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Asthma is characterized by chronic eosinophilic inflammation and hyperresponsiveness of the airways. We
hypothesized that thalidomide, which has numerous immunomodulatory properties, may have anti-inflammatory
effects in allergic asthma. BALB/c mice sensitized and challenged with ovalbumin (OVA) were treated orally with
thalidomide (30, 100, or 300 mg/kg) or a vehicle. When thalidomide was administered to OVA-challenged mice,
the number of eosinophils in bronchoalveolar lavage fluid (BALF) was significantly decreased. The numbers of
inflammatory cells other than eosinophils were not reduced by thalidomide. Thalidomide inhibited the elevated
levels of interleukin-5 (IL-5) and tumor necrosis factor-o (TNF-2) in BALF by OVA challenges. Histological
analysis of the lung revealed that both the infiltration of inflammatory cells and the hyperplasia of goblet cells
were significantly suppressed by thalidomide treatment. Furthermore, thalidomide significantly inhibited the
response to methacholine induced by OVA challenges. Taken together, thalidomide treatment decreased airway
inflammation and hyperresponsiveness in a murine model of allergic asthma. These results might provide an

opportunity for the development of novel therapeutics to treat severe asthma.

Key words

Bronchial asthma has clinical manifestations, which in-
clude variable degrees of airflow obstruction, airway hyperre-
sponsiveness, and airway inflammation.” The inflammatory
process in asthma is dominated by T helper-2 (Th2) cells
which produce interleukin-4 (IL-4), IL-5, and IL-13.%

Thalidomide was synthesized in 1954 by CIBA Pharma-
ceutical Company, and prescribed as a sedative, tranquiliser,
and antiemetic for morning sickness. Because the highest
risk for teratogenicity arose when the drug was taken be-
tween weeks 3 and 8 after conception, it was withdrawn from
many countries including Japan. However, the drug was re-
vived as an effective treatment for erythema nodosum lepro-
sum lesions in 1965. The U.S.A. Food and Drug Administra-
tion approved it for this indication in 1998.%

Thalidomide, which is metabolized by cytochrome
P450,>% has a wide range of pharmaceutical and biological
activities. Currently, clinical investigations of thalidomide
have been conducted in patients with diverse diseases, in-
cluding multiple myeloma, rheumatoid arthritis, and human
immunodeficiency virus infection.>® The beneficial pharma-
cological effects elicited by thalidomide include anti-angio-
genic, anti-viral, anti-inflammatory, and immunomodulatory
activities,>” although the precise mechanisms are unknown.®
It has been reported that thalidomide administered with
albendazole suppressed eosinophilic infiltration in cere-
brospinal fluid in a murine vermination model.” However,
little is known about the effect of thalidomide on the airway
hyperresponsiveness and eosinophilic inflammation in aller-
gic asthma.

The purpose of this study was to investigate the effects of
thalidomide on airway inflammation and hyperresponsive-
ness in a murine model of allergic asthma. We hypothesized
that thalidomide would have anti-inflammatory effects in al-
lergic asthma.
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MATERIALS AND METHODS

Sensitisation and Challenge with Ovalbumin Seven-
week-old female BALB/c mice (SLC, Shizuoka) were pur-
chased and maintained in our specific pathogen-free animal
facility. The mice were maintained at room temperature
(23%=2°C) and humidity (55%+10%) in an air-conditioned
room. They were fed a standard laboratory diet and given
water ad libitum. They were sensitised by an intraperitoneal
injection with 100 ug ovalbumin (OVA) and 1 mg alum in
200 ul of phosphate-buffered saline (PBS) on day 0, and then
by a hypodermic injection with 10 ug OVA in 20 ul of PBS
on day 14. They were then placed in an acrylic chamber and
challenged with 1% OVA for 10 min daily by a nebulizer (IS-
2; Paris, Starnberg, Germany) between days 21 and 25.'%
Saline was used in place of OVA during the sensitisation and
challenge stages of the protocol as a negative control. All
protocols described in this study were approved by the
Animal Ethics Committee of Nagoya University Graduate
School of Medicine, Nagoya, Japan.

