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Abstract

Background: We recently described increased NFATcI, IRF4, and NIP45
messenger RNA (mRNA) expression in peripheral blood mononuclear cells
(PBMCs) of asthmatic children and adults with multiple allergies.

Objective: NFATc2 has been described to associate with IRF4 to induce
interleukin-4, and to be inhibited by T-bet. Here, we analyzed the role of
NFATc2 in asthmatic children and adults.

Methods: PBMCs were isolated from the blood of control of asthmatics subjects.
Some PBMCs were analyzed untreated and some cultured with and without
phytohemagglutinin. Then, RNA was extracted from the cells and cytokines were
measured in the supernatants via enzyme-linked immunosorbent assay or mul-
tiplex analysis. RNA was then reverse-transcribed and NFATc1, NFATC2, IRF4,
and T-bet mRNA were analyzed by real-time polymerase chain reaction. In ad-
dition, in peripheral blood cells, NFATc2 expression was analyzed, in a population
of asthmatic children and adults from the Asthma BRIDGE study.

Results: In addition to NFATcl and NIP45, also NFATc2 was found upregu-
lated in PBMCs and peripheral blood cells from asthmatic children and adults
with allergic asthma. Moreover, NFATc1 directly correlated with lymphocytes
number whereas NFATc2 correlated with peripheral eosinophilia in asthma.
Conclusions: In addition to NFATc1 and NIP45, NFATc2 was found upre-
gulated in asthma. Moreover, NFATcl mRNA correlated with lymphocytes
both in control and asthma, and NFATC1 and NFATc2 mRNA showed a direct
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1 | INTRODUCTION

In allergic asthma, allergen induces interleukin-4 (IL-4) in-
creased secretion by lung cells of the innate immune system,
like innate lymphoid cells type 2, resulting in chronic dif-
ferentiation of Th2 cells, eosinophil recruitment into the
lung, induction of both memory B cells and long-lived
plasma cells producing high-affinity IgE antibodies that bind
to the high-affinity receptor expressed on the surface of mast
cells, basophils, and eosinophils." These cells then get pa-
thological activated and release proinflammatory mediators
that cause the classic characteristics of asthma.

Nuclear factor of activated T cells c1 (NFATc1) belongs to
a family of transcription factors that are known to be acti-
vated by calcium influx. The different family members play
different roles in T cell development and activation and thus
NFAT inhibitors have been used during organ transplanta-
tion to avoid transplant rejection as well as to control auto-
immune diseases. It has been suggested that NFATc2
together with NFATc1 is crucial for T cell differentiation. We
have previously demonstrated NFATcl messenger RNA
(mRNA) induction in peripheral blood mononuclear cells
(PBMCs) in pediatric asthma and that the absence of
NFATCc1 in T cells results in the downregulation of IL-4 and
other Th2 cytokines and IgE in asthma models.” " We also
recently reported that the NFAT-interacting protein (NIP)-
45, which induced IL-4 by potentiating NFATc2, is induced
in preschool children with asthma and NIP45 deficient mice
have less airway eosinophilia.”

Here, we sought to investigate the role of NFATcl
and NFATc2 in different cohorts of asthmatic and control
children and adults to better understand the distinct role
of these two transcription factors and their association
with different forms of asthma.

2 | METHODS

2.1 | Human study PreDicta

The European Study PreDicta (postinfectious immune
reprogramming and its association with persistence and
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correlation with eosinophils in controls but not in asthma, indicating that
NFATCc1 is associated with lymphocytes and not eosinophils in asthma.
Clinical Significance: Targeting NFATc2 in T lymphocytes might ameliorate
the allergic phenotype in asthmatic subjects.
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chronicity of respiratory allergic diseases) has been per-
formed in parallel in different pediatric centers in Europe
(Predicta study No. 260895 of EU FP7). In this study, we
further examined the PreDicta longitudinal Cohort WP-1
composed of 21 healthy and 24 asthmatic preschool
children at the age of 4-6 years in collaboration with the
Department of Allergy and Pneumology at the Children
Hospital at the FAU University Hospital in Erlangen.

The study in Erlangen was approved by the local
ethics committee of the Friedrich-Alexander University
Erlangen-Niirnberg, Germany (Re-No 4435) and it is re-
gistered in the German Clinical Trials Register (www.
germanctr.de: DRKS00004914).

