NFATc1 in CD4" T cells and CD11c¢™ dendritic
cells drives Ty2-mediated eosinophilic
inflammation in allergic asthma
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2 YANG ET AL

Background: Asthma, a chronic lung disease, is a significant
public health problem worldwide. It is marked by increased
Ty2 response resulting in eosinophil accumulation. The
pathophysiology of asthma involves various cell types, including
epithelial cells, dendritic cells (DCs), innate lymphoid cells, B
cells, and effector cells. Nuclear factor of activated T cells,
cytoplasmic 1 (NFATcl), a critical transcription factor for
immune regulation, is known for its role in T cells and, more
recently, in myeloid cells. However, the specific contributions of
NFATcl in T cells and DCs in the context of asthma are not well
understood.

Objective: We explored NFATc1’s role in T cells and DCs in
modulating T2 immune responses within the pathophysiology
of allergic asthma.

Methods: We induced asthma in mice lacking NfatcI in CD4* T
cells or CD11c* DCs using house dust mite, thereby enabling
investigation into NFATc1’s role in both cell types in
experimental allergic asthma. Additionally, we examined
NFATCc1 expression in these cell types and its correlation with
blood eosinophil levels in an adult asthma cohort.

Results: In a house dust mite-induced asthma model, we found
that Nfatcl deficiency either in CD4* T cells or CD11c™ DCs
resulted in reduced Ty2-driven eosinophilic inflammation, IgE
levels, and mast cell presence in the lung of asthmatic mice.
NfatcI’s absence in CD4™ T cells directly hampered Ty2 cell
polarization and functionality, whereas in CD11c™ DCs, it
affected DC differentiation and maturation, thereby weakening
T-cell priming, proliferation, and subsequent T2
differentiation. Correspondingly, translational research
indicated significant correlations between CD4*NFATc1" and
CD11c*NFATc1" cell populations and eosinophil levels in
asthmatic patients, but not in healthy controls.

Conclusion: NFATcl in T cells and DCs modulates Ty2-
mediated eosinophilic inflammation in allergic asthma, thus
offering insight into asthma pathogenesis and identifying
NFATc1 as a potential target for therapeutic intervention. (J
Allergy Clin Immunol Global 2025;4:100355.)

Key words: NFATcl, dendritic cells, T cells, Ty2, eosinophils,
allergic asthma

Allergic asthma is a chronic inflammatory disease of the
airways that affects millions of people worldwide. In the
pathogenesis of asthma, a variety of cell types, including
epithelial cells, innate lymphoid cells, B cells, and various
effector cells, orchestrate a complex immunologic interplay that
underpins the disease’s pathology.' Allergic asthma often arises
in response to allergenic stimuli, leading to a pronounced Ty2
cell response.’ This response is characterized by the release of cy-
tokines such as IL-4, IL-5, and IL-13, which mediate the hallmark
features of asthma, including airway hyperresponsiveness,
elevated IgE synthesis, mucus overproduction, and eosinophilic
inflammation.’

NFATc1, a member of the nuclear factor of activated T cells
(NFAT) family, plays a pivotal role in regulating the prolifer-
ation and survival of peripheral T cells. The NFATc1 (nuclear
factor of activated T cells, cytoplasmic 1) pathway is calcium
and calcineurin dependent.”® T-cell receptor activation trig-
gers phosphoinositide phospholipase C +y activation and cal-
cium signaling, leading to calmodulin-activated calcineurin,
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rGM-CSF: Recombinant granulocyte-macrophage colony-stimu-
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RNA-Seq: RNA sequencing
RT: Room temperature
Siglec: Sialic acid immunoglobulin-like lectin
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which is targeted by immunosuppressants like cyclosporin
A.° Activated calcineurin dephosphorylates NFAT, enabling
nuclear import and gene expression regulation.”’ NFAT inter-
acts with the activator protein 1 transcription factor in the nu-
cleus, influencing the transcription of various immune
response genes.®’ The NFATc1 protein, especially its shortest
isoform, NFATc1/aA, is activated in T cells through initial and
subsequent stimulations. This self-regulation boosts the pro-
liferation and functionality of T cells in response to antigens.
Moreover, NFATc1/aA is vital in safeguarding T cells from
swift cell death caused by activation.'*"'

NFATc1’s role in T cells indicates its potential involvement in
asthma pathogenesis. Our past study revealed elevated NFATc1
level and a correlation between NFATc1 and NFAT-interacting
protein 45, a transcription factor that induces IL-4, in asthmatic
patients,' > suggesting a role of NFATc1 in the regulation of IL-
4 production in pediatric asthma. Additionally, targeted Nfatcl
deletion in T cells altered cytokine profiles in a mouse asthma
model induced by ovalbumin."*

However, the ovalbumin-induced asthma model’s limitations
due to the non-natural occurrence of ovalbumin as a human
allergen point to the need for more clinically relevant research
models. Recognizing this, in our study, we used a house dust mite
(HDM)-induced asthmatic mouse model to explore NFATc1’s
role in T cells within the context of asthma. We observed that
Nfatcl deficiency in CD4™ T cells leads to reduced Ty2 cells, eo-
sinophils, and IgE levels, with a concurrent increase in regulatory
T (Treg) cells. In human asthma patients, we noted a significant
association between CD4 "NFATc1™ cells and elevated eosino-
phil levels, which was absent in nonasthmatic controls.
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Additionally, considering the critical role of DCs in asthma, we
extended our research to examine the impact of NFATcl
deficiency in DCs. Previous studies have indicated a broad role
for NFAT in dendritic cell (DC)-mediated pathogen recognition
and immune response modulation.'”'? However, the specific
mechanisms by which NFAT participates in DC signaling path-
ways and gene expression regulation, particularly in asthma,
remain poorly understood. Our study demonstrated that Nfartcl
deficiency in CD11c™ cells impaired DC development and func-
tionality, significantly affecting T-cell proliferation and Ty?2 cell
polarization, and resulting in reduced lung eosinophils and total
IgE levels in asthmatic mice. This study contributes to a deeper
understanding of the role of NFATc1 in both T cells and DCs in
asthma, providing insights that may guide future therapeutic stra-
tegies targeting this complex immunologic disorder.

METHODS
Human cohort AZCRA study

To investigate asthma in humans, we designed a comprehen-
sive cohort study called AZCRA (Investigation of the Role of
Cytokines, Chemokines, and Their Receptors in the Inflammatory
Process in Asthma Patients). This study encompassed both adult
asthmatic individuals and healthy controls, all aged between 18
and 65 years. The University Hospital Erlangen, associated with
the University of Erlangen-Nirnberg in Germany, provided
ethical clearance for this study (approval No. 315_20B). More-
over, the study was officially registered in the German Clinical
Trial Register under identifier DRKS00023843. Before the study,
each participant was informed about its goals and procedures and
gave informed consent. Blood samples were collected from the
asthma group and the control subjects who were nonatopic,
nonasthmatic, and within the study’s age range. The AZCRA
cohort’s clinical characteristics are listed in Tables E1 and E2 in
this article’s Online Repository available at www.jaci-global.org.

From these blood samples, a detailed analysis of white blood
cells was conducted by the central laboratory of University
Hospital Erlangen. Moreover, serum was separated from whole
blood using S-Monovette Serum Gel CAT tubes (Sarstedt,
Niimbrecht, Germany), which help separate serum efficiently,
and peripheral blood mononuclear cells (PBMCs) were extracted.
These isolated cells were subjected to flow cytometry analysis.

