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Abstract: Objective: The aim of the current study was to investigate the timing of CD4* and CD4 effector memory T-
cell (TEM) expression levels during an antigen challenge in an asthmatic mouse model. Methods: A total of 51 mice
were sensitized with ovalbumin (OVA), then challenged with OVA for 7 consecutive days (asthma group). Another 6
mice were sensitized and challenged with phosphate-buffered saline (PBS) (control group). Spleen and lung cells
were harvested, at various time points, up to 30 days after the final challenge. Percentages of CD4* and CD4 TEM
cells (CD3*CD4*/CD4 CD44"enCD62L"e), out of the total CD4* and CD4 T-cell populations, were determined by flow
cytometry. Results: Percentages of CD4* and CD4 TEM cells were higher in OVA-challenged mice than in control
mice at 48 hours after the final OVA challenge. In the asthma group, percentages of CD4* TEM cells in the lungs
increased rapidly during the OVA challenge. Levels were continuously elevated after the challenge ended, reaching
a peak (55.69 + 2.18%) at day 6 after the final challenge. Levels then declined, gradually, to 20.04 + 4.39% at
day 30 after the final challenge. Percentages of CD4 TEM cells in the lungs also increased, gradually, during the
OVA challenge period. However, levels peaked (61.97 + 3.22%) earlier at 2 days after the final challenge. They then
decreased more rapidly to less than 20% at 2 weeks after the final challenge. Conclusion: CD4* and CD4 TEM cells

exhibited different expression patterns during and after the OVA challenge.
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Introduction

Asthma, one of the most prevalent chronic dis-
eases worldwide, is characterized by chronic
airway inflammation. This results in recurrent
attacks of coughing and wheezing, as well as
chest tightness and variable airflow obstruc-
tion. Over time, the airflow obstruction may
become irreversible due to airway remodeling
[1]. There are many mechanisms involved in the
pathogenesis of asthma, including heredity,
respiratory infections, neuro-regulation, and
immunological mechanisms. For many years,
asthma has been considered a T helper (Th)
2 cell-mediated disorder. However, in recent
years, other cell types, such as regulatory T
(Treg) cells, Thl cells, and Th17 cells, have
been found to be involved in the pathogenesis
of asthma [2, 3]. Effector memory T-cells (TEM)
play a particularly important role. Airway inflam-
mation in asthma has been associated with
activated T-cells, as well as cytokines secreted
after bronchial allergen challenge [4]. Some

activated T-cells develop into TEM cells, which
have been shown to survive for more than a
year in a mouse model of asthma [5]. When
these TEM cells are re-exposed to the same
allergen, they rapidly reactivate and differenti-
ate into Th2 cells, accompanied with secretion
of the same cytokines that induced the original
symptoms of asthma. A very important cell type
in immune response, CD4* TEM cells play criti-
cal roles in many physio-pathological mecha-
nisms, including graft-versus-host disease [6,
7], cancer [8], response to vaccines [9, 10],
defense against various pathogens [11-13],
and asthma [5, 14]. Although TEM cells can
cause eosinophil accumulation, bronchial over-
response, and asthma symptoms in asthma
[15], few studies have focused on dynamic fluc-
tuations of TEM cells during immune responses
in asthma. Therefore, the current study ana-
lyzed the timing of TEM cell development, dur-
ing and after antigen challenge, in a mouse
model of asthma. Mouse TEM cells were de-
fined by high expression of the CD44 surface
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Table 1. Antibodies for flow cytometric analysis

mice in the normal control group were

FITC PE PE-Cy7

sacrificed. Their spleens and lung cells

Experimental samples CD4 CDh44 CD3e
Isotype control
Negative control - -

CD4 RatlgG2bk CD3e RatlgG2bk

were isolated.

