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Keratinocyte growth factor (KGF) has been proposed as a therapeutic adjuvant to
enhance T cell immune reconstitution, particularly following stem cell
transplantation. Here, we demonstrate that the long-term KGF-induced
increase in thymic cellularity and thymocyte differentiation is preceded by a
transient developmental block prior to the B-selection checkpoint, observed as
early as day 2 following KGF treatment. This early block is characterized by an
increased expansion of uncommitted thymocytes and is driven by KGF-induced
alterations in both cortical and medullary thymic epithelial cells (TECs). KGF
suppresses Wnt/B-catenin signaling by downregulating distinct Wnt ligands in
CcTECs and mTECs, leading to reduced expression of FOXN1, a master regulator
of TEC differentiation. Consequently, expression of Foxnl-dependent genes,
including Dll4, a key Notch ligand required for early thymocyte development, is
diminished. These findings reveal a novel mechanism of KGF action: an initial
disruption of TEC-mediated signaling that transiently impairs early thymocyte
differentiation, followed by enhanced proliferation and long-term
thymic recovery.

KEYWORDS
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1 Introduction

Thymopoiesis—the development of T cells from early progenitors—is orchestrated
within the thymus by a specialized stromal microenvironment composed primarily of
mesenchymal cells and thymic epithelial cells (TECs). TECs are subdivided into cortical
(cTECs) and medullary (mTECs) subsets, which coordinate the stage-specific progression
of thymocytes from multipotent early thymic progenitors (ETPs) to mature CD4" and
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CD8" single-positive T cells (1, 2). ETPs are the most primary
lymphoid/T-cell progenitors in thymus and are categorized as c-
Kit"" thymocytes within the CD4~CD8~ double-negative-1 (DN1)
subset (3). ETPs progress to the following DN2a stage upon
activation of IL2Ra/CD25 expression and concurrent
upregulation of T lineage regulatory genes, Gata-3 and Tcf-7
(coding for TCF1) expressions. Subsequent progression from
DN2a to DN2b occurs when the expression of key T lineage
regulatory gene, Bcl11b, is initiated and the cell surface expression
of both c-Kit and CD44 are downregulated (4-7). Together with
GATA-3 and TCF-1, BCL11B induces the activation of pre-T-cell-
receptor o, (Ptcra) and the arrangement of T-cell-receptor B gene
(Trb), leading to thymocyte progression from the DN2b to DN3a
stage. The subsequent assembly of invariant pre-TCRa. and TCR
chain into the pre-TCR complex enables DN3a thymocytes to
undergo [-selection, a critical checkpoint in thymocyte
development, allowing progression to the DN3b stage and beyond.

Commitment to the T cell lineage and progression through B-
selection is driven by transcriptional and signaling networks, with a
critical role for the Notch signaling pathway. In particular, sustained
Notchl signaling via Delta-like ligand 4 (DLL4), expressed
predominantly on cTECs, is required to maintain expression of
lineage-defining genes such as Bcll1b (8-12). DIl4 expression in
TECs is transcriptionally regulated by the forkhead box protein
FOXNI1, a master regulator of TEC development and identity (13,
14). Loss of Foxnl leads to diminished DLL4 expression, resulting in
thymic hypoplasia and a block in T-lineage commitment (14-16),
however, restoration of DLL4 expression together with chemokines
CCI25 and CXCL12 in the thymic epithelium reestablished intra-
thymic T lineage differentiation in FoxnI-deficient embryos (15),
highlighting a essential role of DLL4 in orchestrating epithelial-
thymocyte crosstalk.

Several studies have shown Wnt/fB-catenin signaling as playing
a critical role in the regulation of Foxnl gene expression and thymic
epithelium development during thymic organogenesis and in post-
natal thymus (17-19). Excessive Wnt signaling in TECs induced by
transgenic expression of a stabilized form of 3-catenin resulted in
the repression of Foxnl gene expression and defective thymic
epithelial development. In adult mice, transgenic expression of
DKKI1, a specific Wnt/B-catenin signaling inhibitor, induced by
doxycycline led to repression of Foxnl gene expression in TECs
(20). In line with the observations from these in vivo studies,
analyses on TEC cell lines also revealed the expression of
endogenous Foxnl gene was regulated by Wnt signaling through
the B-catenin dependent pathway (21). In addition, the
evolutionarily conserved KGF receptor (KGFR)-dependent
signaling pathway has also been demonstrated to regulate thymic
epithelial development during thymic organogenesis (22, 23).
Expression of KGFR (FGFR2IIIb) is restricted to the epithelial
cells of a variety of tissues including thymus. KGF (FGF7) and
fibroblast growth factor 10 (FGF10) secreted by fibroblast cells in
thymic stroma are the main ligands of KGFR in thymus. KGFR
transcription starts to be detectable in TECs at around E12, after the
initiation of Foxnl gene expression and the establishment of thymic
epithelium have already occurred. Thus, genetic ablation of KGFR
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in fetal thymus did not affect the expression of Foxnl gene.
However, thymic epithelial growth was arrested at E12-E12.5,
suggesting KGFR-dependent signaling regulates the proliferation
of committed fetal TECs and the expansion of embryonic thymus
(23). This effect in promoting proliferation in TECs was
recapitulated in adults where KGF administration induced
epithelial cell proliferation and associated thymocyte cellularity
expansion in vivo (24, 25). Despite the potential to enhance
thymopoiesis and improve immune reconstitution in preclinical
models, clinical trials using KGF in lymphopenic patients have
failed to demonstrate consistent benefit in enhancing thymopoiesis
or T cell recovery (26, 27). These discrepancies underscore a critical
gap in our understanding of how KGF modulates TEC function and
the thymic microenvironment.

Here, we investigated the alteration in thymopoiesis and TEC
function on day 2 (36-42 hours) following last dose of KGF
treatment. KGF induced a rapid expansion of the epithelial
compartment but paradoxically led to reduced thymic mass and
total thymocyte cellularity. This early impairment was associated with
downregulation of Foxnl and its transcriptional targets, including
DIl4, in TECs, resulting in suppression of Notch signaling and
diminished Bcll1b expression in thymocytes, arresting development
at the B-selection checkpoint. Mechanistically, KGF downregulated
Foxnl through inhibition of Wnt4 and canonical Wnt/B-catenin
signaling, with activation of the MAPK/ERK pathway.

2 Materials and methods

2.1 Mice

C57BL/6Ncr mice were purchased from Charles River
Laboratories. Rag2”" mice (Rag2KO) were purchased from The
Jackson Laboratory (Bar Harbor, MN, USA) and maintained by
homozygous breeding at NCI-Frederick, MD. Rag” 1I7”~ (DKO) mice
were obtained from Dr. Scott K. Durum (Laboratory of Molecular
Immunoregulation, CCR, NCI, NIH, Frederick, MD). Experiments
were conducted using 7- to 8-wk-old mice. Euthanasia was
performed before tissue collection by compressed CO, gas followed
by cervical dislocation. Animal care was provided following NIH
Animal Use and Care guidelines and experiments were performed
following protocols approved by the NIH Committee.

NCI-Frederick is accredited by AAALAC International and
adheres to the Public Health Service Policy for the Care and Use
of Laboratory Animals. Animal care was provided in accordance
with the procedures outlined in the Guide for Care and Use of
Laboratory Animals (National Research Council; 1996; National
Academy Press; Washington, D.C.).

2.2 KGF treatment in mice
KGF (Palifermin) was dissolved in PBS and administrated via

intraperitoneal injection at a dose of 5mg/kg once daily for three
consecutive days. Control mice received an equivalent volume of

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1675823
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Teng et al.

PBS. Thymi were collected at day 2 following the final KGF
injection to assess early-phase effects, and at 3 and 6 weeks post-
treatment to evaluate later phases.

2.3 Preparation of thymocytes for flow
cytometry assays

Thymi were collected with the thymic capsule intact to avoid
tissue damage. Thymus mass was recorded. To release the thymic
parenchyma, the capsule was gently grasped at one edge and torn
open, creating an initial breach using fine, sharp-tipped dissecting
forceps. Using the tips of the forceps, the capsule membrane was
torn into pieces until it was completely fragmented, ensuring full
exposure and release of the underlying thymic tissue and associated
cells. To release thymocytes from stromal tissue, thymic fragments
were progressively disrupted by repeated pipetting in 5 mL of cold
PBS until no stromal tissue was visible and only the capsule
remained. An additional 15 mL of cold PBS was then added to
bring the total volume to 20 mL. The cell suspension was filtered
through a 40 pum strainer to obtain a single-cell suspension. Cell
concentration was measured using the Nexcelom Cellometer Auto
T4. Live and dead cells were distinguished by 0.4% trypan blue
staining (Lonza).

For flow cytometry, thymocytes were pre-incubated with mouse
BD FcBlock ™ (anti-mouse CD16/CD32 mAb, clone 2.4G2) at 1.0 ug
per 10° cells in 100 uL staining buffer for 10 minutes, Cells were then
stained with fluorophore-conjugated antibodies against cell surface
markers (a list of all the markers are presented in Supplementary
Table 1) and analyzed using The BD LSR Fortessa " Cell Analyzer.
Early thymocyte progenitors (ETPs) were defined as c-Kit"&"
thymocytes within the DN1 (Lin'CD44M$"CD25") subset. Other
subsets within CD4 CD8 double negative (DN) development stage
were classified as follow: DN2a (Lin"c-Kit"8"CD44"¢"CD25"), DN2b
(Lin"c-Kit'®"CD44'°"CD25"), DN3a (Lin c-Kit CD44 CD25*CD28"),
DN3b (Lin¢c-Kit'CD44 CD257CD28"), DN3c¢ (Lin c-Kit CD44
CD25"°"CD28%) and DN4 (Lin"c-Kit CD44 CD25").

For staining of the mouse pre-TCRo chain, cells were first
incubated with a primary monoclonal antibody, then washed and
incubated with a biotinylated secondary antibody (anti-mouse
IgG1, clone A85-1), followed by incubation with PE-
conjugated streptavidin.

DN2a, DN2b, and DN3a thymocytes were sorted on a BD
FACSAria' " TI Cell Sorter following surface marker staining.
Throughout all procedures, thymus and cell samples were kept on
ice. All antibodies used were commercially available monoclonal
antibodies widely validated for murine immune cell characterization.

