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- Thermoneutral housing
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v induced asthma development in
ey
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. The change in ambient temperature is one of the risk factors for the aggravation of bronchial asthma
(BA).Yet, whether the ambient temperature influences the immune functions associated with allergic
asthma remains unknown. In this study, we treated asthmatic mice with standard temperature (ST,
20°C) or thermoneutral temperature (TT, 30 °C). The results showed that the airway inflammatory cell
counts in bronchoalveolar lavage fluid (BALF) and airway hyperresponsiveness (AHR) were significantly

. reduced in the mice treated with TT as compared with the mice treated with ST. The imbalance of Th1/

. Th2response in the lung was improved following housing the mice at TT. In addition, the pulmonary

. Treg cells were increased in asthmatic mice after TT treatment. The temperature stress (29 °C and

. 41°C) drove naive CDAT cells towards Th2 cells. Our data demonstrate that the change of ambient

: temperature was a risk factor to aggravate experimental asthma.

The effects of weather change on aggravating bronchial asthma (BA) have been noticed'. It is suggested the cold
: air imposes considerable effects on compromising the lung functions in individual asthmatics as well as suscep-
© tible populations®. About 70% of patients with asthma reported that the cold air was one of the important factors
in triggering difficulty breathing, which affects about 37% of asthma patient outdoor activities during winter?. It
is suggested that cold air inhalation may trigger airway inflammatory cell infiltration and epithelial barrier dam-
age among normal and BA subjects>*°. Yet, the underlying mechanism of these clinical phenomena needs to be
further investigated.
: Mouse models are widely used in research to investigate disease mechanism. Previous reports indicated that
. the standard laboratory temperature (ST, 20 °C) imposed considerably effects on mouse living as compared to
. the thermoneutral temperature (T'T, 30°C)5°. Published data indicate that cold stress can alter mouse’s physiol-
. ogy, including behavioral thermoregulation'®, metabolic rate!!, sympathetic activity®, fatty acid oxidation, energy
. homeostasis'> !, and immune responses’~®. Whether the ambient temperature change influences the immunity
. associated with BA in mice remains to be determined.
In this study, an OVA-induced asthmatic mouse model was developed. The mice were treated with TT or ST.
The immune profiles of these mice were assessed. The results showed that TT markedly attenuated the asthma
symptoms, improved the Th1/Th2 balance and increased the development of Tregs.
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Figure 1. Effects of the changing ambient temperature on asthma mice. (a) The experimental procedures using
to develop an asthma mouse model was generated by using OVA sensitization and challenge. (b) The AHR in
mice after being inhaled Mch was measured recorded using flow plethysmography. (¢) Total and differential
cells numbers in BALF that were determined by microscopyicobservation. The data were averaged from for five
randomly selected fields of each mouse. (d) The representative photomicrographs (200 )of lung sections are
shown. Black arrows indicate areas of peribronchiolar inflammatory cell influx and edema. Black bars indicate
the amount of bronchiolar remodeling. ST: standard temperature (20 °C); TT: thermoneutral temperature
(30°C). The data presented are mean £ SEM. ** denotes P < 0.01 (ST-control vs. ST-asthma or T'T-control
vs.TT-asthma); # denotes P < 0.05 (TT-asthma vs. ST-asthma) in Fig. 1b. * or ** denotes P < 0.05, P < 0.01
respectively between two groups in Fig. 1¢,d (n= 6 mice per group).

Peribronchiolar eosinophilia 0.33+£0.52* 3.164+0.75 0.16 £0.40* 2.1140.63*
Perivascular eosinophilia 0.16£0.40* 1.83+£0.75 0.33+£0.82* 1.33£0.52
Oedema 0.3340.52% 3.52£0.55 0.1640.40% 1.83+0.75°
Epithelial damage 0.1640.40% 3.51+1.05 0.3340.82% 3.014+0.89

Table 1. Histopathological scoring of inflammatory change in the lungs of mice. Inflammatory changes

were graded by histopathological assessment using a semiquantitative scale of 0-5 (Table 2). ST: standard
temperature (20 °C); TT: thermoneutral temperature (30 °C). The data presented are mean & SEM. * denotes

P < 0.05 (ST-control vs. ST-asthma or TT-control vs.TT-asthma); *denotes P < 0.05 (TT-asthma vs. ST-asthma)
(n=6 mice per group).