The current experimental protocol was
approved by the Ethics Committee of Jilin

marker. Mouse TEM cells were further classi-
fied as CD62L" central memory T (TCM) cells
and CD62L TEM cells [16, 17]. Dynamic altera-
tion levels of CD4* and CD4 TEM cells (defined
as CD47-CD3'CD44"e"CD62L T cells) were in-
vestigated in detail. Understanding the devel-
opment of TEM cells in the pathogenesis of
asthma may help to elucidate the mechanisms
of asthma, providing theoretical evidence and
guidance for new therapeutic strategies.

Methods
Asthmatic mouse model

Female BALB/c mice, aged 6-8 weeks and
weighing 18-22 g, were obtained from the
Center of Laboratory Animals, School of Basic
Medical Sciences, Jilin University. They were
maintained in a pathogen-free facility with con-
stant humidity and temperature levels. They
were exposed to a 12-hour light/dark cycle and
given free access to food and water. Inducing
bronchial asthma, 57 mice were randomized
into either the asthma (n = 51) group or normal
control (n = 6) group. Mice in the asthma group
were sensitized by intraperitoneal injections
with 10 pg of ovalbumin (OVA, grade V, Sigma-
Aldrich, St. Louis, MO, USA) and 2 mg of alumi-
num hydroxide (Pierce Biotechnology, Rockford,
IL, USA) in 100 pL of phosphate-buffered saline
(PBS) on days O, 7, and 14. Daily challenges
with aerosolized 2% OVA for 1 hour began one
week after the last sensitization. They contin-
ued for a total of 7 consecutive days. PBS was
used to replace OVA in the normal control
group. Levels of IgE, Interleukin-4, and Inter-
feron-y were detected by ELISA. Eosinophil and
neutrophil counts in bronchoalveolar lavage
fluid and hematoxylin and eosin staining of lung
tissues were used to establish the asthmatic
mouse model. Every several (2-5) days, begin-
ning the day before the first challenge to 30
days after the last challenge, three mice in the
asthma group, at each time point, were sacri-
ficed. Spleens and lung cells were isolated for
flow cytometry. At 48 hours after the last chal-
lenge, six mice in the asthma group and six
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ELISA

Serum IgE, IL-4, and IFN-y were detected by
ELISA using specific kits, according to manu-
facturer instructions. Briefly, 50 ul assay dilu-
ent was added into each well of a 96-well dish
containing testing cells. Next, 50 ul standard,
reference, or sample was added to the well and
mixed gently for 1 minute. It was then covered
with an adhesive strip. The dish was incubated
at room temperature for 2 hours after covering
with an adhesive strip. It was washed 5 times,
added with 100 ul conjugate, sealed with a new
adhesive strip, and incubated at room tempera-
ture for 2 hours. After washing another 5 tim-
es, each well was added with 100 ul substrate
solution, incubated at room temperature for 30
minutes avoiding light, and added with 100 ul
Termination fluid. Optical density values were
detected at 450 nm with a spectrometric read-
er within 30 minutes.

Fluorescence-activated cell sorting (FACS)
analysis

Preparing the spleen cells, mouse spleens we-
re cut into small pieces. They were mashed by
two ground glass plates, filtered twice through
a 200-mesh strainer, and washed twice with
PBS solution. Obtained cells were resuspended
in RPMI 1640 culture medium (Hyclone, Oma-
ha, NE, USA), counted, and adjusted to a con-
centration of 5 x 108/mL.

Preparing the lung cells, the mice were anes-
thetized. The right atrium of each heart was
punctured with a needle. Hemoperfusion was
performed with PBS until the lungs turned
white. The right lung was then harvested and
single cells were prepared according to the
same process used for the isolation of spleen
cells.

