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Abstract

Background Recent data have demonstrated that long-
lived memory T cells are present in the human lung and
can play significant roles in the pathogenesis of specific
allergic and autoimmune diseases. However, most evi-
dence has been obtained from mouse studies, and the
potential roles of memory T cells in human allergic
diseases, such as asthma, remain largely unknown.
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Methods Thirty-three asthmatics, 26 chronic obstruc-
tive pulmonary disease (COPD) patients, and 22 healthy
volunteers were enrolled in this study. Peripheral blood
mononuclear cells (PBMCs) were isolated from the
peripheral blood, and cell surface staining (CD4,
CD45RO, CRTH2, CD62L, and CCR7) was performed
for the detection of memory CD4™ T cells in blood. After
stimulation with interleukin-27 (IL-27) or IL-4 for
15 min, the STAT1/STAT6 phosphorylation of memory
CD4" T cells was measured separately by flow cytomet-
ric techniques. The cytokine-releasing profiles after
6 days of culture under neutralization, Ty2, T2 + lipo-
polysaccharide (LPS), and Ty2 + house dust mite
(HDM) conditions were detected by intracellular protein
(IL-5, IL-17, and interferon (IFN)-y) staining. Correla-
tion analyses between the profile of memory CD4" T
cells and clinical characteristics of asthma were
performed.

Results The number of circulating memory CD4* T
(CD4* Tm) cells in asthmatics was increased compared
with that in the healthy subjects (48 £5.7 % vs. 32 £ 4.1 %,
p < 0.05). Compared with COPD and healthy subjects, the
phosphorylation of signal transducer and activator of tran-
scription 1 (STAT1-py) was impaired in asthmatics, where-
as the phosphorylation of signal transducer and activator of
transcription 6 (STAT6-py) was slightly enhanced. This
imbalance of STAT1-py/STAT6-py was attributed to Ty2
memory cells but not non-Ty2 memory cells in blood. The
cytokine-releasing profiles of asthmatics was unique, spe-
cifically IL-5Me" T-17"¢" and IFN-©Y, compared with
those of COPD patients and healthy subjects. The IL-17
production levels in CD4" Tm cells are associated with
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disease severity and positively correlated with medication
consumption in asthma.

Conclusions The long-lived, antigen-specific memory
CD4" T cells, rather than PBMCs or peripheral lympho-
cytes, might be the ideal T cell subset candidates for
analyzing the endotype of asthma. Memory CD4" T
cells exhibiting a shift in STAT phosphorylation and
specific cytokine-releasing profiles have the potential
to facilitate the understanding of disease heterogeneity
and severity, allowing the more personalized treatment
of patients.

Keywords Memory CD4* T cells - Cytokine profiles -
Signal transducer and activator of transcription (STAT) -
Asthma - Ty2 memory cells

Abbreviations

STATs Signal transducer and activator of
transcription

CD4"Tm  Memory CD4" T Cells

COPD Chronic obstructive pulmonary disease

PBMCs  Peripheral blood mononuclear cells

STAT1- STAT1 phosphorylation

py

STAT6- STAT6 phosphorylation

py

LPS Lipopolysaccharide

HDM house dust mite

ILs interleukins

Tem effector memory T cells

Tem central memory T cells

Trm resident memory T cells

Treg T regulatory cell

MFIs Mean fluorescence intensities

GINA Global Initiative for Asthma

Introduction

Cytokines play a pivotal role in the development of asthma
by regulating the expansion of T2 cells and mediating the
Ty2-type responses that underlie the pathogenic events of
an asthmatic response. It is known that cytokine-mediated
signals are primarily transduced by the Jak-STAT signaling
cascade. The STAT family has seven members, and STAT
signaling regulates T helper type 1 (Tyl) cell-specific
cytokine production to alter both immune function and
inflammatory responses by shifting the balance between
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Tyl and T2 cells (Miklossy et al. 2013). STAT6 signaling
is induced by IL-4 and IL-13 and regulates the balance
between inflammatory and allergic immune responses. Re-
cent studies revealed that the inhibition of activating cyto-
kines (IL-4 and IL-13) and the associated transcription
factors, such as JAKs and STATs, may be a potential
therapeutic target for uncontrolled severe asthma(Chapoval
et al. 2011).