The recruitment of the subjects, inclusion and ex-
clusion criteria, as well as the timescale for clinical visits
and data collection, were recently described along with
their clinical characteristics.

2.2 | Additional cohorts
2.21 | Asthma BRIDGE and CAMP
study cohorts

For replication of findings in the PreDicta cohort, that is,
higher expression of NFATC2 in the PBMC of asthmatic
children, we used microarray gene expression data from the
Asthma Biorepository for Integrative Genomic Exploration
(Asthma BRIDGE, N=1448) and Childhood Asthma
Management Program (CAMP, N = 620; Table S1).”° In both
cohorts, asthma was defined based on having a physician
diagnosis of the disease with evidence of reversible airflow
obstruction with a bronchodilator. Total of 981 subjects
(865 with asthma) had whole blood (WB) expression data in
both cohorts who were used for these studies (range of age,
5-32 years old).

Expression analysis of NFATC2 in WB

All subjects from Asthma BRIDGE and CAMP WB had
gene expression data measured wusing Illumina
HumanHT-12 v4 Expression BeadChip (Illumina, Inc.)
that passed stringent and commonly used quality control
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metrics.” We used the R Bioconductor limma package
(version 3.42) to perform differential expression analysis.
A linear model was fitted along with the implementation
of empirical Bayes statistics on log, transformed and
quantile-normalized gene expression (n = 47,009 probes)
to assess whether the expression level of the candidate
gene NFATC2 was significantly altered among asth-
matics compared with controls (p <.05). The differential
gene expression model was adjusted for three important
confounders (age, sex, and self-reported race) as well as
the batch effect.

2.3 | Gender, age, and environmental
factors that modify immune-response and
the development of allergic asthma during
the school age in childhood (AGENDAS)

This is a new study, acronym AGENDAs (which has been
initiated in Erlangen and the recruitment continues to
date with the same team that performed the PreDicta
study and using the same clinical and experimental
protocols. In this longitudinal study, seven healthy and
six asthmatic primary school-aged children at the age
between 6 and 11.9 years were analyzed to date in col-
laboration with the Department of Allergy and Pneu-
mology at the Children Hospital at the FAU University
Hospital in Erlangen.

The study in Erlangen was approved by the local
ethics committee of the Friedrich-Alexander University
Erlangen-Niirnberg, Germany (Re-No: 212_12 B) and it is
registered in the German Clinical Trials Register (www.
germanctr.de: DRKS00004914)."%%7

The recruitment of the subjects, inclusion and
exclusion criteria as well as the timescale for clinical
visits, and data collection were recently described for the
cohort Predicta. >’

2.4 | FEVI1 and peak expiratory flow

Forced expiratory volume at 1s (FEV1), forced vital ca-
pactity (FVC), and peak expiratory flow were measured
at the baseline visit (B0O) by using spirometry. After a
period of normal breathing, the participant should inhale
maximal, directly followed by maximal and fast exhala-
tion. The volume exhaled in 1s is FEV1. The total
exhaled volume is FVC. The ratio FEV1/FVC is stated as
Tiffenau Index. A child during spirometry will be asked
to inhale as deep as possible before exhaling as strong
and fast as possible for 6 in total. This was repeated at
least three times depending on the child's capacity to

JAKOBI ET AL.

Open Access,

follow the instructions properly. Tiffenau Index measures
the volume of breath in the first second of expiration
compared with its vital capacity. This is a widely used
measure for the severity of obstruction and comparable
amongst individuals.

2.5 | Radioimmunoassay test
This is a blood test using radioimmunoassay to detect
allergen-specific IgE antibodies directed against aller-
gens, to determine the substance a subject is allergic to.
Specific IgE levels were measured by means of the
ImmunoCAP system (Thermo Fisher-Phadia) as instructed
by the manufacturer. According to the manufacturer
instructions, the specific IgE level more than 0.35 kU/L was
considered as positive (stated as RK1 and above).

2.6 | Differential blood cell count

Complete blood cell count analyses were performed on
Sysmex analyzer (XN-350, XN-1000, SYSMEX Deutsch-
land) in accordance with standard operating procedures.