Regarding flow cytometric analysis, 100 L
of the cell suspension (5 x 10°% cells) was
mixed with fluorophore-conjugated antibodies,
as shown in Table 1. For the other tests, cells
were labeled with FITC-conjugated anti-mou-
se CD4, PE-Cy7-conjugated anti-mouse CD3e,
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Table 2. Levels of serum interleukin (IL)-4, inter-
feron (IFN)-y, and IgE in each group

Group n 14 (pg/mL) IFN-y (pg/mL) IgE (ug/mL)

Asthma 6 47.95 + 5.03* 2.15 + 1.024 115.4 + 7.09%
Control 6 13.19+152 6.81+1.94 11.29+1.31

Note: A: compared with normal control group, P < 0.0001; A:

compared with normal control group, P < 0.001.

Table 3. Counts of eosinophil and neutrophil
in BALF of each group

Group n Eos Neu
Asthma 6 29.17 +6.18* 2+ 0.894
Control 6 2+1.41 0.33 +0.52

Eos: eosinophils; Neu: neutrophils; A: compared with
normal control group, P < 0.0001; A:compared with
normal control group, P < 0.01.

PE-conjugated anti-mouse CD44, and APC-
conjugated anti-mouse CD62L. Controls cells
were labeled with FITC-conjugated anti-mouse
CD4, PE-Cy7-conjugated anti-mouse CD3e, PE-
conjugated rat IgG2bk, and APC-conjugated rat
IgG2bk. Negative controls contained cells with-
out antibodies. All antibodies were from BD
Pharmingen (San Jose, CA, USA). Diluted BD
FACS Lysing Solution (BD Pharmingen, 1 mL)
was mixed with the test cells and the corre-
sponding antibodies for 5-10 min. The cell mix-
tures were then centrifuged, washed with PBS,
resuspended in PBS (cells from one lung were
suspended in 300 uL), and sorted on a BD
FACSCalibur flow cytometer (BD Pharmingen).
Finally, the cells were sorted for CD3 and CD4
expression, then resorted for CD44 and CD-
62L expression. Percentages of CD3*CD4*-
CD44"e"CD62L TEM cells and CD3*CD4
CD44"e"CD62L TEM cells, of the total amount
of CD3*CD4 T-cells, were calculated.

Statistical analysis

Data from the asthma group and normal con-
trol group were compared using unpaired Stu-
dent’s t-tests. P < 0.05 indicates statistical sig-
nificance. Data are presented as mean * stan-
dard error of the mean.

Results
Establishment of the asthmatic mouse model

The established asthmatic mouse model was
verified by multiple tests. Mice in the asthma
group exhibited scratching of the head and
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nose, as well as sneezing, on the second day
after OVA inhalation. This was followed by weak
shortness of breath, abdominal muscle twitch-
ing, weight loss, coat color loss, and luster
deterioration. Mice in the normal group did not
show any of the above symptoms. Serum levels
of IgE and IL-4 in the asthma group were signifi-
cantly higher than those in the normal group
(P < 0.01). Serum levels of IFN-y in the asthma
group were significantly lower than those in the
normal group (P < 0.01; Table 2). In addition,
eosinophil and neutrophil counts in the bron-
choalveolar lavage fluid in the asthma group
were significantly higher than those in the nor-
mal group (P < 0.01; Table 3).

Lung tissue samples of the normal group sh-
owed that the bronchial epithelium was intact.
There was no infiltration of inflammatory cells.
However, samples from the asthma group pre-
sented inflammatory cell infiltration of the bron-
chial mucosa and submucosa on the bronchial
wall and its adjacent vessels, including lym-
phocytes, eosinophils, and neutrophils. These
were accompanied by goblet cell hyperplasia,
smooth muscle thickening, lumen constriction,
and adjacent small artery wall thickening and
constriction (Figure 1). These alterations veri-
fied the establishment of an asthmatic mouse
model.