Results

TT attenuates AHR and inflammatory cell influx and reduces pulmonary histopathology changes
in asthmatic mice. Inamice model of allergic asthma (Fig. 1a), twenty-four hours after the last challenge with
specific antigens, the mice were placed in the chambers for AHR evaluation at the same living temperatures, and
then sacrificed for subsequent BALF analysis. The AHR was assessed by measuring an enhanced pause (Penh)
for baselines. The Penh% values in the asthma groups were significantly higher than those in the control groups
(p < 0.01, Fig. 1b). The Penh% in the TT-asthma group was lower compared with that of the ST- asthma group
(Fig. 1b). In BALE, the number of eosinophils and total inflammatory cells were significantly more in the asthma
group compared with those in the naive control group (p < 0.01, Fig. 1¢). Exposure of asthma mice to TT markedly
reduced the airway total inflammatory cells and eosinophils as compared to those asthma mice at ST (p < 0.05,
Fig. 1c). The histopathology of lung showed perivascular and peribronchiolar eosinophilia, oedema and epithelial
damage in the asthmatic mice, which was markedly attenuated in the TT group (Table 1, and Fig. 1d).
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Histopathology | Perivascular and

grade peribronchiola eosinophilia | Oedema Epithelial damage

0 Normal Normal Normal

1 L'owgrade cellinflu, no Low grade diffuse oedema | Low grade cell loss
tissue pathology

2 Low to moderate cell influx, | Moderate alveolar and L de cell 1
low grade tissue damage bronchiolar oedema ow grade cell loss

3 Moderz_ite cell influx, low Regional and focal oedema | Moderate cell loss
grade tissue damage

4 x:;tﬁ?i;:l}eﬁg;;:lgl;nﬂux’ Pronounced oedema Moderate cell loss

5 High cell influx, significant Pneumonic type oedema Epithelial metaplasia,_
tissue pathology mucus cell hyperplasia

Table 2. Histopathological scoring system used to assess inflammatory change in lung.
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Figure 2. The effects of ambient temperature on IFN-~, IL-4, IL-13 and serum OVA specific IgE. The BALF and
sera were collected from the mice and analyzed by ELISA. The bars indicate the cytokine levels in the BALF (A) and
the antigen-specific IgE in the serum (B). ST: standard temperature (20 °C); TT: thermoneutral temperature (30°C).
Control: Naive mice. Asthma: Asthma mice. (C) Spleen cells were cultured at the indicated temperature for 48h in
the presence of ionomycin. The data are presented as mean = SEM. *P < 0.01 (t test). Each group consists of 6 mice.

The effects of changing ambient temperature on expression of IL-4, IL-13, IL10 and IFN-~ and
OVA specific IgE in asthma mice.  We next assessed the effects of changing the ambient temperature on the
cytokine profile in the lung of asthma mice. The results showed that treating asthma mice with TT significantly
suppressed the levels of IL-4 and IL-13, and increased the IFN-~~ levels in the BALF, as compared with the data
of asthma mice treated with ST (Fig. 2A). In addition, treating asthma mice with TT also suppressed the serum
antigen-specific IgE as compared to that treated with ST (Fig. 2B). The results demonstrate that treating asthma
mice with TT can suppress the levels of Th2 cytokines in the lung and the serum specific IgE in asthma mice.

The effect of cell culture temperature on cytokine production bysplenocytes in vitro. To further
assess the effects of changing temperature on the regulation of cytokine production by CD4" T cells, naive CD4" T
cells were isolated from the spleen of naive mice. The cells were cultured at 29 °C, or 37 °C, or 41 °C, respectively, in
the presence of inomycin for 48 h. The supernatant was analyzed by ELISA. The results showed that, as compared
to cells cultured at 37°C, CD4" T cells cultured at either 29 °C or 41 °C produced less IFN-~~ and more IL-4 and
IL-13 (Fig. 2C). The results demonstrate that changing the ambient temperature results skewed Th2 polarization

The subsets of Th1/Th2 and regulatory T (Treg) cells can be altered by ambient temperature
change. Flow cytometric analysis was performed to evaluate the impact of ambient temperature change on
the subsets of CD4" T cells. The representative dot plots of mouse spleen CD4" T cells are presented in Fig. 3. The
results showed that the frequency of Th1 cell and Treg was lower, the frequency of Th2 cells was higher in asthma
mice treated with ST than that in control mice, which was markedly reversed by treating mice with TT. The results
demonstrate that TT can redress the Th1/Th2 imbalance and enhances Treg development in mice with asthma.