2.4 Preparation of thymic epithelial cells
for flow cytometry assays

Individual thymi were collected and trimmed on ice while

preserving the integrity of the thymic capsule. Each intact thymus
was transferred to a 5 mL round-bottom polystyrene FACS tube pre-
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filled with 1 mL of enzymatic digestion solution containing collagenase
from Vibrio alginolyticus (Roche, 10269638001; 1 mg/mL), dispase
from Bacillus polymyxa (Roche, 10269638001; 1 mg/mL), and DNase-I
(Roche, 11284932001; 0.1 mg/mL) in PBS (Ca**/Mg**-free). The
thymic capsule was gently disrupted by pipetting using a wide-bore
pipette tip and incubated at 37 °C for 45 minutes with intermittent
pipetting (15 times every 15 minutes). After the second round of
pipetting, once visible tissue debris had settled to the bottom, the
supernatant was collected and transferred to a 50 mL centrifuge tube
containing ice-cold stopping buffer (PBS supplemented with 2 mM
EDTA and 2% bovine serum). An additional 1 mL of fresh enzymatic
digestion solution was added to the FACS tube to continue digestion of
the remaining tissue. This process was repeated two more times. After
the third digestion step, the entire suspension was transferred to the
collection tube and combined with stopping buffer. The resulting cell
suspension was filtered through a 100 pm nylon mesh and washed
twice with sorting buffer (PBS supplemented with 2 mM EDTA and
2% bovine serum) at 400 x g. A sample taken during the second wash
was stained with trypan blue and used to assess viability and determine
total cell concentration. After cell counting, staining for thymic
epithelial cells (TECs) was performed. EpCAM™ mesenchymal cells
were classified as Ly51" or Ly51  based on Ly51 surface marker
expression. EpCAM™ TECs were further subdivided into two major
subsets: UEA-1"/Ly51" medullary TECs (mTECs) and UEA-17/Ly51"
cortical TECs (cTECs). MHC-II staining was applied for the
determination of immature TEC progenitor (MHC-II") and mature
TECs (MHC-IT"8).

For flow cytometric analysis, 5 x 10° cells per sample were pre-
incubated with anti-mouse CD16/CD32 monoclonal antibody (BD
Pharmingen, clone 2.4G2), then stained with fluorescein-labeled
Ulex Europaeus Agglutinin I (UEA-1; Vector Laboratories) and
antibodies against CD45 (BioLegend, clone 30-F11), EpCAM
(BioLegend, clone G8.8), Ly51 (BioLegend, clone 6C3), and
MHC-II (clone M5/114.15.2). For flow cytometric sorting of
TECs, all cells from each individual thymus were stained and
sorted accordingly.

2.5 Intracellular staining for flow cytometry

Intracellular staining for FOXN1 was performed using anti-
FOXNI1 mouse IgG2b antibody (clone 2/41), kindly provided by Dr.
Hans-Reimer Rodewald (German Cancer Center, Germany) (28).
Cells were first stained with a Live/Dead fixable violet dye (Life
Technologies) to exclude non-viable cells, followed by incubation
with anti-mouse CD16/CD32 monoclonal antibody (BD
Pharmingen, clone 2.4G2) to block Fc receptors. After an initial
wash with FACS-buffer, cells were stained for surface markers for 20
minutes. Cells were then washed again with FACS buffer and
resuspended in 100 uL of Foxp3 Fixation/Permeabilization buffer
(eBioscience 00-5123-43 and 00-5223-56) and incubated on ice for
30 minutes. Following fixation, cells were washed with
permeabilization buffer (eBioscience, 00-8333-56), then stained
for 20 minutes with either anti-FOXN1 or a mouse IgG2b isotype
control (BD Pharmingen, clone MPC-11; 1:200). After two
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additional washes with permeabilization buffer, cells were stained
with Alexa Flour 647-conjugated anti-mouse IgG secondary
antibody (Invitrogen, 1:800). Throughout the entire staining
procedure, cells were kept on ice and protected from light to
preserve fluorochrome integrity.

For intracellular staining of the mouse TCRp chain, thymocytes
were fixed, permeabilized, and then stained with PE-conjugated
anti-mouse TCRP monoclonal antibody (clone H57-579).

2.6 BrdU incorporation assay

On day 2 following the final dose of KGF or PBS treatment,
BrdU (BD 559619, 2mg/mouse) was administrated via
intraperitoneal injection 2 hours prior to euthanasia and thymus
collection. Thymocytes were isolated and stained as described in the
previous section. BrdU incorporation was assessed using the BD
Pharmingen FITC BrdU Flow Kit (BD Pharmingen, 559619),
following the manufacturer’s instructions.

2.7 TE-71 cell culture and transfection

TE-71 cells were maintained in RPM1-1640 medium
supplemented with 10% fetal bovine serum (FBS), 5x10-> M 2-
mercaptoethanol, 100U/ml of penicillin and 100ug/ml of
streptomycin. Cells were passaged at a 1:4 ratio using trypsin/
EDTA when they reached approximately 80% confluence. To
enhance KGFR expression, 1x10° TE-71 cells were transfected with
2 g of the pPCMV6 vector containing the mouse Fgfr2 open reading
frame (transcript variant 2, encoding FGFR2IIIb; OriGene,
MC221076), using the Amaxa Cell Line Nucleofector Kit V (Lonza,
VCA-1003) and program T-030. At 24 hours post-transfection, the
medium was replaced with fresh medium containing 0.4mg/ml of
G418 (Gibco, Life Technology). After 2 weeks of selection in culture
with G418, transfected cells expanded clonally and reached 60-70%
confluence. Quantitative gene expression analysis confirmed a >100-
fold increase in Kgfr expression compared to non-transfected cells.

Both non-transfected and transfected TE-71 cells (TE-71%¢%)
were washed three times with warm PBS, then cultured in fresh
medium in which 10% FBS was replaced with 20% KnockOut' ™
Serum Replacement (Gibco). Cells were incubated in this
KnockOut medium for 24 hours prior to experimental treatment.

To investigate the effect of KGF, TE-71%¢" cells were cultured in
KnockOut medium supplemented with KGF (Palifermin, 100 ng/
ml), either alone or in combination with LiCl (30 mM; Sigma) or the
ERK phosphorylation inhibitor U0126 (10 uM, Cell Signaling
Technology). The PI3K inhibitor LY294002 was used at a final
concentration of 10 uM (Cell Signaling Technology).

2.8 Thymic fragment culture

Thymi were collected from 8-week-old C57BL/6 mice and cut into
square blocks measuring approximately 2 x 2 x 2 mm. The thymic
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blocks were placed on the surface of transwell cell culture inserts (pore
size: 0.4 pm; Corning) in 6-well plates, with four fragments per well.
The tissues were cultured in DMEM supplemented with 10% fetal calf
serum (FCS), 1x nonessential amino acids, 10 mM HEPES, 0.05 mM
B-mercaptoethanol, 4 mM L-glutamine, and 100 IU/ml penicillin/
100pg/ml streptomycin. After 24 hours, the culture medium was
aspirated and the wells were washed three times with warm PBS.
Then KnockOut medium, DMEM containing the same supplements,
except that 10% FCS was replaced with 20% KnockOut' ™ Serum
Replacement (Gibco, ThermoFisher Sientific), was added. The thymic
fragments were cultured for an additional 24 hours in this KnockOut
medium before being subjected to experimental treatments.

To investigate the effect of KGF, thymic fragments were
cultured in KnockOut medium supplemented with KGF
(Palifermin, 100 ng/ml), either alone or in combination with the
ERK phosphorylation inhibitor U0126 (10 uM).

2.9 Mouse IL-7 ELISA

Mouse IL-7 concentrations were measured using the Mouse IL-
7 Quantikine ELISA Kit (M7000, R&D systems). Thymic lobes were
placed individually into Eppendorf tubes and cut into small pieces
on ice immediately after harvesting from mice. Subsequently, 60l
of cold PBS (4°C) was added to each tube. The samples were
vortexed for 15 seconds and then centrifuged at 21,000xg for 5
minutes. A total of 50ul of the supernatant, containing intrathymic
free IL-7, was used to measure IL-7 concentrations according to the
manufacturer’s instructions.

2.10 Quantitative Real-Time PCR (qRT-
PCR)

Total RNA was extracted from TECs, thymocytes, TE-71 cells,
and thymic fragments, and then reverse-transcribed into cDNA
using High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific). QRT-PCR was performed using TagMan Gene
Expression Assays on a QuantStudio' " 7 system (Thermo Fisher
Scientific). Ct values for both the internal control gene (Hprt) and
target genes (listed in Supplementary Table 2) were obtained, and
relative gene expression levels were calculated using the 2744
method (Livak and Schmittgen, 2001).

To prevent amplification of contaminating genomic DNA, a
DNA elimination step was included during RNA extraction.
Additionally, all TagMan probes used (Supplementary Table 2)
were designed to span exon-exon junctions. Gene expression assays
were performed in three independent experiments.

2.11 Immunoblotting for AKT and ERK
phosphorylation

After 6 hours of incubation with KGF, TE-71"¢" cells were
washed twice with cold PBS and lysed in RIPA buffer (89901,
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Thermo Fisher Scientific) supplemented with Halt Protease
Inhibitor Cocktail (78430, Thermo Fisher Scientific) and Halt
Phosphatase Inhibitor Cocktail (78420, Thermo Fisher Scientific).
Cell lysates were kept on ice for 30 minutes, with mechanical
disruption performed at the 15-minute mark using an ultrasonic
processor (Sonicator XL2020) at a frequency of 20 kHz for 10
seconds. Protein concentrations were determined using the
Pierce' ' BCA Protein Assay kit (23225, Thermo Fisher Scientific).

Following denaturation in NuPAGE LDS sample buffer, equal
amounts of protein were subjected to NuPAGE Bis-Tris protein gels
and transferred to nitrocellulose membranes, which were then
probed with the following rabbit monoclonal antibodies (Cell
Signaling Technology): anti-Akt (clone C67E7, #4691S), anti-
phospho-Akt (Ser473, clone D9E, #4060S), anti-ERK1/2 (clone
137F5, #4695S), and anti-phospho-ERK1/2 (Thr202/Tyr204, clone
D13.14.4E, #4370S). GAPDH was used as an internal control and
detected using anti-GAPDH (clone 14C10, #2118L). HRP-conjugated
goat anti-rabbit IgG secondary antibody was used for signal
detection. Protein bands were visualized by chemiluminescence,
and band intensities were quantified using ImageJ software.