Cell isolation and culture

Blood treated with EDTA from AZCRA subjects was measured
and poured into a 50 mL Falcon tube. An equal amount of room-
temperature phosphate-buffered saline (PBS) was added to this
blood, followed by gentle mixing. In a new Sepmate-50 tube, a
quantity of BioColl, equal to the blood volume, was prelayered.
This BioColl helps separate PBMCs. The blood-PBS mixture was
then carefully placed over the BioColl without mixing them. The
tubes were centrifuged at 4255 rpm for 10 minutes at 20°C. We
carefully removed the tubes to help keep the layers separate.
The PBMC layer was collected and transferred to a new 50 mL
Falcon tube. The cells were washed twice with RPMI 1640 me-
dium to remove leftover BioColl and other particles. If red blood
cells were still present, cells were washed with cold ammonium—
chloride—potassium (ACK) lysis buffer. This buffer (NH4CI,
KHCO3, and Na,EDTA mixed in deionized water with a pH of
7.2-7.4) was used to break them down. The cells in the ACK lysis
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buffer were then immediately centrifuged. The final cell pellet
was resuspended in a complete culture medium based on RPMI
1640 (Gibco; Thermo Fisher Scientific, Waltham, Mass) supple-
mented with 25 mmol/L. HEPES (Gibco), 100 IU/mL penicillin,
100 pg/mL streptomycin, 50 pmol/L B-mercaptoethanol
(Sigma-Aldrich, St Louis, Mo), 1% L-glutamine (200 mmol/L,
Anprotec, Bruckberg, Germany), 1% MEM Vitamin (Sigma-Al-
drich), 1% minimum essential medium (aka MEM) nonessential
amino acids (Gibco), 1% sodium pyruvate (Gibco), and 10% heat-
inactivated fetal bovine serum (Sigma-Aldrich). In the restimu-
lated condition, 1 million cells in 1 mL medium were transferred
into a well of a 48-well plate and treated with 2.5 pL aCD3 and 1
nL aCD28 for 4 days. After that, the cells were collected for RNA
isolation or flow cytometry analysis.

Mice and genotyping

The Nfatc1™™, Cd4Cre, and Cdl 1cCre mice utilized in this study
share a common genetic background of C57BL/6. These specific
mouse strajns—NfaZC]ﬂ/ﬂ, Cd4Cre, and CdllcCre—were gener-
ously provided by L. Glimcher (Weill Cornell University), Chris
B. Wilson (University of Washington), and D. Dudziak’s laboratory
(Erlangen-Nurnberg), respectively. The conditional knockout
NfatcI™™ x Cd4Cre mice (Cd4Cre™™!™2) or Nfarcl™ x
Cd11cCre mice (Cdl1cCre™ %) were generated by crossing
NfateI™ with Cd4Cre or Cdl1cCre mice. The primers used for
genotyping are shown in Table E3 in the Online Repository avail-
able at www.jaci-global.org.

These mice were housed in the pathogen-free animal facility of
Friedrich-Alexander-University Erlangen-Nurnberg (Erlangen,
Germany) and were used in experiments when they were between
6 and 8 weeks old. Both female and male mice were used in this
study. All animal experiments were approved by the local ethics
committees of the Regierung Unterfranken (Az 55.2.2-2532-2-
633).

Mouse model of asthma

Nfatc 1" Nfatc1"™ x Cd4Cre, or Nfatc1™ x Cdl1¢Cre mice
aged 6-8 weeks, both female and male, were used to model
asthma induction via HDM (Dermatophagoides pteronyssinus,
Stallergenes Greer, Baar, Switzerland). The HDM-induced
asthma model applied in this study was based on the protocol pub-
lished by Li et al in 2021.?° Briefly, for sensitization, we diluted 5
L of a stock solution of HDM (2.5 mg/mL) in 195 pL of PBS
and intraperitoneally injected 200 L of the diluted solution
into each mouse on days 0 and 7, resulting in a working dose of
12.5 pg. After sensitization, we administered 25 pL of 2.5 mg/
mL HDM intranasally to each mouse’s nose (125 g per mouse
in total) on days 14, 18, and 21 while the animal was under isoflur-
ane anesthesia. On day 23, we conducted invasive lung function
tests using the SCIREQ (SCIREQ Scientific Respiratory Equip-
ment, Montreal, Quebec, Canada) system. The full protocol is
shown in Fig 1, A, and Fig 2, B.

Invasive lung function testing

Lung function of mice was measured utilizing the advanced
FlexiVent FX1 piston ventilator (SCIREQ) on day 23 of the HDM
protocol. The procedure began with the careful anesthesia of the
animals using 10 mg of pentobarbital sodium (Release; 300 mg/
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FIG 1. NFATc1 deficiency in CD4+ T cells diminished Ty2-mediated eosinophilic inflammation and allergic
responses in asthma model induced by HDM. A, HDM-induced asthma model and genotyping in Nfatc 1"
and Nfatc1" x Cd4Cre mice. B, RNA-Seq experimental design for sorted splenic CD4 " T cells. Schematics of
(A) and (B) were created by BioRender.com. C, PCA plot displaying gene expression profile clustering for
CD4" T cells from HDM-treated NfatcT"™ (pink) and Nfatc1™™ x Cd4Cre (light blue) groups; numeral next
to each point represents identification number of each sample. D, Heat map of genes associated with
T-cell activation and Ty2 response in splenic CD4" T cells from NfatcT"" and NfatcT™ x Cd4Cre mice
(n = 4/4). These genes with significant expression differences (log fold change > 1 or < —1, P,q; < .05) be-
tween groups. E, G, H, and J, Flow cytometry analysis of percentage of Gata3™ T2 cells (E, n = 9/3/18/

11), iEOS (G, n = 4/3/8/6), total Treg cells (H, n = 5/4), and mast cells (J, n

12/8) in lungs of HDM-

treated Nfatc1"™ x Cd4Cre and Nfatc1™™ mice, with representative dot plots. F, //73-mRNA level in relative
to Hprtin lung cells restimulated by anti-CD3/28 for 48 hours, quantified via qPCR (n = 3/3/4/3).1, Serum IgE
levels measured by ELISA (n = 13/11). RNA-Seq data were analyzed by R software; other data were analyzed

by ordinary 2-way ANOVA or unpaired 2-tailed t
Hypoxanthine phosphoribosyltransferase.

mL). After achievement of surgical tolerance, a meticulous
tracheostomy was performed; then the animal was connected to
a ventilator for mechanical ventilation via a tracheal tube. The
FlexiVent FX1 system precisely recorded the respiratory system
resistance value of mice, responding to progressively increasing
doses of methacholine (0, 25, 50, and 100 mg/mL).

Bronchoalveolar lavage collection and cell analysis

To collect bronchoalveolar lavage (BAL) samples from mice,
each mouse was first anesthetized with sodium pentobarbital. The
trachea was exposed by disinfecting the neck area and removing

test and are presented as means * SEMs. Hprt,

skin and muscle. A tracheostomy provided access to the lungs.
Then a cannula was inserted into the trachea, and the lungs were
rinsed twice with 800 wL of Sterofundin ISO using a syringe. The
collected BAL was transferred to a 15 mL tube. Cells were ob-
tained by centrifuging the BAL samples at 1500 rpm for 5 minutes
at 4°C.

For the cytospin preparation, 5 X 10* BAL cells were sus-
pended in 100 wL PBS and transferred to slides using a centrifuge
at 500 rpm for 5 minutes at room temperature (RT). After drying,
the cells were stained wit a May-Griinwald/Giemsa solution (Carl
Roth, Karlsruhe, Germany). For the analysis of eosinophils in
BAL cells using flow cytometry, the remaining cells underwent
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FIG 2. Nfatc1 deficiency in CD11c cells impaired splenic and BM-derived DC differentiation. A, Knowledge
gap of function of NFATc1 in DCs on T-cell interaction. B, HDM-induced asthma model and genotyping in
Nfatc T and Nfatc1™® x Cd11cCre mice. C, RNA-Seq experimental design for sorted splenic CD11c™ cells.

D, PCA plot displaying gene expression profile clustering for CD11c™ cells from HDM-treated Nfatc

1f|/f| and

Nfatc1"™ x Cd11cCre groups, providing insights into their gene expression differences. E, Venn diagram
illustrating varying gene expressions in CD11¢™ cells between HDM-treated Nfatc1™® and Nfatc1™® x
Cd11cCre mice, showing both common and distinct genes. F, Heat map representing expression patterns
of mature DC marker genes in splenic CD11¢” cells from HDM-treated Nfatc1"" and Nfatc1™" x Cd11cCre
mice (n = 3/4). These genes with significant expression differences (log fold change > 1.5 or < —1.5,
P.qj < .05) between groups. G, Schematic of experimental setup for DC differentiation using isolated BM

cells cultured

in presence of rGM-CSF. H-J, Flow cytometry analysis depicting proportions of

CD11¢*MHC-II"' DCs (H), CD11c¢*MHC-I19™ DCs (1), and overall DC population (CD11¢*MHC-II*) (J) derived
from BM cells of Nfatc1™ x Cd11cCre and Nfatc1™ mice treated with HDM (n = 3/4). Representative dot
plots are provided for each group. Data were analyzed by Mann-Whitney test or unpaired 2-tailed t test,
and are presented as means = SEMs. Schematics of (A), (C) and (G) were created by BioRender.com.

a 10-minute treatment with Mouse TruStain FcX Antibody (anti-
mouse CD16/32, BioLegend, San Diego, Calif, catalog 101320)
at RT to mitigate potential nonspecific antibody binding. Subse-
quently, the cells were stained with mouse antibodies targeting
CDl1c fluorescein isothiocyanate (FITC), sialic acid
immunoglobulin-like lectin (Siglec)-F BV510, and CD45
AF700 (see Table E5 in the Online Repository available at
www.jaci-global.org) for 20 minutes, following the protocol
described below, and were then measured on the FACSCanto 11
benchtop analyzer (BD Biosciences, Heidelberg, Germany).

