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Abstract

Background—T cell immunoglobulin domain and mucin domain-containing molecule 3 

(TIM-3), which is preferentially expressed on Th1 cells rather than Th2 cells, is considered to be a 

negative regulator of Th1 cell function. This suggests that TIM-3 indirectly enhances Th2-type 

immune responses by suppressing Th1 cell function.
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Methods—To investigate TIM-3's possible involvement in Th2-type acute and chronic airway 

inflammation, wild-type and TIM-3-deficient (TIM-3−/−) mice were sensitized and challenged 

with a house dust mite (HDM) extract. Airway inflammation and the number of inflammatory 

cells in bronchoalveolar lavage fluids (BALFs) in the mice were determined by histological 

analysis and with a hemocytometer, respectively. Expression of mRNA in the lungs was 

determined by quantitative PCR, while the levels of cytokines in the BALFs and IgE in sera were 

determined by ELISA.

Results—Despite constitutive expression of TIM-3 mRNA in the lungs, the number of 

eosinophils in bronchoalveolar lavage fluids (BALFs) and the score of pulmonary inflammation 

were comparable between wild-type and TIM-3−/− mice during both acute and chronic HDM-

induced airway inflammation. On the other hand, the number of lymphocytes in the BALFs of 

TIM-3−/− mice was significantly increased compared with wild-type mice during HDM-induced 

chronic, but not acute, airway inflammation, while the levels of Th2 cytokines in the BALFs and 

HDM-specific IgG1 and IgG2a and total IgE in the sera were comparable in both groups.

Conclusions—Our findings indicate that, in mice, TIM-3 is not essential for development of 

HDM-induced acute or chronic allergic airway inflammation, although it appears to be involved in 

reduced lymphocyte recruitment during HDM-induced chronic allergic airway inflammation.
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Introduction

The T cell immunoglobulin domain and mucin domain-containing molecule (TIM) family of 

type I cell surface molecules consists of eight members (TIM-1-TIM-8) in mice and three 

members (TIM-1, TIM-3 and TIM-4) in humans.1 TIM-3 was originally identified as a 

specific marker of Th1 cells in Th subsets,2,3 and it is known to also be expressed on Tc1 

cells,2 Th17 cells,4 NK cells,5 NKT cells,6,7 dendritic cells (DCs)8 and mast cells.9,10 

Binding of TIM-3 to its ligand, galectin-9, resulted in decreased proliferation and induction 

of apoptosis of Th1 cells, thereby suppressing Th1-type immune responses.11 Therefore, 

TIM-3 is considered to be a negative regulator of Th1-type immune responses. Indeed, 

dysregulation of TIM-3 function has been implicated in induction of such human 

autoimmune disorders as multiple sclerosis and Crohn's disease.12–14 In support of that, 

mice deficient in TIM-3 or treated with a neutralizing Ab for TIM-3 showed increased 

development of experimental autoimmune encephalomyelitis2,15 and 2,4,6- colitis 

trinitrobenzene sulfonic acid-induced colitis.16 In addition, the TIM family genes are 

located in the T cell and airway phenotype regulator (Tapr) locus, which is known to include 

susceptibility genes for allergies such as asthma.17 In fact, some polymorphisms of Tim-3 

genes are found in patients with asthma in certain populations, suggesting that they are 

associated with susceptibility to asthma.8,18 Regarding this, blockade of TIM-3 function by 

injection of an anti-Tim-3 Ab to mice showed enhancement of Th1-type immune responses, 

resulting in attenuated development of Th2-type allergic airway inflammation induced by 

ovalbumin (OVA).19 On the other hand, airway inflammation induced by OVA developed 
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normally in TIM-3-deficient (TIM-3−/−) mice as well as wild-type mice.20 The reason for 

the discrepancy between those reports is unclear.

