs S eod 39
5 o Z. 40
g=1® g| ° 3
S ° g¢ ° g_’ 20
o~ o
S 25 s © g
50l 02 o &5 04— = .
o s 8 4 0 4 2 2 - 0 1 2
PC1 (44%) PC1 (41%)

OWT  OKLF2¢KO GO Down-regualted

-log, (Fold change : cKO vs Control)

iScience

ot o

-log1o (Adjusted p value)

'_l
2 0 1 23 6
-log, (Fold change : cKO vs Control)

GO Down-regualted

Leukocyte cell-cell adhesion o  padjust S,f.f,i Sensory perception of taste o mis g::;
Defense to other organism [ ] 5x10° @ 25 Circulatory system process 4 xi05 @9
Immune response regulation [ ix109 @40 Regulation of neurogenesis [ ] @18
Cytokine production | ~ @ 00 @60 Epithelial cell differentiation ) 510+ @37
T cell differentiation 1 @ Negative regulation of proliferation [ ]
N T MmN T T N T N ™ 0-.07 0.08 0.09 0.10 0.1 0-04 005 006 007 023 025
5582292993332 GO up-regualted GO up-regualted "™ ™ "%
588600000 8§88 S Extracellular matrix org. ® gaio? Apoptotic process 4 o X
8 8 8 % % % EE [CIRTENT) = Behaviour and cognition [ ) 15x10° @ 15 Response to DNA damage 4 () 3x10° o7
% % u'r: £ E E I’J‘EJ E £ Nervous system process ] 100 @28 Epithelial cell development - () 2x102 @ 10
Cell surface receptor signalling [ ] 5x10% % Extracellular matrix org. [ ) 1x102 @
Organ morphogenesis [ ] Regulation of protein assembly - [ )
0?02 0.04 0.06 0.08 0?04 0.06 0.08
Gene Ratio Gene Ratio
C
mTECI mTECIl mTECII mTECIV
Down-regulated Up-regulated
Cirl cKO  CtrlcKO  Ctrl ¢cKO  Cirl cKO
05
0
. _ 05
% of Aire-Dep and InDep TRGs % of Aire-Dep and InDep TRGs
Down-regulated DEGs Up-regulated DEGs
mTECk
E
Neur9 Entero - Microfold Control KLF2 cKO
Tuft  endocrine Goblet -hepato Ciliated Cell K 23327 15 %
CtricKO CirlcKO  CtrlcKO CtrlcKO  Ctrl cKO 2|99 Tk &
= Xz °
wt 7 T 104°
= =
(&) =
I . w <
1 = . s 5 o
©
a (&) 0
0 ) o o
; [ Control I KLF2 cKO
G mTEC'
Control KLF2 cKO
159 #x
&> -
e |-
_ g 10
(ST =
T c
= . S 5
©
a0 (@]
0

4 iScience 29, 115161, April 17, 2026

(legend on next page)



iScience

including thymic tuft-like cells, we next examined the impact of
Klf2 deficiency on the transcriptional signatures of the more
abundant subsets using datasets from previous studies.>?
Despite their rarity and the bulk nature of our mTEC transcrip-
tomic analysis, gene sets associated with tuft-, neuroendo-
crine-, goblet- and enterohepatic-like cells were downregulated
in KLF2 cKO mTECs, whereas signatures of other mimetic sub-
sets, such as ciliated and microfold cells, remained unchanged
(Figure 2E; Table S5). Because our bulk RNA-seq analysis was
performed on total mTECs, the observed changes in mTEC |
and IV signatures may reflect altered proportions of mTEC"
and mTEC" populations in KLF2 cKO mice (Figure 1). To deter-
mine whether these transcriptional alterations resulted in a
reduction of functional populations within the already reduced
mTEC compartment of KLF2 cKO thymus (Figure 1), we
analyzed the composition of CCL21* and thymic tuft-like
TECs. CCL21* mTECs were further reduced in frequency within
the mTEC'® compartment (Figure 1) of mutant thymus, resulting
in a significantly reduced number of this subset (Figure 2F).
Although mimetic subsets are rare, and some lack specific
surface markers, more abundant subsets, such as tuft-like
cells can be identified based on DCLK1 expression.® Both the
frequency and number of tuft-like mTECs were also reduced
within the mTEC'® compartment of the KLF2 cKO thymus
(Figure 2G), suggesting that KIf2 deficiency may affect the repre-
sentation of thymic mimetic cells. Together, our data indicate
that KLF2 differentially regulates transcriptional programs in
cTECs and mTECs, potentially through mechanism that main-
tains their distinct thymic functions.