Organ isolation

After humanely killing the animal, lungs and spleen were
aseptically removed. The thorax was disinfected and later-
ally opened on both sides to expose the lungs. A portion of
lung tissue was placed into a specialized embedding cassette
and fixed in a 4% formaldehyde solution for subsequent
histologic analysis. Another piece of lung tissue was stored
in a 1.5 mL Eppendorf tube at —80°C for future RNA anal-
ysis. The remaining lung tissue was transferred to 5 mL
RPMI 1640 medium with 1% penicillin/streptomycin for
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immediate isolation of lung cells. To remove the spleen, the
left flank of the mouse was disinfected and the skin removed
with scissors to expose the spleen. The entire spleen was
then carefully excised and placed in 5 mL RPMI 1640 me-
dium with 1% penicillin/streptomycin on ice until further
processing.

Isolation and culture of total lung and splenic cells
Under sterile conditions and following a standardized protocol,
total cells were isolated from lung and spleen tissues. Lung tissue
was minced, then gently shaken in 10 mL of collagenase (Sigma-
Aldrich)/DNase (Roche, Mannheim, Germany) solution for 45
minutes at 37°C. After enzymatic digestion, the cells were sepa-
rated by homogenizing the tissue through a 40 pwm cell strainer
with a syringe plunger. The cell suspension was centrifuged
(1500 rpm, 10 minutes, 4°C), and erythrocytes were lysed using
10 mL ACK lysis buffer, followed by another centrifugation
(1500 rpm, 5 minutes, 4°C). The supernatant was discarded,
and the cells were washed with 10 mL PBS. Slow pipetting and
a horizontal pipette position helped remove remaining fat from
the cell suspension. After another centrifugation (1500 rpm, 5 mi-
nutes, 4°C), the cells were resuspended in 10 mL PBS and counted
using a Neubauer chamber and trypan blue. The same procedure
was used for spleen cells, omitting the enzymatic digestion step.
The tissue was immediately pushed through the cell strainer. All
subsequent steps were identical to those for lung cells.

For lung cell or splenic cell culture with «CD3/28, the cell cul-
ture plate was precoated with 0.5 pg/mL aCD3 (BioLegend) in
0.1 mol sodium bicarbonate buffer (Carl Roth) for 1 hour at
37°C. After washing with PBS, cells were cultured in R10 me-
dium (10% fetal bovine serum, 1% L-glutamine, 1% penicillin/
streptomycin in RPMI 1640) with 1 wg/mL a«CD28 (BioLegend)
added. After 48 hours’ cell culture at 37°C and 5% CO,, superna-
tants and cells were collected. For the splenic CD4 cells cultured
for 6 days, 5 ng/mL of IL-2 was supplemented every other day.

Splenic CD11¢ and CD4 cell sorting

For the sorting of splenic CD11c and CD4 cells, the procedure
began by blocking nonspecific binding in total isolated splenic
cells. Mouse TruStain FcX Antibody (anti-mouse CD16/32,
BioLegend, catalog 101320) was used at a 1:100 dilution for
10 minutes at RT in the absence of light. After blocking, the cells
were incubated for 25 minutes in a 500 pL. MasterMix containing
CD3 phycoerythrin (PE), CD4 BV421, and CD1 1c allophycocya-
nin—Cy7 (APC-Cy7) antibodies (Table E1) at RT. The staining
process was halted with fluorescence-activated cell sorting
(FACS) buffer, followed by centrifugation to remove the superna-
tant. Subsequently, the cells were resuspended in FACS buffer,
which prepared them for sorting at the core unit for cell sorting
at Friedrich-Alexander-University Erlangen-Niirnberg. The
sorted cells were further used for RNA isolation and analysis.
Alternatively, CD4" or CD11c™ cells for cell culture were pre-
pared by using magnetic cell sorting with mouse CD4 (L3T4)
beads (Miltenyi Biotec, San Diego, Calif) and mouse CD11c Mi-
croBeads UltraPure (Miltenyi Biotec), respectively. Initially,
CD11c cells were isolated, followed by the isolation of CD4 cells
from the CDI11c-negative fraction. These isolation procedures
strictly adhered to the manufacturer’s instructions.
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Bone marrow cell isolation and bone marrow-
derived DC differentiation

The mice’s hind legs were disinfected with 70% ethanol. The
skin and muscle around the femur and tibia were removed to
expose the bones, which were then excised, with all attached
tissues cleared. These bones were again disinfected and rinsed
with PBS before extracting bone marrow (BM). The bone ends
were cut to access the marrow, which was flushed into a 50 mL
centrifuge tube using a PBS-filled syringe. The marrow was then
filtered through a 40 wm cell strainer into a new tube and centri-
fuged (1500 rpm, 5 minutes, 4°C) to form a single-cell suspen-
sion. Red blood cells in the sample were eliminated using ACK
lysis buffer, followed by another centrifugation (1500 rpm, 5 mi-
nutes, 4°C). The resulting BM cells were resuspended in PBS, and
their concentration was determined for use in cell culture or flow
cytometry analysis.

To differentiate them into DCs, 2 million BM cells were
suspended in 10 mL R10 medium and stimulated with 20 ng/mL
recombinant granulocyte-macrophage colony-stimulating factor
(rGM-CSF; ImmunoTools, Friesoythe, Germany) in a petri dish
(Corning, Corning, NY, catalog 351029). They were incubated at
37°C and 5% CO,. On day 3, 10 mL of R10 with rGM-CSF was
added. On day 6, the top 10 mL was replaced with fresh R10/
rGM-CSF medium. Culture continued until day 8, when cells
were collected for flow cytometry analysis.

Flow cytometry analysis

For evaluation by flow cytometry, cells, either freshly isolated
or cultured, were gathered and placed in flow cytometry tubes.
This was followed by a rinse with PBS. The Zombie Aqua Fixable
Viability Kit (BioLegend) was used to gauge cell viability,
utilizing a 1:500 dilution in PBS. This staining was performed
for 15 minutes at RT, shielded from light, in adherence to the
manufacturer’s guidelines. The staining was then neutralized with
a FACS buffer composed of PBS, EDTA (Lonza, Basel,
Switzerland), and 2% fetal calf serum. A centrifugation step at
1500 rpm for 5 minutes at 4°C followed.

To counteract potential nonspecific antibody binding, cells
underwent a 10-minute treatment with anti-mouse or human
TruStain FcX Antibody (anti-mouse CD16/32 [clone 93], Bio-
Legend; anti-human CD16 [clone 3G8], «CD32 [clone FUN-2]/
aCD64 [clone 10.1], BioLegend) at RT. After centrifugation
and removal of the supernatant, the cells were resuspended into
the antibody-laden MasterMix in FACS buffer. Each specimen
was provided with 50 pL of the MasterMix in FACS buffer and
underwent staining for 20 minutes at RT. This staining process
was halted using FACS buffer, and another round of centrifuga-
tion ensued. This procedure targeted the staining of cell surface
markers.