IL-25, IL-33 and TSLP are produced by pulmonary epithelial cells and induce production of 

such Th2 cytokines as IL-4, IL-5 and/or IL-13 in various types of cells, including Th2 cells, 

basophils, mast cells and/or group 2 innate lymphoid cells,21 and are responsible for 

development of OVA-induced Th2-type allergic airway inflammation.22–24 On the other 

hand, it has been reported that IL-33 is crucial, but IL-25 and TSLP are not, for development 

of allergic airway inflammation induced by house dust mite (HDM) extract antigens,25 

which are major allergens in various allergic diseases such as asthma, rhinitis and dermatitis.

26–28 These observations suggest that there are different molecular mechanisms for the 

development of OVA- and HDM-induced airway inflammation. Therefore, we hypothesized 

that TIM-3 may contribute to the development of Th2-type allergic airway inflammation 

induced by HDM, but not OVA. Here, we used TIM-3−/− mice to investigate acute and 

chronic HDM-induced airway inflammation. Although we found that TIM-3 was partly 

involved in the development of HDM-induced chronic, but not acute, airway inflammation 

by regulating lymphocyte recruitment into the airway, it was not essential for that 

development.

Methods

Mice

C57BL/6J-wild-type mice were obtained from Japan SLC (Shizuoka, Japan). TIM-3−/− mice 

on the C57BL/6J background were generated as described previously.20 All mice were 

housed in a specific pathogen-free environment at The Institute of Medical Science, The 

University of Tokyo. The animal protocol for experiments was approved by the Institutional 

Review Board of the Institute (A11-28), and all experiments were conducted according to 

the ethical and safety guidelines of the Institute.

HDM-induced airway inflammation

Mice were immunized intraperitoneally (i.p.) with 20 μl of a 1-mg/ml HDM extract derived 

from Dermatophagoides farinae (Greer Laboratories, Lenoir, NC, USA) emulsified with 

alum (Inject Alum; Pierce, Rockford, IL, USA) in a total volume of 200 μl PBS on days 0 

and 10. Next, the mice were intranasally challenged with 20 μl of the HDM extract or PBS 

alone (control) on days 19, 20 and 21 to induce acute airway inflammation. Chronic airway 

inflammation was induced with HDM in mice as reported previously29 with minor 

modifications. Briefly, mice were intranasally treated with 20 μl of the 1-mg/ml HDM 

extract or PBS alone, 2 times/week for 6 weeks.

Bronchoalveolar lavage fluids (BALFs)

Twenty-four hours after the last HDM extract challenge, BALFs were collected from the 

mice as described elsewhere.30 Then, each cell type in BAL cells was counted with an 

automated hematology analyzer (XT-1800i; Sysmex, Hyogo, Japan), according to the 

manufacturer's instructions.
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Measurement of serum immunoglobulins

Sera were collected from mice 24 h after the last HDM extract challenge. The serum levels 

of total IgE were determined using an ELISA kit (Bethyl Laboratories, Montgomery, TX, 

USA) according to the manufacturer's instructions. The serum levels of HDM-specific IgG1 

and IgG2a were determined by ELISA, as described elsewhere.29,31

Quantitative PCR

Total RNA was extracted from the lungs of mice 24 h after the last HDM extract challenge, 

and cDNA was prepared as described elsewhere.32 The expression levels of TIM-3 were 

determined by quantitative PCR using a Step One Plus System (Applied Biosystems, Foster 

City, CA, USA). The primer design was: forward, 5′-GTAA-

GAATGCCTATCTGCCCTG-3′, and reverse, 5′-GCAACTCGTTGGTA-CACTGTGA-3’. 

The TIM-3 expression levels were quantified by the comparative Ct method after 

normalization with the β-actin expression level in each sample.