However, numerous studies regarding the relation-
ship of cytokines with the clinical properties of asth-
ma as well as the classification and severity of asthma
have not drawn consistent conclusions. One of the
reasons for this difference may be the heterogeneity
of peripheral blood mononuclear cells (PBMCs) or
peripheral lymphocytes, which were widely used in
cytokine-releasing experiments (Rudin et al. 2001).
We hypothesized that long-lived, antigen-specific
T2 memory cells other than PBMCs may be ideal
T cell subset candidates for analyzing the endotype of
asthma. There are three types of memory T cells:
effector memory T cells (Tem), central memory T
cells (Tecm), and resident memory T cells (Trm)
(MacLeod et al. 2010; MacLeod et al. 2009; Chen
et al. 2006). Using a three-dimensional explant cul-
ture system, Purwar and colleagues demonstrated that
more than ten billion memory T cells are present in
the human lung. In an ovalbumin (OVA)-induced
mouse asthma model, allergen-specific memory Ty2
cells have also been identified in both the lung and
spleen (Mojtabavi et al. 2002a). The intravenous
transfer of memory Ty2 cells into naive mice results
in airway hyperresponsiveness and eosinophil infil-
tration in the recipient mice (Nakagome et al. 2005).
Thus, memory T cells may play a harmful role in the
pathogenesis of allergic and autoimmune diseases.

In the present study, we focused on circulating mem-
ory T cells and the relationship between the endotype of
memory CD4" T cells and the phenotype of asthma
patients. The results revealed that the phosphorylation
of signal transducer and activator of transcription 1
(STAT1) was impaired and the phosphorylation of sig-
nal transducer and activator of transcription 6 (STAT6)
was slightly enhanced in asthmatics. The cytokine-
releasing profiles of asthmatics were unique, specifical-
ly TL-5"€" TL-17"€" and IFN-r'%, and quite different
from those of COPD patients and healthy subjects. The
IL-17 production levels in CD4" Tm cells are associated
with disease severity and positively correlated with
medication consumption in asthma.
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Materials and methods
Human subjects

Patients with asthma (n = 32) and COPD (n = 26) and
healthy donors (n = 22) were recruited from the outpa-
tient clinic in the Respiratory Division at Zhongshan
Hospital, Fudan University between December 2014
and August 2015. All asthma and COPD patients ful-
filled the 2015 Global Initiative for Asthma (GINA)
criteria and 2015 Global Initiative for Chronic Obstruc-
tive Lung Disease GOLD criteria, respectively. Healthy
subjects with no prior history of allergic diseases or with
negative allergy skin test results were enrolled. All
subjects were 18 to 70 years of age. All included sub-
jects had written informed consents (Table 1). The pro-
tocols (no. B2014-108) were approved by the institu-
tional review board at Fudan University. Twenty milli-
liters of peripheral blood was drawn from each subject
for CD4* T cell isolation.

Reagents

A CD4" T cell isolation kit was purchased from MACS
(Bergisch, Germany). Surface and intracellular markers
were determined using FACS antibodies purchased
from BD Bioscience (USA). For surface staining,
APC-Cy7-labeled anti-human CD4, FITC-labeled anti-
human-CD45R0O, Alexa 647-labeled anti-human-
CD45RA, PE-labeled anti-human-CD3, APC-labeled
anti-human CD62L, and PE-Cy7-labeled anti-human
CCR7 were used. For intracellular staining, APC-
labeled anti-human-IL-5, PerCP-Cy5.5-1abeled anti-hu-
man-IL-17A, PE-Cy7-labeled anti-human IFN-y, PE-
labeled anti-STAT1 (pY-701), and PE-labeled anti-
STAT6 (pY-641) were used. During cell culture and
differentiation, the following reagents were used: hu-
man IL-2 (BD Bioscience, USA), human IL-4 (BD
Bioscience, USA), human IL-27(BD Bioscience,
USA), anti-human IL-4 antibody (BD Bioscience,
USA), anti-human-IFN-y antibody (BD Bioscience
USA), anti-human CD3 (eBioscience), anti-human
CD28 (eBioscience), LPS (L2630, Sigma-Al-
drich,100 ng/mL), and house dust mite (HDM)
(100 pg/mL) (a kind gift from Pro. Rui He from Immu-
nology Department at Fudan University). A leukocyte
activation cocktail with Golgi blocker (BD Bioscience,
USA) was used to promote cytokine release.