2.12 Immunofluorescent staining

For KGFR staining, frozen thymus sections were washed three
times in cold PBS (4°C) for 5 minutes each, then fixed in cold
methanol (4°C) for 15 minutes, followed by additional PBS washes.
Tissues were then incubated in blocking solution (5% goat serum in
PBS) for 1 hour at room temperature. After blocking, tissue sections
were incubated overnight at 4°C with a combination of primary
antibodies: anti-mouse FGFR2IIIb rat IgG2a (clone 133730,
#MAB7161, R&D Systems) together with either anti-mouse
Keratin 5 rabbit IgG (clone AF138, #PRB-160P, Covance) or anti-
mouse Keratin 8 rabbit IgG (clone EP1628Y, #ab53280, Abcam).
Rat IgG2a (R&D Systems) and rabbit IgG (I-1000, Vector
Laboratories) were used as isotype controls for the primary
antibodies. For the following secondary staining, thymus sections
were incubated with AF488-conjugated goat anti-rat IgG (H+L)
(#4416, Cell Signaling Technology) and AF594-conjugated goat
anti-rabbit IgG (H+L), F(ab’), fragment antibodies (#8889, Cell
Signaling Technology) at a 1:500 dilution in blocking solution for 1
hour at room temperature. Nuclei were counterstained with DAPIL
Images were captured on a Zeiss LSM 790 confocal microscope.

For staining Keratin 5 and Keratin 8 in TE-71 cells, cells were
fixed in cold ethanol (4 °C) for 30 minutes, washed three times in
cold PBS for 5 minutes each, and blocked in 5% goat serum with
0.1% Tween-20 in PBS for 1 hour at room temperature. Cells were
then incubated overnight at 4 °C with primary antibodies: rabbit
anti-mouse Keratin 5 IgG (clone AF138, #PRB-160P, Covance) and
rat anti-mouse Keratin 8 (clone TROMA-I, Hybridoma Bank),
diluted 1:100 in blocking solution with gentle shaking. After PBS
washes, cells were incubated with AF488-conjugated goat anti-rat
IgG (#4416, Cell Signaling Technology) and AF594-conjugated goat
anti-rabbit IgG (#8889, Cell Signaling Technology) for 1 hour at
room temperature. Nuclei were counterstained with DAPI.
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Confocal images were acquired using a Zeiss LSM 790
confocal microscope.

2.13 Statistical analysis

Statistical significance between two groups was determined using
unpaired two-tailed t-tests. One-way ANOVA was applied for
comparison of 3 and more groups and p-values were determined
by Tukey’s multiple comparisons test. All data are presented as means
+ SD. A p-value of < 0.05 was considered significant for all analyses.

3 Results

3.1 KGF induces transient decrease in total
thymocyte number despite concurrently
increasing cell number of DN1-DN3a
subsets at day 2 post treatment

To investigate the effect of KGF on thymopoiesis and thymic
epithelial cell (TEC) function, we compared thymus mass and
thymocyte number in mice treated with KGF or PBS at various time
points following three consecutive daily doses (0.5 mg/kg). As
previously reported (29), we observed a dramatic increase in both
thymus mass (~50%) and total thymocyte number (~100%) in KGF-
treated mice compared to PBS-treated controls by day 21 (Figure 1A).
This increase was attributed to an expansion across all thymocyte
subsets (Figure 1B). However, an early analysis conducted on day 2
following the final KGF dose revealed a contrasting effect: both thymus
mass and total thymocyte number were significantly reduced by
approximately 32% and 50%, respectively, relative to controls
(Figure 1C). This reduction was associated with a decline in post-B-
selection thymocyte subsets, including DN3b (lineage-
CD44~CD25"CD28"%), DN3c (lineage-CD44 CD25'°¥CD28"),
double-positive (CD4"CD8"), CD4" single-positive (CD8”CD4"),
and CD8" single-positive (CD8"CD4") populations (Figures 1D, E).
In contrast, KGF treatment resulted in a significant expansion of pre-f3-
selection thymocytes in DN1(lineage-CD44+CD25-), DN2a (lineage-
CD44+CD25+c-kit™), DN2b (lineage-CD44+CD25+c-kit"®) and DN3a
(lineage-CD44-CD25+CD28-) subsets (Figures 1D, E). This expansion
was accompanied by a marked increase in the earliest progenitor
population, c-Kit"®" ETP, which were nearly 2-fold higher in KGF-
treated mice compared to controls (Figure 1F, Supplementary Figure
S1). These opposing changes in pre- and post-B-selection thymocyte
populations shortly after KGF treatment suggest that KGF may exert
stage-specific effects on thymocyte differentiation, potentially
influencing developmental progression at the 3-selection checkpoint.

3.2 KGF blocks thymocyte development at
the B-selection checkpoint

Successful assembly of the pre-TCR complex is required for
DN3a thymocytes to survive B-selection and continue
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FIGURE 1

Exogenous KGF treatment alters thymocyte development and cellularity in adult thymus. (A) Thymus mass and thymocyte cellularity of PBS- and KGF-
treated mice were assessed on day 21 following three consecutive daily doses (0.5mg/kg). (B) Absolute cell numbers of CD4 CD8 double negative (DN),
CD4*CD8"*double positive (DP), CD4" single positive (CD4SP) and CD8" single positive (CD8SP) thymocyte subsets (left), as well as DN1, DN2/3, and DN4
subsets (right) were quantified by flow cytometry in PBS- (blue) and KGF-treated (red) mice. (C) Thymus mass and thymocyte cellularity were evaluated on
day 2 after three consecutive daily doses of KGF or PBS. (D) Absolute cell numbers of DN, DP, CD4SP, and CD8SP thymocyte subsets (left), along with DN1,
DN2/3, and DN4 subsets (right), were assessed by flow cytometry on day 2 post-treatment. (E) Representative flow cytometry plots showing gateing
strategies for identifying DN subpopulations and corresponding absolute thymocyte counts in PBS- (blue) and KGF-treated (red) mice at day 2 post-
treatment. (F) Comparison of ETP cell number between PBS- and KGF-treated mice at day 2 post-treatment. Data in (A, B) are representative of three
independent experiments; data in (C—F) are representative of more than three independent experiments. All data are presented as mean + SD. Error bars
indicate the standard deviation. Statistical significance was determined by unpaired two-tailed Student's t-test: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

differentiation into DN3b and later developmental stages. As such,
we analyzed the expression of the pre-TCRa chain and TCRf chain
in DN thymocytes on day 2 following KGF treatment. The absolute
number of TCRB" thymocytes within DN3 and DN4 subsets of
KGF-treated mice decreased by approximately 90% and 50%,
respectively, compared to their counterparts in PBS-treated
controls (Figure 2A, Supplementary Figure S2A). Furthermore,
the number of pre-TCRo." thymocytes in the DN4 subset was
reduced by more than 80% in KGF-treated mice, revealing a
significant decrease in [B-selection (Figure 2A, Supplementary
Figure S2B). To further investigate these differences, we examined
the transcription of Ptcra (pre-TCRo) and Trbj (T-cell receptor beta
joining region). As expected, neither gene was detected in the DN2a
subset in either control or KGF-treated mice (Figure 2B), In control
mice, however, both genes showed a sharp upregulation starting at
the DN2b stage and continuing through DN3a. In contrast,
expression remained markedly low at these stages in KGF-treated
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mice (Figure 2B). Together, these findings support the notion that
KGF blocks pre-TCR complex assembly by inhibiting
transcriptional upregulation of key pre-TCR components, thereby
impairing thymocyte progression through B-selection and reducing
the number of post-f3-selection thymocytes.

3.3 KGF disrupts Notch signaling and
inhibits Bcll11b activation in early
thymocytes

TCRP rearrangement in thymocytes is initiated and mediated
by recombinases, Ragl and Rag2 (recombination activating gene 1
and 2) (30). Given the impaired TCRP} rearrangement observed in
DN2b and DN3a thymocytes of KGF-treated mice, we directly
examined Rag2 expression. As expected, Rag2 levels progressively
increased from DN2a to DN3a in control mice (Figure 2C) (31). In
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contrast, KGF-treated mice showed no upregulation of Rag2 until
the DN3a stage, and expression levels remained approximately 60%
lower than those in controls (Figure 2C), suggesting reduced Rag
recombinase activity as a possible cause of impaired Trb
rearrangement. The expression of Ptcra and Rag genes is known
to be directly regulated by Notchl signaling (32-35). Indeed,
examination of direct Notchl target genes revealed significantly
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lower expression of Deltex-1, and Il2ra (CD25) in DN2a-DN3a
thymocytes of KGF-treated mice compared to PBS-treated controls
(Figure 2C). Interestingly, HesI was also reduced, though to a lesser
extent, likely because its expression can be regulated by Hedgehog
signaling independently of Notch (36). The reduction of Notchl-
dependent genes was also evident at the protein level for CD25
(Figure 2D). Additionally, the Bcl11b gene, regulated by Notchl in
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cooperation with transcription factors GATA3 and TCF-1 (7, 37,
38), was almost completely repressed in the same thymocyte subsets
of KGF-treated mice (Figure 2C). While Tc¢f7 was decreased in
DN2a and DN2b subsets following KGF treatment, Gata3 mRNA
levels were comparable (Supplementary Figure S3A). Consistent
with the diminished Notchl signaling, which is known to divert
early thymic progenitors (ETPs) toward the B cell lineage and block
TCRYS rearrangement (39), we observed a 1.5-fold increase in
thymic B cell numbers and a 2-fold decrease in DN TCRy"
thymocytes following KGF treatment (Figure 2E), but no
significant changes were detected in Mac-1*/CD11b*, Gr-1, or
NKI1.1" populations (Supplementary Figure S3B). Collectively,
these findings indicate that KGF treatment disrupts Notchl
signaling, leading to impaired pre-TCR complex formation in
DN2b and DN3a thymocytes.