2.7 | Isolation of human PBMCs, in vitro
cell culture from the children cohorts

At the time of recruitment (Baseline Visit), PBMCs were
isolated from heparinized blood with Ficoll using density
centrifugation. After isolation, the PBMC number was ad-
justed to a concentration of 10° viable cells/ml in the
complete culture medium. For cell culture, Roswell Park
Memorial Institute 1640 medium supplemented with
25mmol/L. HEPES (GIBCO, Invitrogen) was used.
Furthermore, 100 IU/ml penicillin, 100 ug/ml streptomycin,
50 umol/L  fB-mercaptoethanol, and 1% L-glutamine
(200 mmol/L), 1% minimal essential medium vitamin, 1%
nonessential amino acids, 1% sodium pyruvate, and 10% fetal
bovine serum were added (complete culture medium); these
reagents were purchased from Sigma-Aldrich. The PBMCs
were cultured in a complete culture medium for 24 h at 37°C
and 5% CO,, whereby parts of them were challenged in vitro
with or without phytohemagglutinin (PHA-M) at the final
concentration of 10 mg/ml. At the end of the cell culture, cell
supernatants were collected separately and stored frozen for
further cytokine analysis. The cell pellet was incubated in
PeqGOLD and later on RNA extracted as previously de-
scribed. For gene expression analysis, we extracted mRNA
and performed quantitative real-time polymerase chain
reaction (RT-PCR).
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2.8 |
assay

Enzyme-linked immunosorbent

Human transforming growth factor-f1 (TGF-f1) was
detected in the cell-culture supernatants by using the
TGF-f ELISA kit from PeproTech according to the
manufacturer’s protocol.

2.9 | Luminex

It is a Luminex x-MAP technology (x = analyte, MAP =
multianalyte profiling)-based 22-plex human cyto/Th17
Magnetic Bead Panel (from EMD, Millipore). The sam-
ples were thawed, and the procedure followed the man-
ufacturer's instructions for the quantitative assessment of
the cell culture supernatant-type of samples (incubation
during an overnight period [12 h]). The analysis was done
using Luminex 200 machine. The concentration of ana-
lytes in samples was expressed as pg/ml.

2.10 |
RT-PCR

RNA isolation and quantitative

Total RNA was extracted from PBMCs by using PeqGold
RNA Pure according to the manufacturer’s protocol
(PeqLab). Afterward, 1 ug RNA was reverse-transcribed
using the first-strand complementary DNA (cDNA)
synthesis kit for RT-PCR (MBI Fermentas). The resulting
cDNA was amplified by quantitative RT-PCR using Sso-
Fast EvaGreen Supermix (Bio-Rad Laboratories). The
gPCR was performed with a cycle of 2 min 98°C, 50 cy-
cles at 5s 95°C, 10s 60°C, followed by 5s 65°C, and 55
95°C in a CFX96 Touch Real-Time PCR Detection System
(Bio-Rad Laboratories). The primers and sequences used
are reported below

NFATcl fw  5'-GCA TCA CAG GGA AGA CCG TGT C-3'
NFATcl rev  5'-GAA GTT GAA TGT CGG ATG TTC TGA G-3'
NFATc2 fw  5'-ACA ACA TGA GGG CAA CCA TCG-3'
NFATc2 5'-GTC CAT CTG TGG TCT TCT CAG-3’

rev
HPRT fw 5-TGA CAC TGG CAA AAC AAT GCA-3'
HPRT rev 5'GGT CCT TTT CAC CAB CAA GCT-3'
Tbet fw 5'-CCG TGA CTG CCT ACC AGA ATG-3'
Tbet rev 5'AAC AGG ATA CTG GTT GGG TAG GA-3'
hIRF4 fw 5'-AGA CTG TGC CAG AGC AGG AT-3'

(Continues)

Open Access,

hIRF4 fw 5'-GGG TCT GGA AAC TCC TCT CC-3'
FOXP3 fw 5'-AAC AGC ACA TTC CCA GAG TTC CT3’
FOXP3rev  5-CAT TGA GTG TCC GCT GCT TCT -3’
PD1 fw 5'-CAG TTC CAA ACC CTG GTG GT-3/
PD1 rev 5'-GGC TCC TAT TGT CCC TCG TG-3’
2.11 | Statistical analysis

Statistically significant (p <.05) differences were eval-
uated by a Student's unpaired t-test for independent
events by using GraphPad Prism version 8.1.2 for Win-
dows, (GraphPad Software). The p-value for the t-test
linear regression in the correlations is indicated as two-
tailed by using the same computer program. Data are
shown as mean values + SEM.