Cell culture and polarization

CD4™" T cells were purified from peripheral blood mono-
nuclear cells (PBMCs) with the MACS CD4" T cell
isolation kit. Cells were cultured under four different
conditions: (1) neutralization conditions, anti-human
IL4 antibody and anti-human IFN-y antibody were
added on Day 0; (2) T2 conditions, anti-human I[FN-y,
and human IL-4 were added on Day 0; (3) T,;2 + LPS
conditions, anti-human IFN-y, human IL-4, and lipo-
polysaccharide (LPS) were added on Day 0; and (4)
Ty2 + HDM conditions, anti-human IFN-y, human
IL-4, and HDM were added on Day 0. Cells were
cultured in the respective medium for 6 days.

Stimulation of CD4" T cells

1. Stimulation of freshly isolated or cultured CD4* T
cells using the leukocyte activation cocktail: freshly
isolated or cultured CD4* T cells were collected and
washed with phosphate-buffered saline (PBS) once.
After centrifugation, the cells were resuspended
with fresh culture medium. Leukocyte activation
cocktail with Golgi blocker was added to each well
and incubated overnight.

2. Stimulation of freshly isolated CD4" T cells by
cytokines: to measure the phosphorylation of
STAT1 and STATS®, freshly isolated CD4* T cells
were washed with PBS once and resuspended with
1640 complete culture medium. Next, the cells were
treated with IL-27 (50 ng/mL) or IL-4 (15 ng/mL)
for 15 min and rinsed with 10 vol of PBS to stop the
reaction. After centrifugation, the cells were resus-
pended with FACS buffer for further staining.

Cell surface and intracellular staining of human CD4* T
cells

To determine the surface markers of CD4" Tm cells,
APC-Cy7-labeled anti-human CD4, FITC-labeled anti-
human-CD45RO0O, Alexa 647-labeled anti-human-
CD45RA, PE-labeled anti-human-CD3, APC-labeled
anti-human CD62L, and PE-Cy7-labeled anti-human
CCR7 were added, and the cells were incubated at
4 °C for 20 min in a dark environment (all FACS
antibodies were used according to the product instruc-
tions). After washing with PBS once, the cells were
ready for detection.
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Table 1 Clinical characteristics of the subjects enrolled in this study

Asthma COPD Healthy
No. of subjects 32 26 22
Sex (male/female) 15/17 15/11 12/10
Age (years) 45+6.2 50£7.0 48+5.5
Early onset of disease (<40 years) (n*) 15(46 %) 0(0 %) ND
Late onset of disease (>40 years) (1) 17(54 %) 26(100 %) ND
Allergic (n) 21(67 %)* 0(0 %) 0(0 %)
FEV1% predicted (95 % CI) 81(75;95) 72(62;80)° 102(89;112)
FEVI1/FVC < 70 % (n) 533 %) 15(100 %)° ND
Airway reversibility(n) 32(100 %)* 4(17 %) ND
FeNO (ppb) 66 +7.2% 24+3.0 ND
Oral steroid (n) 0 0 ND
Inhaled steroid (n) 22(68 %) 1038 %) ND

#Number of subjects
?p < 0.05 when compared with COPD patients and healthy subjects

®p < 0.05 when compared with asthmatics and healthy subjects

To detect intracellular cytokines, cell surface
marker and intracellular cytokine staining was per-
formed. The stimulated cells were harvested and
washed once with PBS. APC-Cy7-labeled anti-
human CD4 and FITC-labeled anti-human-CD45RO
were added first at 4 °C for 20 min followed by 4 %
paraformaldehyde (Beijing Dingguo Changsheng
Biotechnology Co., Ltd., China) fixation for 7 min
at room temperature. The cells were then perme-
abilized with prechilled Perm Buffer III (BD Biosci-
ence) at 4 °C for 30 min. After washing once with
PBS, the cells were stained with APC-labeled anti-
human-IL-5, PerCP-Cy5.5-labeled anti-human-IL-
17A, and PE-Cy7-labeled anti-human IFN-y at 4 °C
for 20 min. The samples were monitored using a
FACS Aria Il machine (BD Bioscience) and analyzed
using FlowJo 10.0 software (Tree Star, Inc., Ashland,
OR, USA). To determine STATs phosphorylation,
CD4" T cells were stained with FITC-anti-human
CD45RO and APC-labeled anti-human CD294
(CRTH2). The stained cells were stimulated (or not
stimulated) with hIL-27 (50 ng/mL) or hIL-4 (50 ng/
mL) for 15 min. After fixation and permeabilization,
the cells were stained with PE-labeled anti-STAT1
(pY-701) or PE-labeled anti-STAT6 (pY-641). The
samples were monitored on FACS Aria II machine
(BD Bioscience) and analyzed using FlowJo 10.0
software (Tree Star, Inc., Ashland, OR, USA).
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Correlation analysis between IL-17*CD4" Tm cells
and clinical parameters of asthma