KLF2 in TECs controls the development and function of
regulatory T cells

To determine whether the observed phenotypic and molecular
alterations in TECs affected specific stages of T cell develop-
ment, we assessed the progression of thymocytes through the
DN, DP, and SP subsets. Despite the reduced numbers of DP,
SP4 and SP8 subsets, the relative frequencies of DN, DP, and
SP subsets were comparable between control and KLF2 cKO
mice at 2 and 10 weeks of age (Figures 3A and S3A). Moreover,
no major alterations were observed in the frequency or cellularity
of DN subsets (DN1-DN4), pre-gated on lineage negative (Lin™)
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cells (CD4, CD8, NK1.1; CD11b, CD11c, CD19, TCRy$, Ter-
119, and GR1), except for a modest reduction in DN1 frequency
at 10 weeks of age (Figure S3B). Similarly, assessment of posi-
tive selection based on differential expression of TCRp and
CD69?° revealed that the frequencies of DP thymocytes initi-
ating selection (TCRp™CD69™) and post-positive selection SP
thymocytes (TCRpMCD69" and TCRB"CD69'°) were unchanged
(Figure S3C). These results indicated that despite the overall
reduction in thymic cellularity, rate progression through the DN
stages and positive selection appeared normal in KLF2 cKO
mice. Still, the thymic changes extended to the peripheral
compartment with a reduction in the number of CD4 and CD8
T cells (Figures S3D-S3E). These results suggest that Kif2 defi-
ciency in TECs reduces the thymopoietic capacity of the thymus
with defects extending to the periphery T cell pool.

To examine whether mTEC defects in KLF2 cKO mice,
together with potential alterations in TRG expression and rep-
resentation, affected stages of T cell development functionally
linked to mTECs, we analyzed post-selection SP4 maturation,
regulatory T cell development and iNKT cell development.”®
While the numbers of immature (CD24™CD62L'°) and mature
(CD24'°CD62L") SP4 thymocytes were comparable, their rela-
tive proportions differed, with a modest but significant reduction
in the frequency of mature subset in KLF2 cKO mice (Figure S3F).
Notably, both the frequency and absolute numbers of mature
(CD25*Foxp3™) regulatory T cells were significantly reduced
in mutant thymic at 2 and 10 weeks of age. The absolute
numbers of regulatory T cell precursor subsets (CD25"Foxp3~
and CD25Foxp3*) were unchanged, although their frequencies
were only reduced at 10 weeks of age (Figures 3B and S3G).
Moreover, further analysis of thymic regulatory T cells, excluding
CD44" recirculating cells®* indicated that Kif2 deficiency
impacted the frequency and number of newly generated mature
regulatory T cells (Figure S3H). The defect in thymic regulatory
T cells extended to the periphery, as evidenced by reduced
splenic regulatory T cells at 10 weeks of age (Figure S3I). As
mTECs also influence the maturation of other unconventional
T cells subsets,® we assessed iNKT cell development and found
that both their frequency and absolute numbers were reduced in
KLF2 cKO thymus. iNKT cell maturation proceeds through
distinct stages marked by the downregulation of CD24 and the

Figure 2. TEC-specific deficiency in KIf2 alters broader and distinct genetic programs in cTEC and mTEC. Thymi from 2-week-old control
(KI2"™ and KLF2 cKO (Foxn1°®:KIf2"") mice were isolated, and FACS-sorted cTECs (CD45 EpCAM‘Ly51*UEA") and mTECs
(CD45 EpCAM*Ly51 UEA*) were subjected to RNAseq

(A) Principal component analysis and hierarchical clustering of the indicated cTEC and mTEC samples.

(B) Volcano plot depicting down-regulated (blue) and up-regulated (red) differentially expressed genes (DEGs) in cTECs and mTECs from KLF2 cKO versus
control samples. Numbers in the top corners of each volcano plot indicate the respective number of up- and down-regulated genes. Multiple parameter graphs
indicate the top five down- and up-regulated gene ontology (GO) terms within the differentially expressed genes of cTECs and mTECs.