3 | RESULTS

In this study, we thus started to investigate the regulation
of NFATc2 in the PBMCs in the PreDicta cohorts of
preschool children with and without asthma. The clini-
cal characteristics of the two cohorts were previously
reported.” The experimental design of PreDicta study is
summarized again in Figure 1A,B. Here, we found
NFATc2 mRNA upregulated in untreated PBMCs, from
asthmatic children as compared with those from control
children (Figure 1C).

Moreover, NFATc2 mRNA showed altered expression
levels in peripheral blood from 981 children and adults
from the Asthma BRIDGE and CAMP cohorts (Table S1).
The shorter isoform A (variant 1) of NFATc2 was sig-
nificantly overexpressed in peripheral blood from asth-
matics (n =865) compared with nonasthmatic, healthy
controls (n =865 vs. n =116, respectively; foldchange =
1.043, p = .02; Figure 1D).>*

We next reasoned, based on our PreDicta data (Figure
S1A,B), that NFATc2 might associate with both Thl and
Th2 responses dependent on other transcription factors
regulating Thl and Th2 genes present in the micro-
environment. We also looked at TGF-1 in PBMCs cul-
tured with and without PHA, to have an idea of
immunosuppression in preschool asthma. Here, we found
a trend towards the downregulation of activated TGF-#1 in
the supernatants of PBMCs cultured with PHA, isolated
from asthmatics preschool children (Figure S1C).
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FIGURE 1 NFATc2 is induced in PBMCs of preschool children as well as in peripheral blood cells from asthmatic children
and adults with allergic asthma. (A) Age range in the PreDicta cohort compared with AGENDAs. In the PreDicta cohort we
examined children at preschool age. (B) Experimental design of the PreDicta and AGENDAs studies (C) NFATc2 mRNA
measured by qPCR in untreated PBMCs isolated from the PreDicta cohorts: control group (CG); n =2 and asthma group (AG);
n =10. p=.0125 unpaired t-test. (D) Increased mRNA expression of NFATc2 in peripheral blood of asthmatic children and
adults compared with healthy controls in Asthma Bridge and CAMP cohorts. We used microarray gene expression data from
the Asthma Biorepository for Integrative Genomic Exploration (Asthma BRIDGE, N = 1448) and Childhood Asthma
Management Program (CAMP, N = 620). The shorter isoform A (variant 1) of NFATC2 was significantly overexpressed in
peripheral blood from asthmatics (n = 865) compared with nonasthmatic, healthy controls (n = 865 vs. n = 116, respectively;
fold-change = 1.043, p =.02). Statistical Significance as indicated: *p <.05; **p <.01; ***p <.001. CAMP, Childhood Asthma
Management Program; cDNA, complementary DNA; ELISA, enzyme-linked immunosorbent assay; mRNA, messenger RNA;
NFATc2, nuclear factor of activated T cells c2; PBMCs, peripheral blood mononuclear cells; qPCR, quantitative polymerase

chain reaction

For this reason, we next looked at correlations be-
tween NFATcl/c2 and IRF4, a transcription factor pre-
sent on the promoter of many Th2 and Th9 cytokines and
known to interact with NFATc2 on the IL-4 promoter.”’
Here we found that NFATc2 mRNA correlated with IRF4
mRNA by a trend in PBMCs from control but not in
asthmatic children (Figure S1D,E). Moreover, NFATc1
mRNA inversely correlated with NFATc2 mRNA in
asthmatic children.