Treatment Protocols For in vivo animal experiments,
thalidomide (30, 100, or 300 mg/kg) was suspended in 0.5%
carboxymethylcellulose, vortexed for 5Smin, and adminis-
tered orally via a stainless steel needle 1 h before each of the
OVA challenges at a volume of 0.1 ml during this period. The
dose was referred to previous studies.''? Control mice re-
ceived 0.1 ml of the vehicle orally. All drugs were prepared
immediately before use.

Bronchoalveolar Lavage Bronchoalveolar lavage
(BAL) was performed 24h after the final OVA challenge.
Mice were then killed by an intraperitoneal injection of
sodium pentobarbital (100 mg/kg). The lungs were lavaged in
situ via tracheal cannula with ice-cold PBS (1.0 mlX3), and
the BAL fluid (BALF) was centrifuged at 1500 g for 10 min.
The supernatant of BALF was stored at —80°C until the
assay of cytokines. Total cell counts were counted with a he-
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mocytometer (KX-21; Sysmex, Kobe). For cytological exam-
ination, differential cell counts were performed on cytospin
preparations with rapid Giemsa staining (Diff-Quik; Interna-
tional Reagent Corp., Kobe).!”

Lung Histology Lungs were isolated from the mice 24 h
after the final OVA challenge. The lungs were fixed in 10%
neutral formalin, paraffinised, cut into 4-um sections, and
stained with hematoxylin and eosin (HE) for examining cell
infiltration and with periodic acid-Schiff (PAS) for measuring
mucus production. Total lung inflammation was defined as
the sum of the peribronchial and perivascular scores.'>!'¥) The
scoring system was as follows: 0, none; 1, mild; 2, moderate;
3, marked; and 4, severe. An increment of 0.5 was used when
the inflammation fell between two levels. To determine the
extent of mucus production, goblet cell hyperplasia in the
airway epithelium was quantified with a five-point grading
system.'>!® The adopted grading system was as follows: 0,
no goblet cells; 1, <25%; 2, 25—50%; 3, 50—75%, and 4,
>75%. The blinded quantitative analysis was performed with
the described method previously.'”

Enzyme-Linked Immunosorbent Assay (ELISA) To
determine the levels of cytokines in vivo, BALF samples
were collected 24 h after the final OVA challenge. 1L-4, -5,
-13, and tumor necrosis factor-o (TNF-¢) in BALF were as-
sayed with commercially available ELISA kits (R&D, Min-
neapolis, MN, U.S.A.). The detection limit of each kit is
2 pg/ml for IL-4, 7pg/ml for IL-5, 1.5 pg/ml for IL-13, and
5.1 pg/ml for TNF-c.

Measurement of Airway Hyperresponsiveness Airway
hyperresponsiveness was assessed 24 h after the final OVA
challenge. Mice were anaesthetized with sodium pentobarbi-
tal (60 mg/kg) intraperitoneally. The tracheas were exposed
and cannulated for mechanical ventilation. To abolish spon-
taneous respiration, pancuronium bromide (0.1 mg/kg) was
injected intraperitoneally. Mice were mechanically ventilated
with a small animal ventilator (Model 687; Harvard Appara-
tus, Holliston, MA, U.S.A.) at a tidal volume of 10 ml/kg,
and a frequency of 120 breaths/min. To examine the develop-
ment of airway hyperresponsiveness, total respiratory resist-
ance in response to increasing concentrations of metha-
choline (3.125, 12.5, and 50mg/ml) every 3 min were
recorded (Max 1320; Buxco, Wilmington, NC, U.S.A.). The
values were expressed as a percentage of the respective basal
values in response to PBS.'"

Materials Reagents and drugs were as follows: OVA,
pancuronium bromide, methacholine, thalidomide (Sigma,
St. Louis, MO, U.S.A.), alum (Pierce, Rockford, IL, U.S.A.),
and sodium pentobarbital (Abbott Laboratories, Chicago, IL,
US.A).