The frequencies of IL-17°CD4"Tm were calculated
from different subgroups of asthma patients. Disease
severities and medication consumption were also
tested. The asthma medication consumption score
was based on the GINA 2015 guideline. One to five
represent the medication usage step one to five,
respectively. For example, if a patient uses a medi-
um dose of ICS + LABA, medication consumption
score is 3. The correlation between the 1L-177CD4"
Tm cell frequency and these clinical parameters
were analyzed through correlation analyses. The R
and p values were calculated.

Statistical analysis

All data are presented as the means + standard errors
(SEs). The 95 % confidence interval (CI) was used to
predict the total average. Pooled data are indicated in
the figure legends. Differences between datasets were
analyzed using one-way analysis of variance
(ANOVA) with a Bonferroni posttest, which was
used to determine the significance (Prism 5;
GraphPad Software, San Diego, CA, USA). A p
value <0.05 was considered statistically significant.
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Fig. 1 The number of circulating memory CD4" T cells in the
asthmatics increased compared with the healthy control. a Mem-
ory CD4" T cells were stained as CD4*CD45RO" cells using flow
cytometry. b The percentage of memory CD4* T cells increased in
the asthma patients compared with the healthy controls. ¢ Central
memory CD4" T cells (Tem) were the predominant subgroup of

Results

Number of circulating memory CD4" T cells

in asthmatics was increased and present potent
inflammatory cytokine-producing capacities compared
with healthy subjects

PBMCs were isolated from the peripheral blood of
asthmatics and healthy volunteers. CD4" T cells were
purified using the MACS isolation kit with a purifica-
tion rate of 93 to 95 %. CD4" Tm cells were defined as
CD4- and CD45RO-double-positive cells. On Day 0,

CCR7

memory CD4* T cells in blood either in the asthma or the healthy
subjects. The frequency of Tem and Tem of CD4" Tm cells was
increased in the asthma patients compared with the healthy con-
trols (data are representative of 12 independent experiments with
similar results)

CD4* Tm cells increased in the peripheral blood of
asthmatics compared with the healthy volunteers
(48 £5.7 % vs. 32 £ 4.1 %, p < 0.05). Upon anti-CD3
plus anti-CD28 activation, CD4* Tm cells also in-
creased in the asthmatics, compared with the healthy
subjects on Day 3 (63 +7.2 % vs. 51+ 7.1 %, p < 0.05)
(Fig. 1). In CD4* Tm cells, CCR7- and CD62L-double-
positive cells were central memory T cells (Tcm),
whereas CCR7-negative and CD62L-positive cells rep-
resented effector memory T cells (Tem). Our data dem-
onstrated that Tem constituted the predominant memory
T subset in the circulation in both asthmatic and healthy
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Fig.2 STAT1 phosphorylation is inhibited but STAT6 phosphor-
ylation is enhanced in CD4" Th2 memory cells in the asthmatics
compared to the COPD and healthy subjects. a CD4" T cells were
stimulated with IL-27/IL-4 or PBS. STAT1-py/ STAT6-py was
stained and monitored by flow cytometry. The numbers indicate

volunteers and that the percentage of Tcm in the asth-
matics was greater than that in the healthy subjects.
Although Tem was not a predominant subset, the per-
centage of Tem in the asthmatics was increased three-
fold compared with the healthy subjects (Fig. 1). The
recall memory response can produce effective cytokines
more rapidly and strongly. Our results indicate that
CD4" Tm cells have a more potent capacity of produc-
ing either Tyl (IFN-y) or T2 (IL-5) cytokines in both
asthmatics and healthy subjects compared with non-
memory CD4" T cells (data not shown).