We next analyzed NFATc1 and NFATc2 mRNA in
the PBMCs in the newly recruited cohorts of children
one without asthma (control children, n =7) and the
second one with asthma (asthma children, n =6) at
primary school-age (AGENDAs cohort). The clinical
characteristics of the allergic trait of these children
are reported in Figure 2A and Table S2-S4. Despite
the small group size, we still found a significant in-
duction of both NFATcl mRNA but especially

NFATc2 mRNA in the PBMCs of asthmatic children
as compared to control children (Figure 2B). More-
over, in PBMCs from control children, NFATcl
mRNA correlated with NFATc2 mRNA in control but
not asthmatic children, indicating the presence of al-
ternatively activated pathways in asthmatic children
(Figures 2C and S2A). Here, in fact, we found a direct
correlation between NFATc2 and IRF4 mRNA in
control children (Figure 2D) but not in asthmatic
children (Figure S2B). We also looked at TGF-f1 in
PBMCs of these cohorts of children. Indeed, we con-
firmed the PreDicta data on a not significant trend
towards downregulation of activated TGF-f1 in the
supernatants from PBMCs isolated from asthmatics
primary school children (Figure S2C).

We next looked at other markers of immunosuppres-
sion known to be regulated by TGF-£ and NFAT, like PD1
and FOXp3. Here we could not find specific correlations
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FIGURE 2 NFATcl and NFATc2 mRNA are upregulated also in asthmatic primary school children and NFATc1 is positively
correlated with lymphocytes in peripheral venous blood of asthmatic children. (A) IgE concentration was measured in the
peripheral venous blood of the AGENDAS cohorts: CG n=7 AG n = 6. (B) NFATcI and NFATc2 mRNA were measured in untreated
PBMC culture in the cohort of primary school children AGENDAs. NFATcl: CG n=7; NFATc2: CG n=6. (C) and (D) NFATc2
mRNA correlated with IRF4 mRNA in CG n = 6. (E) NFATc1 correlated with lymphocytes from the peripheral venous blood of the
CG n=7 and (F) AG n=5. (G) NFATc2 positively correlated with lymphocytes from the peripheral venous blood of the CG n=6
but not AG n =4. (H) and (I) NFATcl mRNA positively correlated with eosinophils from the peripheral venous blood of the CG n =7
but not from and AG n=>5. (J) and (K) NFATc2 mRNA correlated with eosinophils of the peripheral venous blood of the CG n=6
and AG n=4 (L). Significance as indicated: *p <0.05; **p <.01; ***p <.001. mRNA, messenger RNA; NFAT, nuclear factor of

activated T cells

(Figure S2D-K). Consistently, we did not observe any
significant deviation in terms of differential cell numbers
between controls and asthmatic children (Figure S3 and
Table S5). We next correlated NFATc1 and NFATc2 with
peripheral blood lymphocytes and found that NFATcl
mRNA directly correlated with lymphocytes in controls
and asthmatic children (Figure 2E,F, respectively). By
contrast, NFATc2 mRNA showed an inverse correlation
with lymphocytes only in asthmatic children, not controls
(Figure 2G,H). In addition, no specific trend was observed
for neutrophils (Figure S3A-D), basophils (Figure S3E-H),
and monocytes (Figure S3I-L), and NFATcl and
NFATc2 mRNA.

We next asked if NFATc2 would correlate with eosino-
phils in asthma as NFATc2 was associated with a Th2 trait.
Indeed, we found a direct correlation between NFATcI and

NFATc2 mRNA in PBMCs and peripheral blood eosinophils
but only in control children (Figure 2I-L). In conclusion,
NFATCc1 correlated with peripheral lymphocytes and eosi-
nophils and NFATc2 correlated only with peripheral eosi-
nophils in control children. Similarly, in asthma, we found
only a direct correlation of NFATcl with lymphocytes in
control children and an opposite correlation between
NFATc1 and peripheral eosinophils in asthma. By contrast,
NFATc2 showed a direct correlation with eosinophils in
control children.