3.4 KGF promotes uncommitted early
thymocyte proliferation

To assess the stage-specific impact of KGF, BrdU incorporation
was measured in KGF- and PBS-treated mice at day 2 post-
treatment (Figure 3A). While the frequency of BrdU™ cells
amongst DN1, DN2a and DN2b thymocytes remained unchanged
(Figure 3A, top right), the absolute number of BrdU™ cells in these
subsets was 2- to 5-fold higher in KGF-treated mice compared to
controls (Figure 3A, bottom right). In contrast, there was a marked
KGF-induced reduction in cell cycle entry post-[3-selection, with a
complete KGF-mediated exit from the cell cycle by the DN3c stage,
as shown by both absolute numbers and percentages (Figure 3A).
Thus, preserved proliferation in early DN stages, coupled with a
dramatic loss in later DN stages, likely accounts for the significant
increase in DN2a-DN3a thymocyte numbers after KGF treatment
(Figures 1D, E).

Because thymocyte growth prior to -selection is regulated by
TEC-derived IL-7 and Kit ligand (Kitl) (40-43), we next tested
whether these signals mediate the effects of KGF. 117 mRNA and
intrathymic IL-7 levels were unchanged between KGF- and PBS-
treated mice (Supplementary Figures S4A, B) but cell surface IL-
7Ro. (CD127) expression on DN2a-DN3a thymocytes was
markedly decreased by KGF (Supplementary Figures S4C, D).
Moreover, we assessed the impact of KGF in Rag2™/~ and
Rag /" 1177/~ (DKO) mice, wherein thymocyte differentiation is
blocked at the DN3a stage. In both Rag /™ mice strains, KGF
induced an expansion of DN thymocytes; with increases of 4.8-
and 6.7-fold in Rag2™/~ and Rag /" 1lI77/" mice, respectively
(Figures 3B, C). These data indicate that early DN expansion after
KGF treatment is independent of IL-7.

As regards c-Kit signaling, KGF increased Kitl expression in
cTECs by ~2-fold (Figure 3D). Moreover, c-Kit levels were
sustained at higher levels in DN3a thymocytes, whereas c-Kit was
significantly downregulated in control DN3a thymocytes
(Figure 3E). Together, these findings suggest that Kitl/c-Kit
signaling supports the maintenance and expansion of early
thymocytes in response to KGF.
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3.5 KGF represses DIll4 concomitantly with
Foxnl attenuation in TECs

Consistent with previous studies, our investigation of KGFR/
FGFR2IIIb expression at both the protein and transcript levels
confirmed its exclusive localization in TECs (Supplementary Figure
S5) (10, 11, 24). Given that KGF treatment disrupted Notch
signaling in DN2a-DN3a thymocytes, we next examined the
expression of DIl4, the primary Notch ligand, in TECs. DI4 is
primarily expressed in ¢TEC, as compared to mTEC, but its
expression in the former decreases with age (44, 45). Indeed,
DLL4 expression was significantly reduced in both ¢TECs and
mTECs of KGF-treated mice compared to PBS-treated controls
(Figure 4A). This reduction was also observed in the total TEC
population at the transcript level (Figure 4B). The reduced DLL4
expression in TECs correlated with lower Notchl expression in
DN2a-DN3a thymocytes (Figures 4C, D), consistent with previous
studies showing that abrogation of Notch signaling in thymocytes
leads to a downregulation of Notchl receptor expression (46, 47).
Because FOXNI is a critical transcription factor for TEC function
and is required for DIl4 expression (16, 48), we next assessed the
impact of KGF on Foxnl expression. Notably, KGF treatment
significantly decreased Foxnl expression in both ¢TECs and
mTECs at the protein and transcript levels (Figures 4E, F).
Together, these data strongly suggest that KGF impairs Notch
signaling in early thymocytes by acting on TECs to downregulate
Foxnl, thereby attenuating DIl4 expression.

3.6 KGF suppression of Wnt ligand
expression is associated with decreased
Wnt/B-catenin signaling

[3-catenin-dependent canonical Wnt signaling plays a critical role
in the regulation of Foxnl expression in both embryonic and adult
thymus (17-20). To explore whether KGF-mediated downregulation
of Foxnl in TECs involves the Wnt pathway, we examined the impact
of KGF on the expression of three key TEC-specific Wnt ligands:
Wnt4, Wnt7a, and Wntl0a. As previously reported (17, 21), we first
confirmed the TEC-specific expression of these ligands. Indeed, we
found Wnt4 mRNA levels were approximately threefold higher in
cTECs than in mTECs, whereas Wnt7a and Wntl0a were more
highly expressed in mTECs (Figures 5A, B).

Following KGF treatment, we observed a 30% reduction in
Wnt4 transcripts in ¢TECs, with no significant change in mTECs
(Figure 5A). Wnt7a levels were reduced by 70% in mTECs, but
remained unchanged in ¢cTECs. Wntl0a expression was decreased
in both TEC subsets, with a 60% decrease observed in ¢cTECs and a
40% decrease in mTECs (Figure 5B). These findings indicate that
KGF treatment leads to a subtype-specific downregulation of all
three major Wnt ligands in TECs. In contrast, the expression of
Wnhnt5a, a ligand restricted to EpCAM Ly51" stromal cells,
remained unchanged after KGF treatment (Figure 5C), consistent
with the restricted expression of KGFR to TECs (Supplementary
Figure S5).
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FIGURE 3

KGF treatment is associated with an expansion of pre-B-selection thymocytes. (A) The entry of DN thymocyte populations into S-phase of the cell
cycle was assessed 2 hours after BrdU administration in PBS- (blue, n=4) and KGF-treated (red, n=5) mice (day 2 post-treatment). BrdU" DN subsets
were analyzed based on their CD44 and CD25 expression profiles (left). The frequencies (top right) and absolute numbers (bottom right) of BrdU*
thymocytes within each DN subset are shown. (B) DN thymocyte subsets in Rag2™/~ mice (Rag2KO) were analyzed based on CD44 and CD25
expression profiles on day 2 following PBS or KGF treatment (n=5) (left); and total thymocyte numbers and absolute counts of all DN subsets are
presented (right). (C) DN subpopulations in Rag™/~Il7"/~ (Ragll7-DKO) mice (n=4) were analyzed on day 2 following three consecutive doses of PBS
(blue) or KGF (red). Representative CD44/CD25 FACS plots of DN thymocytes (left), along with absolute numbers of total DN thymocytes (top right)
and individual DN subsets (bottom right) are shown. (D) Kitl mMRNA levels were quantified in sorted cTECs and mTECs from PBS- (blue) and KGF-
(red) treated wild-type mice. (E) Cell surface expression of c-Kit in DN3a thymocytes from PBS- (blue) and KGF-treated (red) mice was evaluated by

flow cytometry. Representative histograms (top) from three independent experiments and MFI (bottom) are shown. Data represent the mean of
three independent experiments and are presented as mean + SD. Error bars represent standard deviation. Statistical significance was determined
using unpaired two-tailed Student’s t-test: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

To determine whether this reduction in Wnt ligand expression
corresponded with an alteration of Wnt/B-catenin signaling, we
assessed the expression of two canonical Wnt/B-catenin signaling
target genes, Axin2 and Tcf7 (49, 50). Notably, both genes were
significantly downregulated in both TEC subsets as well as in
EpCAM™ mesenchymal cells following KGF treatment
(Figure 5D), suggesting that KGF-mediated suppression of Wnt
ligand expression leads to attenuated Wnt/B-catenin signaling
within TECs. The cross-talk between TECs and mesenchymal
cells plays a critical role during thymic organogenesis and in
maintaining thymic function and architecture (2, 51). The
observed downregulation of Axin2 and Tcf7 in KGFR-negative
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EpCAM™ mesenchymal cells following KGF treatment
likely reflects this intercellular interaction within the
thymic microenvironment.

3.7 KGF downregulates Foxnl expression in
TECs through suppression of Wnt/[3-
catenin signaling

Our observation that KGF suppresses Wnt/B-catenin signaling

and downregulates Foxnl expression in TECs prompted us to
investigate whether the regulation of Foxnl expression by KGF is
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groups and p-values were determined by Tukey's multiple comparisons test: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns = not significant.

directly mediated through the Wnt/B-catenin signaling pathway. To
assess whether Foxnl expression is responsive to changes in this
signaling, we utilized TE-71 cells. While this is an mTEC line (52), it
retains key cTEC features, including expression of Epcam, Foxnl,
Kgfr(Fgfr2I1Ib), Wnt4, Krt5 and Krt8, with absent expression of the
fibroblast marker Fgfr2IIIc (Supplementary Figures S6A, B).
Treatment with lithium chloride (LiCl), a GSK-3f inhibitor that
enhances Wnt/B-catenin signaling by preventing B-catenin
phosphorylation and degradation (53), led to a threefold increase
in Foxnl mRNA levels within six hours (Figure 6A). Conversely,
inhibition of the pathway using 1Y294002, a PI3K inhibitor that
indirectly enhances GSK-3B activity (54), resulted in a 70%
reduction in Foxnl transcript levels (Figure 6A). These results
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indicate that Foxnl expression is positively regulated by Wnt/B-
catenin signaling in TECs.

To further investigate the direct role of KGF, we established TE-
71% cells with elevated KGFR expression through transgenic
overexpression of Kgfr (Supplementary Figure S7). KGF treatment
of TE-71% cells led to a significant reduction in Wnt4 mRNA, as
early as six hours (Figure 6B). By 24h, Foxnl and DIIl4 transcripts
were reduced by 40-80%, accompanied by decreased expression of
the Wnt/B-catenin target gene Tcf7 (Figure 6C). These findings
suggest that early suppression of Wnt4 may trigger the subsequent
KGF-mediated inhibition of Wnt/B-catenin signaling.

Furthermore, LiCl treatment reversed the inhibitory effects of
KGF and enhanced Wnt/B-catenin signaling, leading to increased
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FIGURE 5

KGF suppresses Wnt/B-catenin signaling and reduces Wnt ligand expression in TECs. Expression of Wnt ligands Wnt4 (A), Wnt7a and Wnt10a (B),
Wnt5a (C), and Wnt/B-catenin signaling target genes Axin2 and Tcf7 (D) were evaluated by Tagman gene expression assays in sorted thymic stromal
subsets from PBS- (blue, n=3) and KGF-treated (red, n=3) mice; EpCAM Ly51" (Endothelial), EpCAM Ly51" (Mesenchymal), cTEC (EpCAMTUEA-17/
Ly51") and mTEC (EpCAM*UEA-1"/Ly517). Data are presented as mean + SD. Error bars represent the standard deviation from three independent
experiments. Statistical significance was determined using an unpaired two-tailed Student's t-test: *p<0.05; **p<0.01; ***p<0.001.

expression of Tcf7, Foxnl and DIl4 in TE-71%¢" cells (Figures 6B, C),
despite the persistent suppression of Wnt4 transcription
(Figures 6B, C). Together, these results support the hypothesis
that KGF inhibits Foxnl expression and Wnt/B-catenin signaling
primarily through the suppression of TEC-derived Wnt ligands.