Percentages of CD4* TEM cells and CD4 TEM
cells in the OVA-challenged mice

Numbers of CD4* and CD4 T-cells (CD3*), as
well as TEM cells (CD44"e"CD6G2L) (Figure 2),
were evaluated by flow cytometry at 48 hours
after the OVA challenge. Percentages of TEM
cells are shown in Tables 4 and 5. Percentages
of CD4* TEM cells, of the total CD4" T-cells
(55.69 + 2.18%), in the asthma group were sig-
nificantly higher than those in the normal con-
trol group (11.32 + 1.72%) in the lungs (P <
0.0001). The distribution of the percentages of
CD4" TEM cells in the lungs showed a similar
pattern (61.97 + 3.22% vs. 12.24 + 2.18%) (P
< 0.0001). Present data indicates that pulmo-
nary CD4* and CD4 TEM cells may play impor-
tant roles in asthma. Notably, the percentage
of CD4" TEM cells was obviously higher than
that of CD4* TEM cells in the asthma group (P <
0.05). However, the number of CD4- TEM cells
rapidly declined (Figure 4). These alterations
suggest that CD4- TEM cells are likely involved
in the onset of asthma.
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Normal control

Figure 1. Hematoxylin and eosin staining of lung tissues in indicated groups

(400 x magnification).

In mice spleens, the percentage of CD4* TEM
cells, of the total CD4* T cells (32.1 + 2.83%),
was significantly higher than that in the normal
control group (20.48 + 2.38%) (P < 0.0001).
Similarly, the percentage of CD4  TEM cells, of
the total CD4 T cells, in the asthma group was
much higher than that of the control group
(33.64 +£3.93% vs. 18.14 + 1.63%; P < 0.0001;
Table 5). Results suggest that spleen CD4* and
CD4 TEM cells are implicated in the pathogen-
esis of asthma. However, there were no differ-
ences between the percentages of CD4* TEM
cells and CD4 TEM cells in the asthma group in
the spleens (Table 5).

Interestingly, the percentage of TEM cells in the
lungs, whether they were CD4* or CD4" TEM
cells, was much lower than that in the spleens.
However, after sensitization and aerosol chal-
lenge with 2% OVA by inhalation, percentages
of TEM cells in the lungs, whether they were
CD4* or CD4" TEM cells, were dramatically in-
creased. They were significantly higher than
levels in the spleens (Tables 4 and 5). These
findings may help explain the different roles
of TEM cells in different organs, including the
lungs and spleen.

Alterations of TEM cell percentages over time
in OVA-challenged mice

Percentages of CD4* and CD4" TEM cells in the
spleen and lung cells in the asthma group were
monitored on the day before the initial OVA
challenge to 30 days after the final challenge.
Percentages of CD4* TEM cells, of the total
CD4* T cells, were 17.34 + 0.22% and 20.63 +
0.99% in the lungs and spleens, respectively,
before the initial challenge. The percentage of
CD4* TEM cells in the lungs increased to 36.68
+ 6.10% on day 4 after the initial challenge.
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This number remained around
40-45% for several days, then
elevated again after the final
OVA challenge. It reached a
peak (55.69 + 2.18%) at day
2 after the final challenge, th-
en remained over 50% for 7
days after peaking. Afterward,
the ratio declined, gradually,
to 20.04 + 4.39% at day 30
after the final OVA challenge
(Figure 3).

The percentage of CD4* TEM

cells, over time, in the spleens
was in accord with that in the lungs. However,
the overall increased value was relatively lower
and happened slightly later than that in the
lungs. The percentage of CD4* TEM cells in the
spleens reached a peak (45.16 + 3.40%) at
day 7 after the final OVA challenge, then de-
creased gradually to 25.01 + 1.20% at day 16
after the final challenge. Levels remained at
25-30% through day 30 (Figure 3).

