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Abstract. Pidotimod is a synthetic dipeptide with biological 
and immuno‑modulatory properties. It has been widely 
used for treatment and prevention of recurrent respiratory 
infections. However, its impact on the regulation of allergic 
pulmonary inflammation is still not clear. In the current study, 
an ovalbumin (OVA)‑induced allergic asthma model was used 
to investigate the immune‑modulating effects of pidotimod 
on airway eosinophilia, mucus metaplasia and inflammatory 
factor expression compared with dexamethasone (positive 
control). The authors determined that treatment with pidotimod 
exacerbated pulmonary inflammation as demonstrated by 
significantly increased eosinophil infiltration, dramatically 
elevated immunoglobulin E production, and enhanced T helper 
2 response. Moreover, treatment failed to attenuate mucus 
production in lung tissue, and did not reduce OVA‑induced 
high levels of FIZZ1 and Arg1 expression in asthmatic mice. 
In contrast, administration of dexamethasone was efficient 
in alleviating allergic airway inflammation in OVA‑induced 
asthmatic mice. These data indicated that pidotimod as an 
immunotherapeutic agent should be used cautiously and the 

effectiveness for controlling allergic asthma needs further 
evaluation and research.

Introduction

Allergic asthma is a chronic inf lammatory disease 
characterized by reversible airflow obstruction, bronchial 
hyperreactivity, elevated serum immunoglobulin E (IgE) levels 
and airway eosinophilia (1). T‑helper 1 (Th1)/Th2 cytokine 
imbalance is critical for the initiation and perpetuation of 
allergic asthma (2,3). Th2 cytokine interleukins (ILs) IL‑4, 
IL‑5 and IL‑13 skew lung macrophage differentiation to M2 
type (alternatively activated macrophage). M2 macrophages 
secrete proteins that enhance asthma pathology upon allergen 
challenge in asthmatic mice. These proteins include found in 
inflammatory zone‑1 (FIZZ1), chitinase‑like protein 3 (Ym‑1) 
and arginase 1 (Arg1) (4).

Treatments and interventions for asthma have improved 
substantially in recent years. Currently, glucocorticoid inha-
lation is the most effective therapy available (5). Systemic 
administration of glucocorticoids, such as dexamethasone, 
attenuates eosinophilia in target tissues (6) and downregu-
lates chemokine expression (7), thereby preventing asthma 
exacerbation. While current therapies are effective in tempo-
rarily relieving symptoms by suppressing inflammation, they 
are ineffective in treating the chronic course of disease (8). 
Furthermore, prolonged use of inhaled corticosteroids may 
have adverse side effects (9). Thus, more effective treatments 
and therapeutic strategies are needed.

Recently, pidotimod (3‑L‑pyroglutamyl‑L‑thiaziolidine‑ 
4‑carboxylic acid) has been considered as a potential therapy 
for allergic asthma. Pidotimod is a synthetic dipeptide prepared 
from L‑cysteine and L‑pyroglutamic acid with biological 
and immunological activity on innate and adaptive immune 
responses (10). Up to now, clinical studies on this dipeptide 
have focused on its use as a treatment for respiratory tract infec-
tions in children (11,12). Previous studies have demonstrated 
that pidotimod modulates airway epithelial cell functions (13), 
enhances natural killer cell activity (14) and induces dendritic 
cell maturation (15). However, the impact of pidotimod on the 
regulation of allergic pulmonary inflammation is still not clear. 
Recently, the authors demonstrated that pidotimod is sufficient 
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to facilitate IL‑4‑induced M2 macrophage polarization (16), 
suggesting that pidotimod may enhance cytokine activity and 
exacerbate pulmonary inflammation. In the current study, the 
authors investigated the effects of pidotimod on allergic lung 
inflammation. An ovalbumin (OVA)‑induced allergic asthma 
model was used to investigate the immune‑modulating effects 
of pidotimod on airway eosinophilia, mucus metaplasia and 
allergic inflammation in comparison to dexamethasone (posi-
tive control).

Materials and methods

Animals. Twenty‑eight female C57BL/6 mice (6‑ to 7‑week‑old) 
were purchased from the Shanghai SLAC Laboratory Animal 
Co., Ltd. (Shanghai, China). Animals were maintained in a 
specific pathogen‑free facility and provided with food and 
water ad libitum. All animal experiments were approved by 
the Institutional Animal Care and Use Committee of Zhejiang 
University (Hangzhou, China).