Histology

Lungs were harvested from mice 24 h after the last HDM extract challenge and fixed in 

Carnoy's solution. The fixed tissues were embedded in paraffin and sliced into 4-μm 

sections, followed by hematoxylin-eosin (H&E) or periodic acid-Schiff (PAS) staining. The 

severity of airway inflammation in the lung sections was graded on a scale of 0–4 (0, no 

inflammation; 1, mild inflammation; 2, moderate inflammation; 3, severe inflammation; 4, 

extreme inflammation)33,34 for six categories (1, bronchoarterial space inflammation; 2, 

peri-venular inflammation; 3, inflammation around amuscular blood vessels; 4, inter-

alveolar space inflammation, not around capillaries; 5, pleural inflammation; and 6, 

eosinophils within the inflammatory aggregates), as described elsewhere (a maximum of 24 

points per mouse).35

Measurement of cytokines

The levels of IFN-γ, IL-4, IL-5, IL-13 and IL-17A in BALFs were determined with ELISA 

kits according to the manufacturers' instructions (BioLegend, San Diego, CA, or Peprotech, 

Rocky Hill, NJ, USA).

Statistics

Unless otherwise specified, ANOVA and the unpaired Student's t-test, two-tailed, were used 

for statistical evaluation of the results. All results are shown as means + SEM. P values of 

less than 0.05 were considered statistically significant using GraphPad Prism software (San 

Diego, CA, USA).

Results

TIM-3 is not essential for acute airway inflammation induced by HDM extract

C57BL/6-wild-type mice were sensitized i.p. with HDM/alum, followed by challenge with 

HDM extract or PBS alone (Fig.1A). After the last challenge with HDM extract, but not 

PBS, the counts of eosinophils, neutrophils, macrophages and lymphocytes in the BALFs 
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were significantly increased (Fig. 1B). On the other hand, TIM-3 mRNA expression was 

comparable in the lungs of PBS- and HDM-treated wild-type mice, but was barely 

detectable in the lungs of TIM-3−/− mice (Fig. 1C). In association with this, 24 h after the 

last HDM extract challenge, the numbers of eosinophils, neutrophils, macrophages and 

lymphocytes in BALFs were comparable in wild-type and TIM-3−/− mice on the C57BL/6 

background (Fig. 2A). Consistent with this, histological analysis showed the degrees of 

inflammation, epithelial hyperplasia and mucus secretion in the lungs were also similar in 

the wild-type and TIM-3−/− mice (Fig. 2B–D). These observations suggest that TIM-3 is not 

essential for induction of acute airway inflammation by HDM extract in mice.

TIM-3 is not essential for induction of chronic airway inflammation by HDM extract

Next, to elucidate whether TIM-3 is involved in chronic airway inflammation induced by 

HDM, mice were repeatedly treated intranasally with HDM extract or PBS (Fig. 3A). After 

the last intranasal treatment with HDM extract, but not PBS, the numbers of eosinophils, 

neutrophils, macrophages and lymphocytes were significantly increased in the BALFs from 

wild-type mice (Fig. 3B). The TIM-3 mRNA expression levels in lungs were significantly 

increased in wild-type mice treated with HDM extract compared with PBS (Fig. 3C), 

suggesting that TIM-3 may be involved in the induction of chronic airway inflammation by 

HDM extract. Nevertheless, the numbers of neutrophils and macrophages in BALFs were 

comparable between wild-type and TIM-3−/− mice 24 h after the last intranasal treatment 

with HDM extract (Fig. 4A). The number of eosinophils was slightly, but not significantly, 

increased, and that of lymphocytes was significantly increased in BALFs from TIM-3−/− 

mice compared with wild-type mice (Fig. 4A). On the other hand, 24 h after the last 

intranasal HDM extract treatment, histological analysis showed the degrees of inflammation, 

epithelial hyperplasia and mucus secretion in the lungs to be similar in the wild-type and 

TIM-3−/− mice (Fig. 4B–D). The levels of IL-4, IL-5, IL-13, IL-17A and IFN-γ in the 

BALFs were also comparable between the wild-type and TIM-3−/− mice 24 h after the last 

intranasal treatment with HDM extract and with PBS alone (Fig. 4E). The serum levels of 

total IgE, HDM-specific IgG1, and HDM-specific IgG2a were similarly increased in both 

the wild-type and TIM-3−/− mice after the last intranasal treatment with HDM extract (Fig. 