For analyzing intracellular proteins, such as transcription
factors, the Foxp3/Transcription Factor Staining Buffer Set
from Thermo Fisher Scientific was used. After surface staining,
the cells were further fixed with 150 pL PermFix (diluted 1:4 in
fixation diluent) for 35 minutes at 4°C in the dark. The PermFix
was then removed by centrifugation (1500 rpm, 5 minutes,
4°C). The intracellular proteins were stained with 60 wL Master-
Mix consisting of PermWash (diluted 1:10 in double-distilled
H,0) and the desired antibodies, and incubated for 30 minutes
at 4°C in the dark. The reaction was stopped by adding 200 L
of PermWash, followed by centrifugation (1500 rpm, 5 minutes,
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4°C). Finally, the cells were resuspended in 200 p.L of new FACS
buffer for measurement using the FACSCanto II or Symphony Al
devices (BD Biosciences). The antibodies we used are listed in
Tables E5 and E6 in the Online Repository available at www.
jaci-global.org.

CD4™" T-cell proliferation assay

The method for proliferation assay involved utilizing the
CellTrace Violet kit to monitor cell proliferation through dye
dilution in live cells. Specifically, isolated CD4* T cells were
stained with CellTrace Violet staining solution (Thermo Fisher
Scientific, catalog C34557) for 20 minutes in a 37°C water
bath, with 1 million cells stained using 1 mL of the 5 pwmol Cell-
Trace Violet solution. After the staining process, R10 medium
was introduced to the cells to absorb any excess unbound dye,
and this mixture was incubated for an additional 5 minutes.
Following this, the cells underwent centrifugation for 5 minutes
at 1064 rpm, and the resulting cell pellet was carefully resus-
pended in prewarmed R10 medium. For the DC-T-cell coculture,
a total of 180,000 stained CD4™ T cells and 20,000 unstained
CDI11c™ cells (DC:T = 1:9) were combined in a well of a 96-
well U-bottom plate in the presence of 50 wg/mL HDM. After
4 days of cell culture, the cells were collected and subjected to
analysis using a FACSCanto II device (BD Biosciences) equipped
with a 405 nm excitation source and a 450/40 bandpass emission
filter.

ELISA

The levels of total IgE in human serum were measured by
electrochemiluminescence immunoassay on a cobas e 601
analyzer (Roche) according the manufacturer’s instructions.
Allergen-specific IgE in the AZCRA cohort was assessed using
the radioallergosorbent test. Both assays were conducted at the
Division of Pediatrics’ research laboratory in Erlangen, Germany.
Additionally, the levels of total IgE in mouse serum and IL-5 in
cell culture supernatants were quantified using the OptEIA
sandwich ELISA kits from BD Biosciences. The ELISA proced-
ures were meticulously performed in accordance with the
manufacturer’s instructions.

Real-time quantitative PCR

After collection, cells were preserved in QIAzol Lysis Reagent
(Qiagen, Hilden, Germany) for RNA extraction, in line with the
guidelines provided by the manufacturer. This RNA was then
transformed into cDNA utilizing the RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific) following the
prescribed protocol of the manufacturer. The real-time quantita-
tive PCR (qPCR) analyses were performed using iTaq Universal
SYBR Green Supermix (Bio-Rad, Hercules, Calif) and gene-
specific primers sourced from Eurofins-MWG-Operon (Ebers-
berg, Germany). The primer sequences are listed in Table E4 in
the Online Repository available at www.jaci-global.org. gPCR
was executed using the CFX-96 Real-Time PCR Detection Sys-
tem (Bio-Rad). Data analysis was carried out by CFX Manager
3.0 software. The levels of transcripts were ascertained by the
27AAC method. Hypoxanthine phosphoribosyltransferase (aka
HPRT) gene expression was used as an internal standard, and

YANG ET AL 7

normalization was performed against the cycle threshold (C,)
values of the control samples.

Bulk RNA sequencing

To study the transcriptional landscape, total RNA was extracted
from cells preserved in RNA stabilization solution (RLT buffer)
and stored at —80°C. Quality control and sequencing were con-
ducted by Novogene (Munich, Germany). RNA integrity was
checked using an Agilent Bioanalyzer (Agilent Technologies,
Santa Clara, Calif), excluding samples with an RNA integrity
number below 7. Library preparation involved enriching mRNA
using poly-T oligo—attached magnetic beads, followed by
mRNA fragmentation and cDNA synthesis using random hex-
amer primers and dTTP for a nondirectional library. Library qual-
ity was assessed using Qubit, real-time PCR, and Bioanalyzer.
Sequencing was performed on Illumina (San Diego, Calif) plat-
forms. Raw sequencing data underwent quality control using
FastQC, including adapter and low-quality base trimming with
Trimmomatic. Reads were aligned to the mouse reference
genome (Mus musculus, GRCm39/mm39). Gene expression
quantification was done using featureCounts, with differential
analysis performed by R software (R Project; www.r-project.
org) using DESeq2.

Statistical analysis

In this study, cell percentages were accurately determined by
FlowJo 10.9 (Becton Dickinson, Franklin Lakes, NJ) or Kaluza
Analysis Software (Beckman Coulter, Fullerton, Calif), with
further statistical analysis performed by GraphPad Prism 9
software (GraphPad Software, La Jolla, Calif), presenting results
as means * SEMs. For 2-group comparisons, the unpaired
Student 2-tailed ¢ test or the Mann-Whitney test for normally
and nonnormally distributed data, respectively, were applied.
One-way ANOVA was used for analyzing multiple groups based
on a single independent variable, while 2-way ANOVA was used
for data involving 2 independent variables, including their inter-
action effects. Additionally, correlations were discerned through
simple linear regression. P <.05 signifies statistical significance.
RNA sequencing data were analyzed by DESeq?2 for the identifi-
cation of differentially expressed genes, with gene enrichment
analysis and visualization conducted in R software, ensuring a
comprehensive and robust statistical evaluation.

RESULTS
Nfatc1in CD4* T-cell-mediated asthma in HDM
mouse model

To gain insights relevant to human asthma, we used HDM, a
clinically significant allergen, to induce asthma in mice, and
compared Nfatcl 8 and Nfatcl i/ X Cd4Cre mice, where the
latter lacks Nfatcl in CD4™ T cells (Fig 1, A). A significant reduc-
tion in the percentage of CD4 " T cells was observed in the spleens
of Nfatc1V™ x Cd4Cre mice, while CD4 ™ T-cell levels in the lungs
remained comparable to those in control mice (see Fig E1, A and
B, in the Online Repository available at www.jaci-global.org). By
analyzing splenic CD4" CD3" T-cell transcriptomes via RNA
sequencing (RNA-Seq), distinct expression patterns emerged be-
tween the groups, underscoring Nfatc1’s key role in CD4™ T cells
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in asthma pathology, as shown in the principal component anal-
ysis (PCA) results (Fig 1, B and C).

Transcriptome analysis revealed that Nfatcl deficiency in
CD4™" T cells significantly diminishes T-cell activation and Ty2
polarization gene expression. The reduced expression of Jun
and Fos suggests impaired T-cell activation (Fig 1, D). Moreover,
the expression levels of the Ty2 cytokines 115, 1110, and 1113;
peroxisome proliferator—activated receptor vy (Pparg); and am-
phiregulin (Areg) in Nfatcl-deficient CD4" T cells were
decreased (Fig 1, D, and Fig E1, C and D), suggesting an inhibited
Ty2 effector function without Nfatcl in CD4™" T cells. This was
further supported by a decrease in Gata3™ Ty2 cells in the lungs
of Nfatcl Vi x Cd4Cre asthmatic mice (Fig 1, E), accompanied by
a reduction in //13 expression (Fig 1, F).

Consistent with a diminished Ty2 response, we found a
decrease in the percentage of inflammatory eosinophils IEOS)
in the NfatcI™ x Cd4Cre asthmatic mice (Fig 1, G, and Fig
El, E). Moreover, NfatcI™™ x Cd4Cre mice treated with HDM
showed a significant increase in the total regulatory T-cell popu-
lation in the lungs compared to controls (Fig 1, H), indicating an
enhanced immunosuppressive response in these mice.

To evaluate allergic responses, we measured total serum IgE
levels in both mouse genotypes after exposure to HDM.
Remarkably, the mice with Nfatcl deletion in T cells exhibited
significantly lower serum IgE levels than the Nfarcl 8 control
mice (Fig 1, I), aligning with fewer lung mast cells (Fig 1, J,
and Fig El, F). These findings suggest that NfatcI’s absence in
T cells leads to a marked reduction in allergic symptoms in the
HDM-induced asthma model, highlighting the significant role
of Nfatcl in T cells in mediating allergic reactions.