The baseline percentage of CD4 TEM cells in
the lungs and spleens was 26.99% and 22.12
+ 3.77%, respectively, before the initial chal-
lenge. The ratio in the lungs gradually elevated
and reached a plateau of 51.13 + 1.54% on day
4 after the initial challenge. Levels increased
again after the final challenge, reaching a peak
(61.97 + 3.22%) on day 2 after the final chal-
lenge. Levels then decreased rapidly to less
than 20% within 2 weeks after the final chal-
lenge (Figure 4). In contrast, CD4- TEM cell per-
centages in the spleens remained around the
baseline level of approximately 20% during the
OVA challenge, then increased rapidly to 33.64
+ 3.93% after the final challenge. Levels re-
mained constant between 18-30% for 2 weeks,
then returned to the baseline level by day 30
(Figure 4). The alternating pattern of CD4- TEM
cells in the spleens, during and after the OVA
challenge, was quite different from that in the
lungs. It was also quite different from the CD4*
TEM cell alternating pattern.

Discussion

Flow cytometry has been widely applied for
detection of cellular types, quantitatively and
qualitatively, according to specific cellular mar-
kers. In the context of asthma, flow cytometry
has been widely accepted for identification of
TEM cells (CD44"CD62L"°) and TCM cells

Int J Clin Exp Med 2019;12(8):10278-10285
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Figure 2. |dentification of TEM cells by flow cytometry. Spleen and lung cells were harvested at 48 hours after the fi-
nal OVA challenge (asthma group) or PBS administration (control group) and detected by flow cytometry. CD3*CD4+-
CD44"eCD62L TEM cells were identified using FITC-conjugated anti-mouse CD4, PE-Cy7-conjugated anti-mouse
CD3e, PE-conjugated anti-mouse CD44, and APC-conjugated anti-mouse CD62L. For isotype controls, FITC-conju-
gated anti-mouse CD4, PE-Cy7-conjugated anti-mouse CD3e, PE-conjugated rat IgG2bk, and APC-conjugated rat
18G2bk were used. No antibodies were added in the control group.

(CD44"CD62L") in mice lungs [18, 19], central
memory (CD45F*CCR7*) CD8" T-cells, and ef-
fector memory (CD45RAY-CCR7-) CD8* T-cells
from human peripheral blood [20]. Therefore,
in the current study, flow cytometry was app-
lied, identifying both CD4* and CD4  TEM cell
levels.
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Antigens play an important role in the produc-
tion of memory T-cells and activation of naive
CD4* T-cells to produce lymphokines. These
are needed for proliferation and generation of
lymphoblast-derived effector cells, as well as
the production of memory cells [21]. TEM cells
have the characteristics of effector cells. They
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Table 4. Percentages of TEM cells at 48 hours
after the final OVA challenge in the lungs

Lung

Group n CD4*TEM cells/ CD4 TEM cells/ P
CD4* T cells CD4 T cells

Asthma 6 55.69 +2.18%
Control 6 11.32+ 1.72%
p < 0.0001 < 0.0001

61.97 £3.22 0.003
12,24 +2.18 0.434

Note: #P > 0.05 compared with CD4 TEM cells/CD4 T-cells;
AP < 0.05 compared with CD4 TEM cells/CD4 T-cells.

Table 5. Percentages of TEM cells at 48 hours
after the final OVA challenge in the spleens

Spleen
Group n CD4*TEM cells/ CD4 TEM cells/ P
CD4* T cells CD4 T cells

Asthma 6 32.1 +2.83* 33.64+3.93 0.454
Control 6 20.48 +2.38%
o < 0.0001 < 0.0001

18.14 +1.63 0.0752

Note: #P > 0.05 compared with CD4 TEM cells/CD4 T-cells.