The effects of ambient temperature on Foxp3, GATA-3 and Tbet mRNA expression. We next
assessed the expression of GATA3, T-bet and Foxp3 in the lung and the spleen. In the lung, the Foxp3 and T-bet
mRNA levels from the asthma groups was significantly lower than that in the control groups, which was reversed
by treating asthma mice with TT (Fig. 4a). The levels of GATA-3 was significantly different between the asthma
group and the control group in both tissues in mice treated witheitherST or TT (Fig. 4a,b). However, the T-bet,
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Figure 3. Effects of changing ambient temperature on Th1/Th2 cell and Treg cell populations in the spleen.
Spleen cells were prepared from each mouse after treating with ST or TT. The cells were analyzed by flow
cytometry. (A) The dot plots show the CD3™ and CD4" T cells were gated. (B) The dot plots show the frequency
of IFN-~*, IL-4" and IL-13" cells, respectively, in the gated CD4" T cells of panel A. C, the bars show the
summarized data of panel B. The data of bars are presented as mean £ SEM. *p < 0.05 (t test), compared to the
ST-control group. #p < 0.05, compared to the TT-control group. Each group consists of 6 mice.

Gata-3 and Foxp3 in the spleen showed no difference between the asthmatic groups and the control group
(Fig. 4b). The results indicate that the TT may promote the development of Treg cells in asthma mice.

Discussion

To understand the mechanisms of immunological regulation in asthma is of significancein the clinical diagnosis and
treatment. In this study, we identified that the thermoneutral housing temperatures changed the airway physiopa-
thology through activation of systemic immunological function in asthmatic mice. The results demonstrated that TT
influenced asthmatic mouse immunity via a shift in the Th1/Th2 cell subsets profile from predominant Th2 towards
Th1 pattern in the lung when compared to ST-asthma mice. The asthma mice treated with TT were prevented the
development of AHR, the influx of eosinophils and oedema in the lungs and OVA-specific IgE in the serum.

It is observed that asthma may be aggravated in cold environments, in which the mechanism remains unclear.
The changes of air temperature may influence the aeroallergens types and levels that may exacerbate allergic res-
piratory diseases'*. Previousstudies showed that bronchoconstriction was mostly related to loss of heat and water
in the airway following hyperpnoea®. When exposure to cold air, the increases in the number of granulocytes and
macrophages, and induced mucociliary dysfunction in the lower airways of athletes?. The bronchial biopsies of
winner athletes showed evidences of airway remodeling characterized by a mixed type of eosinophilic and neu-
trophilic airway inflammation due to repeatedly and strongly exposed to inhalant irritants and allergens'®. In the
present study, we found that TT could attenuate the peribronchiolar eosinophilia and oedema in asthma mice
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Figure 4. Effects of ambient temperature on Foxp3, T-bet, and GATA3 expression in the lung and spleen. The
mRNA expression of Foxp3, T-bet, and GATA3 in the lung tissue (a) and spleen tissue (b) were detected by
RT-PCR. ST: standard temperature (20 °C); TT: thermoneutral temperature (30 °C). The data presented are
mean £ SEM. * denotes P < 0.05, ** denotes P < 0.01 (n = 6 mice per group).

airway compared with that in the ST-asthma mice.The results suggest that the change of ambient temperature
may exacerbate the allergic airway inflammation.

Kokolus et.al reported that the antitumor immunity is significantly increased when the mice were housedat
30°C compared with 20°C in murine allograft tumor models’. Recent reports indicated that the mutation in
Foxnl of nude mice was associated with the higher energy expenditure. Loss of IL4/IL13 signaling in adipose
tissue was a specific defect in adaptive macrophages activation for acclimation to cold® '°. In other words, T cell
subsets, especially the CD4" cells in BALB/c mice, can mediate the immune regulation of chronic cold stress. Cell
culture temperature can influence T-cell immunity in the peripheral tissues'”. When cells were cultured at 29 °Cor
41°C, they would experience the temperature stress'®. Our results are in line with the reports by showing the
change of ambient temperature can alter the imbalance of Th1/Th2 in asthma mice. On the other hand, regulatory
T cells (Tregs) play a critical role in suppressing the host immune response, but whether Treg cells are involved in
temperature-induced bronchoconstriction is unknown. Here, we found that TT-dependent upregulation of Treg
cells in the lung modulated the immune responses in asthmatic mice, and this was correlated with the redress-
ing imbalance of Th1/Th2 cells. Recent researches also highlighted that heat condition could attenuate immune
responses through increasing the expression of Foxp3 in the local tissues of tumor microenvironment and auto-
immune diseases” %, Recent reports indicatedthat the impairment of pulmonary CD4*CD25" Treg cells might
influencethe Th cell balance in asthma®'~*. These findings suggested that the pulmonary CD4+*CD25*FoxP3* Treg
cells might contribute to redressing imbalance of Th1/Th2 subsets to the cold stress in asthma.