3.8 KGF-induced TE-71 proliferation is
dependent on the MAPK/ERK signaling

As KGF binding to KGFR is known to activate MAPK/ERK or
PI3/AKT signaling in a cell-type dependent manner (55), we
examined the activity of both pathways in TE-71%" cells upon
KGF stimulation. Within 6 hours of KGF treatment, a marked
increase in ERK1/2 phosphorylation (Thr202/Tyr204) was observed
compared to control conditions (PBS), whereas no change in AKT
phosphorylation (Ser473) was detected (Figure 7A). These findings
indicate that KGF/KGFR signaling specifically activates the
downstream MAPK/ERK pathway in TE-71 cells. Given that
Cendl (cyclin D1), a known downstream target of MAPK/ERK
signaling, plays a key role in regulating proliferation across various
cell types (56-58), we used its expression as a readout of ERK
pathway activation in TE-71%¢ cells. After 3 days of KGF treatment,
Ccndl mRNA levels increased by 1.3-fold relative to vehicle
controls, and this upregulation was completely abolished by
addition of the ERK inhibitor U0126 to the culture (Figure 7B).
Correspondingly, cell numbers increased by 1.8-fold following KGF
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stimulation, an effect also dependent on ERK activity (Figure 7B).
These results support the conclusion that the proliferative effect of
KGF on TE-71"8" cells is mediated specifically through MAPK/
ERK signaling.

To evaluate the in-vivo impact of KGF, we examined TEC
expansion in KGF-treated mice. Analysis of thymic stromal
subpopulations revealed a striking 15-fold increase in the absolute
number of cTECs by day 2 post-treatment compared to PBS-treated
control mice (Figure 7C). This expansion was evident in both
immature MHC-II'" (major histocompatibility complex class II)
progenitors and MHC-I1"" mature ¢cTECs (Figure 7C). In contrast,
no significant KGF-induced proliferative effect was observed in
mTECs, regardless of their MHC-II status, although a modest
increase in MHC-II'" mTEC progenitors was noted in KGEF-
treated mice (Figure 7C). Consistent with the observed expansion,
Ccndl mRNA levels increased 3-fold in ¢TECs and 1.76-fold in
mTECs (Figure 7D). Moreover, Ccndl expression was elevated
2-fold in whole thymic fragments 24 hours following KGF
treatment, and this increase was abrogated by the ERK pathway
inhibitor U0126 (Figure 7E), implicating the KGF/KGFR-MAPK/
ERK signaling axis in mediating these effects. Importantly, the
KGF-induced expansion of the thymic stromal compartment with
a 4- to 5-fold increase in both ¢cTECs and mTECs, was observed at
six weeks after KGF treatment (Figure 7F). These findings
underscore the central role of KGF-mediated MAPK/ERK
signaling in regulating TEC proliferation and long-term thymic
stromal remodeling.
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KGF regulates Foxnl expression in TECs through Wnt/B-catenin signaling. (A) Effect of LiCl and LY294002 on Foxn1 transcription in TE-71 cells. Data
represent four experimental replicates. (B) Expression of the Wnt ligands Wnt4, Foxnl, Dll4 and Wnt/B-catenin signaling target gene Tcf7, was
assessed in TE-71%9" cells cultured for 6 hours with vehicle control (blue), KGF (red), KGF+U0126 (green), or KGF+LiCl (cyan). Data represent three
experimental replicates. (C) Gene expression was evaluated under the same conditions as in (B) after 24 hours of culture. Data represent six
experimental replicates. All data are presented as mean + SD. Error bars indicate the standard deviation. Statistical significance for (A) was

determined using an unpaired two-tailed Student's t-test: **p<0.01; ***p<0.001. For (B, C), one-way ANOVA followed by Tukey's multiple
comparisons test was used: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns = not significant.

3.9 KGF-induced downregulation of Wnt/
B-catenin signaling is dependent on
recruitment of the MAPK/ERK signaling
pathway

To determine whether KGF regulates Wnt/f3-catenin signaling
through the MAPK/ERK pathway, we used U0126 to block the
MAPK/ERK pathway in KGF-treated TE-71"¢" cells. U0126
inhibited the KGF-mediated downregulation of Wnt4
transcription at 6 hours and prevented the subsequent repression
of Foxnl, DIl4 and Tcf7 expressions by 24 hours (Figures 6B, C).
Similarly, in thymic fragments, U0126 also inhibited the KGF-
induced repression of Wnt4 expression by 6 hours (Figure 8A).
Furthermore, in the presence of U0126, KGF no longer reduced the
expression of downstream Wnt/B-catenin targets, Foxnl and Axin2
(Figure 8B). Taken together, these findings highlight that KGF
modulates Wnt/B-catenin signaling via the MAPK/ERK pathway,
thereby influencing thymocyte proliferation and differentiation by
regulating both TEC function and proliferation.
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4 Discussion

Within the thymus, KGFR and its ligands FGF10 and FGF7
(also known as KGF) are critical for TEC development. Genetic
ablation of Kgfr or Fgfl0 results in severe thymic hypoplasia due to
impaired epithelial cell expansion, underscoring the essential role of
KGFR-dependent signaling in thymic organogenesis (22, 23).
Conversely, administration of exogenous KGF has been shown to
promote TEC proliferation and drive thymocyte expansion as early
as 1 week following treatment (25, 59). In addition, KGF confers
protection to the thymus under conditions of stress, including
irradiation, chemotherapy, and graft-versus-host disease, with
these effects largely attributed to its activity in KGFR-expressing
TECs (29, 59). Mechanistically, KGF has been proposed to enhance
thymopoiesis by upregulating Bmp2 and Bmp4 expression and by
promoting the proliferation of IL-7-producing TECs (25, 60).
However, the intracellular signaling cascades activated
downstream of KGFR and their specific roles in modulating
thymopoiesis have remained poorly defined.
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In this study, we focused on the early molecular consequences
of KGF treatment, revealing a previously unrecognized transient
suppression of the evolutionary conserved Wnt/f-catenin-Foxnl-
DIl4 axis in TECs. A rapid KGF-induced activation of the MAPK/
ERK pathway led to proliferation of TECs via cyclin D1/Ccndl
induction, but concurrently suppressed expression of TEC-derived
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Whnt ligands, particularly Wnt4, resulting in inhibition of canonical
Whnt signaling. This, in turn, downregulated the TEC master
transcription factor FOXN1 and its downstream target DLL4, a
key Notch ligand required for thymocyte progression.
Downregulation of DLL4 expression disrupted Notch signaling
in thymocytes, suppressing expression of key downstream targets—
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FIGURE 7 (Continued)

KGF promotes proliferation of TE-71 cells and primary TECs through activation of the MAPK/ERK signaling pathway. (A) Phosphorylation of AKT
(Ser473) and ERK1/2 (Thr202/Tyr204) was evaluated in TE-71%9" cells cultured for 6 hours with vehicle (blue), KGF (red), and KGF+U0126 (green).
Representative immunoblots from three independent experiments are shown: lanes 1-3 (vehicle), lanes 4-6 (KGF), and lanes 7-9 (KGF+UQ126) (top).
Quantification of band intensities is presented (bottom). (B) Cyclin D1/Ccndl mRNA levels (left) and total cell numbers (right) were analyzed in TE-
7149 cells cultured with vehicle (blue), KGF (red), or KGF+U0126 (green) for 72 hours. (C) Absolute numbers of cTECs and mTECs (left), MHC-[1"9"
and MHC-11'" cTECs (middle), and MHC-1I"'9" and MHC-11'"Y mTECs (right) were compared between PBS-treated (blue, n=3) and KGF-treated (red,
n=3) wild-type mice on day 2 following three consecutive daily doses. (D) Ccndl expression in sorted cTEC and mTEC populations from PBS- (blue,
n=3) and KGF-treated (red, n=3) mice [as in (C)] is shown. (E) Ccndl expression levels were evaluated in thymic fragments cultured with vehicle,
KGF, and KGF+UO0126 for 24 hours. Data represent three independent experiments. (F) TEC numbers in PBS-treated (blue, n=5) and KGF-treated
(red, n=5) mice were assessed 6 weeks after three consecutive doses of treatment. Cell numbers of cTEC and mTEC (left), MHC-1I"9" and MHC-
11'°% cTEC (middle), MHC-11"9" and MHC-1I'"" mTEC (right) are shown. Data are presented as mean + SD. Error bars indicate standard deviation.
Statistical significance for comparisons between two groups was determined using an unpaired two-tailed Student’s t-test (**p<0.01; ***p<0.001).
For comparisons among three different conditions, one-way ANOVA followed by Tukey's multiple comparisons test was used: *p<0.05; ***p<0.001;
***%1<0.0001; ns, not significant. Full-length, uncropped blots corresponding to those in panel (A) are provided in Supplementary Figures S8, S9.

Bcll1b, Ptcra, and Rag2—in pre-f-selection thymocytes. This
resulted in suppression of pre-TCRo. expression and hindered
TCRP chain rearrangement, thereby blocking thymocyte
progression through the B-selection checkpoint. Together, these
findings delineate a signaling cascade—KGF — MAPK/ERK —
Whnt suppression — Foxnl downregulation — DIl4 reduction —
Notch signaling loss— that transiently disrupts thymopoiesis in the
context of TEC proliferation. Based on our data, we hypothesize
that intracellular Notchl (ICN1) induction is impaired by KGF
treatment, which remains an important question for future
investigation. Notably, in parallel with this disruption in
thymopoiesis and TEC proliferation, we observed increased
proliferation of early thymocyte subsets, including ETPs, DN2a,
and DN2b, alongside elevated expression of Kitl in TECs. This
suggests that KGF may also regulate Kitl expression and exert
multifaceted effects on thymic function.