Induction of allergic asthma and drug treatments. Allergic 
asthma was induced by a modified protocol described by 
Shen et al (17). Mice were sensitized by subcutaneous injec-
tion on day 0 with 40 µg OVA (Grade V, Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) in 0.1 ml Imject Alum 
Adjuvant (Thermo Fisher Scientific, Inc., Waltham, MA, 
USA), followed by a booster injection with the same amount 
of OVA and alum on day 14. At 10 days following the last 
injection, sensitized mice were subsequently challenged 
with 1% OVA in saline by nebulization for 40 min daily 
for three days (OVA group). Mice were treated by an intra-
peritoneal injection of 0.5 mg/kg dexamethasone (Boston 
Biomedical, Inc., Cambridge, MA, USA; OVA + Dex group) 
or by oral gavage with 200 mg/kg pidotimod (Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA) (OVA + Pido group) 
1 h prior to OVA inhalation challenge. Control mice were 
given saline in place of OVA in both the sensitization and the 
challenge stages. All mice were sacrificed 24 h following the 
last challenge.

Bronchoalveolar lavage and cellular dif ferentials. 
Bronchoalveolar lavage (BAL) was obtained by instilling and 
withdrawing 2 ml saline via a tracheal cannula. Cells in the 
BAL were washed and counted before centrifugation (at 800 
x g) onto microscope slides using cytospin techniques. After 
staining with Wright‑Giemsa (Polysciences, Inc., Warrington, 
PA, USA), relative numbers of lymphocytes and eosinophils 
were determined based on the morphological criteria. A total 
of 300 cells were counted under light microscopy.

Serum IgE and BAL cytokine analysis. Blood samples 
were obtained from tail veins. Total serum IgE (catalog 
no. 88‑50460; eBioscience, Thermo Fisher Scientific, Inc.) and 
cytokine including IL‑4 (catalog no. 88‑7044; eBioscience, 
Thermo Fisher Scientific, Inc.), IL‑5 (catalog no. 88‑7054; 
eBioscience, Thermo Fisher Scientific, Inc.) and IL‑13 (catalog 
no. 88‑7137; eBioscience, Thermo Fisher Scientific, Inc.) levels 
in BAL fluid were measured by ELISA according to manufac-
turer's protocol. The levels of IgE, IL‑4, IL‑5 and IL‑13 were 
expressed as pg/ml using a standard curve.

Histopathology and immunohistochemistry. Following BAL 
sampling, lung tissues were fixed in 10% neutral buffered 
formalin, paraffin‑embedded, sectioned into 4  µm slices 
and stained with haematoxylin and eosin for examination of 
inflammatory cell infiltration. The degree of perivascular and 
peribronchial inflammation was graded as none to severe on a 
0 to 4 scale, as described previously (18). Periodic acid‑Schiff 
(PAS)‑stained goblet cells in airway epithelium were 
measured double blind using a numerical scoring system (19). 
Individual airway scores were summed from each mouse 
to generate an overall histopathology score. For FIZZ1 and 
Arg1 expression was examined by incubating de‑paraffinized 
sections with rabbit anti‑mouse FIZZ1 primary antibody 
(catalog no. ab39626; Abcam, Cambridge, MA, UK; 1:100 
dilution) or anti‑Arg1 primary antibody (catalog no. AV45673; 
Sigma‑Aldrich, Merck KGaA; 1:200 dilution) overnight at 
4˚C. Incubation was followed by a second incubation with 
polyclonal goat anti‑rabbit immunoglobulins/horseradish 
peroxidase (catalog no. A9169; Sigma‑Aldrich; Merck KGaA; 
1:400 dilution) for 2 h at room temperature. The nuclei were 
counterstained with hematoxylin.

Statistical analysis. All results are expressed as the 
mean ± standard deviation. Statistical significance was deter-
mined using two‑tailed Student's t‑test with GraphPad Prism 
(GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Pidotimod increased OVA‑induced eosinophil infiltration. 
To evaluate the impact of pidotimod on asthma, the authors 
first examined inflammatory cell infiltration in BAL fluid 
(BALF) samples from OVA‑immunized mice. The results 
demonstrated that compared with control group, OVA sensi-
tization and challenge induced a significant increase in total 
cell numbers (Fig. 1A) and eosinophil recruitment (Fig. 1B) 
into the BALF. As predicted, mice treated with dexametha-
sone (Dex + OVA group), an effective therapy for asthma, 
reported a profound decrease in eosinophils (Fig. 1B) and a 
slight decrease in total cell counts compared to OVA group 
(Fig. 1A). In contrast, pidotimod‑treated mice (Pido + OVA 
group) had a significantly higher number of eosinophils in the 
BALF, compared to mice treated with OVA alone (Fig. 1B). 
A trend of increased total cell numbers was also observed in 
mice treated with pidotimod; however, there was no statistical 
significance (Fig. 1A).