Impaired differentiation of splenic and BM-DCs due
to Nfatc1 deficiency in CD11c cells

Considering DCs’ crucial role in T-cell responses in asthma and
their NFATc1 expression, we expanded our study to investigate
the role of NFATc1 in DCs using Nfatcl WA x CdllcCre condi-
tional knockout mice, where Nfarcl is deleted in CDl1l1c™ cells
(Fig 2, A).

In our study, RNA-Seq of splenic CD11c™ cells from Nfatcl /i
and NfateI™ x CdllcCre mice in the HDM-induced asthma
model revealed distinct transcriptomic profiles (Fig 2, B-F).
The separation observed in the PCA analysis (Fig 2, D), combined
with the number of unique differentially expressed genes identi-
fied between CDIlct cells from control and NfatcI™ x
Cdl1cCre mice (Fig 2, E), highlights the distinct gene expression
patterns between these 2 groups. Nfatcl deficiency led to the
downregulation of key genes involved in DC activation and func-
tion, including major histocompatibility complex (MHC) class IT
molecules (H2-M2, H2-M5, H2-Eb2), the chemokine receptor
Ccr7, and costimulatory molecules (Cd80, Cd86, Cd40). This
downregulation suggests impaired antigen presentation, reduced
DC migration, and a decreased ability to prime T cells effectively
(Fig 2, F). Furthermore, Nfatcl-deficient DCs showed reduced
expression of pattern recognition receptors (eg, Clec4, TIr3,
Trlll), suggesting a diminished pathogen recognition capacity.
The Nfatcl deletion also seemed to affect various DC subsets,
indicated by decreased expression of markers such as Zbtb46 (a
marker for conventional DCs), Cd8a, Xcrl, and Cadmi (markers
for conventional DC1), Sirpa (a classic marker for conventional
DC2), and Cd209a (a marker for monocyte-derived DCs or
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plasmacytoid DCs). Additionally, there was a lower expression
of inflammatory genes (eg, Tnfrsf4, 111b), possibly altering in-
flammatory responses in asthma (Fig 2, F).

To further elucidate Nfatc1’s impact on DC differentiation, we
conducted a BM-derived DC differentiation assay using BM cells
from both NfatcI™ and Nfatc1™™ x Cdl1cCre mice (Fig 2, G).
Our analysis identified 2 distinct DC populations, one with high
MHC-II expression (MHC-II" DCs) and the other with low
MHC-II expression (MHC-IT™ DCs) (Fig 2, H and ). Although
the reductions observed in these individual subsets did not reach
statistical significance, the overall DC population derived from
NfatcIV x Cdl11cCre mice treated with HDM exhibited a statis-
tically significant decrease (Fig 2, H-J). These findings highlight
NfatcI’s critical role in guiding the differentiation of DCs, partic-
ularly in the context of asthma pathophysiology.

Alterations in lung DC composition due to Nfatc1
deficiency in CD11¢ cells in experimental asthma

In asthma pathogenesis, DCs originate from BM precursors or
monocytes. Impaired DC differentiation from BM cells of
NfateI™ x CdllcCre mice in response to HDM exposure led
us to hypothesize that Nfatcl expression in CD11c* cells is
crucial for proper differentiation and maturation of lung DCs,
thus influencing the immune response in asthma.

To validate this hypothesis, we used flow cytometry to analyze
the lung DC populations in the mice after HDM treatment. As we
thought, a significant reduction in the DC population was found in
Nfatcl i x Cdl1cCre asthmatic mice compared to control mice
(Fig 3, A and B). This reduction was particularly notable in the
MHC-I" DC subset, indicative of mature DCs, but not in the
MHC-II%™ subset (Fig 3, C and D). No significant differences
in the lung DCs were detected at baseline (see Fig E3, A, in the
Online Repository available at www.jaci-global.org). These re-
sults suggest that Nfatcl in CD11c cells plays a crucial role in
DC maturation in the context of asthma.

Further analysis of lung CD11b* DCs in the HDM-induced
asthma model, which are known to drive Ty2 responses in
asthma,”' revealed significant reductions in both high- and low-
expression CD11b* DC groups in NfatcI-deficient mice (Fig 3,
E and F), with no change in CD11b~ DCs (Fig E3, B). Addition-
ally, DCs from NfatcI-deficient mice displayed lower high-
affinity IgE receptor (FceRI) expression (Fig 3, G), implicating
Nfatcl in IgE receptor regulation. We also noted reduced C-C
chemokine receptor type 7 (CCR7) expression, which is essential
for DC migration and function,”>”* in both MHC-II%™ and MHC-
I DC subsets in Nfatc]-deficient mice (Fig 3, H and I), aligning
with RNA-Seq findings of decreased Ccr7 transcription in
Nfatc-deficient splenic CD11c™ cells (Fig 2, F).

Collectively, the notable changes observed in the lung DCs due
to Nfatcl deficiency in the HDM-induced asthma model point to
an immature state of these cells, which compromises their ability
to effectively promote T-cell activation.

Attenuation of T-cell responses, especially T2
responses, in lungs of HDM-induced asthmatic mice
with Nfatc1 deficiency in CD11¢* cells

Because we observed alterations in DCs due to Nfatcl defi-
ciency in CD1lc cells, we evaluated the T-cell response in
Nfatcl W x CdllcCre mice. Initially, we analyzed total CD4™"
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FIG 3. Effects of Nfatc1 deficiency in CD11c cells on lung DCs. A, HDM-induced asthma model in Nfatc1™f
and Nfatc1" x Cd11cCre mice. B-D, Flow cytometry analysis depicting proportions of CD11¢™MHC-II" total
DCs, CD11¢"MHC-1I“™ DCs, and CD11¢*MHC-II"' DCs in lungs of NfatcT"™ x Cd11cCre and Nfatc1"™ mice
treated with HDM (n = 3/4). E and F, Flow cytometric quantification of DC populations with high and low
CD11b expression in lungs of both genotypes of mice treated with HDM (n = 3/4). G, Flow cytometry anal-
ysis of FceRl expression on DCs (CD11¢c*MHC-II"Siglec-F*) in lungs of both genotypes of mice treated with
HDM (n = 4/5/5/5). H and |, Flow cytometry analysis of CCR7 expression on MHC-119"™ DC populations and
MHC-II" DC populations in lungs of both genotypes of HDM-treated mice (n = 3/4). Representative dot plots
are shown for each group. Data were analyzed by unpaired 2-tailed t test, Mann-Whitney test, or ordinary

2-way ANOVA, and are presented as means + SEMs.

T-cell population within the pulmonary tissue of mice. Under
basal conditions, the CD4" T-cell prevalence in the lungs of
Nfatc1"™ x Cdl1cCre mice was similar to that seen in Nfatc1™™
mice (Fig 4, A). However, under asthmatic conditions induced
by HDM, Nfatcl WA x CdllcCre mice showed a significant
decrease in the lung CD4™ T cells compared to NfatcI™ mice
(Fig 4, A). Furthermore, lung cell cultures derived from these
mice also exhibited a notable decrease in CD4™ T-cell popula-
tions on re-exposure to HDM antigens in vitro (Fig 4, B and C).
This reduction aligns with the diminishment in DC population
and the downregulation of CD40 expression on these DCs (Fig
4, D and E).