4F). These observations suggest that TIM-3 is involved in regulation of lymphocyte 

recruitment into the lungs during induction of chronic airway inflammation by HDM, but it 

is not essential.

Discussion

Some polymorphisms of TIM-3 genes are found in asthma patients in certain populations, 

suggesting an association with susceptibility to asthma18,36 and involvement of TIM-3 in 

the development of asthma. TIM-3 is known to induce apoptosis of Th1,4,37 Th17,38 NK39 

and NKT cells7 after binding to galectin-9, a ligand for TIM-3, suggesting involvement of 

TIM-3 in down-regulation of Th1 cell-, Th17 cell- and NK cell-mediated immune responses. 

In association with this, the galectin-9/TIM-3 pathway may affect development of Th2-type 

immune responses and/or disorders such as asthma by suppressing Th1- and/or Th17-type 

immune responses. On the other hand, binding to galectin-9 or crosslinking of TIM-3 by 

anti-TIM-3 Abs can promote granzyme B and perforin expression in Tc1 cells,40 IFN-γ 
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production by NK cells,41 expansion of DC,40 NKT cells and macrophages,42 and cytokine 

production by mast cells.9,43 Such activation of immune cells by TIM-3 may be involved in 

development of asthma. However, development of OVA-induced inflammation in TIM-3−/− 

mice was the same as in wild-type mice,20 indicating that TIM-3 was not essential for that. 

The molecular mechanism of induction of allergic airway inflammation differs in response 

to different antigens, such as OVA and HDM.22–25 Therefore, here, we used TIM-3−/− mice 

to investigate the role of TIM-3 in acute and chronic HDM-induced allergic airway 

inflammation.

We demonstrated that TIM-3 mRNA was constitutively expressed in the lungs of wild-type 

mice, and its level did not change in HDM-induced acute airway inflammation (Fig. 1C). In 

addition, HDM-induced acute airway inflammation developed similarly in TIM-3−/− mice as 

in wild-type mice (Fig. 2), indicating that TIM-3 is not essential for that induction. Next, we 

addressed the role of TIM-3 in induction of chronic airway inflammation by repeated 

inhalation of HDM. TIM-3 mRNA was significantly increased in the lungs of HDM-treated 

wild-type mice (i.e., with HDM-induced chronic airway inflammation) compared with PBS-

treated control mice (i.e., no chronic airway inflammation). However, TIM-3-expressing 

cells in CD45+ leukocytes, CD45+CD4+ T cells and CD4+ CD8+ T cells contained in BAL 

cells were hardly detectable by flow cytometry (data not shown), suggesting that TIM-3 

expression may be increased in cells other than leucocytes, including T cells. Although the 

numbers of eosinophils, neutrophils and macrophages in the BALs were comparable 

between the TIM-3−/− mice and wild-type mice in HDM-induced chronic airway 

inflammation, the number of lymphocytes in the BALs was significantly increased in the 

TIM-3−/− mice compared with the wild-type mice (Fig. 4A). However, flow-cytometry 

analysis found the proportions of B cells, CD4+ and CD8+ T cells and those of IFN-γ+, 

IL-4+ and IL-17+ cells in CD4+ and CD8+ T cells contained in BAL cells to be comparable 

between the TIM-3−/− mice and wild-type mice in the setting (data not shown). These 

observations suggest that TIM-3 plays a negative role in recruitment of total lymphocytes 

(but not specific T-cell subsets) into the local inflammatory sites during HDM-induced 

chronic airway inflammation. Therefore, TIM-3 seems to be involved in, but is not essential 

for, development of HDM-induced chronic airway inflammation.