Importantly, these early effects were biphasic and transient. By
three weeks post-treatment, thymic mass and thymocyte cellularity
had more than doubled, and expansion of ¢TECs and mTECs
persisted for at least six weeks after cessation of KGF. Thus, KGF
initiates a short-lived suppression of Foxnl and DIl4, followed by a
durable expansion of the TEC compartment that ultimately
supports increased thymopoiesis. This biphasic effect reconciles
the paradoxical early decline and later rebound in thymocyte
production observed in vivo.

KGF binding to its receptor KGFR primarily activates either the
PI3K/AKT or MAPK/ERK signaling pathways, depending on the
pre-existing intracellular environment of epithelial cells (55). In our
study, we identified a specific KGF-mediated activation of the
MAPK/ERK pathway in TECs. This was demonstrated in both
TE-71%¢" and thymic fragment cultures, where KGF-induced
downregulation of Wnt4 gene expression at 6 hours was
completely blocked by the ERK phosphorylation inhibitor U0126.
Furthermore, under ERK-inhibited conditions, KGF failed to
induce Ccndl expression or promote proliferation of TE-71 cells.
These findings indicate that KGF exerts its mitogenic effects on
TECs primarily through the KGFR-MAPK/ERK signaling axis.

FOXNT1 plays a pivotal role in the molecular machinery that
governs TEC differentiation and function, in part by regulating the
expression of key target genes such as DIl4 (15, 16, 48). Our findings
suggest that KGF regulates Foxnl by suppressing Wnt ligand
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expression. Canonical Wnt/B-catenin signaling is a well
established regulator of thymic organogenesis (17-19), but its
contribution in the adult thymus remains less clear. Analyses of
Whnt ligands in TEC subsets reveals distinct expression patterns,
with Wnt4 expressed at higher level in ¢cTECs and Wntl0a in
mTECs (44). KGF treatment markedly reduces expression of both
ligands, leading to diminished expression of the Wnt/B-catenin
target genes Axin2 and Tcf7 and subsequent downregulation of
Foxnl and DIl4 across TEC subsets. Consistent with the subset-
specific pattern of Wnt ligand expression, KGF induced an earlier
proliferative response in ¢TECs, whereas mTEC proliferation was
delayed, further underscoring the distinct kinetics with which these
two TEC subsets respond to KGF. The approximately four-fold
higher expression of Kgfr in ¢TECs compared with mTECs
(Supplementary Figure S5C) likely contributes to the more robust
proliferation observed in ¢TECs.

WNT4 is known to activate both canonical (-catenin-
dependent) and non-canonical Wnt pathways (61-63). While our
data indicate that 3-catenin-dependent Wnt signaling is a driver of
Foxnl expression in the adult TECs, given the dual signaling
potential of Wnt4 (62, 63), contributions from non-canonical
pathways cannot be excluded. The precise interplay between
canonical and non-canonical Wnt signaling in adult TECs—and
how this balance is modulated by KGF—remains to be elucidated.

Collectively, our findings suggest that the KGF-induced arrest
of early T-cell development at the B-selection checkpoint is
primarily mediated by cTECs. We find that KGF downregulates
FoxnI/FOXNI expression and attenuates Wnt/B-catenin signaling
in mTECs but it remains to be determined whether functional
alterations due to these changes directly contribute to the disruption
of early thymocyte development. In particular, whether KGF alters
mTEC production of key chemokines such as CCL19 or CCL21,
which are critical for guiding thymocyte migration toward the
medulla, and whether such changes indirectly disrupt early
thymocyte development warrants further investigation.

Our study also helps contextualize the discrepant outcomes of
KGF treatment in preclinical models versus human clinical trials.
While animal studies consistently reported thymic recovery and
enhanced T cell output following KGF administration (25, 29, 59,
60), recent clinical trials have failed to demonstrate improved
thymopoiesis in patients with multiple sclerosis (26) and HIV
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in signaling. (A, B) Expression of the Wnt ligand Wnt4 and Wnt/B-catenin

target genes Axin2 and Foxnl was assessed in thymic fragments cultured with vehicle (blue), KGF (red), and KGF+U0126 (green) for 6 hours (A) and
24 hours (B). Data are presented as mean + SD. Error bars represent standard deviation. Statistical significance for comparisons among the three

culture conditions was determined by one-way ANOVA followed by Tukey
significant.

(27). In one trial, KGF treatment following lymphodepletion
paradoxically reduced thymic output (26). Our findings suggest
that the timing and cellular context of KGF signaling, particularly
its early suppressive effect on TEC-mediated Notch signaling, may
underlie these mixed outcomes. KGF drives robust proliferation
and significant expansion of early ETPs through DN3a thymocytes
and promotes proliferation of both ¢TECs and mTECs
(upregulation of Cendl expression). These early events likely set
the stage for the well-documented effects of KGF observed at later
time points post-treatment, suggesting that transient modulation of
TEC signaling can ultimately enhance thymic function. These
insights highlight the importance of temporal regulation and
signaling context in designing KGF-based therapies. They also
underscore that both stimulation of early thymocyte proliferation
and induction of TEC proliferation may be essential to achieve
optimal immune reconstitution.
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‘s multiple comparisons test: *p<0.05; **p<0.01; ***p<0.001. ns, not

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The animal study was approved by NCI-Frederick is accredited by
AAALAC International and adheres to the Public Health Service Policy
for the Care and Use of Laboratory Animals. Animal care was provided
in accordance with the procedures outlined in the Guide for Care and
Use of Laboratory Animals (National Research Council; 1996; National
Academy Press; Washington, D.C.). The study was conducted in
accordance with the local legislation and institutional requirements.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1675823
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Teng et al.

Author contributions

RT: Conceptualization, Investigation, Methodology, Data curation,
Formal analysis, Visualization, Writing — original draft, Writing -
review & editing, Resources. FF: Investigation, Methodology, Data
curation, Writing - review & editing. PX: Investigation, Methodology,
Data curation, Validation, Writing - review & editing. AC: Data
curation, Validation, Formal analysis, Visualization, Writing — review
& editing. CN: Writing - original draft, Writing - review & editing. NS:
Data curation, Validation, Formal analysis, Writing - review & editing.
RG: Conceptualization, Funding acquisition, Supervision, Writing -
original draft. NT: Funding acquisition, Project administration,
Writing — original draft. Writing — review & editing, Supervision.

Funding

The author(s) declare financial support was received for the
research, and/or publication of this article. This work was supported
by the NIH Intramural Research Program. The contributions of the
NIH authors were made as part of their official duties as NIH federal
employees, are in compliance with agency policy requirements, and
are considered Works of the United States Government. However,
the findings and conclusions presented in this paper are those of the
authors and do not necessarily reflect the views of the NIH or the
U.S. Department of Health and Human Services.

Acknowledgments

We gratefully acknowledge Dr. Hans-Reimer Rodewald (German
Cancer Research Center, Heidelberg, Germany) for generously
providing the anti-FOXN1 mouse IgG2b antibody (clone 2/41) used
in this study. We would like to express our sincere gratitude to Drs.
Avinash Bhandoola and Yousuke Takahama for their insightful
comments, constructive suggestions, and thoughtful feedback, which
greatly improved the quality and clarity of this study. This work was

References

1. Petrie HT. Role of thymic organ structure and stromal composition in steady-
state postnatal T-cell production. Immunol Rev. (2002) 189:8-19. doi: 10.1034/j.1600-
065X.2002.18902.x

2. Abramson J, Anderson G. Thymic epithelial cells. Annu Rev Immunol. (2017)
35:85-118. doi: 10.1146/annurev-immunol-051116-052320

3. Sambandam A, Maillard I, Zediak VP, Xu L, Gerstein RM, Aster JC, et al. Notch
signaling controls the generation and differentiation of early T lineage progenitors. Nat
Immunol. (2005) 6:663-70. doi: 10.1038/ni1216

4. Longabaugh WJR, Zeng W, Zhang JA, Hosokawa H, Jansen CS, Li L, et al. Bcl11b
and combinatorial resolution of cell fate in the T-cell gene regulatory network. Proc
Natl Acad Sci U S A. (2017) 114:5800-7. doi: 10.1073/pnas.1610617114

5. Li L, Leid M, Rothenberg EV. An early T cell lineage commitment checkpoint
dependent on the transcription factor Bcll1b. Science. (2010) 329:89-93. doi: 10.1126/
science.1188989

6. Ikawa T, Hirose S, Masuda K, Kakugawa K, Satoh R, Shibano-Satoh A, et al. An
essential developmental checkpoint for production of the T cell lineage. Science. (2010)
329:93-6. doi: 10.1126/science.1188995

Frontiers in Immunology

16

10.3389/fimmu.2025.1675823

supported by the intramural research funding from the National
Institutes of Health (NIH)*. Palifermin (trade name Kepivance) was
provided by Amgen Inc.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.
1675823/full#supplementary-material

7. Kueh HY, Yui MA, Ng KK, Pease SS, Zhang JA, Damle SS, et al. Asynchronous
combinatorial action of four regulatory factors activates Bcl11b for T cell commitment.
Nat Immunol. (2016) 17:956-65. doi: 10.1038/ni.3514

8. Yui MA, Rothenberg EV. Developmental gene networks: a triathlon on the course
to T cell identity. Nat Rev Immunol. (2014) 14:529-45. doi: 10.1038/nri3702

9. Radtke F, Wilson A, Stark G, Bauer M, van Meerwijk J, MacDonald HR, et al.
Deficient T cell fate specification in mice with an induced inactivation of Notchl.
Immunity. (1999) 10:547-58. doi: 10.1016/S1074-7613(00)80054-0

10. Hozumi K, Mailhos C, Negishi N, Hirano K, Yahata T, Ando K, et al. Delta-like 4
is indispensable in thymic environment specific for T cell development. J Exp Med.
(2008) 205:2507-13. doi: 10.1084/jem.20080134

11. Koch U, Fiorini E, Benedito R, Besseyrias V, Schuster-Gossler K, Pierres M, et al.
Delta-like 4 is the essential, nonredundant ligand for Notchl during thymic T cell
lineage commitment. J Exp Med. (2008) 205:2515-23. doi: 10.1084/jem.20080829

12. Tydell CC, David-Fung ES, Moore JE, Rowen L, Taghon T, Rothenberg EV.
Molecular dissection of prethymic progenitor entry into the T lymphocyte developmental
pathway. J Immunol. (2007) 179:421-38. doi: 10.4049/jimmunol.179.1.421

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1675823/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1675823/full#supplementary-material
https://doi.org/10.1034/j.1600-065X.2002.18902.x
https://doi.org/10.1034/j.1600-065X.2002.18902.x
https://doi.org/10.1146/annurev-immunol-051116-052320
https://doi.org/10.1038/ni1216
https://doi.org/10.1073/pnas.1610617114
https://doi.org/10.1126/science.1188989
https://doi.org/10.1126/science.1188989
https://doi.org/10.1126/science.1188995
https://doi.org/10.1038/ni.3514
https://doi.org/10.1038/nri3702
https://doi.org/10.1016/S1074-7613(00)80054-0
https://doi.org/10.1084/jem.20080134
https://doi.org/10.1084/jem.20080829
https://doi.org/10.4049/jimmunol.179.1.421
https://doi.org/10.3389/fimmu.2025.1675823
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Teng et al.