To further confirm the impact of NfatcI in CD11c cells on CD4
T-cell proliferation, we conducted a cell proliferation assay via

DC-T-cell coculture, where the CD4" T cells were labeled
with CellTracer (Fig 4, F). Results showed reduced CD4"
T-cell proliferation when cocultured with CD1l1c cells lacking
Nfatcl, relative to cocultures with CD11c cells retaining Nfatcl
expression (Fig 4, G). This indicates that Nfatcl deficiency in
CDllc cells results in reduced capacity for T-cell activation.
Additionally, a decrease in IL-5 production was noted in the
splenic CD4 cell cultures from the Nfatcl A x Cdl1cCre mice,
implying a diminished Ty2 polarization (Fig 4, H). Indeed, a sig-
nificant reduction in the Ty2 cell population and a lower 7113
expression were observed in the lungs of knockout mice treated
with HDM (Fig 4, I and J), further emphasizing the critical role
of Nfatcl in CD11c cells in regulating the T2 response in allergic
asthma.
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FIG 4. Nfatc1 deficiency in CD11c cells diminished T-cell proliferation and T2 response in asthma model
induced by HDM. A, Flow cytometry analysis of lung CD3"CD4" cells (%) in Nfatc1"™ x Cd11cCre mice
and NfatcT"™ mice treated with or without HDM (n = 9/8/9/8). B, Experimental design of lung cell culture
study. C-E, Flow cytometry analysis of CD4" T cells, DCs, and CD40" DCs in lung cell cultures from
NfatcT"™ x Cd11cCre and Nfatc1™f asthmatic mice in presence of 50 wg/mL HDM (n = 2-4). F, Schematic
showing coculture of DCs and T cells with HDM. CD4" cells are labeled with CellTracer for tracking cell
growth by flow cytometry. G, Flow cytometry analysis depicting proliferation of CD4" T cells. H, ELISA
quantification of IL-5 from 6-day cultured splenic CD4™ T cells restimulated with anti-CD3/28 and in presence
of IL-2 (n = 4/4). 1, Flow cytometry analysis of lung Gata3™ T2 cells (%) in Nfatc1"" x Cd11cCre mice and
NfatcT"™ mice treated with HDM (n = 9/8/18/13); representative dot plot is shown for each group. J, /13
mRNA level relative to Hprt in anti-CD3/28 restimulated total lung cells was quantified by qPCR (n = 3/3/
4/2). Data were analyzed by unpaired 2-tailed t test, Mann-Whitney test, or ordinary 2-way ANOVA, and
are presented as means = SEMs. Schematics of (B) and (F) were created by BioRender.com. Hprt, Hypoxan-

thine phosphoribosyltransferase.

Reduced allergic traits and lung eosinophilic
inflammation in asthmatic mice with Nfatc1-
depleted CD11c cells

In our study, we assessed airway hyperresponsiveness of the
mice by measuring respiratory resistance in response to incre-
mental doses of methacholine (Fig 5, A). Notably, mice with
Nfatcl deficiency in CDllc cells exhibited a trend toward
reduced airway hyperresponsiveness, as evidenced by lower res-
piratory system resistance values compared to the control group
(Fig 5, B). When the methacholine doses were increased up to
100 mg/mL, both genotypes of HDM-treated mice showed a
slight decrease in airway hyperresponsiveness (Fig 5, B).

We also measured serum IgE levels, an allergy marker in
asthma, and found significantly higher levels in control mice upon
HDM challenge (Fig 5, C), whereas the conditional Nfatcl o
Cdl1cCre knockout mice did not show a similar increase in IgE
levels after HDM treatment (Fig 5, C). This observation prompted
an investigation into mast cells, which are crucial in IgE-driven
allergic asthma. We assessed the presence of FceRI-expressing
mast cells in the lungs of both genotypes of mice. Consistent
with the lower IgE production, PBS-treated mice exhibited a
low percentage of lung mast cells. Notably, in the HDM-treated
group, the knockout mice had a significantly reduced percentage
of mast cells in their lungs compared to controls (Fig 5, D). These


http://BioRender.com

J ALLERGY CLIN IMMUNOL GLOBAL YANG ET AL 11
VOLUME 4, NUMBER 1
A B C = prater™
Serum IgE B C41 1ccreNfatc1A/A
\‘ Invasive lung function 7510:6660
C i = Nfatc1"" HDM C .
Nfate1"" or 4 e~ Cd11cCreMc1 Hpm 80000 L£E008
Nfatc1""xCd11cCre mice = - P>0.9999 P=00115
I ] T 1 1 1 % 3 %, 60000 =
0 7 14 18 21 23 o 2
[N S B BN i
5
12.5gHDMip.  125pg HDMi.n. Invasive lung g &
function test
o 25 s 10
organ Methacholine [mg/ml]
isolation
D E s F Nfatc1i  Cd11cCreNfateinn
N E EOS in BAL N [ e
7% z P <0.0001
- — 1]
g = P <0.0001 o
Lung mast cells Nfatc1  Cd11cCreNfate1nin Eos— & L a — a
0.0050 E P>0.9999 P =0.0044
<0.0001 Mast cells Mast cells “—Neu ’ — —
= a SOOUOL ’ 630x,
58 25 ~ p %o
%é 20 3 o E b . 8
83 v .“ 2§
g5 o ‘ I : 9 5% e =
z ‘E 10 E‘ -4 A Mo, > i ‘: t T
58 g I % z 8 ° p
o 0 -Ki =
° c-Kit APC saox | © Siglec F BV510
40pm
G H Lung iEos Nfatc1  Cd11cCreNatin
P =0.0189 ¢
= P <0.0001 @ ”%J 2
£8 P>0.9999 P <0.0001 iE0S €08
. § ?1 0 — i
I8} O%&
>E . sE
o s =] "1
gL = =" = % E iE0s |1 iE0S T
38
E2CA RaCA CD45 AF700 Siglec F t2 8
e oo
BV510 ] »
§ CD101 AF647

FIG 5. Decreased IgE-mediated allergy and lung eosinophil inflammation in asthmatic mice with CD11c-
specific Nfatc1 depletion. A, HDM-induced asthma model in NfatcT"® and Nfate1™® x Cd11cCre mice. B,
Invasive plethysmography results on day 23, comparing airway responsiveness to increasing methacholine
doses in both mouse types (n = 3-9). C, Serum IgE measured by ELISA (n = 4/3/9/7). D, Flow cytometry anal-
ysis showing percentage of mast cells (CD117/c-kit*FceRI"CD11b ™) in lung of NfatcT"" x Cd11cCre mice and
Nfatc1"™ mice treated with or without HDM (n = 5/5/12/8). E, Cytologic analysis of BAL cells from HDM-
treated NfatcT"™ and Nfatc1™ x Cd11cCre mice. F and G, Flow cytometry analysis of percentage of eosin-
ophils (Siglec-F*CD11c~CD45") in BAL, comparing Nfatc1"™ x Cd11cCre and Nfatc1"™ mice, with or without
HDM treatment, with representative dot plots (n = 5). H, Flow cytometry analysis of percentage of iEOS
(CD45.2*Siglec-F*CD62L~CD101") in lung, with representative dot plots (n = 4/3/8/7). Data were analyzed

by ordinary 2-way ANOVA, and are presented as means = SEMs.

results suggest that Nfatcl in CD11c cells significantly enhances
allergic responses in asthma.

In the HDM-induced asthma model, upon examination of
BAL samples using cytospin techniques, a reduced number of
eosinophils was observed in NfarcI™ x CdllcCre mice
compared to Nfatc]ﬂ/ﬂ controls (Fig 5, E). This finding was
consistent with the eosinophil percentages obtained from the
flow cytometry analyses (Fig 5, F and G). Furthermore, both ge-
notypes of mice exposed to HDM exhibited a significant in-
crease of iEOS in lung tissue compared to untreated mice (Fig
5, H). However, the NfatcI™ x CdllcCre mice showed a
notable reduction in the iEOS population compared to the
Nfatcl I mice receiving HDM treatment (Fig 5, H), suggesting
a potential attenuation of eosinophil-mediated inflammatory

responses in asthma due to the targeted deletion of Nfatcl in
CD11c-expressing cells.