Pidotimod enhances IgE production and Th2 response in 
OVA model of asthma. The immunologic response to allergen 
challenge in allergic asthma is characterized by elevated IgE 
and Th2 ‑related cytokine secretion (20). Indeed, mice sensi-
tized and challenged with OVA had strongly elevated levels of 
total serum IgE (Fig. 2A) and produced significant amounts 
of Th2‑cytokines (IL‑4, IL‑5 and IL‑13) when compared 
to controls. Administration of dexamethasone before OVA 
sensitization markedly reduced serum IgE, IL‑4 and IL‑5 
levels in BALF compared with untreated OVA‑sensitized 
mice. Interestingly, both serum IgE and BALF IL‑5 synthesis 
was clearly enhanced following pidotimod application 
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(Fig. 2A and C). Levels of IL‑4 and IL‑13 were not modified 
by pidotimod treatment (Fig. 2B and D). These data suggested 
that pidotimod exacerbates the imbalanced pulmonary 
immune response in OVA‑immunized mice.

Pidotimod fails to attenuate pulmonary histological changes 
and mucus metaplasia associated with OVA‑induced asthma. 
Histological examination of the extent and anatomical distribu-
tion of allergic inflammation revealed intense inflammation in 
the lungs of OVA‑treated mice. The bronchi and vessels were 
surrounded by inflammatory infiltrates and were frequently 
lined with a hyperplastic epithelium (Fig. 3B). Dexamethasone 
administration 1  h before OVA sensitization and chal-
lenge significantly decreased cellular infiltration of airways 
(Fig. 3C and E) when compared to infiltration in the airways 
of untreated OVA‑immunized mice (Fig.  3B). However, 
there was no appreciable difference in the degree of tissue 

inflammation observed between the OVA group (Fig. 3B) and 
OVA + Pido group (Fig. 3D), with OVA‑immunized mice and 
pidotimod‑treated mice presenting similar histological scores 
(Fig. 3E).

In addition to increased inflammatory infiltrates, goblet 
cell metaplasia and mucus production are also indicative 
of the degree of inflammation. Lung PAS staining demon-
strated an upregulation of mucus glycoprotein production 
and basement membrane thickening in OVA sensitized 
and challenged mice (Fig.  4G). Immunomodulation in 
dexamethasone‑treated mice was evident by a marked reduc-
tion in the secretion of mucus (Fig. 3H and J) compared 
to untreated OVA‑sensitized mice (Fig.  3G). In contrast, 
mucus production was not significantly altered following 
treatment with pidotimod (Fig. 3I and J). No airway inflam-
mation or mucus production was identified in control mice 
(Fig. 3A and F). Together, these data demonstrated that both 

Figure 1. Cell differentiation in BALF of OVA‑immunized mice. BALF samples were collected 24 h after the last OVA aerosol challenge. (A) Total cell 
numbers and (B) eosinophils in BALF were counted. Results are expressed as mean ± standard deviation, (n=6) and are representative of three independent 
experiments. *P<0.05, **P<0.01, ***P<0.001 as indicated. BALF, bronchoalveolar lavage fluid; OVA, ovalbumin; Dex, dexamethasone; Pido, pidotimod.

Figure 2. Total serum IgE and T helper 2 cytokines production in BALF of OVA‑immunized mice. Blood and BALF samples were collected 24 h following the 
final OVA challenge to analyze the levels of total serum (A) IgE, (B) IL‑4, (C) IL‑5 and (D) IL‑13 in BALF by ELISA. Data are presented as mean ± standard 
deviation (n=5 or 6 in each group) *P<0.05, **P<0.01, ***P<0.001 as indicated. IgE, immunoglobulin E; BALF, bronchoalveolar lavage fluid; OVA, ovalbumin; 
IL, interleukin; Dex, dexamethasone; Pido, pidotimod.
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pulmonary histological changes and mucus metaplasia was 
not attenuated by pidotimod treatment.