13. Bajoghli B, Aghaallaei N, Hess I, Rode I, Netuschil N, Tay BH, et al. Evolution of
genetic networks underlying the emergence of thymopoiesis in vertebrates. Cell. (2009)
138:186-97. doi: 10.1016/j.cell.2009.04.017

14. Swann JB, Weyn A, Nagakubo D, Bleul CC, Toyoda A, Happe C, et al.
Conversion of the thymus into a bipotent lymphoid organ by replacement of
FOXN1 with its paralog, FOXN4. Cell Rep. (2014) 8:1184-97. doi: 10.1016/
j.celrep.2014.07.017

15. Calderon L, Boehm T. Synergistic, context-dependent, and hierarchical
functions of epithelial components in thymic microenvironments. Cell. (2012)
149:159-72. doi: 10.1016/j.cell.2012.01.049

16. Tsukamoto N, Ttoi M, Nishikawa M, Amagai T. Lack of Delta like 1 and 4
expressions in nude thymus anlages. Cell Immunol. (2005) 234:77-80. doi: 10.1016/
j.cellimm.2005.06.009

17. Swann JB, Happe C, Boehm T. Elevated levels of Wnt signaling disrupt thymus
morphogenesis and function. Sci Rep. (2017) 7:785. doi: 10.1038/541598-017-00842-0

18. Zuklys S, Gill J, Keller MP, Hauri-Hohl M, Zhanybekova S, Balciunaite G, et al.
Stabilized beta-catenin in thymic epithelial cells blocks thymus development and
function. J Immunol. (2009) 182:2997-3007. doi: 10.4049/jimmunol.0713723

19. Fujimori S, Ohigashi I, Abe H, Matsushita Y, Katagiri T, Taketo MM, et al. Fine-
tuning of B-catenin in mouse thymic epithelial cells is required for postnatal T-cell
development. Elife. (2022) 11. doi: 10.7554/eLife.69088

20. Osada M, Jardine L, Misir R, Andl T, Millar SE, Pezzano M. DKK1 mediated
inhibition of Wnt signaling in postnatal mice leads to loss of TEC progenitors and
thymic degeneration. PloS One. (2010) 5:¢9062. doi: 10.1371/journal.pone.0009062

21. Balciunaite G, Keller MP, Balciunaite E, Piali L, Zuklys S, Mathieu YD, et al. Wnt
glycoproteins regulate the expression of FoxN1, the gene defective in nude mice. Nat
Immunol. (2002) 3:1102-8. doi: 10.1038/ni850

22. Ohuchi H, Hori Y, Yamasaki M, Harada H, Sekine K, Kato S, et al. FGF10 acts as
a major ligand for FGF receptor 2 IIIb in mouse multi-organ development. Biochem
Biophys Res Commun. (2000) 277:643-9. doi: 10.1006/bbrc.2000.3721

23. Revest JM, Suniara RK, Kerr K, Owen JJ, Dickson C. Development of the thymus
requires signaling through the fibroblast growth factor receptor R2-IIIb. J Immunol.
(2001) 167:1954-61. doi: 10.4049/jimmunol.167.4.1954

24. Erickson M, Morkowski S, Lehar S, Gillard G, Beers C, Dooley J, et al. Regulation
of thymic epithelium by keratinocyte growth factor. Blood. (2002) 100:3269-78.
doi: 10.1182/blood-2002-04-1036

25. Rossi SW, Jeker LT, Ueno T, Kuse S, Keller MP, Zuklys S, et al. Keratinocyte
growth factor (KGF) enhances postnatal T-cell development via enhancements in
proliferation and function of thymic epithelial cells. Blood. (2007) 109:3803-11.
doi: 10.1182/blood-2006-10-049767

26. Coles AJ, Azzopardi L, Kousin-Ezewu O, Mullay HK, Thompson SA, Jarvis L,
et al. Keratinocyte growth factor impairs human thymic recovery from lymphopenia.
JCI Insight. (2019) 5. doi: 10.1172/jci.insight.125377

27. Jacobson JM, Wang H, Bordi R, Zheng L, Gross BH, Landay AL, et al. A
randomized controlled trial of palifermin (recombinant human keratinocyte growth
factor) for the treatment of inadequate CD4+ T-lymphocyte recovery in patients with
HIV-1 infection on antiretroviral therapy. J Acquir Immune Defic Syndr. (2014)
66:399-406. doi: 10.1097/QAIL.0000000000000195

28. Rode I, Martins VC, Kublbeck G, Maltry N, Tessmer C, Rodewald HR. Foxnl
protein expression in the developing, aging, and regenerating thymus. J Immunol.
(2015) 195:5678-87. doi: 10.4049/jimmunol.1502010

29. Rossi S, Blazar BR, Farrell CL, Danilenko DM, Lacey DL, Weinberg KI, et al.
Keratinocyte growth factor preserves normal thymopoiesis and thymic
microenvironment during experimental graft-versus-host disease. Blood. (2002)
100:682-91. doi: 10.1182/blood.V100.2.682

30. Liang HE, Hsu LY, Cado D, Cowell LG, Kelsoe G, Schlissel MS. The “dispensable”
portion of RAG2 is necessary for efficient V-to-DJ rearrangement during B and T cell
development. Immunity. (2002) 17:639-51. doi: 10.1016/S1074-7613(02)00448-X

31. Monroe R], Seidl KJ, Gaertner F, Han S, Chen F, Sekiguchi J, et al. RAG2:GFP
knockin mice reveal novel aspects of RAG2 expression in primary and peripheral
lymphoid tissues. Immunity. (1999) 11:201-12. doi: 10.1016/S1074-7613(00)80095-3

32. Deftos ML, Huang E, Ojala EW, Forbush KA, Bevan M]J. Notchl signaling
promotes the maturation of CD4 and CD8 SP thymocytes. Immunity. (2000) 13:73-84.
doi: 10.1016/51074-7613(00)00009-1

33. Dong Y, Guo H, Wang D, Tu R, Qing G, Liu H. Genome-wide analysis identifies
ragl and rag2 as novel notch1 transcriptional targets in thymocytes. Front Cell Dev Biol.
(2021) 9:703338. doi: 10.3389/fcell.2021.703338

34. Reizis B, Leder P. Direct induction of T lymphocyte-specific gene expression by the
mammalian Notch signaling pathway. Genes Dev. (2002) 16:295-300. doi: 10.1101/
gad.960702

35. Wolfer A, Wilson A, Nemir M, MacDonald HR, Radtke F. Inactivation of Notchl impairs
VDJbeta rearrangement and allows pre-TCR-independent survival of early alpha beta Lineage
Thymocytes. Immunity. (2002) 16:869-79. doi: 10.1016/S1074-7613(02)00330-8

36. Ingram WJ, McCue KI, Tran TH, Hallahan AR, Wainwright BJ. Sonic Hedgehog
regulates Hes1 through a novel mechanism that is independent of canonical Notch
pathway signalling. Oncogene. (2008) 27:1489-500. doi: 10.1038/sj.0onc.1210767

Frontiers in Immunology

17

10.3389/fimmu.2025.1675823

37. Weber BN, Chi AW, Chavez A, Yashiro-Ohtani Y, Yang Q, Shestova O, et al. A
critical role for TCF-1 in T-lineage specification and differentiation. Nature. (2011)
476:63-8. doi: 10.1038/nature10279

38. Taghon TN, David ES, Zuniga-Pfliicker JC, Rothenberg EV. Delayed,
asynchronous, and reversible T-lineage specification induced by Notch/Delta
signaling. Genes Dev. (2005) 19:965-78. doi: 10.1101/gad.1298305

39. Wilson A, MacDonald HR, Radtke F. Notch 1-deficient common lymphoid precursors
adopt a B cell fate in the thymus. J Exp Med. (2001) 194:1003-12. doi: 10.1084/jem.194.7.1003

40. Murray R, Suda T, Wrighton N, Lee F, Zlotnik A. IL-7 is a growth and
maintenance factor for mature and immature thymocyte subsets. Int Immunol.
(1989) 1:526-31. doi: 10.1093/intimm/1.5.526

41. Watson JD, Morrissey PJ, Namen AE, Conlon PJ, Widmer MB. Effect of IL-7 on
the growth of fetal thymocytes in culture. ] Immunol. (1989) 143:1215-22. doi: 10.4049/
jimmunol.143.4.1215

42. Buono M, Facchini R, Matsuoka S, Thongjuea S, Waithe D, Luis TC, et al. A
dynamic niche provides Kit ligand in a stage-specific manner to the earliest thymocyte
progenitors. Nat Cell Biol. (2016) 18:157-67. doi: 10.1038/ncb3299

43. Rodewald HR, Kretzschmar K, Swat W, Takeda S. Intrathymically expressed c-kit
ligand (stem cell factor) is a major factor driving expansion of very immature thymocytes in
vivo. Immunity. (1995) 3:313-9. doi: 10.1016/1074-7613(95)90116-7

44. Cowan JE, Malin J, Zhao Y, Seedhom MO, Harly C, Ohigashi I, et al. Myc controls a
distinct transcriptional program in fetal thymic epithelial cells that determines thymus
growth. Nat Commun. (2019) 10:5498. doi: 10.1038/541467-019-13465-y

45. O’Neill KE, Bredenkamp N, Tischner C, Vaidya HJ, Stenhouse FH, Peddie CD,
et al. Foxnl Is Dynamically Regulated in Thymic Epithelial Cells during Embryogenesis
and at the Onset of Thymic Involution. PloS One. (2016) 11:e0151666. doi: 10.1371/
journal.pone.0151666