Imbalance of STAT1 and STAT6 phosphorylation
in asthma patients

To assess the activation of STAT1 and STAT6 in mem-
ory CD4" T cells, asthmatics, COPD patients, and
healthy subjects were enrolled. Previous studies have
demonstrated that STAT 1-deficient mice exhibit a pro-
pensity toward mounting a Ty2-type immune response
(Hida et al. 2005; Fukushima et al. 2005) and that IL-4-
induced STAT6 activation is crucial for the T2 differ-
entiation of naive T cells. However, the status of STAT'1
and STAT6 in memory CD4" T cells in asthma has not
been reported. In the present study, we found that
STAT1 phosphorylation (STAT1-Py) is relatively in-
creased compared with STAT6-Py in memory CD4* T
cells of healthy patients. The ratio of STAT1-Py to
STAT6-Py was greater than 1, similar to the pattern
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Asthma COPD Healthy

the changes in fluorescence intensity (AMFI) after cytokine stim-
ulation. b The ratio of 2py-STAT1 to 2py-STAT6 was reduced in
asthmatics. Asthmatics (n = 32); COPD (n = 26); healthy volun-
teers (n = 22) (p < 0.05 statistical difference)

observed in COPD patients. In contrast, the ratio of
STAT1-Py to STAT6-Py in memory CD4™ T cells of
asthmatics was markedly less than 1 and thus signifi-
cantly different from that observed in the COPD and
healthy subjects (p < 0.01) (Fig. 2).

Ty2 memory cells contribute to the imbalance
of STAT1/STAT6 phosphorylation

To determine which CD4* T cell subset is associated with
the imbalance of STAT1/STAT6 phosphorylation, three
populations were defined by staining isolated human
CD4" T cells with anti-human CRTH2, anti-human
CD45RO, and anti-phosphorylated STAT (STAT-py) an-
tibodies: naive CD4" T cells (CD4*CD45RO CRTH2"),
memory Ty2 cells (Ty2m, CD4*CD45RO*CRTH2™),
and memory non-Ty2 cells (non-Ty2m,
CD4*CD45RO*CRTH2"). Non-Tj2m cells consist of
memory Tyl cells and memory Tyl17 cells. Our data
indicate that the mean fluorescence intensity (MFI) of
STAT1-py in both the naive CD4" T-cell and non-Ty;2m
populations in the asthmatic patients exhibited a decreas-
ing tendency compared with that observed in the control
subjects. However, these differences were not statistically
significant (p > 0.05). CD4" Ty2m cells were the only
subset that presented significantly reduced STAT1 phos-
phorylation in asthma patients compared with control
subjects. Interestingly, a significant difference in the
change in the mean fluorescence intensity (AMFI) of
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IL-4-induced STAT6-py between the asthma patients and
the control subjects was observed in Ty;2m cells but not
non-Ti2m cells and naive CD4" T cells. In addition, the
ratio of STAT1-py to STAT6-py was less than 1 in the
asthma patients, which is different from that observed in
the COPD and healthy populations (Fig. 3).

CD4* Tm cells of asthma patients have a specific
cytokine profile compared with those of COPD
and healthy subjects

Do the cytokine-releasing profiles of memory CD4* T
cells differ among asthmatics, COPD patients, and
healthy volunteers? CD4" T cells purified from the
enrolled subjects were cultured under neutralization,
Ty2, T2 + LPS, and T2 + HDM conditions for 6 days.
After overnight activation with phorbol myristate ace-
tate (PMA) and ionomycin, the cytokine protein levels
(IL-5, IL-17, and IFN-y) in CD4" Tm cells were mea-
sured through intracellular staining. Figure 4a—c pre-
sents representative flow cytometry images. The CD4*
Tm cells of asthma patients produced more IL-5 under
Ty2 and T2 + HDM conditions (4.4 + 0.5 % and
6.1+ 0.7 %) compared with those of the COPD patients
(1.2 £ 0.09 % and 1.4 + 0.08 %) and the healthy
volunteers (1.0 £ 0.06 % and 1.0 = 0.09 %). Similar
results were observed for IL-17 secretion, which was
increased in asthma patients under T2 and T2 + HDM
conditions (4.7 + 0.6 % and 5.3 + 0.4 %). However,
lower IFN-y-producing capacities were observed in the
CD4" Tm cells of asthma patients under all culture
conditions, particularly in the T2 + LPS condition
(asthma vs. COPD vs. healthy equal to 14.1 + 0.15%
vs. 242 £ 0.22 % vs. 22.4 £+ 0.18 %). The histogram
demonstrated the pooled data from all enrolled patients
and volunteers, from which increased frequencies of IL-
5- and IL-17-producing CD4" Tm cells were noted in
the circulation of asthma compared with COPD or
healthy subjects. The capacity of producing-IFN-y
was reduced in asthma compared with COPD and
healthy subjects (Fig. 4d).