rapidly produce microbicidal lymphokines dur-
ing secondary immune responses. In contrast,
TCM cells proliferate to produce new effector
cells. They recreate themselves during secon-
dary immune responses [21]. The current ex-
amination of the development of TEM cells in
OVA-sensitized and OVA-challenged mice dem-
onstrated that percentages of CD4* and CD4-
TEM cells were much higher in the spleens and
lungs of OVA-sensitized mice, compared with
those in normal control mice. These findings
are consistent with the results of Mojtabavi et
al. They identified allergen-specific memory
Th2 cells in both the lungs and spleens in an
OVA-induced asthmatic mouse model [5]. Gi-
ven the important roles of antigens in the pro-
duction of TEM cells, it is not surprising that
mice exposed to OVA developed more TEM cells
than control mice. In the control mice without
OVA challenge, ratios of CD4* and CD4  TEM
cells were higher in the spleens than in the
lungs. In contrast, in OVA-challenged mice, the
ratio was higher in the lungs than in the sple-
ens. Current findings suggest that TEM cells
accumulate in the local attacked organ rather
than in the lymphatic system, even though sen-
sitization is systematic. Circulation patterns of
memory T-cells may account for these results.
TEM cells can circulate between lymphoid tis-
sues and nonlymphoid tissues during steady-
state conditions. However, they are largely ex-
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cluded from lymph nodes. Indeed, most TEM
cells locate to nonlymphoid sites. TCM cells, in
contrast, mainly circulate in lymphoid tissues
(lymph nodes, spleen, and bone marrow) and
the blood [22]. In addition, TEM cells detected
in this study may include tissue-resident mem-
ory cells, a recently identified subset of memo-
ry cells that express low levels of CCR7 and
CD62L, as with TEM cells. However, these tis-
sue-resident memory cells have high levels of
local nonlymphoid tissue-homing molecules,
such as CD103 and CD69. These cells reside in
the peripheral nonlymphoid tissues long after
the initial immune response [23]. During the
observation of quantitative TEM cells, over ti-
me, in the asthma group, it was found that
CD4* TEM cells peaked at day 2 after the final
OVA challenge. They were maintained at a high
level until day 9 after the final OVA challenge.
Moreover, levels were still slightly higher than
the baseline level at day 30 after the final chal-
lenge. In a study of OVA-sensitized mice, Th2
memory cells were reported to be able to exist
in the lungs for more than 400 days. This allows
the mice to recover from acute diseases and
recover after re-exposure to aerosolized OVA
over 400 days [5]. These cells have been shown
to contribute to generation, persistence, and
progression of asthma [5, 24]. Present findings
revealed dynamic and quantitative fluctuations
of CD4* TEM cells during the generation, pro-
gression, and remission of animmune response
in asthmatic mice.

In addition, CD4- TEM cells may participate in
the pathogenesis of asthma, but with a differ-
ent pattern. The percentage of CD4  TEM cells
reached a peak on day 2 after the final ch-
allenge. However, levels declined rapidly and
completely the following two weeks. These re-
sults suggest that CD4* TEM cells and CD4"
TEM cells may play different roles in asthma.
They also suggest that pathophysiological ch-
anges in the lungs of OVA-challenged mice are
more likely to be mediated by CD4* TEM cells,
as they remain at high levels in the lungs for a
longer time than CD4 TEM cells. The finding
that CD8* T-cells act as important helpers for
CD4* T-cells during asthma [25] may explain
these results, to some extent. T lymphocytes
include two main subsets, CD4* T-cells and
CD8* T-cells. Thus, the majority of the CD4-
T-cells, in the current study, was CD8" T-cells.
The high number of CD4 TEM (presumably

Int J Clin Exp Med 2019;12(8):10278-10285
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CD8") cells observed during the onset phase of
asthma in this study may act as helpers for the
relatively low number of CD4* T-cells. In later
phases of the disease, as the number of CD4*
TEM cells increases, the need for helper cells
would be expected to decrease, perhaps ex-
plaining the rapid decrease of CD4  cells after
the onset phase of asthma.

In summary, present results suggest that both
CD4* and CD4 TEM cells participate in the
pathogenesis of asthma in a mouse model.
However, their roles were shown to be different
because of different dynamic alteration pat-
terns during and after the OVA challenge. Fur-
ther exploration is warranted, examining the
mechanisms in which these lymphocyte sub-
types affect asthma development.
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