In summary, although constitutive expression of TIM-3 mRNA is observed in the lungs, 

TIM-3 is not essential for development of acute or chronic airway inflammation induced by 

HDM.
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TIM-3 T cell immunoglobulin domain and mucin domain-containing molecule 3

References

1. Kuchroo VK, Meyers JH, Umetsu DT, DeKruyff RH. TIM family of genes in immunity and 
tolerance. Adv Immunol. 2006; 91:227–49. [PubMed: 16938542] 

2. Monney L, Sabatos CA, Gaglia JL, Ryu A, Waldner H, Chernova T, et al. Th1-specific cell surface 
protein Tim-3 regulates macrophage activation and severity of an autoimmune disease. Nature. 
2002; 415:536–41. [PubMed: 11823861] 

3. Rangachari M, Zhu C, Sakuishi K, Xiao S, Karman J, Chen A, et al. Bat3 promotes T cell responses 
and autoimmunity by repressing Tim-3-mediated cell death and exhaustion. Nat Med. 2012; 
18:1394–400. [PubMed: 22863785] 

4. Nakae S, Iwakura Y, Suto H, Galli SJ. Phenotypic differences between Th1 and Th17 cells and 
negative regulation of Th1 cell differentiation by IL-17. J Leukoc Biol. 2007; 81:1258–68. 
[PubMed: 17307864] 

5. Ndhlovu LC, Lopez-Verges S, Barbour JD, Jones RB, Jha AR, Long BR, et al. Tim-3 marks human 
natural killer cell maturation and suppresses cell-mediated cytotoxicity. Blood. 2012; 119:3734–43. 
[PubMed: 22383801] 

6. Liu Y, Shu Q, Gao L, Hou N, Zhao D, Liu X, et al. Increased Tim-3 expression on peripheral 
lymphocytes from patients with rheumatoid arthritis negatively correlates with disease activity. Clin 
Immunol. 2010; 137:288–95. [PubMed: 20805041] 

7. Tang ZH, Liang S, Potter J, Jiang X, Mao HQ, Li Z. Tim-3/galectin-9 regulate the homeostasis of 
hepatic NKT cells in a murine model of nonalcoholic fatty liver disease. J Immunol. 2013; 
190:1788–96. [PubMed: 23296703] 

8. Anderson AC, Anderson DE, Bregoli L, Hastings WD, Kassam N, Lei C, et al. Promotion of tissue 
inflammation by the immune receptor Tim-3 expressed on innate immune cells. Science. 2007; 
318:1141–3. [PubMed: 18006747] 

9. Nakae S, Iikura M, Suto H, Akiba H, Umetsu DT, Dekruyff RH, et al. TIM-1 and TIM-3 
enhancement of Th2 cytokine production by mast cells. Blood. 2007; 110:2565–8. [PubMed: 
17620455] 

10. Wiener Z, Kohalmi B, Pocza P, Jeager J, Tolgyesi G, Toth S, et al. TIM-3 is expressed in melanoma 
cells and is upregulated in TGF-beta stimulated mast cells. J Invest Dermatol. 2007; 127:906–14. 
[PubMed: 17096021] 

11. Zhu C, Anderson AC, Schubart A, Xiong H, Imitola J, Khoury SJ, et al. The Tim-3 ligand 
galectin-9 negatively regulates T helper type 1 immunity. Nat Immunol. 2005; 6:1245–52. 
[PubMed: 16286920] 

12. Koguchi K, Anderson DE, Yang L, O'Connor KC, Kuchroo VK, Hafler DA. Dysregulated T cell 
expression of TIM3 in multiple sclerosis. J Exp Med. 2006; 203:1413–8. [PubMed: 16754722] 

13. Yang L, Anderson DE, Kuchroo J, Hafler DA. Lack of TIM-3 immunoregulation in multiple 
sclerosis. J Immunol. 2008; 180:4409–14. [PubMed: 18354161] 

14. Morimoto K, Hosomi S, Yamagami H, Watanabe K, Kamata N, Sogawa M, et al. Dysregulated 
upregulation of T-cell immunoglobulin and mucin domain-3 on mucosal T helper 1 cells in 
patients with Crohn's disease. Scand J Gastroenterol. 2011; 46:701–9. [PubMed: 21463244] 