IL-17"CD4" Tm cells may be a pathological cell type
in asthma

CD4" Tm cells have been proven to be flexible. For
example, memory Ty2 cells can develop into IL-17-
producing memory Ty2 cells with the capacity of re-
leasing both IL-4 and IL-17 (13). Memory T2 cells

Fig. 3 STAT1 phosphorylation was inhibited in CD4* Ty2 P>
memory cells in asthma patients. a Fluorescence-activated cell
sorting analysis of STAT1 phosphorylation (STAT 1-py) in various
subsets of CD4™ T cells. Naive naive CD4" T cells, non-Ty2m non-
Ty2 memory CD4* T cells, T2m T2 memory CD4™ T cells. b
Fluorescence-activated cell sorting analysis of STAT6-py. ¢ AMFIs
of STAT1-py and STAT6-py in gated cell populations ([ P] patients,
n = 6; [C] control subjects; n = 6; p < 0.05 statistical difference; ns,
not statistical)

have the potential to express Foxp3 under a TGF-3
and IL-6 microenvironment (14). Our experiment
revealed that circulating CD4" Tm cells in asthma,
which present a shift in STAT1-py and STAT6-py,
have a specific cytokine profile, specifically IL-
shigh q1_17Meh  and IFN—VIOW. However, whether
the number of cell subsets could indicate the sever-
ity of the disease was still largely unknown. To
answer this question, CD4" Tm cells from healthy,
mild asthma, and moderate to severe asthma pa-
tients were further analyzed. Our results indicate
that only IL-17*CD4" Tm cells were increased with
an increase in the severity of asthma compared with
IL-5*CD4* and IFN-y*CD4" Tm cells (Fig. 5). The
percentage of IL-17*CD4" Tm was positively cor-
related with the asthma drug consumption score
(R* = 0.8296, p < 0.05) (according to the 2015
GINA guidelines). However, the percentage of IL-
5*CD4"Tm and IFN-y*CD4" Tm did not correlate
with the drug consumption score (R* = 0.1408,
p > 0.05; R* = 0.1934, p > 0.05) (Fig. 5).

Discussion

Although, the role of CD4" memory T cells in the
lung has not been fully elucidated (Seder et al.
2008; Wilkinson et al. 2012; Farber et al. 2014;
Lumsden et al. 2011). Emerging evidence has sug-
gested that circulating memory CD4" T cells have
the ability of recruiting to the lung quickly and
initiate specific immune response against previously
encountered pathogens (Turner and Farber 2014).
In the present study, the number of circulating
memory CD4" T cells in asthmatics was increased
compared with healthy control (49 vs. 30.3 %) on
Day 0 when the cells were freshly isolated from the
peripheral blood. The same trend was also observed
when the cells were cultured for 3 to 6 days (data
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Fig. 4 Cytokine profiles of memory CD4" T cells in the asth-
matics compared with the COPD and healthy subjects. a—¢ CD4"
T cells were cultured under neutralization (Neu) and Th2,
Th2 + LPS, or Th2 + HDM conditions for 6 days. After stimula-
tion with Golgi blocker overnight, CD45RO and intracellular
proteins (IL-5, IL-17, and IFN-y) were stained and monitored
using flow cytometry. The numbers indicate the percentage of