Correlation between NFATc1"CD4" T-cell
population in PBMCs and blood eosinophils in
asthmatic patients

To elucidate the translational relevance of findings derived
from murine models of asthma, we established the AZCRA
cohort, including healthy controls and patients diagnosed with
asthma (Fig 6, A, Table El, Table E2). Within the AZCRA
cohort, asthma patients and control subjects were divided into
allergic and nonallergic subgroups using a 100 kU/L serum
IgE threshold. Patients with allergic asthma showed
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FIG 6. Analysis of CD4+NFATc1" cells within PBMCs from AZCRA cohort and its correlation with blood
eosinophil levels. A, Experimental design showing methodology for AZCRA cohort study. B, Flow cytome-
try analysis comparing percentage of CD4"NFATc1" T cells in anti-CD3/28 restimulated PBMCs between
control subjects (n = 12) and asthmatic patients (n = 15) in AZCRA cohort. C and D, Correlation between
CD4"NFATc1™ cell population and eosinophil percentage in controls (n = 12) and asthma patients (n =
10). E and F, Correlation between CD4"NFATc1™" cell population and eosinophil count in these groups. G
and H, Correlations between relative NFATc1 mRNA level and GATA3 mRNA level in anti-CD3/28 restimu-
lated PBMCs from controls (n = 13) and asthma patients (n = 17), respectively. l and J, Correlations between
relative NFATc1 mRNA level and FOXP3 mRNA level in anti-CD3/28 restimulated PBMCs from controls (n =
13) and asthma patients (n = 17), respectively. Black dots indicate individuals without allergies (IgE <100 kU/
L); blue dots, control individuals with allergies (IgE >100 kU/L); and red dots, asthmatic individuals with al-
lergies (IgE >100 kU/L). Data were analyzed by unpaired 2-tailed t test for comparison and are presented as
means += SEMs. Correlations were determined by simple linear regression.

significantly elevated IgE levels versus allergic controls (see Fig
E2, A, in the Online Repository available at www.jaci-global.
org). We also performed allergen-specific IgE testing to detect
sensitivities to a broad range of environmental allergens. Our
analysis identified IgE specific to birch pollen, HDM (D ptero-
nyssinus), and timothy grass pollen as the top 3 specific IgE de-
tected in asthmatic patients (Fig E2, B). The detection of
different allergen-specific IgE types in blood indicates the pres-
ence of various allergies. In the AZCRA cohort, 80% of asthma
patients had at least one type of allergy, with many exhibiting
sensitivities to multiple allergens (Fig E2, C). In contrast,
only 35% of the control group showed any allergic response,
and these allergic controls typically had fewer types of allergies
(Fig E2, D). Additionally, asthma patients exhibited higher
levels of C-reactive protein compared to controls (Fig E2, E),
as well as a notable correlation between IgE levels and eosino-
phils, absent in controls, thus reinforcing the link between

allergic inflammation and asthma pathophysiology (Fig E2, F
and G). These characteristics of the AZCRA cohort provide a
valuable human model for translating our findings from the
HDM-induced asthma mouse model.

In the analysis of the AZCRA cohort, we compared the
CD4*NFATc1™ cell populations in PBMCs restimulated with
anti-CD3/CD28 for 4 days from both asthmatic patients and
healthy controls (Fig 6, A). Our findings showed no statistically
significant differences in the proportion of CD4 " NFATc1™ cells
between the asthma and control groups (Fig 6, B). However, in the
correlation analysis, we observed an inverse correlation between
the CD4 "NFATc1 ™ cells and blood eosinophils in healthy control
subjects (Fig 6, C and E), whereas this correlation was positive
among asthmatic patients (Fig 6, D and F). Such differing patterns
of correlation indicate a distinct immunologic context for the
CD4*"NFATc1" T-cell population in healthy versus asthmatic
individuals.
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We further analyzed the restimulated PBMCs from asth-
matic patients and healthy controls. Here, we found a signif-
icant correlation between NFATcl and GATA3 expression, a
relationship not seen in the control group (Fig 6, G and H).
In contrast, in the control group, there was a significant corre-
lation between NFATcl and FOXP3 expression, which was ab-
sent in the asthma group (Fig 6, I and J). These observations
suggest that in asthma patients, the CD4"NFATc1 ™ cell popu-
lation is likely representative of Ty2 cells, which contribute to
eosinophilic inflammation in allergic asthma. Conversely, in
the control group, these CD4"NFATc1 ™ cells may be involved
in immune suppression, as indicated by the corresponding in-
crease in FOXP3 (forkhead box P3) expression, suggesting a
potential regulatory function.

Elevated CD11c*NFATc1™ cells in PBMCs and their
correlation with eosinophils in asthmatic patients

In our human study, we sought to translate and validate findings
from a murine model featuring Nfatc! deficiency in CD11c™ cells
within the context of HDM-induced asthma. We focused on
analyzing the CDI1lc* cell populations, specifically the
CDI11c¢"NFATc1™" subset, in freshly isolated PBMCs from indi-
viduals with and without asthma in the AZCRA cohort using
flow cytometry. The results showed no significant differences in
the overall CD11c™ cell population between the control and
asthma groups (Fig 7, A and B). However, we observed a signif-
icant increase in the CD11c"NFATcl ™" subset in asthmatic pa-
tients compared to healthy subjects (Fig 7, C), indicating a
potentially altered functional state of these cells in asthma, which
may contribute to exaggerated immune responses.

Further investigations within the AZCRA cohort explored the
correlation between CD11c " NFATc1 ™ cell population and circu-
lating eosinophil level. Our findings revealed a positive correla-
tion in both control and asthmatic subjects (Fig 7, D and E).
Notably, this correlation reached statistical significance in the
asthma group, but not in the control group (Fig 7, D and E).
This outcome suggests a potential pathophysiologic significance
of CD11c"NFATc1™ cells in asthma, particularly in their role
in modulating eosinophilic responses. The presence of a signifi-
cant correlation specifically in asthmatic patients, but not in
healthy controls, points to a more critical or distinctive functional
role for the CD11c "NFATc1™ cell population in the inflamma-
tory response associated with asthma.

DISCUSSION

In this study, we explored the role of NFATcl in T cells and
CDI1c™ DCs in allergic asthma, utilizing an HDM-induced
asthma model and analyzing data from the human AZCRA
cohort. We confirmed and extended our previous studies that
NFATc1 plays a crucial role in driving Ty2-mediated eosinophilic
inflammation in both experimental and human asthma. Specif-
ically, Nfatcl facilitates Ty2 polarization and effector function
in CD4™ T cells and is essential for DC differentiation and func-
tion in CD11c™ cells, promoting T-cell activation and Ty2 polar-
ization. Therefore, Nfatcl deficiency in both of these cell types
leads to reduced T2 cells, eosinophils, and serum IgE levels in
the context of asthma, thereby enhancing our understanding of
the disease’s underlying mechanisms and positioning NFATc1
as a promising target for therapeutic strategies.
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Our findings demonstrate a significant reduction in splenic
CD4" T cells in Nfatcl-deficient Cd4Cre mice treated with
HDM, likely due to impaired survival or proliferation in the
absence of Nfatcl. The literature highlights NFATc1’s pivotal
role in T-cell activation and proliferation, interacting with acti-
vator protein 1 complex, composed of Fos and Jun pro-
teins.®”?*?> Consistent with this, our research revealed that
Nfatcl deficiency reduces the expression of Fos and Jun in
CD4™ T cells, which are crucial for T-cell activation. However,
the observed reduction in splenic CD4 ™" T cells might also result
from increased migration to the lungs after HDM exposure.
Because lung CD4 ™ T-cell levels remain unchanged and because
tracking markers were not used in this study, NFATc1’s impact on
T-cell recruitment to the lungs remains uncertain. Future studies
with tracking markers are needed to clarify NFATc1’s role in
CD4™" T-cell migration.

GATA3 (GATA-binding protein 3) is a crucial transcription
factor for Ty2 identity and expression of the Ty2 cytokines /15,
1113, and [110.°°?® NFATc] can regulate T2 polarization and
function and can work with GATA3 to enhance IL-5 production
via interaction at the IL-5 gene locus.”” ' In an ovalbumin-
induced asthma model, Nfatcl deletion resulted in decreased
type 2 cytokine production, while Gara3 mRNA levels in the
lung CD4" T cells remained unchanged.'* However, in this
HDM-induced asthma model, the mice with Nfatcl deletion in
T cells showed reduced Gata3* Ty2 cells in the lung, along
with lower 1113 mRNA levels; decreased II5, 110, and 1113
expression was also found in splenic CD4 " T cells in the absence
of Nfatcl. These findings suggest Nfatcl’s necessity for both
Gata3 expression during Ty2 differentiation and the maintenance
of effector functions in differentiated T2 cells in HDM-induced
asthma. Pparg boosts Ty2 functions and lung inflammation in
HDM-induced asthma,*” while Areg, induced by IL-33 in mem-
ory Ty2 cells, promotes airway fibrosis through eosinophils.*
The reduction of Pparg and Areg expression in CD4 " splenic
cells in the absence of Nfatc1 also suggests suppressed Ty2 func-
tions. Alongside the reduction in Ty?2 cells, there was an increase
in Treg cells in the lungs of Nfatci-deficient Cd4Cre mice in the
HDM-induced asthma model, indicating that alternative polariza-
tion pathways may become more prominent without Nfatcl.