46. Maillard I, Tu L, Sambandam A, Yashiro-Ohtani Y, Millholland J, Keeshan K,
et al. The requirement for Notch signaling at the beta-selection checkpoint in vivo is
absolute and independent of the pre-T cell receptor. ] Exp Med. (2006) 203:2239-45.
doi: 10.1084/jem.20061020

47. Yashiro-Ohtani Y, He Y, Ohtani T, Jones ME, Shestova O, Xu L, et al. Pre-TCR
signaling inactivates Notchl transcription by antagonizing E2A. Genes Dev. (2009)
23:1665-76. doi: 10.1101/gad.1793709

48. Itoi M, Kawamoto H, Katsura Y, Amagai T. Two distinct steps of immigration of
hematopoietic progenitors into the early thymus anlage. Int Immunol. (2001) 13:1203—
11. doi: 10.1093/intimm/13.9.1203

49. Jho EH, Zhang T, Domon C, Joo CK, Freund JN, Costantini F. Wnt/beta-catenin/Tcf
signaling induces the transcription of Axin2, a negative regulator of the signaling pathway.
Mol Cell Biol. (2002) 22:1172-83. doi: 10.1128/MCB.22.4.1172-1183.2002

50. Yamashita T, Budhu A, Forgues M, Wang XW. Activation of hepatic stem cell
marker EpCAM by Wnt-beta-catenin signaling in hepatocellular carcinoma. Cancer
Res. (2007) 67:10831-9. doi: 10.1158/0008-5472.CAN-07-0908

51. Gordon J, Manley NR. Mechanisms of thymus organogenesis and
morphogenesis. Development. (2011) 138:3865-78. doi: 10.1242/dev.059998

52. Farr AG, Hosier S, Braddy SC, Anderson SK, Eisenhardt DJ, Yan ZJ, et al. Medullary
epithelial cell lines from murine thymus constitutively secrete IL-1 and hematopoietic growth
factors and express class II antigens in response to recombinant interferon-gamma. Cell
Immunol. (1989) 119:427-44. doi: 10.1016/0008-8749(89)90256-6

53. Hedgepeth CM, Conrad L], Zhang J, Huang HC, Lee VM, Klein PS. Activation of
the Wnt signaling pathway: a molecular mechanism for lithium action. Dev Biol. (1997)
185:82-91. doi: 10.1006/dbio.1997.8552

54. Ding Q, Xia W, Liu JC, Yang JY, Lee DF, Xia J, et al. Erk associates with and
primes GSK-3beta for its inactivation resulting in upregulation of beta-catenin. Mol
Cell. (2005) 19:159-70. doi: 10.1016/j.molcel.2005.06.009

55. Goetz R, Mohammadi M. Exploring mechanisms of FGF signalling through the lens
of structural biology. Nat Rev Mol Cell Biol. (2013) 14:166-80. doi: 10.1038/nrm3528

56. Lavoie JN, L’Allemain G, Brunet A, Miiller R, Pouysségur J. Cyclin D1 expression is
regulated positively by the p42/p44MAPK and negatively by the p38/HOGMAPK pathway. ]
Biol Chem. (1996) 271:20608-16. doi: 10.1074/jbc.271.34.20608

57. Schevzov G, Kee AJ, Wang B, Sequeira VB, Hook ], Coombes JD, et al.
Regulation of cell proliferation by ERK and signal-dependent nuclear translocation
of ERK is dependent on Tm5NM1-containing actin filaments. Mol Biol Cell. (2015)
26:2475-90. doi: 10.1091/mbc.E14-10-1453

58. Weber JD, Raben DM, Phillips PJ, Baldassare JJ. Sustained activation of extracellular-
signal-regulated kinase 1 (ERK1) is required for the continued expression of cyclin D1 in G1
phase. Biochem J. (1997) 326:61-8. doi: 10.1042/bj3260061

59. Alpdogan O, Hubbard VM, Smith OM, Patel N, Lu S, Goldberg GL, et al.
Keratinocyte growth factor (KGF) is required for postnatal thymic regeneration. Blood.
(2006) 107:2453-60. doi: 10.1182/blood-2005-07-2831

60. Min D, Panoskaltsis-Mortari A, Kuro OM, Hollinder GA, Blazar BR, Weinberg
KI. Sustained thymopoiesis and improvement in functional immunity induced by
exogenous KGF administration in murine models of aging. Blood. (2007) 109:2529-37.
doi: 10.1182/blood-2006-08-043794

61. Akoumianakis I, Polkinghorne M, Antoniades C. Non-canonical WNT
signalling in cardiovascular disease: mechanisms and therapeutic implications. Nat
Rev Cardiol. (2022) 19:783-97. doi: 10.1038/s41569-022-00718-5

frontiersin.org


https://doi.org/10.1016/j.cell.2009.04.017
https://doi.org/10.1016/j.celrep.2014.07.017
https://doi.org/10.1016/j.celrep.2014.07.017
https://doi.org/10.1016/j.cell.2012.01.049
https://doi.org/10.1016/j.cellimm.2005.06.009
https://doi.org/10.1016/j.cellimm.2005.06.009
https://doi.org/10.1038/s41598-017-00842-0
https://doi.org/10.4049/jimmunol.0713723
https://doi.org/10.7554/eLife.69088
https://doi.org/10.1371/journal.pone.0009062
https://doi.org/10.1038/ni850
https://doi.org/10.1006/bbrc.2000.3721
https://doi.org/10.4049/jimmunol.167.4.1954
https://doi.org/10.1182/blood-2002-04-1036
https://doi.org/10.1182/blood-2006-10-049767
https://doi.org/10.1172/jci.insight.125377
https://doi.org/10.1097/QAI.0000000000000195
https://doi.org/10.4049/jimmunol.1502010
https://doi.org/10.1182/blood.V100.2.682
https://doi.org/10.1016/S1074-7613(02)00448-X
https://doi.org/10.1016/S1074-7613(00)80095-3
https://doi.org/10.1016/S1074-7613(00)00009-1
https://doi.org/10.3389/fcell.2021.703338
https://doi.org/10.1101/gad.960702
https://doi.org/10.1101/gad.960702
https://doi.org/10.1016/S1074-7613(02)00330-8
https://doi.org/10.1038/sj.onc.1210767
https://doi.org/10.1038/nature10279
https://doi.org/10.1101/gad.1298305
https://doi.org/10.1084/jem.194.7.1003
https://doi.org/10.1093/intimm/1.5.526
https://doi.org/10.4049/jimmunol.143.4.1215
https://doi.org/10.4049/jimmunol.143.4.1215
https://doi.org/10.1038/ncb3299
https://doi.org/10.1016/1074-7613(95)90116-7
https://doi.org/10.1038/s41467-019-13465-y
https://doi.org/10.1371/journal.pone.0151666
https://doi.org/10.1371/journal.pone.0151666
https://doi.org/10.1084/jem.20061020
https://doi.org/10.1101/gad.1793709
https://doi.org/10.1093/intimm/13.9.1203
https://doi.org/10.1128/MCB.22.4.1172-1183.2002
https://doi.org/10.1158/0008-5472.CAN-07-0908
https://doi.org/10.1242/dev.059998
https://doi.org/10.1016/0008-8749(89)90256-6
https://doi.org/10.1006/dbio.1997.8552
https://doi.org/10.1016/j.molcel.2005.06.009
https://doi.org/10.1038/nrm3528
https://doi.org/10.1074/jbc.271.34.20608
https://doi.org/10.1091/mbc.E14-10-1453
https://doi.org/10.1042/bj3260061
https://doi.org/10.1182/blood-2005-07-2831
https://doi.org/10.1182/blood-2006-08-043794
https://doi.org/10.1038/s41569-022-00718-5
https://doi.org/10.3389/fimmu.2025.1675823
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Teng et al. 10.3389/fimmu.2025.1675823

62. Park JS, Valerius MT, McMahon AP. Wnt/beta-catenin signaling regulates 63. Tanigawa S, Wang H, Yang Y, Sharma N, Tarasova N, Ajima R, et al. Wnt4
nephron induction during mouse kidney development. Development. (2007) induces nephronic tubules in metanephric mesenchyme by a non-canonical
134:2533-9. doi: 10.1242/dev.006155 mechanism. Dev Biol. (2011) 352:58-69. doi: 10.1016/j.ydbi0.2011.01.012

Frontiers in Immunology 18 frontiersin.org


https://doi.org/10.1242/dev.006155
https://doi.org/10.1016/j.ydbio.2011.01.012
https://doi.org/10.3389/fimmu.2025.1675823
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Disruption of Notch signaling by KGF induces a developmental pause in thymocytes
	1 Introduction
	2 Materials and methods
	2.1 Mice
	2.2 KGF treatment in mice
	2.3 Preparation of thymocytes for flow cytometry assays
	2.4 Preparation of thymic epithelial cells for flow cytometry assays
	2.5 Intracellular staining for flow cytometry
	2.6 BrdU incorporation assay
	2.7 TE-71 cell culture and transfection
	2.8 Thymic fragment culture
	2.9 Mouse IL-7 ELISA
	2.10 Quantitative Real-Time PCR (qRT-PCR)
	2.11 Immunoblotting for AKT and ERK phosphorylation
	2.12 Immunofluorescent staining
	2.13 Statistical analysis

	3 Results
	3.1 KGF induces transient decrease in total thymocyte number despite concurrently increasing cell number of DN1-DN3a subsets at day 2 post treatment
	3.2 KGF blocks thymocyte development at the β-selection checkpoint
	3.3 KGF disrupts Notch signaling and inhibits Bcl11b activation in early thymocytes
	3.4 KGF promotes uncommitted early thymocyte proliferation
	3.5 KGF represses Dll4 concomitantly with Foxn1 attenuation in TECs
	3.6 KGF suppression of Wnt ligand expression is associated with decreased Wnt/β-catenin signaling
	3.7 KGF downregulates Foxn1 expression in TECs through suppression of Wnt/β-catenin signaling
	3.8 KGF-induced TE-71 proliferation is dependent on the MAPK/ERK signaling
	3.9 KGF-induced downregulation of Wnt/β-catenin signaling is dependent on recruitment of the MAPK/ERK signaling pathway

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