(C) Venn diagrams depict the number of KLF2 cKO mTEC up-regulated (right) and down-regulated (left) genes classified as Aire-dependent (Aire dep) or Aire-
independent (Aire indep) tissue-restricted genes (TRGs). Bar graphs indicate the frequency of identified Aire dep and Aire indep genes in KLF2 cKO mTEC DEGs.
(D) Heatmaps representing the deviation to the mean expression level of mTEC |, mTEC Il, mTEC lll, and mTEC IV characteristic genes, as described in Bornstein
et al.” in control and KLF2 cKO nTEC RNAseq data.

(E) Heatmaps representing the deviation to the mean expression level of tuft, neuroendocrine, goblet, entero-hepato, ciliated and microfold thymic mimetic
characteristic genes, as described in,® in control and KLF2 cKO mTEC RNAseq data.

(F-G) Frequency and number of CCL21* (F) and thymic tuft (G) cells within mTEC' (MHC 11'°"CD80'°%) population, as determined by flow cytometry analysis of
the 6-week-old control and KLF2 cKO mice. Cell population frequencies in representative flow cytometry plots are presented as mean + SD and statistical
significance is indicated by *. Bar graphs represent the mean + SD, with each dot representing an individual mouse. Data are representative of two independent
experiments; statistical analysis in bar graphs was carried out using an unpaired two-tailed Student’s t test; **p < 0.01.
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Figure 3. TEC-specific deficiency in KiIf2 limits thymopoiesis and
regulatory T cell differentiation. Representative pseudocolor plots
and bar graphs depicting the distribution and cellularity of distinct
thymocyte cell subsets of 10-week-old control (KIf2"™) and KLF2
cKO (Foxn1°"e:Kif2"") mice

(A) CD4 and CD8 expression on total thymocytes defines DN, DP, SP4, and
SP8 subsets.

(B) CD25 and Foxp3 expression within TCRB* SP4 defines immature
(CD25*Foxp3~ and CD25Foxp3*) and mature (CD25*Foxp3*) thymic
regulatory T cell subsets. Data are representative of 3-6 independent
experiments.
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progressive acquisition of CD44 and NK1.1.,%° with the reduc-

tion in numbers being more significant in mature stage 3
(CD24~CD44"NK1.1%) (Figure S3J). These results support the
notion that the defective mTEC compartment of mutant mice
has a broader impact beyond regulatory T cell development.
To further evaluate the function of regulatory T cells derived
from KLF2 cKO thymus, we performed in vitro suppression
assays in which equal numbers of thymus-derived regulatory
T cells from control or mutant mice were co-cultured with wild-
type conventional T cells (TCRB*CD4*CD25™) under polyclonal
TCR stimulation at varying cell ratios. Regulatory T cells derived
from mutant thymus exhibited modestly reduced suppressive
activity, as indicated by the higher proliferation of responder
conventional T cells (Figure 3C). Together, these findings indi-
cate that KLF2 expression in TECs is required for normal thymic
regulatory T cell differentiation and for supporting the suppres-
sive capacity of these cells.

KLF2 in TECs is essential to maintain immune
self-tolerance

Lastly, given the essential roles of MTECs and regulatory T cells
in preventing autoimmunity, we examined whether aged KLF2
cKO mice exhibited an increased predisposition to sponta-
neous autoimmune pathology. We found that the frequency of
mice exhibiting severe lymphocytic infiltrates in the salivary
and lacrimal glands —known target sites of autoimmune inflam-
mation in C57BL/6 mice’®—was increased in one-year-old
KLF2 cKO animals, whereas no such increase was observed
in the liver (Figures 4A and 4B). Moreover, serum levels of
anti-nuclear antibodies in aged control and KLF2 cKO mice
did not differ significantly between groups and were reduced
relative to those observed in germline Relb KO mice, which
exhibit exacerbated autoimmunity®” and were used as a
positive control (Figure 4C). Stil, two aged KLF2 cKO mice
exhibited higher anti-nuclear antibody titers, suggesting
variability in the presentation of traits indicative of breaks in
tolerance (Figure 4C). KLF2 cKO mice were generated on a
C57BL/6 background, and the autoimmune manifestations
were mild, consistent with the well-known resistance of this
strain to autoimmunity arising from defects in central toler-
ance.?’?® To further assess the role of KLF2-dependent
thymic regulation in a genetically susceptible context, we
crossed KLF2 cKO mice with Aire-deficient animals.?® As ex-
pected, Aire deficiency alone resulted in increased lymphocytic