double-positive cells. Similar results were obtained from subjects,
including asthmatics (n = 32), COPD (n = 26), and healthy
volunteers (n = 22). d The percentage of IL-15"CD4* Tm, IL-
17*CD4* Tm, or IFN-y"CD4* Tm of CD4" T cells in the asth-
matics compared with the COPD and healthy subjects (p < 0.05 or
p <0.01 represented the statistical significance)
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Fig. 5 IL-17" CD4" Tm cells might be a pathological T helper
cell in asthma. a The percentage of IL-17"CD4" Tm cells but not
IL-5*CD4* Tm cells or IFN-r"CD4" Tm cells were associated

not shown). Our findings were consistent with those
obtained in a previous study conducted by Abdulamir
etal. (Abdulamir et al. 2008; Tang and Chen 2015), who
showed that the percentage of CD45RO*CD4"* T cells
was markedly different between severe asthmatics and
healthy control subjects.

At birth, all T cells in the peripheral blood are naive.
By the end of the second decade of human life, memory
T cells consist of up to 35 % of circulating T cells
(Sathaliyawala et al. 2013). More than ten billion resi-
dent T cells are present in the lung, and these are largely
effector memory T cells (Tem), with a small number of
central memory T cells (Tcm) and T regulatory cells
(Treg). Our study revealed that Tem is the predominant
subgroup of memory T cells in the blood of asthma and
healthy subjects and that the percentage of Tcm in
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with asthma severity. b The percentage of IL-17"CD4* Tm cells
was positively correlated with the asthma drug score (p < 0.05
statistical difference; ns not statistical )

asthma is greater than that in control subjects. Tem can
also be detected in peripheral blood, with a proportion of
2.4 and 0.8 % noted in asthmatics and healthy subjects,
respectively. Resident memory T cells (Trm) residing in
tissues were more involved in the rapid control of infec-
tion and local pathogenesis of chronic disease than in
circulating memory T cells, but it is hard to obtain from
human tissues including the lung. Thus, the relationship
between circulating memory CD4* T cells (most of
which are Tcm and Tem) and human asthma pathogen-
esis still requires further investigation.

STATs were originally described as latent cytoplas-
mic transcription factors. There are seven identified
mammalian STAT family members, including STAT1,
STAT2, STAT3, SATA4, STATS (STATSA and
STAT5B), and STAT6. The STAT1-T-bet pathway
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Fig. 6 a During the primary immune response to allergens, dis-
ruption of the epithelial barrier ends to epithelial cell production of
cytokines, which activate dendritic cell (DC) or macrophage in
airway interface. Immune cells such as Thl, Th17, and Th2 cells
recruit to the local inflammatory site. b DC maturation and traf-
ficking to tissue draining lymph nodes (Ly) where DC activate
naive T (Ty) cells to differentiate into effector (Tggg) cells (such as
Thl, Th2, Th17, etc). Tgrr cells reenter the systemic circulation

controls Ty1 differentiation, whereas the STAT6-
GATA3 pathway promotes Ty2 differentiation.
STAT1-deficient or interferon regulatory factor 1- and
2-deficient mice demonstrated a propensity toward
mounting a Ty2-type immune response against patho-
gens (Chen et al. 2013; Xiaogiong et al. 2015; Kalliolias
and Ivashkiv 2008; Ouaked et al. 2009). These results
clearly demonstrated that Tyl-promoting factors are
critical in suppressing the differentiation of Th2 cells.
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and then the inflamed tissue through postcapillary venules. The
majority of Tggr cells eventually die, but a minority differentiates
into memory T (Ty) cells several weeks after the resolution of
inflammation. ¢ Jak-STAT signaling pathway in memory CD4* T
cells. IL-27 induces STAT1 phosphorylation and promotes T-bet
transcription and Th1 polarization. IL-4 induces STAT6 phosphor-
ylation and promotes GATA3 transcription and Th2 polarization.
Th2/Th1 unbalance was seen in memory CD4* T cells