Statistical Analysis All data were expressed as means*
standard deviation (S.D.). Total cell counts, differential cell
counts, and cytokines in BALF were compared by one-way
analysis of variance (ANOVA). Histological scores were
compared by the Kruskal-Wallis test, and airway hyperre-
sponsiveness was tested by two-way repeated measures
ANOVA. Each test was followed by the Tukey multiple com-
parison. p values less than 0.05 (p<<0.05) were considered
statistically significant.
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RESULTS

Thalidomide Suppresses Eosinophil Recruitment in
BALF OVA challenges significantly increased the numbers
of total cells, macrophages, lymphocytes, neutrophils, and
eosinophils in BALF. In OVA-challenged mice, a large num-
ber of inflammatory cells were eosinophils. When thalido-
mide (300 mg/kg) was administered orally, the number of
eosinophils were significantly decreased by thalidomide
(300 mg/kg) treatment (n=7, p<<0.05). In contrast, other
cells were not affected by treatment with thalidomide (Fig.
1).

Thalidomide Reduces IL-5 and TNF-a Levels in BALF
The levels of all four cytokines (IL-4, -5, -13, and TNF-o) in
BALF obtained from OVA-challenged mice were signifi-
cantly higher than those from control. Thalidomide signifi-
cantly decreased the levels of IL-5 in a concentration-de-
pendent manner (n=7, p<0.01) and TNF-«a (n=7, p<0.05)
in BALF as compared with those from OVA-challenged mice
(Fig. 2). On the other hand, thalidomide did not significantly
decrease the IL-4 and IL-13 levels in BALF (Fig. 2).

Thalidomide Inhibits Infiltration of Inflammatory
Cells and Mucus Production Control mice had no de-
tectable inflammatory response in the lung, whereas OVA
challenged mice showed extensive infiltration of inflamma-
tory cells around airways and blood vessels (Figs. 3A, B).
The majority of the infiltrated inflammatory cells were
eosinophils. The administration of thalidomide (300 mg/kg)
significantly reduced the infiltration of inflammatory cells in
the peribronchial and perivascular areas as compared with
the OVA-challenged mice (Fig. 3C). The Inflammation
scores in OVA-challenged mice and thalidomide-treated mice
were 3.3%=1.0 and 1.9%1.0, respectively (n=4, p<0.01) (Fig.
4A). OVA-challenged mice, but not control mice, had the hy-
perplasia of goblet cells within the bronchi in the lung (Figs.
3D, E). Thalidomide (300 mg/kg) significantly reduced the
hyperplasia of goblet cells (Fig. 3F). The mucus scores in
OVA-challenged mice and thalidomide treatment were 3.3+
0.9 and 1.7=1.0, respectively (n=4, p<0.01) (Fig. 4B).

350 u Saline

OVA

300 m OVA + Thalidomide 30 mg/kg
W OVA + Thalidomide 100 mg/kg

250
® OVA + Thalidomide 300 mg/kg

Thalidomide 300 mg/kg

Cell number (x 104mL)

Total Mac Eos Lym Neu

Fig. 1. Effects of Thalidomide on Eosinophilic Infiltration to the Airways
by Allergen Challenges

The numbers of total cells, macrophages (Mac), eosinophils (Eos), lymphocytes
(Lym), and neutrophils (Neu) in bronchoalveolar lavage fluid (BALF) collected from
ovalbumin-challenged (OVA-challenged) mice (OVA), OVA-challenged mice treated
with thalidomide by oral administration (30, 100, or 300 mg/kg), saline-challenged
mice (Saline), and saline-challenged mice treated with thalidomide by oral administra-
tion (300 mg/kg) (Thalidomide) were counted. n=7, #* p<<0.01 vs. Saline, #p<<0.05 vs.
OVA.
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The levels of IL-4 (A), IL-5 (B), IL-13 (C), and TNF-o (D) in BALF collected under the same experimental condition as shown in Fig. 1 were analysed with enzyme-linked
immunosorbent assay (ELISA). n=17, i p<<0.01 vs. Saline, # p<<0.05 vs. OVA, # p<<0.01 vs. OVA.

Fig. 3.