In conclusion, our study demonstrated that the change of ambient temperature may be an important factor in
the pathogenesis of asthma. Our data propose the change of ambient temperature is probably involved in pulmo-
nary Treg cell regulation.

Methods

Experiment grouping of mice and ambient temperature conditions. Female BALB/c mice (6-8
week old) were purchased from the Guangdong Medical Laboratory Animal Center (Guangdong, China). The
mice were randomly assigned into 4 groups: ST-control, ST-asthma and TT-control, TT-asthma (n=6). ST-control
and ST-asthma groups mice were placed in a climatic box (Huangshi Henfeng Medical Instrument Co. Ltd., Hubei,
China) and maintained at the standard temperature (ST) of 20 °C. TT-control, TT-asthma groups mice were placed
in another climatic box at the thermoneutral temperature (TT) of 30 °C. The environmental conditions were main-
tained according to the standard specific pathogen-free animal living conditions of relative humidity (60% 3= 10%)
and photoperiod (12h light/dark cycle). Animals were fed on a standard pelleted diet, and sterilized water was pro-
vided ad libitum. The study was approved by the Ethics Committee of Guangzhou Medical University, and all pro-
cedures were conducted in accordance with the experimental animal guidelines of Guangzhou Medical University.

Sensitization and airway challengeprocedure. The experimental asthma model was generated as
previously described?. Figure la showed a schematic illustration of the procedures. Ovalbumin (OVA; Sigma
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Aldrich, St Louis, MO) was mixed with aluminium hydroxide (Sigma Aldrich, St Louis, MO). Mice were injected
intraperitoneally (IP) with the mixture containing 20 pg OVA and 4 mg Alum per mouse on day 0 and day 14. On
day 21,22 and23, the sensitized mice were challenged with a 1% OVA-in-saline (1 mg/ml) aerosol delivered using
an ultrasonic nebulizer (UltraNebs, DeVilbiss, Somerset, PA, USA) for 30 min daily. The mice were sacrificed
next day and sampled as described below. The control groups were sensitized and challenged with sterile saline.

Measurement of airway hyperresponsiveness (AHR). AHR was measured by recording the respon-
siveness to methylcholine (Mch) in conscious, unrestrained mice using a whole-body noninvasive plethysmo-
graph (Buxco Electronics, Inc. Wilmington, DE, USA) at the coherent living temperatures in the manual climatic
box. This system estimates total pulmonary airflow in mice using a dimensionless parameter known as enhanced
pause (Penh) as described previously?’. Pressure differences were used to calculate Penh values, which are a func-
tion of the sum of the airflows in the upper and lower respiratory tracts during the entire respiratory cycle. Penh
for baseline and for increasing concentrations of aerosolized Mch were determined by exposing mice to nebulized
saline for 2min and then recorded and the averaged Penh values over 3 min. Mch was aerosolized using an ultra-
sonic nebulizer, and the aerosol was drawn through the chamber at a constant rate for 2 min, after which Penh
values were taken for 3 min and averaged.

Total and differential inflammatory cell counts in BALF.  Upon sacrifice, BALF was collected from
each mouse for total and differential cell counting. The total cell number was counted by placing 10l BALF in a
hemacytometer. The BALF was then centrifuged at 3000 x g at 4°C for 10 min to separate the cells from the fluid.
The supernatants were collected for cytokine assay, and cell pellets were resuspended in 100 ul 4% formaldehyde
for 1 h prior to hematoxylin & eosin (H & E) staining. At least 200 macrophages, eosinophils, neutrophils and
lymphocytes in each sample were counted under a microscope.

Histopathology examination of the lung. A piece of non-lavaged left lung were excised and fixed in 4%
neutral-buffered formalin, then embedded in paraffin and cut into 4 pm sections. The sections were stained with
hematoxylin and eosin (H&E) for histological evaluations. Three different fields for each sample were assessed
under a light microscope at a magnification of x200. The lung inflammation was semi-scored by histopathologi-
cal scoring system as shown by Table 2 2.