In contrast, differentiated T2 cells became insensitive
to IFN-y-mediated inhibition. Leung et al. (Leung et al.
2011) reported that atopic conditions suppressed the
IFN-y receptor expression on peripheral blood CD4*
T cell. We hypothesized that an imbalance of STAT1/
STATG6, particularly their phosphorylation, is observed
in the memory CD4* T cells of asthmatics due to repeat-
ed exposure to allergen. First, we compared the change
in the AMFI of STAT1-py/STAT6-py of asthma patients
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with that of COPD and healthy subjects. Interestingly,
the AMFTIs of STAT 1-py/STAT6-py in asthma was much
lower than 1, whereas the ratios in COPD and healthy
subjects were closer to 1 or slightly higher than 1, thus
indicating an impairment in the STAT1 phosphorylation
of memory CD4" T cells in asthma. Next, to determine
whether STAT1 phosphorylation was inhibited in vari-
ous CD4" T cell subsets, the cells were divided into
naive CD4" T cells, T2 memory T cells, and non-Ty;2
memory T cells. Our finding demonstrated that the
AMFI of STAT1-py/STAT6-py shift in asthma contrib-
uted to Ty2 memory T cells rather than to non-Ty2
memory or naive CD4" T cells. Furthermore, whether
the changed STAT 1/STAT6 phosphorylation in memory
CD4+ T cells affecting the cytokine-releasing capacities
was performed.

Previous studies have analyzed the relationship
between the cytokine profiles and the clinical char-
acteristics of asthma, such as disease severity, exac-
erbation risk, and drug consumption, but no consis-
tent results have been obtained (Rudin et al. 2001).
We speculate that the use of peripheral PBMCs or
CD4+ T cells as target cells may contribute to the
inconsistent results obtained in these studies. Long-
lived memory CD4" T cells might be the ideal T cell
subset candidates for analyzing the endotype of asth-
ma. Data obtained from a long-term mouse asthma
model showed persistent lymphocytic lung infiltra-
tion and proved that Ty2 memory T cells play a
crucial role in the pathogenesis of asthma
(Mojtabavi et al. 2002b). We further studied the cy-
tokine production profile of circulating CD4* T
memory cells in asthmatics, COPD patients, and
healthy controls. To our excitement, the proportion
of IL-5"CD4* Tm cells and IL-17*CD4" Tm cells
under Ty2 or T2 + HDM culture conditions was
considerably increased in the asthma patients com-
pared with the COPD patients and the healthy con-
trols. However, the proportion of IFN-y*CD4" Tm
cells in asthmatics under either Ty2 or Ty2 + LPS
culture conditions were significantly reduced com-
pared with those of COPD patients and of healthy
controls. So, impairment of the Jak/STAT1 pathway
in memory CD4"* T cells of asthmatics may play a
pivotal role in the development of Ty2 cells and the
production of Ty2-like cytokines(Fig.6).

Numerous results have revealed the plasticity of
long-lived T2 memory cells. For example, T2 mem-
ory cells redifferentiated into Foxp3™ T cells when
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stimulated in the presence of retinoic acid (Cosmi et al.
2010). Tyl7/Ty2 memory cells were significantly in-
creased in the circulation of patients with chronic asth-
ma (Kim et al. 2010). In our study, the capacity of IL-17
production in CD4* Tm cells differed among the three
subgroups (healthy, mild asthma, and moderate-severe
asthma). The more severe the disease, the more IL-17
was produced. Although the IL-5-producing capacities
in CD4" Tm cells were increased in asthma patients
compared with healthy controls, it could not be used to
distinguish between mild and severe patients. The per-
centage of memory CD4" T cells was positively corre-
lated with asthma medication consumption
(R* = 0.8296, p < 0.01) rather than IL-5"CD4* Tm and
IFN-y*CD4* Tm cells (the asthma medication con-
sumption score was based on the GINA2015 guideline).
Our finding was consistent with previously published
data in which the number of IL-17-T2 cells in asthma
was increased 5.8-fold compared with healthy donors
(Wang et al. 2010). IL-17-producing T2 memory cells
might also represent the inflammatory Ty2 cells in
promoting the pathogenesis of asthma.

Taken together, the results show that CD4* memory
T cells in circulation were markedly increased in asthma
patients. A shift in the balance of STAT1/STAT6 phos-
phorylation in memory CD4™ T cells contributes to the
specific cytokine profiles in asthmatics compared with
COPD patients and healthy subjects. Furthermore, one
subset of memory CD4" T cells (IL-17*CD4" Tm cells)
is positively correlated with asthma severity and medi-
cation consumption. This study sheds light on the po-
tential of circulation memory CD4™ T cells for exploring
asthma pathogenesis, precisely diagnosing asthma, and
evaluating disease severity in the future.
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