Effects of Thalidomide on Inflammatory Cell Infiltration and Mucus Production in the Lung by Allergen Challenges

Histological examinations of lung tissue were performed for the inflammatory cell infiltration (A—C, magnification X400) and the mucus secretion (D—F, magnification X400)
in saline-administrated mice (A, D), OVA-challenged mice (B, E), and OVA-challenged mice treated with thalidomide by oral administration (300 mg/kg) (C, F).

Thalidomide Suppresses Airway Hyperresponsiveness
Next, the effects of thalidomide on OVA-induced airway hy-
perresponsiveness were examined. Total respiratory resist-
ance in response to methacholine was significantly increased
in OVA-challenged mice as compared with control mice
(n=6, p<0.05). At 50 mg/ml methacholine, the values of the
percentage of total respiratory resistance in control mice and

OVA-challenged mice were 113+6% and 134+8%, respec-
tively (n=6, p<<0.01). Thalidomide (300 mg/kg) significantly
inhibited the response to methacholine induced by OVA chal-
lenges. The value of the percentage of total respiratory resist-
ance at 50 mg/ml methacholine was significantly decreased
from 134*8% to 116=8% by 300 mg/kg thalidomide treat-
ment (n=6, p<<0.01) (Fig. 5).
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Fig. 4. Effects of Thalidomide on Inflammatory Cell Infiltration and Mucus Production in the Lung by Allergen Challenges

Quantitative analyses of inflammatory cell infiltration (A) and mucus production (B) in saline-administrated mice (Saline), OVA-challenged mice (OVA), and OVA-challenged
mice treated with thalidomide by oral administration (300 mg/kg) (OVA +Thalidomide) were evaluated in lung sections with a scoring method described in Materials and Methods.

n=4, #xp<0.01 vs. Saline, # p<0.01 vs. OVA.
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Fig. 5. Effects of Thalidomide on Airway Hyperresponsiveness by Aller-
gen Challenges

Dose-response relationship for inhaled methacholine (3.125, 12.5, 50 mg/ml) on total
respiratory resistance was measured in saline-administrated mice (Saline), OVA-chal-
lenged mice (OVA), and OVA-challenged mice treated with thalidomide by oral admin-
istration (300 mg/kg) (OVA+Thalidomide). The values were expressed as a percentage
of the respective basal values in response to PBS. n=6, #:p<<0.01 vs. Saline, #p<<0.05
vs. OVA, # p<<0.01 vs. OVA.

DISCUSSION

The main findings of the present study are that in OVA-
challenged mice (1) thalidomide attenuated the increased
number of eosinophils, the elevated levels of IL-5 and TNF-«
in BALF, (2) suppressed both the infiltration of inflammatory
cells and hyperplasia of goblet cells to the airways, and (3)
reduced airway responsiveness to methacholine. To our
knowledge, this study is the first to demonstrate that thalido-
mide inhibited eosinophilic inflammation in the airways and
airway hyperresponsiveness in a murine model of asthma.

Thalidomide significantly suppressed the levels of IL-5
and TNF-o in BALF in OVA-challenged mice, but it did not
affect the IL-4 and IL-13 levels (Fig. 2). IL-5 is involved in
the development and maturation of eosinophils."'” TNF-¢ is
a key regulator of other pro-inflammatory cytokines and
priming activator of inflammatory cells."® The inhibitory
mechanisms by thalidomide may be implicated in Ras, which
is associated with signalling of IL-5," and nuclear factor-xB
(NF-xB), which regulates the production of TNF-¢,*” since
thalidomide reportedly inhibits Ras and NF-xB signal-
ing.?!?» Therefore, we consider that thalidomide might mod-
ulate cytokines according to diverse signal pathways, and
might have an effect on monocytes, because it inhibits the
levels of IL-5 and TNF-¢ produced by human monocytes in