The effects of temperature change on cytokine production of spleen cells.  The spleens were col-
lected from each mouse upon sacrifice. Splenocytes were isolated from the spleens as described previously”. The
spleen cells were cultured in duplicates at a density of 4 x 10° cells/mL in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS; Life Technologies), 1 mM sodium pyruvate, 2 mM L-glutamine, 0.1 mg/mL
streptomycin and 100 U/mL penicillin or with OVA (500 pg/mL). The cells were cultured at 29 °C, or 37°C, or
41°C, respectively'” '3, The culture supernatants were collected to evaluate the levels of IL-4, IL-13 and IFN~
using ELISA Kits (see below)*.

ELISA. Equal portions of parenchymal spleen tissue were cut into small pieces and homogenized with a suita-
ble amount of cold PBS on ice. The resulting suspension was sonicated. Then, the homogenates were centrifuged
for 5min at 5000 X g for 10 min at 4 °C. Protein concentration in the supernatant was determined by the BCA
assay method (Thermo Scientific Pierce, Waltham, MA, USA). The levels of IL-4, IL-13 and IFN-~ in spleen
homogenate, BALF and the culture supernatants, OVA specific IgE in the serum were assessed using commercial
ELISA kits from Cayman Chemical Co. (Ann Arbor, MI, USA) according to the manufacturer’s instructions.

Flow cytometry. Spleen cells were prepared as described above. The cells were surface-stained with fluo-
resce in isothiocyan (FITC)-conjugated anti-CD4 (BD Pharmingen, San Diego, CA, USA) and PE-conjugated
anti-CD25 (eBioscience) to separate T cells. For analysis of the FoxP3, cells were fixed, permeabilized and stained
according to the manufacture instruction for FoxP3 staining (PE-Cy5-conjugated anti-mouse/rat FoxP3 staining
kit; eBioscience). To analyze intracelluar cytokine production, the cells were cultured for 48 h in the prescence of
2mM monensin (BD Pharmingen) with 100 ng/ml phorbolmyristate acetate (PMA) (Alexis, Lausen, Switzerland)
and 1 mM ionomycin (Alexis). After washed and blocked with Fc-blockade (CD16/32; BD Pharmingen)
for 30 min, cells were directly surface-stained with PE-Cy5-conjugated anti-CD3e (BD Pharmingen) and
FITC-conjugated anti-CD4. After fixed and permeabilized using the BD cytofix/cytoperm kit (BD Pharmingen),
the cells were stained using PE-conjugated anti-IL-4 (BD Pharmingen) or PE-conjugated anti-IFN-~ (BD
Pharmingen). Cells were analyzed (10* gated events were collected) using a FACSCalibur. Background fluoro-
chrome was assessed using appropriate isotype and fluorochrome-conjugated control mAbs. Data collected were
analyzed using FlowJo software.

Total RNA isolation and reverse transcription (RT)-PCR. The total RNA was isolated from tissue
using TRIzol according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA) and reverse-transcribed
using PrimeScript RT Master Mix (TaKaRa Biotechnology Co., Ltd, Dalian, China). The cDNA was amplified
in 96-well reaction plates with a KAPA SYBR FAST Q-PCR kit Master Mix (2x) Universal (KapaBiosystems,
Wilmington, DE, USA) in an ABI 7900 real-time PCR thermocycler. PCR cycling conditions were
as follows: 95 °C for 3 min and 40 cycles each of 95°C for 105, 56 °C for 205, and 72 °C for 10s. The primer
sequences were used as followed: IFN-~-sense: 5'-AACGCTACACACTGCATCTTGG-3/, IFN-~-anti sense:
5"-GACTTCAAAGAGTCTGAGG-3’; IL-4-sense: 5'-TCGGCATTTTGAACGAGGTC-3/, IL-4-antisense,
5-GAAAAGCCCGAAAGAGTCTC-3’; IL-13-sense: 5-GGAGCTGAGCAACATCACACA-3/, IL-13-antisense:
5'-GGTCCTGTAGATGGT GGC ATT GCA-3’; FOXp3-sense: 5'-TTCATGCATCAGCTCTCCAC-3/,
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FOXp3-antisense: 5'-CTGGACACCCATTCCAGACT-3'; Gata-3-sense: 5-GGGACATCCTGCG CGAACTG-3,
Gata-3-antisense: 5-CTCCAGCGCGTCATGCACC-3'; Tbet-sense: 5'-GCCAGCCAAACAGAG AAGAC-3/,
Tbet-antisense: 5'-ACACACCTCCTACCGACCAG-3'; 3-actin-sense: 5'-CCTGTACG CCAACACAGTGC-3/,
B-actin-antisense: 5'-ATACTCCTGCTTGCTGATCC-3'. The AACt- method (change in ACt [ = Ct of the target
gene minus Ct of the house keeping gene]) was used for relative quantification. Fold changes in expression were
calculated according to the transformation: fold increase = 2(-24, PCR efficiency was tested and ensured to be
similar for both the target gene and the (3-actin control gene.