Pidotimod is unable to down‑regulate the OVA‑induced 
FIZZ1 expression. FIZZ1 serves an important role in airway 
remodeling and development of pulmonary inflammation (21). 
To further study the potential influence of pidotimod on 
OVA‑induced inflammation, the authors next analyzed FIZZ1 
expression in OVA‑induced asthmatic mice by immunohisto-
chemistry. As shown in Fig. 4B and E, the expression levels of 
FIZZ1 in airway epithelium cells were significantly enhanced 
in OVA‑immunized mice when compared to control mice 
(Fig. 4A). However, there was a marked reduction of FIZZ1 
expression in dexamethasone‑treated mice (Fig. 4C) when 
compared to untreated OVA‑immunized mice (Fig.  4B). 
Notably, pidotimod‑exposed mice maintained a high expres-
sion level  of FIZZ1 (Fig.  4D), suggesting that pidotimod 

administration is unable to effectively reduce FIZZ1 expres-
sion in OVA‑induced asthmatic mice.

Pidotimod is unable to downregulate the OVA‑induced Arg1 
expression. Arg1 has been suggested to serve a vital role 
in asthma development, severity and progression (22). The 
authors evaluated the impact of pidotimod on Arg1 expres-
sion in OVA‑induced murine models of asthma. A clear 
enhancement of Arg1 expression in OVA‑immunized mice 
was identified (Fig. 5B), whereas dexamethasone‑treated 
mice exhibited a dramatic reduction in Arg1 expression 
(Fig. 5C) compared to untreated OVA mice. By contrast, the 
expression levels of Arg1 in the lungs of pidotimod‑treated 
mice were comparable to the levels in OVA mice  
(Fig. 5D and E). These observations indicated that pidotimod 
fails to downregulate Arg1 expression in the OVA model of 
asthma.

Figure 3. Pidotimod fails to attenuate pulmonary histological changes and mucus metaplasia associated with OVA treatment. An assessment of pulmonary 
inflammation was made by determining the extent of inflammatory infiltrates in sections stained with HE (A, magnification, x400) or PAS (B, magnification, 
x400). Representative photomicrographs of stained lung sections from (A and F) control group, (B and G) OVA‑challenged group, (C and H) Dex‑treated 
group (OVA + Dex) and (D and I) Pido‑treated group (OVA + Pido) are shown. (E and J) Stained sections were scored as described in Materials and methods 
(mean ± standard deviation; n=5‑6/group). *P<0.05, **P<0.01, ***P<0.001 as indicated. OVA, ovalbumin; HE, hematoxylin eosin; PAS, periodic acid‑Schiff; 
Dex, dexamethasone; Pido, pidotimod.
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Discussion

Prevalence of asthma and allergies has increased over the 
last few decades (23). Long‑term use of inhaled corticoste-
roids, especially at high doses, may cause systemic or local 
side effects (9,24). Pidotimod is a synthetic dipeptide with 
biological and immuno‑modulatory properties that is largely 
used for treatment and prevention of recurrent respiratory 
infections  (12), suggesting a potential therapeutic role for 
pidotimod in allergic pulmonary inflammation.

In 2013, the authors demonstrated that pidotimod is suffi-
cient to facilitate IL‑4‑induced M2 macrophage polarization 
and improve macrophage functioning (13), suggesting that 
pidotimod may exacerbate inflammation. In the current study, 
the impact of pidotimod in the regulation of allergic inflamma-
tion was investigated using an OVA murine model of asthma, 

a widely used model of asthma due to resemblance to human 
asthma pathology and pathophysiology (5,25).

As expected, exposure to OVA was sufficient to induce 
pulmonary allergic inf lammation as characterized by 
increased eosinophil recruitment, elevated serum IgE produc-
tion and enhanced Th2‑cytokines (IL‑4, IL‑5 and IL‑13) 
synthesis, which was similar in many respects to human 
allergic asthma. Systemic of administration glucocorticoids 
has been commonly used in treating patients with acute 
asthma (5,26). Dexamethasone, a synthetic glucocorticoid, 
was efficient in alleviating allergic airway inflammation as 
manifested by reduced inflammatory infiltration, decreased 
serum OVA‑specific IgE level, downregulated expression of 
acidic mammalian chitinase and gob‑5, and inhibit chitinase 
bioactivity in mice with preexisting OVA generated experi-
mental asthma  (27,28). Pidotimod treatment significantly 

Figure 4. Immunohistochemistry analysis of FIZZ1 expression in lung tissues. Representative photographs from (A) control group, (B) OVA‑challenged group, 
(C) Dex‑treated group (OVA + Dex) and (D) Pido‑treated group (OVA + Pido) are shown. All images are presented at x400 magnification. (E) Stained sections 
were scored (mean ± standard deviation; n=5‑6/group). *P<0.05, **P<0.01, ***P<0.001 as indicated. FIZZ1, found in inflammatory zone‑1; OVA, ovalbumin; 
Dex, dexamethasone; Pido, pidotimod.
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increased eosinophil infiltration in BALF and dramatically 
enhanced IgE production and Th2 response in OVA‑induced 
asthmatic mice. This observation is in disagreement with 
a previous study reporting that the addition of pidotimod 
resulted in no differences in IL‑4 production in peripheral 
blood mononuclear cells from asthmatic children (29).