Reduced lung iEOS, which drives asthma-related inflammation
dependent on type 2 cytokine IL-5,**> was found in the lung of
mice with Nfatc! deficiency in CD4™ T cells in the HDM-induced
asthma model. This finding was translated in asthmatic patients,
where significant correlations were found between
CD4"NFATc1" cells and blood eosinophils, as well as between
NFATc1 and GATA3 expression, which were not found in the con-
trol group. These results emphasize the pivotal role of NFATc1 in
CD4 cells in T2 responses and eosinophilic inflammation in the
context of asthma. Compared to a previous study that reported
that NFAT in CD4™" T cells is required for eosinophils involved
allergic airway inflammation,’® our research further specifies
that this effect is attributable to a specific member of the NFAT
family, namely NFATc1.

In contrast, in healthy individuals, CD4"NFATc1™ T cells
inversely correlated with eosinophils, while NFATc1 positively
correlated with FOXP3 expression in restimulated PBMCs.
This underscores NFATc1’s regulatory role in FOXP3 expression,
hinting at a potential link between CD4 "NFATc1™ T cells and
Treg cells. In the mouse models of asthma, we found that the dele-
tion of Nfatcl in CD4™ T cells induced Treg cells, indicating a
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FIG 7. Analysis of CD11¢*NFATc1* cells and their co

rrelation with eosinophils in AZCRA cohort. A, Exper-

imental design showing methodology for AZCRA cohort study. B, Flow cytometry analysis shows percent-
age of CD11c¢" cells in control subjects (n = 12) versus asthmatic patients (n = 17). C, Percentage of
CD11c*NFATc1" cells in same groups. Representative dot plots for each group are included. D and E, Cor-
relation analysis between CD11¢*NFATc1" cell population and blood eosinophil levels in controls (n = 12)
and asthma patients (n = 9) in AZCRA cohort, respectively. Correlations were determined by simple linear

regression.

complex, potentially antagonistic relationship between Nfatcl
and Foxp3. Evidence supports the necessity of NFATcl for
FOXP3 expression; however, this relationship appears to evolve,
with FOXP3 subsequently acting to inhibit NFATc1.”"? Our ob-
servations, together with previous research, outline a dynamic and
intricate relationship between NFATc1 and Foxp3. Further inves-
tigation is needed to fully understand their regulatory
mechanisms.

The interaction between IgE and FceRI, leading to mast cell
degranulation, plays a crucial role in the allergic response in
asthma.*” The observed reduction in IgE level and lung mast cells
expressing FceRI in the mice in the absence of Nfatcl in T cells

suggests a potential attenuation in the allergic phenotype and
inflammation.

Our study also explored the role of NFATc1 in DCs in asthma
utilizing Nfatcl-deficient CdllcCre mice in a HDM-induced
model. DCs, crucial in asthma immunity, display elevated MHC
molecules and costimulatory proteins during maturation.”!
Downregulation of these proteins’ gene expression in Nfatcl-
deficient CD11c cells suggests that Nfatcl absence inhibits this
process. Lowered expression of pattern recognition receptors,
DC subtype markers, and proinflammatory cytokine expression
in Nfatcl-deficient CD1l1c cells suggests impaired pathogen
response, maturation, and effector function. The reduced capacity
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of these cells to promote T-cell proliferation and the impaired dif-
ferentiation of BM-derived DCs due to Nfatcl deficiency in
response to HDM further underscore the critical role of Nfatcl
in the differentiation and functionality of DCs in the context of
asthma. Previous research showed NFAT’s key role in DC devel-
opment and function.'®***? Qur data specifically highlight
NfatcI’s crucial involvement in DC differentiation in allergic
asthma, providing new insights into its impact on immune re-
sponses and asthma pathology.

Lung DCs originate from DC progenitors or monocytes in
BM.** The decrease in the lung DC populations in the Nfatc] 7 x
Cdl11cCre asthmatic mice aligns with a compromised differenti-
ation process of BM-derived DCs. This reduction of lung DC pop-
ulation may particularly be attributed to decreased CCR7™,
CD11b™, and FceRI* DC subpopulations. DCs migrate to lymph
nodes after allergen exposure to direct T-cell responses in asthma,
a process dependent on chemokine receptor CCR7.> The signif-
icant attenuation in CCR7 expression in the lung DCs of the
Nfatcl A x Cd11cCre mice implies a compromised migratory ca-
pacity of these DCs to the lung-draining lymph nodes. The role of
CD11b", CCR7",CD40™, and FceRI* DC populations has been
highlighted in T2 cell-mediated immunity in response to aller-
genic stimuli.?'***® Reductions in these DC populations are
consistent with the attenuation of Ty2 response in the lung of
Nfatc]ﬁ/ﬂ x Cdl1cCre mice.

Additionally, within the HDM-induced asthma model, the
attenuation of the T2 response is associated with reduced serum
total IgE level as well as diminished mast cell and eosinophil pop-
ulations in the lungs of mice with Nfatcl deletion in CD11c™
cells. These phenotypic alterations were accompanied by an
improvement in lung function, highlighting the critical role of
NFATc1 in CD11c™ cells in modulating allergic and eosinophilic
inflammatory processes in asthma. Such evidence underscores the
significance of NFATc1 in CD11c cells in the pathophysiology of
asthma.

In line with the results from the mouse study, the AZCRA
cohort revealed a significant increase in the CD11c¢*NFATc1™
cell population among asthmatic individuals compared to con-
trols, with a notable correlation to eosinophil counts and percent-
ages. This elevation suggests that the CD11c"NFATc1™ cells
likely represent functional DCs critical in orchestrating Ty2-
mediated eosinophilic responses in asthma. Furthermore, the cor-
relation underscores the translational significance of our findings,
bridging insights from murine models to human asthma research
and potentially guiding therapeutic interventions.

Our study has several limitations due to the conditional knockout
models, which may inadvertently affect cells beyond the target (eg,
CD4" DCs in Nfatcl i x Cd4Cre mice, and other CD11c*
myeloid cells in Nfatcl W x Cdl1cCre mice). Addressing this re-
quires advanced methods like single-cell RNA-Seq for accurate
cell analysis. Additionally, the impact of DCs was detected after
intranasal HDM challenge, which raises the possibility that the
observed differences in DCs could be influenced by the altered im-
mune environment after challenge. Future studies focusing on the
early impact of DCs right after sensitization phase would provide
better insights into their role in promoting T-cell differentiation.
In future human cohort studies, costaining for GATA3 and
FOXP3 in NFATc1*CD4™ cells would provide a more robust vali-
dation of our RNA-level findings by directly linking increased
NFATc1 expression to specific CD4 " T-cell subsets, such as Ty2
or Treg cells. However, due to ethical and practical constraints,
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obtaining lung tissue from asthmatic patients was not feasible.
As a result, using PBMCs instead of lung tissue presents a limita-
tion in fully capturing the pathophysiologic context of asthma and
complicates the translation of findings from mouse models to hu-
man disease. In future studies, nasal brushing or lavage and sputum
analysis could serve as alternative methods to gain insights into the
local immune environment of the lungs. Additionally, in vitro
coculture strategies involving lung organoids with autologous im-
mune cells offer a viable alternative for studying lung tissue dy-
namics and immune responses more directly.

In conclusion, our study underscores NFATc1’s crucial role in
CD4" T cells and CD11c™ DCs in driving Ty2-mediated eosino-
philic inflammation in asthma, suggesting that targeted modula-
tion of NFATc1 in these cells could open new avenues for the
development of therapies for allergic asthma, particularly person-
alized treatments for type 2-high asthma.
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Key messages

o NFATcl in CD4™ T cells promotes Ty2 cell polarization

and enhances their effector functions, influencing type
2-high allergic asthma.
NFATcl in CDllc" DCs enhances DC maturation,
marked by elevated expression levels of MHC-II, CCR7,
FceRI, and costimulatory proteins, which is essential for
Ty2 cell priming in allergic asthma.

NFATcl in both T cells and DCs promotes Ty2 responses,
leading to eosinophil activation, IgE class switching in B
cells, and mast cell degranulation, thereby contributing
to asthma pathology.
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