Statistical analysis. All analyses were performed with software package SPSS 17.0 (SPSS, Chicago, IL,
USA). The data were presented as mean &= SEM. Samples were checked for Gaussian distribution by applying a
Kolmogorov-Smirnov normality test. Groups were compared with one-way ANOVA followed by Tukey’s multi-
ple comparison test or two-way ANOVA combined with a Bonferroni post-test. P values < 0.05 were considered
statistically significant. All studies were repeated in 3 independent experiments.

References

. D’Amato, G. et al. Meteorological conditions, climate change, new emerging factors, and asthma and related allergic disorders. A
statement of the World Allergy Organization. World Allergy Organ J. 8, 25, doi:10.1186/s40413-015-0073-0 (2015).

2. Larsson, K., Tornling, G., Gavhed, D., Miiller-Suur, C. & Palmber, L. Inhalation of cold air increases the number of inflammatory
cells in the lungs in healthy subjects. EurRespir J. 12, 825-830 (1988).

. Analitis, A. et al. Effects of cold weather on mortality: results from 15 European cities within the PHEWE project. Am J Epidemiol.
168, 1397-1408, doi:10.1093/aje/kwn266 (2008).

4. Couto, M, Silva, D., Delgado, L. & Moreira, A. Exercise and airway injury in athletes. Acta med port. 26, 56-60 (2013).

5. Ali, Z., Norsk, P. & Ulrik, C. S. Mechanisms and management of exercise-induced asthma in elite athletes. The J. asthma: official
journal of the Association for the Care of Asthma. 49, 480-486, d0i:10.3109/02770903.2012.676123 (2012).

6. Karp, C. L. Unstressing intemperate models: how cold stress undermines mouse modeling. J. exp med. 209, 1069-1074, doi:10.1084/
jem.20120988 (2012).

7. Kokolus, K. M. et al. Baseline tumor growth and immune control in laboratory mice are significantly influenced by subthermoneutral
housing temperature. Proc. NatiAcadSci USA. 110, 20176-20181, doi:10.1073/pnas.1304291110 (2013).

8. Repasky, E. A, Evans, S. S. & Dewhirst, M. W. Temperature matters! And why it should matter to tumor immunologists. Cancer
immunol res. 1,210-216, doi:10.1158/2326-6066.CIR-13-0118 (2013).

9. Stemmer, K. et al. Thermoneutral housing is a critical factor for immune function and diet-induced obesity in C57BL/6 nude mice.
Int . obes. 39, 791-799, doi:10.1038/1j0.2014.187 (2014).

10. Gordon, C.J. et al. Behaviorally mediated, warm adaptation: a physiological strategy when mice behaviorally thermoregulate. J.
therm Biol. 44, 41-46, d0i:10.1016/j.jtherbio.2014.06.006 (2014).

. Tokizawa, K., Yoda, T., Uchida, Y., Kanosue, K. & Nagashima, K. Estimation of the core temperature control during ambient
temperature changes and the influence of circadian rhythm and metabolic conditions in mice. J. therm Biol. 51, 47-54, d0i:10.1016/j.
jtherbio.2015.03.005 (2015).

12. Dudele, A. et al. Effects of ambient temperature on glucose tolerance and insulin sensitivity test outcomes in normal and obese C57

male mice. Physiol rep. 3, €12396, doi:10.14814/phy2.12396 (2015).

13. Brandon, A. et al. Minimal impact of age and housing temperature on the metabolic phenotype of ACC2-/- mice. ] Endocrinol. 14,
doi:10.1530/JOE-15-0444 (2015).

14. Beggs, P. J. Impacts of climate change on aeroallergens: past and future. Clin Exp Allergy. 34, 1507-1513, doi:10.1111/§.1365-
2222.2004.02061.x (2004).

15. Haahtela, T., Malmberg, P. & Moreir, A. Mechanisms of asthma in Olympic Athletes practical implication.Allergy. 63, 685-694,
doi:10.1111/§.1398-99952008.01686.x. (2008).