15. Lee SY, Goverman JM. The influence of T cell Ig mucin-3 signaling on central nervous system 
autoimmune disease is determined by the effector function of the pathogenic T cells. J Immunol. 
2013; 190:4991–9. [PubMed: 23562810] 

16. Li X, Chen G, Li Y, Wang R, Wang L, Lin Z, et al. Involvement of T cell Ig Mucin-3 (Tim-3) in the 
negative regulation of inflammatory bowel disease. Clin Immunol. 2010; 134:169–77. [PubMed: 
19913460] 

17. McIntire JJ, Umetsu SE, Akbari O, Potter M, Kuchroo VK, Barsh GS, et al. Identification of Tapr 
(an airway hyperreactivity regulatory locus) and the linked Tim gene family. Nat Immunol. 2001; 
2:1109–16. [PubMed: 11725301] 

18. Chae SC, Park YR, Lee YC, Lee JH, Chung HT. The association of TIM-3 gene polymorphism 
with atopic disease in Korean population. Hum Immunol. 2004; 65:1427–31. [PubMed: 15603868] 

Hiraishi et al. Page 7

Allergol Int. Author manuscript; available in PMC 2016 October 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



19. Kearley J, McMillan SJ, Lloyd CM. Th2-driven, allergen-induced airway inflammation is reduced 
after treatment with anti-Tim-3 antibody in vivo. J Exp Med. 2007; 204:1289–94. [PubMed: 
17517968] 

20. Barlow JL, Wong SH, Ballantyne SJ, Jolin HE, McKenzie AN. Tim1 and Tim3 are not essential for 
experimental allergic asthma. Clin Exp Allergy. 2011; 41:1012–21. [PubMed: 21470319] 

21. Barlow JL, McKenzie AN. Type-2 innate lymphoid cells in human allergic disease. Curr Opin 
Allergy Clin Immunol. 2014; 14:397–403. [PubMed: 25115682] 

22. Suzukawa M, Morita H, Nambu A, Arae K, Shimura E, Shibui A, et al. Epithelial cell-derived 
IL-25, but not Th17 cell-derived IL-17 or IL-17F, is crucial for murine asthma. J Immunol. 2012; 
189:3641–52. [PubMed: 22942422] 

23. Oboki K, Ohno T, Kajiwara N, Arae K, Morita H, Ishii A, et al. IL-33 is a crucial amplifier of 
innate rather than acquired immunity. Proc Natl Acad Sci U S A. 2010; 107:18581–6. [PubMed: 
20937871] 

24. Zhou B, Comeau MR, De Smedt T, Liggitt HD, Dahl ME, Lewis DB, et al. Thymic stromal 
lymphopoietin as a key initiator of allergic airway inflammation in mice. Nat Immunol. 2005; 
6:1047–53. [PubMed: 16142237] 

25. Chu DK, Llop-Guevara A, Walker TD, Flader K, Goncharova S, Boudreau JE, et al. IL-33, but not 
thymic stromal lymphopoietin or IL-25, is central to mite and peanut allergic sensitization. J 
Allergy Clin Immunol. 2013; 131:187–200. e1–8. [PubMed: 23006545] 

26. Gandhi VD, Davidson C, Asaduzzaman M, Nahirney D, Vliagoftis H. House dust mite interactions 
with airway epithelium: role in allergic airway inflammation. Curr Allergy Asthma Rep. 2013; 
13:262–70. [PubMed: 23585216] 

27. Eifan AO, Calderon MA, Durham SR. Allergen immunotherapy for house dust mite: clinical 
efficacy and immunological mechanisms in allergic rhinitis and asthma. Expert Opin Biol Ther. 
2013; 13:1543–56. [PubMed: 24099116] 

28. Lee J, Park CO, Lee KH. Specific immunotherapy in atopic dermatitis. Allergy Asthma Immunol 
Res. 2015; 7:221–9. [PubMed: 25749758] 