(C) Regulatory T cell in vitro suppression assay measuring the proliferation
of CFSE-labelled, FACS-sorted splenic responder T cells (T conventional;
TCRB*CD4*CD257) from control mice, co-cultured with FACS-sorted
control or KLF2 cKO thymic regulatory T cells (Treg; TCRpM"CD4*CD25") at
a T_reg:T_conventional ratio of 1:1 and 1:3. The negative control was set in
the absence of polyclonal stimulation, and the positive control corresponded
to maximal CFSE dilution in stimulated T conventional cells cultured in the
absence of regulatory T cells. Histograms are from a representative experi-
ment out of three independent experiments, and bar graphs represent the
normalized division index. Cell populations frequencies in flow cytometry plots
are presented as mean + SD and statistical significance is indicated by *. Bars
graphs represent the mean + SD and each dot represents an individual
replicate. Statistical analysis was carried out using an unpaired two-tailed
Student’s t test; *p < 0.05.
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Figure 4. KLF2 cKO mice manifest signs of compromised peripheral immunological tolerance

(A) Representative H&E staining of the different degrees of infiltration in the salivary glands. Score 0 corresponds to the absence of detectable tissue infiltration

Scale bars, 50 pm.

(B) Severity scores for lymphocytic infiltration in salivary (SG) and lacrimal (LG) glands, and liver (LV) of 13 months-old of control (KIf2"" and KLF2

cKO(Foxn1°:Kif2"™ mice.

(C) ELISA guantification of anti-nuclear autoantibodies in the serum of 13 months-old control and KLF2 cKO mice. Serum from 6-month-old RELB knockout mice

was used as a positive control for the detection of anti-nuclear antibodies. Bar graphs represent the mean + SD, with each dot representing an individual mouse.
‘D < 0.01.

(D) severity scores for lymphocytic infiltration in SG, LG, and LV of and 6-8 months-old Aire™"", Kif2"" Aire~/~ and KLF2 cKOAire '~ mice. Pie charts represent

absent (0, white), light (1, light gray), moderate (2, dark gray) and severe lesions (3, black) and each segment of the charts represents one mouse. Statistical

analysis was carried out using an unpaired two-tailed Student’s t test; **p < 0.01.

infiltration of the salivary and lacrimal glands of 30-week-old
mice compared with aged controls. Notably, combined defi-
ciency of KIf2 and Aire further exacerbated salivary and
lacrimal gland, and liver pathology relative to Aire KO animals
(Figure 4D). These findings indicate that KIf2 deficiency in
TECs amplifies susceptibility to failures in central tolerance
during aging or under autoimmune conditions, ultimately
compromising peripheral tolerance.

DISCUSSION

KLF2 has been described as a transcription factor with broad
roles in the differentiation, function, and homeostasis of multiple
cell types. Although best known for its essential role in maintain-
ing endothelial barrier integrity in response to shear stress,?%2°
KLF2 also controls the trafficking and differentiation of T cell pre-
cursors, mature T cells, and B cells.'®" In this study, we show
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that TEC-specific loss of KIf2 impairs thymic function, resulting in
reduced thymocyte numbers and diminished mTEC cellularity
from early postnatal stages through adulthood. Transcriptomic
analyses revealed that KIf2 deficiency selectively reshapes
gene expression programs in both cTECs and mTECs. These
TEC-intrinsic alterations resulted in a broad reduction across
multiple stages of T cell development, with a particularly pro-
nounced impact on regulatory T cells. Importantly, these defects
were associated with impaired maintenance of immunological
tolerance in aged and autoimmune-prone mice.

The differentiation and establishment of cTEC and mTEC
microenvironments are progressive processes that begin dur-
ing embryonic development and continue into adulthood.?'?
Because mTECs have a finite lifespan,'®*° maintenance of
the TEC microenvironment depends on continuous the differ-
entiation from bipotent precursors as well as from lineage-
restricted cTEC and mTEC progenitors.®'*? Although KLF2 is
more highly expressed in cTECs than in mTECs, its deficiency
predominantly affected mTEC numbers. Nonetheless, KLF2
appears to regulate complementary transcriptional programs
of both cTECs and mTECs. KIif2 deficiency in cTECs correlated
with reduced activity of pathways linked to T cell differentiation
and development, leading to reduced thymocyte numbers.
Despite this, the proportions of thymocytes at later cortical
stages (DN2-DN4, DP) were comparable to those in controls,
suggesting that transcriptional alterations in cTECs may partially
compromise thymopoietic function. In mTECs, Kif2 deficiency
was associated with altered epithelial differentiation and
increased apoptosis, resulting in a reduced mTEC compartment.
The development of MTECs arises from progenitors displaying
cTEC-like features.®>"*? Thus, the reduction observed in KLF2
cKO mTECs may result from functional defects in mTEC pre-
cursors, which share lineage relationships with cTECs and
contribute to the replenishment of mature lineages. This interpre-
tation is supported by the pronounced effect observed in the
mTEC" subset and the concomitant reduction in the mTEC |
transcriptional signature. Alternatively, KLF2 may contribute
to mTEC homeostasis by promoting survival mechanisms, as
indicated by the enrichment of apoptotic-related processes in
KLF2 cKO mTECs, consistent with a shortened lifespan of
mutant cells. These possibilities are not mutually exclusive,
and further studies will be needed to define the KLF2-dependent
pathways that regulate mTEC homeostasis.