16. Nguyen, K. D. et al. Alternatively activated macrophages produce catecholamines to sustain adaptive thermogenesis. Nature. 20,
104-108, doi:10.1038/nature10653 (2008).

17. Hanson, D. F. Fever and the Immune Response. The Effects of Physiological Temperatures On Primary Murine Splenic T-cell
Responses in Vitro. | Immunol. 151, 436-448 (1993).

18. Hatzfeld-Charbonnier, A. S. et al. Influence of Heat Stress On Human Monocyte-Derived Dendritic Cell Functions with
Immunotherapeutic Potential for Antitumor Vaccines. ] Leukoc Biol. 81, 1179-1187, d0i:10.1189/j1b.0506347 (2007).

19. Kim, M. G. et al. The heat-shock protein-70-induced renoprotective effect is partially mediated by CD4 + CD25 +- Foxp3 + regulatory
T cells in ischemia/reperfusion-induced acute kidney injury. Kidney Int. 85, 6271, doi:10.1038/ki.2013.277 (2014).

20. Meng., D. et al. Chronic heat stress inhibits immune responses to H5N1 vaccination through regulating
CD4+ CD25 + Foxp3 + Tregs. Biomed Res Int. 2013, 160859, doi:10.1155/2013/160859 (2013).

21. Hartl, D. et al. Quantitative and functional impairment of pulmonary CD4 + CD25 + regulatory T cells in pediatric asthma. J.
Allergy ClinImmunol. 119, 1258-1266, doi:10.1016/j.jaci.2007.02.023 (2007).

22. Kearley, J., Robinson, D. S. & Lloyd, C. M. CD4 + CD25 + regulatory T cells reverse established allergic airway inflammation and
prevent airway remodeling. J. Allergy ClinImmunol. 122, 617-624, d0i:10.1016/j.jaci.2008.05.048 (2008).

23. Ying, L. et al. Cytotoxic T lymphocyte antigen 4 immunoglobulin modified dendritic cells attenuate allergic airway inflammation
and hyperresponsiveness by regulating the development of T helper type 1 (Th1)/Th2 and Th2/regulatory T cell subsets in a murine
model of asthma. ClinExpImmunol. 165, 130-139, doi:10.1111/j.1365-2249.2011.04405.x (2011).

24. Xu, W. et al. Adoptive Transfer of induced-Treg Cells Effectively Attenuates Murine Airway Allergic Inflammation. Plos One. 7,
€40314, doi:10.1371/journal.pone.0040314 (2012).

25. Kim, H. J. et al. Effects of Lactobacillus Rhamnosus On Allergic March Model by Suppressing Th2, Th17, and TSLP Responses Via
CD4(+)CD25(+)Foxp3(+) Tregs. Clinlmmunol. 153, 178-186, doi:10.1016/j.clim.2014.04.008 (2014).

26. Scott, N. M., Lambert, M. J., Gorman, S., McGlade, J. P. & Hart, P. H. Differences in control by UV radiation of inflammatory airways
disease in naive and allergen pre-sensitised mice. Photochem Photobiol Sci. 10, 1894-1901, doi:10.1039/c1pp05206¢ (2011).

27. Williams, A. S. et al. Innate and ozone-induced airway hyperresponsiveness in obese mice: role of TNF-c.. Am J. Physiol Lung
Cellular and Mol Physiol. 308, L1168-1177, doi:10.1152/ajplung.00393.2014 (2015).

28. Underwood, S., Foster, M., Raeburn, D., Bottoms, S. & Karlsson, J. A. Time-course of antigen-induced airway inflammation in the
guinea-pig and its relationship to airway hyperreponsiveness. Eurrespir J. 8,2104-2113 (1995).

29. Segawa, S. et al. Effect of Oral Administration of Heat-Killed Lactobacillus Brevis SBC8803 On Total and Ovalbumin-Specific
Immunoglobulin E Production through the Improvement of Th1/Th2 Balance. Int ] Food Microbiol. 121, 1-10, doi:10.1016/j.
ijfoodmicro.2007.10.004 (2008).

30. Nie, H. et al. Invariant NKT Cells Act as an Adjuvant to Enhance Th2 Inflammatory Response in an OVA-induced Mouse Model of
Asthma. Plos One. 10, €119901, doi:10.1371/journal.pone.0119901 (2015).