29. Nakanishi W, Yamaguchi S, Matsuda A, Suzukawa M, Shibui A, Nambu A, et al. IL-33, but not 
IL-25, is crucial for the development of house dust mite antigen-induced allergic rhinitis. PLoS 
One. 2013; 8:e78099. [PubMed: 24205109] 

30. Nakae S, Lunderius C, Ho LH, Schafer B, Tsai M, Galli SJ. TNF can contribute to multiple 
features of ovalbumin-induced allergic inflammation of the airways in mice. J Allergy Clin 
Immunol. 2007; 119:680–6. [PubMed: 17336618] 

31. Phipps S, Lam CE, Kaiko GE, Foo SY, Collison A, Mattes J, et al. Toll/IL-1 signaling is critical for 
house dust mite-specific helper T cell type 2 and type 17 [corrected] responses. Am J Respir Crit 
Care Med. 2009; 179:883–93. [PubMed: 19246719] 

32. Morita H, Arae K, Ohno T, Kajiwara N, Oboki K, Matsuda A, et al. ST2 requires Th2-, but not 
Th17-, type airway inflammation in epicutaneously antigen-sensitized mice. Allergol Int. 2012; 
61:265–73. [PubMed: 22361513] 

33. Stenton GR, Ulanova M, Dery RE, Merani S, Kim MK, Gilchrist M, et al. Inhibition of allergic 
inflammation in the airways using aerosolized antisense to Syk kinase. J Immunol. 2002; 
169:1028–36. [PubMed: 12097411] 

34. Zhu MM, Zhou QH, Zhu MH, Rong HB, Xu YM, Qian YN, et al. Effects of nebulized ketamine on 
allergen-induced airway hyperresponsiveness and inflammation in actively sensitized Brown-
Norway rats. J Inflamm (Lond). 2007; 4:10. [PubMed: 17480224] 

35. Wachtel MS, Shome G, Sutherland M, McGlone JJ. Derivation and validation of murine histologic 
alterations resembling asthma, with two proposed histologic grade parameters. BMC Immunol. 
2009; 10:58. [PubMed: 19878549] 

36. Chae SC, Song JH, Pounsambath P, Yuan HY, Lee JH, Kim JJ, et al. Molecular variations in Th1-
specific cell surface gene Tim-3. Exp Mol Med. 2004; 36:274–8. [PubMed: 15272240] 

37. Kane LPT. Cell Ig and mucin domain proteins and immunity. J Immunol. 2010; 184:2743–9. 
[PubMed: 20200285] 

Hiraishi et al. Page 8

Allergol Int. Author manuscript; available in PMC 2016 October 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



38. Hastings WD, Anderson DE, Kassam N, Koguchi K, Greenfield EA, Kent SC, et al. TIM-3 is 
expressed on activated human CD4+ T cells and regulates Th1 and Th17 cytokines. Eur J 
Immunol. 2009; 39:2492–501. [PubMed: 19676072] 

39. Niwa H, Satoh T, Matsushima Y, Hosoya K, Saeki K, Niki T, et al. Stable form of galectin-9, a 
Tim-3 ligand, inhibits contact hypersensitivity and psoriatic reactions: a potent therapeutic tool for 
Th1- and/or Th17-mediated skin inflammation. Clin Immunol. 2009; 132:184–94. [PubMed: 
19464955] 

40. Nagahara K, Arikawa T, Oomizu S, Kontani K, Nobumoto A, Tateno H, et al. Galectin-9 increases 
Tim-3+ dendritic cells and CD8+ T cells and enhances antitumor immunity via galectin-9-Tim-3 
interactions. J Immunol. 2008; 181:7660–9. [PubMed: 19017954] 

41. Gleason MK, Lenvik TR, McCullar V, Felices M, O'Brien MS, Cooley SA, et al. Tim-3 is an 
inducible human natural killer cell receptor that enhances interferon gamma production in 
response to galectin-9. Blood. 2012; 119:3064–72. [PubMed: 22323453] 