The development of regulatory T cells depends on signals pro-
vided by the medullary thymic microenvironment.*® Although
Kif2 deficiency in cKO mice predominantly affected the mature
regulatory T cell lineage, early regulatory T cell precursors, which
were originally described as distinct progenitors of mature regula-
tory T cells,®* appeared largely preserved in numbers. The precur-
sor-product relationship among CD25*Foxp3™ and CD25 Foxp3*
precursors and mature regulatory T cells is not fully resolved.
Recent studies support a largely linear developmental pathway
in which TCR-signaled CD25"Foxp3~ cells differentiate into
CD25 Foxp3™ cells in the absence of IL-2, being subsequent IL-2
signaling required to promote the differentiation mature regulatory
T cells.® Our data indicate that Kif2 deficiency primarily affects
later stages of newly generated thymic regulatory T cell develop-
ment and is associated with impaired regulatory T cell develop-
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ment and function, accompanied by contraction of the mTEC
compartment and disruption of the mTEC transcriptional program.
Still, mTECs also support the development of unconventional line-
ages, including NKT and 8 T cells,” and NKT development was
likewise comprised in KLF2 cKO mice, consistent with broader
defect in the mTEC microenvironment of mutant thymus.

Particularly, Aire* mTECs play a pivotal role in regulatory
T cell development early in life and in maintaining immune
tolerance.***” We observed a reduction in the number of
Aire* mTECs as early as two weeks of age, accompanied by
alterations in both Aire-dependent and Aire-independent
TRGs, which may contribute to the defects in regulatory T cell
differentiation. Additionally, mTECs provide key co-stimulatory
signals, such as CD80 and CD70, which are critical for regula-
tory T cell development.>*~*C Although we did not observe
changes in CD80 and CD70 expression in KLF2 cKO mTECs,
further studies will be required to define the KLF2-dependent
pathways in mTECs that support optimal regulatory T cell
development. Alterations in mTECs and regulatory T cells
were associated with subtle defects in peripheral tolerance
in aged KLF2 cKO mice, which were further amplified in auto-
immune-prone Aire deficient setting. It is worth noting
that our study was conducted in a C57BL/6 background, which
is well documented to be resistant to severe autoimmunity
arising from defects in mTEC and central tolerance.?’?%’
Future studies will be required to determine the mechanisms
by which Kif2-deficient mTECs fail to establish effective central
tolerance.

The thymic phenotype of KLF2 cKO mice exhibits both over-
lapping and complementary features relative to TEC-specific
KLF6 cKO mice. It was recently reported that Kifé deficiency
similarly affects mTEC | and mTEC IV, as well as thymic tuft
cells, resulting in the development of autoimmune manifesta-
tions in the mice.® In contrast to the reduced frequency of regu-
latory T cells observed in KLF2 cKO thymi, KLF6 cKO thymi
exhibit a normal regulatory T cell frequency, although their
overall numbers are similarly reduced. Additionally, we found
that gene signatures of other mimetic mTEC populations—
such as neuroendocrine-, goblet-, and entero-hepato-like
TECs—were underrepresented in bulk transcriptomic analyses
of KLF2 cKO mTECs. Future single-cell transcriptomic studies
will be important to define how KLF2 regulates the diversification
of mimetic TEC populations. Although these phenotypes are
reminiscent of mice lacking LTPR in TECs, neither KLF2 cKO
nor KLF6 cKO mTEC displayed changes in Ltbr expression
(this study and Malin et al.?), suggesting that mTEC development
also relies on LTBR-independent mechanisms. Together, these
observations suggest that KLF2 and KLF6 exert overlapping
yet complementary roles in the maintenance and the differen-
tiation of medullary TEC subsets, thereby supporting proper
niche formation and the establishment of immune tolerance.
These findings further raise the possibility that additional mem-
bers of the KLF family may contribute to the coordinated regula-
tion of TEC development and function.