4 | DISCUSSION

Several transcription factors controlling T cell fate are
relevant in allergy and asthma because they regulate
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downstream cytokines that control peripheral blood cell
traffic and differentiation.'’ The NFATc1 family mem-
bers are very important in T cell survival as they regulate
IL-2 production.'"’ However, this regulation can be
orchestrated by different transcription factors like acti-
vator protein-1 (AP-1). NFAT interacts with AP-1 to in-
duce the effector immune response and in the absence of
AP-1 it induces T cell anergy/exhaustion.'” This recent
study used small molecules that selectively disrupted the
interaction of NFAT and AP-1 without inhibiting their
binding to the target promoter, or other small molecules
interacted with the transcription factors DNA binding to
the IL-2 promoter indicating that targeting transcription
factor could represent new avenues to treat human dis-
eases like allergic asthma without having the generalized
immunosuppressive effects of cyclosporin A. In this
study, we extended the findings of the upregulation of
NFATCc1 to different cohorts of children at primary school
age. Moreover, we extended our analysis to NFATc2
which was also found upregulated in different cohorts of
children and adults with asthma. In addition, we tried to
shed light on the relationship between NFATcl and
NFATc2 and IRF4, another transcription factor upregu-
lating cytokines like IL-4 and IL-9 involved in allergic
asthma. Here, we found in control children a good cor-
relation between NFATc1 and NFATc2 and NFATc2 and
IRF4 mRNA from PBMCs. Interestingly, NFATcl and
NFATc2 directly correlated with peripheral eosinophils
in these control children. Moreover, NFATcl and not
NFATc2 directly correlated with peripheral lymphocytes
in these control children indicating that NFATc2 asso-
ciated with eosinophils and thus with an allergic trait.
Moreover, NFAT is known to induce tolerance by inter-
acting with the transcription factor Foxp3 induced by
TGF-beta."” Although we could not find any statistically
significant correlation between Foxp3 and NFATcl/
NFATc2 mRNA in these children, we cannot exclude that
this is due to the limited number of the children ana-
lyzed. Furthermore, extended studies are needed. Thus
by switching transcriptional partners, NFAT converts the
acute T cell activation program into the suppressor pro-
gram of Tregs. Furthermore, NFAT family members are
expressed in different cell types like myeloid cells which
play a central role in regulating tolerance versus in-
flammation. In fact, it has been described that the
calcineurin-NFAT-IL-2 pathway in myeloid cells is a
critical regulator of intestinal homeostasis by influencing
the balance of inflammatory and regulatory responses in
the mouse intestine.'”

Furthermore, Fc receptor-like (FCRL) proteins are
novel regulators of the B cell response to antigen.
Altering FCRL expression could regulate the B cell re-
sponse to antigen. Specifically, induced FCRL5
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expression required elevation of intracellular Calcium
and was partially blocked by cyclosporine A, a calci-
neurin inhibitor. The importance of the transcription
factors NF-kappa B, NFAT, and CREB-binding protein
was revealed based on mutations of two predicted that
NF-kappa B or an NFAT binding sites in the core pro-
moter abrogated induced gene expression, suggesting
direct regulation of the FCRL5 gene by NF-kappa B and
NFAT."” "’

In summary, the complexity of the transcription fac-
tors network cannot be resolved by the downregulation of
a single transcription factor. However, the different role
of the NFATc family members needs to be taken into
consideration in future extensive studies especially in
human diseases.

In summary, in this paper, we started to analyze the
correlation between NFATcl and NFATc2 in asthma
with different cells present in the peripheral blood of
children with and without asthma. Here, we found
that NFATcI mRNA correlated with lymphocytes both in
control and asthma and both NFATcl and NFATc2
mRNA showed a direct correlation with eosinophils in
controls but not in asthma, indicating that NFATc1 is
associated with lymphocytes and not eosinophils in
asthma.

Recently, two types of eosinophils have been de-
scribed, one inflammatory induced type and supported
by IL-5 and the resident type involved in the tissue
homeostasis.'® In this manuscript, we found that
NFATc2 mRNA positively correlated with IL-5 in
asthma. Consistently, in the AGENDAs cohort,
NFATc2 mRNA correlated with peripheral blood eo-
sinophils in asthma. It is thus possible that NFATc2
correlates with inflammatory eosinophils whereas
NFATcl correlates with lymphocyte proliferation in
asthma. In summary, this study just starts to in-
vestigate different roles of NFATcl and NFATc2 in
allergic asthma whereby we found that NFATc2 relates
more closely to peripheral blood eosinophils and
NFATcl to lymphocyte proliferation in pediatric
asthma. Since allergic asthma is a multifactorial dis-
ease, a subtype of the disease might be treated with a
tailored therapy targeting different NFAT family
members.
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