42. Kadowaki T, Morishita A, Niki T, Hara J, Sato M, Tani J, et al. Galectin-9 prolongs the survival of 
septic mice by expanding Tim-3-expressing natural killer T cells and PDCA-1+ CD11c+ 
macrophages. Crit Care. 2013; 17:R284. [PubMed: 24321251] 

43. Kojima R, Ohno T, Iikura M, Niki T, Hirashima M, Iwaya K, et al. Galectin-9 enhances cytokine 
secretion, but suppresses survival and degranulation, in human mast cell line. PLoS One. 2014; 
9:e86106. [PubMed: 24465902] 

Hiraishi et al. Page 9

Allergol Int. Author manuscript; available in PMC 2016 October 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 1. HDM-induced acute airway inflammation model.
(A) Scheme of induction of acute airway inflammation with HDM. (B) The number of 

leukocytes in BALFs from wild-type mice (PBS, n = 4; HDM, n = 7) 24 h (day 18) after the 

last challenge with HDM or PBS, as in (A). (C) The levels of TIM-3 mRNA in the lungs of 

wild-type mice (n = 10) and TIM-3−/− mice (n = 10) 24 h (day 18) after the last challenge 

with HDM or PBS, as in (A), were determined by quantitative PCR. Data show the mean + 

SEM. *p < 0.05 and **p < 0.01 vs. the corresponding values for PBS-treated mice (B) and 

wild-type mice (C), respectively.
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Fig. 2. TIM-3 is not essential for HDM-induced acute airway inflammation.
(A) The number of leukocytes in the BALFs from wild-type mice (PBS, n = 10 and HDM, n 
= 15) and TIM-3−/− mice (PBS, n = 10 and HDM, n = 15) 24 h after the last challenge with 

HDM or PBS. (B) Lung sections stained with hematoxylin-eosin. (C) Lung sections stained 

with PAS. (D) Score of inflammation in lungs from wild-type mice (PBS, n = 8 and HDM, n 
= 10) and TIM-3−/− mice (PBS, n = 7 and HDM, n = 8). (A, D) Data show the mean + SEM. 

***p < 0.005 vs. the corresponding values for PBS-treated mice. (B, C)The data show 

representative results from 10 to 15 mice in each experimental group, as indicated.
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Fig. 3. HDM-induced chronic airway inflammation model.
(A) Scheme of induction of chronic airway inflammation with HDM. (B) The number of 

leukocytes in the BALFs from wild-type mice (PBS, n = 10 and HDM, n = 16) 24 h (day 39) 

after the last challenge with HDM or PBS, as in (A). (C) The levels of TIM-3 mRNA in the 

lungs from wild-type mice and TIM-3−/− mice, as shown in (B), were determined by 

quantitative PCR. Data show the mean + SEM. *p < 0.05, **p < 0.01 and ***p < 0.005 vs. 

the corresponding values for PBS-treated mice (B) and for wild-type mice (C), 
respectively. ††p < 0.01 vs. the corresponding values for PBS-treated mice (C).
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Fig. 4. TIM-3 is not essential for HDM-induced chronic airway inflammation.
(A) The number of leukocytes in the BALFs from wild-type mice (PBS, n = 10 and HDM, n 
= 16) and TIM-3−/− mice (PBS, n = 10 and HDM, n = 20) 24 h after the last challenge with 

HDM or PBS. (B) Lung sections stained with hematoxylin-eosin. (C) Lung sections stained 

with PAS. (D) Score of inflammation in the lungs. (E) The levels of cytokines in the BALFs 

from mice, as shown in (A). (F) The levels of total IgE, and HDM-specific IgG1 and IgG2a 

in the sera from mice, as shown in (A). (A, D, E, F) Data show the mean + SEM. **p < 0.01 

and ***p < 0.005 vs. the corresponding values for PBS-treated mice. †p < 0.005 vs. the 
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corresponding values for wild-type mice. (B, C) The data show representative results from 

10 to 20 mice in each experimental group, as indicated.
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