In summary, conditional deficiency of Kif2 in TECs impairs
their development, compromising thymic function, regulatory
T cell differentiation and function, and the establishment of
central tolerance. How KLF family members intersect with the
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signaling pathways that govern mTEC differentiation and main-
tenance remains an important question for future studies.

Limitations of the study

A limitation of this study is that it does not determine whether
the reduction in mTEC cellularity caused by KIf2 deficiency results
from defects in mTEC progenitors, impaired differentiation, or
reduced survival of mature mTECs. Moreover, the specific KLF2-
dependent pathways that regulate mTEC development and
contribute to regulatory T cell differentiation remain to be defined.
Although our bulk RNA-sequencing analyses revealed a broad
range of processes associated with mTEC homeostasis, further
studies will be required to pinpoint whether these pathways are
directly or indirectly regulated by KLF2. Finally, our assessment
of autoimmune phenotypes was conducted at the population level
without evaluating self-antigen-specific targeting and was per-
formed ina C57BL/6 background, underscoring the need for future
single-cell and genetic studies in autoimmune disease-prone
contexts. KLF2 is best known for its roles in endothelial cell biology
and T cell migration; however, our findings reveal a previously un-
recognized role for this transcription factor in TEC homeostasis,
with essential implications for regulatory T cell development and
the establishment of immunological tolerance.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD177 Invitrogen 47-1171-82; RRID: AB_1272177
CD11b Invitrogen 50-0112-82; RRID: AB_11218507
CD11c Invitrogen 50-0114-82; RRID: AB_11151507
CD19 Invitrogen 50-0193-82; RRID: AB_11218286
CD24 Invitrogen 48-0242-82; RRID: AB_1311169
CD25 Invitrogen 25-0251-82; RRID: AB_469608
CDh4 Biolegend 100453; RRID: AB_2565843
CD44 Biolegend 103022; RRID: AB_10734244
CD5 Biolegend 100605; RRID: AB_312734
CD62L Biolegend 104437; RRID: AB_11125577
CD69 Biolegend 104511; RRID: AB_493565

CD8 Biolegend 100741; RRID: AB_11124344
FoxP3 Invitrogen 17-5773-80; RRID: AB_469456
GR1 Invitrogen 50-5931-82; RRID: AB_469795
NK1.1 Invitrogen 17-5941-82; RRID: AB_469479
TCRp Invitrogen 12-5961-82; RRID: AB_466066
TCRp Invitrogen 45-5961-80; RRID: AB_925764
TER-119 Invitrogen 17-5921-82; RRID: AB_469473
yd TCR Invitrogen 17-5711-82; RRID: AB_842756
CD45.2 Invitrogen 45-0454-82; RRID: AB_953590
EpCAM Biolegend 118225; RRID: AB_2563983
Ly51 Invitrogen 12-5891-82; RRID: AB_466015
I-A/I-E Invitrogen 47-5321-82; RRID: AB_1548783
CD80 Biolegend 104731; RRID: AB_11147759
UEA-1 - Biotinylated Vector Laboratories NA

Aire Invitrogen 50-5934-82; RRID: AB_2574257
DCLKA1 Abcam ab31704; RRID: AB_873537
Streptavidin Biolegend 405241

Chemicals, peptides, and recombinant proteins

CFSE invitrogen C34554

Critical commercial assays

anti-nuclear Mouse ANA total Ig quantification kit Alfa diagnostic international 5210

Deposited data

Raw KLF2 TEC RNA sequency data

This paper

ENA - PRJEB101061

Experimental models: Organisms/strains

Mouse: B6.129S2-Relbtm1Brv/AlexJ The Jackson Laboratory JAX:038976
Mouse: KLF27F Lingrel et al.*’ NA

Mouse: FOXN1°™ Soza-Ried et al.*? NA

Mouse: B6.129S2-Airetm1.1Doi/J The Jackson Laboratory JAX:004743
Oligonucleotides

KLF2 Exon1 FWD - CGCTCAGCGAGCCTATCTTG This paper NA

KLF2 Exon3 REV1 - TTTCGGTAGTGGCGGGTAAG This paper NA

KLF2 Exon2 REV2 - TGTTTAGGTCCTCATCCGTGC This paper NA
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Prism software Version 10 GraphPad https://www.graphpad.com/
Flowdo V10.10 BD Biosciences https://www.flowjo.com/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
All mice used in the study were in a C57BL/6 background and housed under specific pathogen-free conditions. KLF
previously established*' and breed with previously established Foxn1™ mice.*?