vitro. ¥

Thalidomide significantly reduced the numbers of
eosinophil in BALF (Fig. 1). Moreover, histological analysis
of the airways revealed that both the infiltration of inflamma-
tory cells and hyperplasia of goblet cells were significantly
suppressed by thalidomide treatment (Figs. 3, 4). Until now,
it is reported that the decrease of eosinophil numbers in
BALF was correlated with attenuation of asthma symptoms
in animal models.'**> Many clinical studies have also docu-
mented a correlation between pulmonary eosinophilia and
asthma, and the degree of eosinophils in BALF correlates
with disease severity.”® Thus, pulmonary eosinophilia has
been closely related to asthma symptoms. The suppression of
pulmonary eosinophilia by thalidomide could be explained
by the inhibition of both differentiation and migration of
eosinophils. IL-5 critically regulates expression of genes
involved in proliferation, cell survival and maturation of
eosinophils.'” TNF-« may also function as a pro-inflamma-
tory cytokine that causes the recruitment of eosinophils.?”
Both cytokines play an important role in differentiation and
migration of eosinophils. We speculate that thalidomide
caused the decrease of eosinophil numbers in BALF through
suppression of these cytokines. In addition, our findings may
result from blocking NF-xB, which is associated with the
perpetuation of chronic airway inflammation,?®**” through a
mechanism involving the inhibition of activity of inhibitor
kB kinase by thalidomide.*"

Thalidomide significantly suppressed airway hyperrespon-
siveness (Fig. 5). There are many reports of a relationship
between the number of inflammatory cells, particularly
eosinophils, and the level of airway hyperresponsiveness.>”
Consequently, it is likely that anti-inflammatory therapy im-
proves both airway inflammation and airway hyperrespon-
siveness.>? Moreover, inhibition of the IL-5 and TNF-a can
improve airway hyperresponsiveness.’'*? Thus, anti-inflam-
matory effects of thalidomide treatment may have been in
part responsible for the observed results.

Rodrigues et al. reported that thalidomide, given in a rela-
tive low dose orally, caused a dose-dependent inhibition of
TNF-a production in a lipopolysaccharide (LPS) model of
uveitis in rats,”” whereas we observed that thalidomide
mildly reduced the level of TNF-o in BALF. This difference
is presumed to be due to timing for sample recovery, because
TNF-o production in lysed BAL cells reportedly peaks at
1—2h by LPS stimulation.>* Through the earlier sample re-
covery, thalidomide may well have caused more inhibition of
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the TNF-« level.

In summary, thalidomide serves to control the airway
inflammation and hyperresponsiveness characteristic of
bronchial asthma in a murine model of allergic asthma. Al-
though thalidomide may be difficult to apply to all patients
with asthma, some patients suffering from asthma often fail
to respond to conventional therapy.>® More research on
thalidomide or its derivatives may yield opportunities for the
development of novel therapeutics to treat severe asthma.

Acknowledgements We thank Ms. Keiko Shimamoto
for her valuable technical assistance.
REFERENCES
1) Busse W. W.,, Lemanske R. F. Jr., N. Engl. J Med., 344, 350—362
(2001).

2) Homer R. J, Elias J. A., Physiology, 20, 28—35 (2005).

3) Franks M. E., Macpherson G. R., Figg W. D., Lancet, 363, 1802—
1811 (2004).

4) Ueyama J., Nadai M., Zhao Y. L., Kanazawa H., Takagi K., Kondo T.,
Takagi K., Wakusawa S., Abe F.,, Saito H., Miyamoto K., Hasegawa T.,
Biol. Pharm. Bull., 31, 1596—1600 (2008).

5) Calabrese L., Fleischer A. B., Am. J. Med., 108, 487—495 (2000).

6) Kamikawa R., Tkawa K., Morikawa N., Asaoku H., Iwato K., Sasaki
A., Biol. Pharm. Bull., 29, 2331—2334 (2006).

7) Hashimoto Y., Arch. Pharm., 341, 536—547 (2008).

8) Teo S. K., Stirling D. 1., Zeldis J. B., Drug Discov. Today, 10, 107—
114 (2005).

9) Chen K. M., Lai S. C., J Antimicrob. Chemother., 59, 264—276

(2007).

Taki F., Kume H., Kobayashi T., Ohta H., Aratake H., Shimokata K.,

Clin. Exp. Allergy, 37, 599—607 (2007).

Farese J. P, Fox L. E., Detrisac C. J., Van Gilder J. M., Roberts S. L.,

Baldwin J. M., Am. J. Vet. Res., 65, 659—664 (2004).