—

w

1

—

SCIENTIFICREPORTS|7:7123| DOI:10.1038/s41598-017-07471-7 7


http://dx.doi.org/10.1186/s40413-015-0073-0
http://dx.doi.org/10.1093/aje/kwn266
http://dx.doi.org/10.3109/02770903.2012.676123
http://dx.doi.org/10.1084/jem.20120988
http://dx.doi.org/10.1084/jem.20120988
http://dx.doi.org/10.1073/pnas.1304291110
http://dx.doi.org/10.1158/2326-6066.CIR-13-0118
http://dx.doi.org/10.1038/ijo.2014.187
http://dx.doi.org/10.1016/j.jtherbio.2014.06.006
http://dx.doi.org/10.1016/j.jtherbio.2015.03.005
http://dx.doi.org/10.1016/j.jtherbio.2015.03.005
http://dx.doi.org/10.14814/phy2.12396
http://dx.doi.org/10.1530/JOE-15-0444
http://dx.doi.org/10.1111/j.1365-2222.2004.02061.x
http://dx.doi.org/10.1111/j.1365-2222.2004.02061.x
http://dx.doi.org/10.1111/j.1398-9995.
http://dx.doi.org/10.1038/nature10653
http://dx.doi.org/10.1189/jlb.0506347
http://dx.doi.org/10.1038/ki.2013.277
http://dx.doi.org/10.1155/2013/160859
http://dx.doi.org/10.1016/j.jaci.2007.02.023
http://dx.doi.org/10.1016/j.jaci.2008.05.048
http://dx.doi.org/10.1111/j.1365-2249.2011.04405.x
http://dx.doi.org/10.1371/journal.pone.0040314
http://dx.doi.org/10.1016/j.clim.2014.04.008
http://dx.doi.org/10.1039/c1pp05206c
http://dx.doi.org/10.1152/ajplung.00393.2014
http://dx.doi.org/10.1016/j.ijfoodmicro.2007.10.004
http://dx.doi.org/10.1016/j.ijfoodmicro.2007.10.004
http://dx.doi.org/10.1371/journal.pone.0119901

www.nature.com/scientificreports/

Acknowledgements

This work was supported by the Research & Innovation Foundation of Guangzhou (No. 1561000231), The
Sciences and technology program of Guangdong province (2014A020212420), National Natural Science
Foundation of China (81373176).

Author Contributions

X.W.Z., B.Q.S., P.C.Y. and N.S.Z. conceived, supervised the project and designed experiments, interpreted all
the results and wrote the manuscript. W.J.L., L.B.Z., X.L.Z., Y.S.L. and L.J.S. performed most of the experiments,
generated figures and tables and wrote the manuscript. Y.S.L., WJ.L. and L.J.S. performed experiments,
contributed to generate figures and tables P.C.Y. provided reagents, facilities and participated in discussions. All
the authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:7123| DOI:10.1038/541598-017-07471-7 8


http://creativecommons.org/licenses/by/4.0/

	Thermoneutral housing temperature regulates T-regulatory cell function and inhibits ovabumin-induced asthma development in  ...
	Results

	TT attenuates AHR and inflammatory cell influx and reduces pulmonary histopathology changes in asthmatic mice. 
	The effects of changing ambient temperature on expression of IL-4, IL-13, IL10 and IFN-γ and OVA specific IgE in asthma mic ...
	The effect of cell culture temperature on cytokine production bysplenocytes in vitro. 
	The subsets of Th1/Th2 and regulatory T (Treg) cells can be altered by ambient temperature change. 
	The effects of ambient temperature on Foxp3, GATA-3 and Tbet mRNA expression. 

	Discussion

	Methods

	Experiment grouping of mice and ambient temperature conditions. 
	Sensitization and airway challengeprocedure. 
	Measurement of airway hyperresponsiveness (AHR). 
	Total and differential inflammatory cell counts in BALF. 
	Histopathology examination of the lung. 
	The effects of temperature change on cytokine production of spleen cells. 
	ELISA. 
	Flow cytometry. 
	Total RNA isolation and reverse transcription (RT)-PCR. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Effects of the changing ambient temperature on asthma mice.
	Figure 2 The effects of ambient temperature on IFN-γ, IL-4, IL-13 and serum OVA specific IgE.
	Figure 3 Effects of changing ambient temperature on Th1/Th2 cell and Treg cell populations in the spleen.
	Figure 4 Effects of ambient temperature on Foxp3, T-bet, and GATA3 expression in the lung and spleen.
	Table 1 Histopathological scoring of inflammatory change in the lungs of mice.
	Table 2 Histopathological scoring system used to assess inflammatory change in lung.