RELB deficient and Aire deficient mice were purchased from The Jackson Laboratory (RRID:MGI:7580411 and RRID:IMSR_
JAX:004743). Apart from categorization based on genotype, mice were randomly assigned to particular treatment and timepoint
experimental groups, irrespectively of sex, and no exclusions were made. Age of mice analysis and number of mice per analysis
is indicated in each respective figure and figure legend. Whenever feasible, sample preparation and data acquisition were conducted
in a blinded manner with respect to the genotype. Mice were housed at i3S animal facilities, in standard cages under a 12h light/dark
cycle with water and feed ration ad libitum. Experiments were performed in accordance with European guidelines for animals used for
scientific purposes (Directive 2010/63/EU).

27 mice were

METHOD DETAILS

KLF2 PCR genotyping

Deletion of KLF2 exon 2 by Cre mediated recombination in TECs was confirmed by PCR analysis preformed in cDNA obtained
from FACS sorted (BD FACSAria BD Biosciences) TEC samples (CD45-EpCAM®*) isolated from 2-week-old Cre~ KLF27F' control
and Cre* KLF2™F! cKO mice. Exon 2 encodes 271 amino acid residues of the total 354-residue KLF2 protein. Upon cre mediated-
recombination excision at the LoxP sites, the flanked region of exon 2 of the KLF2 genomic locus is deleted with introduction
of a frameshift mutation in any truncated mRNA.*" To detected KLF2 exon 2 deletion in cDNA samples, a forward primer
(FWD - CGCTCAGCGAGCCTATCTTG) binding exon 1, was paired individually or simultaneously with reverse primers binding
exon 3 (REV1 - TTTCGGTAGTGGCGGGTAAG) and exon 2 (REV2 - TGTTTAGGTCCTCATCCGTGC). The specific combination
of amplified bands, confirming the specific exon 2-deletion in KLF2 cKOTECs are detailed in Figure S1 and the respective figure
legend.

Flow cytometry

For hematopoietic cell analysis, splenocytes and thymocytes were respectively obtained from mechanically disrupted spleens
and thymus samples and subsequently stained with specific antibodies listed in key resources table for T cell and thymocyte
characterization. Since this procedure liberates a significant fraction of hematopoietic cells while preserving thymic stroma cells,
stromal cell isolation was carried out by subjecting the remaining tissue fragments to collagenase D (Roche) enzymatic digestion.
The resulting cell suspension was subjected to CD45* cell depletion using anti-CD45 microbeads and LS columns (Miltenyi
Biotec), as previously described.'”*%% Total thymocyte cellularity was estimated by adding the number of hematopoietic cells
(CD45") obtained from the mechanically liberated fraction and the number of hematopoietic cells (CD45*) obtained from the
digested fraction before CD45" cell depletion, and distinct T cell subsets numbers were estimated from the total thymocyte
cellularity. Total TEC cellularity was estimated by determining the number of TECs (CD45 EpCAM™) obtained from the digested
fraction after CD45* cell depletion, as previously described.'”**** Enriched TEC samples were analyzed using the antibodies
listed in key resources table. Analysis of intracellular markers were carried out following cell fixation and permeabilization using
the Foxp3 staining buffer set (eBioscience) according to the manufacturer instructions. Sample acquisition was performed in a
BD LSR Fortessa (BD biosciences), and data analyzed using FlowJo (BD Biosciences).

RNA sequencing

RNAseq analysis was performed in FACS sorted (BD FACSAria™ BDBiosciences) cTEC (CD45 EpCAM*Ly51%) and mTEC
(CD45-EpCAM*UEA*) samples obtained from 2-week-old KLF2F"F! control and FOXN1 Cre KLF2 cKO mice. Following cell sorting,
total RNA library preparation and high-throughput sequencing of cell sorted samples from were performed at Gene Core facility
(EMBL, Germany) as previously described.'”*° Twelve sequencing libraries (three for cTEC control, three for cTEC KLF2 cKO, three
for mTEC control, three for mTEC KLF2 cKO) were prepared using NEB Next RNA ultraprotocol (#£7530 NEB). Obtained libraries
were quantified fluorimetrically, pooled in equimolar amounts and sequenced on the lllumina NextSeq sequencer (NextSeq 2000
P3 flowcell) in single-end mode (75 bases), following manufacturer’s instructions (lllumina). The reads were aligned to the mouse
genome (mm10) using STAR (version 2.4.2a) with mm10 GTF annotation. The number of reads per gene was generated during
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alignment step (quantMode GeneCounts) and gene counts were then analyzed with DESeqg2 package,® as previously done.'”*%*"