Kobayashi H., Yagyu T., Kondo T., Kurita N., Inagaki K., Haruta S.,

Kawaguchi R., Kitanaka T., Sakamoto Y., Yamada Y., Kanayama N.,

Terao T., Cancer Res., 65, 10464—10471 (2005).

Sur S., Wild J. S., Choudhury B. K., Sur N., Alam R., Klinman D. M.,

J. Immunol., 162, 6284—6293 (1999).

Mckay A., Leung B. P, Mcinnes 1. B., Thomson N. C., Liew F. Y., J.

10)
11)

12)

13)

14)

15)
16)

17)
18)

19)
20)
21)

22)

23)

24)

25)

26)
27)
28)
29)
30)
31)
32)

33)

34)

35)

Vol. 33, No. 6

Immunol., 172, 2903—2908 (2004).

Tanaka H., Masuda T., Tokuoka S., Komai M., Nagao K., Takahashi
Y., Nagai H., Inflamm. Res., 50, 616—624 (2001).

Duan W., Chan J. H., Wong C. H., Leung B. P, Wong W. S., J Im-
munol., 172, 7053—7059 (2004).

Holgate S. T., Polosa R., Nat. Rev. Immunol., 8, 218—230 (2008).
Yasui K., Kobayashi N., Yamazaki T., Agematsu K., Curr. Pharm.
Des., 11, 395—401 (2005).

Kouro T., Takatsu K., Int. Immunol., 21, 1303—1309 (2009).

Barnes P. J., Int. J. Biochem. Cell Biol., 29, 867—3870 (1997).

Keifer J. A., Guttridge D. C., Ashburner B. P, Baldwin A. S. Jr., J
Biol. Chem., 276, 22382—22387 (2001).

Noman A. S., Koide N., Khuda Ii, Dagvadorj J., Tumurkhuu G., Naiki
Y., Komatsu T., Yoshida T., Yokochi T., Biochem. Biophys. Res. Com-
mun., 374, 683—687 (2008).

Corral L. G., Kaplan G., Ann. Rheum. Dis., 58 (Suppl. 1), 1107—I113
(1999).

Verbon A., Juffermans N. P, Speelman P., Van Deventer S. J., Ten
Berge I. J., Guchelaar H. J., Van Der Poll T., Antimicrob. Agents
Chemother., 44, 2286—2290 (2000).

Wakahara K., Tanaka H., Takahashi G., Tamari M., Nasu R., Toyohara
T., Takano H., Saito S., Inagaki N., Shimokata K., Nagai H., Eur. J.
Pharmacol., 578, 87—96 (2008).

Barrett N. A., Austen K. F.,, Immunity, 31, 425—437 (2009).

Thomas P. S., Immunol. Cell Biol., 79, 132—140 (2001).

Gagliardo R., Chanez P, Mathieu M., Bruno A., Costanzo G., Gougat
C., Vachier 1., Bousquet J., Bonsignore G., Vignola A. M., 4m. J.
Respir. Crit. Care Med., 168, 1190—1198 (2003).

Hart L. A., Krishnan V. L., Adcock I. M., Barnes P. J., Chung K. F.,
Am. J. Respir. Crit. Care Med., 158, 1585—1592 (1998).

Cockceroft D. W., Davis B. E., J. Allergy Clin. Immunol., 118, 551—
559 (2006).

Hamelmann E., Gelfand E. W., Int. Arch. Allergy Immunol., 120, 8—
16 (1999).

Nakae S., Lunderius C., Ho L. H., Schafer B., Tsai M., Galli S. J., J.
Allergy Clin. Immunol., 119, 680—686 (2007).

Rodrigues G. B., Passos G. F,, Di Giunta G., Figueiredo C. P, Ro-
drigues E. B., Grumman A. Jr., Medeiros R., Calixto J. B., Exp. Eye
Res., 84, 553—560 (2007).

De Rochemonteix-Galve B., Marchat-Amoruso B., Dayer J. M., Ry-
lander R., Infect. Immun., 59, 3646—3650 (1991).

Adcock 1. M., Caramori G., Chung K. E, Lancet, 372, 1073—1087
(2008).