Reads per kb of genes per million mapped reads (RPKM) values were calculated based on the normalized read counts. We selected
differentially expressed genes based on the adjusted p-value lower than 0.1. Reads per kb of exon model per million mapped
reads (RPKM) values were computed from normalized read counts. Gene ontology (GO) enrichment analysis was performed using
model-based gene set analysis (MGSA).“® The analysis was performed with 20 independent runs of the Markov chain of 1.109 steps
each. For each parameter, we used a regularly spaced grid with 11 points. The search intervals for the parameters p, alpha, and beta
were set to [0.001, 0.1], [0, 0.2], and [0.5, 0.9] respe36ctively for the search on biological process terms, and [0.001, 0.1], [0, 0.15], and
[0.5, 0.9] for the search on molecular function terms. Functional categories with a marginal posterior probability estimate higher than
0.65 were retained for further analysis. The hierarchical clustering, represented as a dendrogram, of TEC populations were performed
using the hclust function in R on euclidean distances between the variance of the rlog-transformed read counts for each genes across
samples. The sequencing reads, resources, code and methods will be made available ENA (http://www.ebi.ac.uk/ena) accessible
following acceptance for publication. Requests for further information should be directed to and will be fulfilled by the corresponding
author.

Comparative transcriptomic analysis

Analysis of publicly available RNA-seq data and identification of the specific genes of different mTEC subpopulations was per-
formed as previously described.“® Briefly, the specific gene signatures of mTEC |, mTEC Il, mTEC IIl, and mTEC IV* were obtained
by extracting the top 200 most expressed genes for which the relative expression in the selected population was > 2-fold
the expression in all other populations. Additionally, the specific gene signatures of the different mimetic TEC populations
were derived from differentially expressed genes identified as indicated in*° by filtering for genes unique to each cluster with
fold-change >2 and adjusted p < 0.01.

Regulatory T cell suppression assay

Assessment of Treg suppressive function was determined by establishing in vitro Treg suppressive assays as previously described.°
Briefly, 5x10* control conventional T cells (CD4*CD25~) were cell sorted (BD FACSAria™ BDBiosciences), labelled with 1 pM CFSE
and cultured in quintuplicates for 3 days in round bottom 96-well plates in the presence of 1 pg/mL anti-CD3 (145-2C11; BD
Pharmingen), y-irradiated splenocytes (200 rads; 1x10%/well), and different ratios of cell-sorted control or KLF2 cKO-derived thymic
SP4 cells enriched in Tregs (CD4*CD25"). Suppressive ability of regulatory T cells was assessed based on conventional T cell
division, measured by the number of cells found within discrete levels of CFSE dilution. Determination of the normalized division
index was carried out using FlowJo software (version 10.10.0, BDbiosciences).

Histology

Paraffin-embedded tissue sections of Liver, lacrimal gland, salivary glands obtained from 52-week-old KIf2"" control and FOXN1 Cre
KLF2 cKOmice and 30-week-old KLF2F"F! Aire '~ control and FOXN1 Cre KLF2 cKOAire ™~ mice were stained with haematoxylin
and eosin (H&E). Analysis was done on a light microscope (Olympus CX31) and images were captured using a brightfield microscope
(Leica DM2000 LED). Histopathology was scored in a blind and randomized fashion by three independent observers.

Quantification of anti-nuclear autoantibodies

Serum from 52-week-old control and KLF2 cKO mice was quantified for the presence of anti-nuclear total Ig using the Mouse ANA
total Ig quantification kit (Alfa diagnostic international) according to the manufacturer instructions. Serum from 6-month-old RELB
deficient mice was used as a positive control. Presence of anti-nuclear antibodies was expressed as U/ml.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis
Statistical analyses were performed using an unpaired 2-tailed Student’s t test in GraphPad Prism software Version 10. Sample

sizes (n) and number of experimental replicates are reported in the respective graphs and figure legends. Significant p values are
as follows: *p < 0.05; **p < 0.01; **p < 0.001; **p < 0.0001. Nonsignificant differences are not specified.
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