Mucus gland hyperplasia depends on a Th2‑biased airway 
inflammation (30). Th2 directly enhances Th2 cytokine‑medi-
ated goblet cell hyperplasia and increased mucus formation 
in the airways of asthmatic mice (31). In the present study, a 
profound increase in mucus glycoprotein production and base-
ment membrane thickening was observed in OVA‑immunized 
mice, which were reduced by dexamethasone treatment. 
However, mucus production was not significantly altered after 
treatment with pidotimod. Additionally, the combination of 
pidotimod and dexamethasone was indicated to significantly 
attenuate pathological changes and mucus production in asth-
matic mice (data not shown). Together, these data suggested that 

pidotimod administration is unable to effectively suppress the 
development of allergic airway inflammation in OVA‑induced 
asthmatic mice.

FIZZ1 was first reported in 2000 by Holcomb et al (32) in 
allergic pulmonary inflammation and was shown to promote 
airway remodeling  (33). Previous studies revealed that 
FIZZ1 expression was markedly increased in hypertrophic, 
hyperplastic bronchial epithelium and in alveolar type II 
epithelial cells during allergic airway inflammation (32,34). 
FIZZ1 also promotes pulmonary vascular smooth muscle cell 
proliferation (35).

In the current study, the expression level of FIZZ1 
in airway epithelium cells was significantly enhanced in 
OVA‑immunized mice compared with control mice. These 
results are in line with previous findings indicating that FIZZ1 
is upregulated in lung tissues of asthmatic mice  (21,36). 
In addition, dexamethasone reduced FIZZ1 expression in 
OVA‑immunized mice, the high level of FIZZ1 expression 

Figure 5. Immunohistochemistry analysis of Arg1 expression in lung tissues. Representative photographs from (A) control group, (B) OVA‑challenged group, 
(C) Dex‑treated group (OVA + Dex) and (D) Pido‑treated group (OVA + Pido) are shown. All images are presented at x400 magnification. (E) Stained sections 
were scored (mean ± standard deviation; n=5‑6/group). *P<0.05, **P<0.01, ***P<0.001 as indicated. OVA, ovalbumin; Dex, dexamethasone; Pido, pidotimod.
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was maintained in pidotimod‑exposed mice, suggesting that 
pidotimod administration has no influence on the regulation of 
FIZZ1 in OVA‑induced asthmatic mice.

Arg1, which hydrolyses L‑arginine into ornithine and 
urea, has been identified as a key player in the pathophysi-
ology of asthma (37,38). An enhanced level of arginase has 
been observed in airways and lung tissue obtained from 
animal models of allergic asthma (39) and from patients (40). 
It has been demonstrated that increased arginase activity 
may contribute to allergen‑induced airway remodeling, 
inflammation and hyperresponsiveness in asthma (41). The 
expression of arginase was strongly induced by Th2 cyto-
kines (37,41,42). Associated with the enhanced Th2 response 
in OVA‑immunized mice in this study, the Arg1 expression 
was significantly elevated in the lung, which was consistent 
with previous findings (41,43). While treatment with dexa-
methasone decreased the expression of Arg1 and alleviated 
allergic airway inflammation in OVA‑induced asthmatic mice, 
Arg1 expression was unaffected by pidotimod treatment. 
These results are in line with a recent study, demonstrating 
that pidotimod increase M2 marker gene expression (FIZZ1 
and Arg1) in Th2 cytokine induced M2 macrophage, thereby 
facilitating macrophage polarization (16).

In conclusion, the current findings indicated that 
pidotimod treatment exacerbates pulmonary inflammation 
as demonstrated by increased eosinophil infiltration, elevated 
IgE production and enhanced Th2 response, while it fails to 
attenuate mucus production in lung tissue. Moreover, the high 
levels of FIZZ1 and Arg1 expression were maintained in asth-
matic mice with pidotimod administration. Thus, the results 
indicated that pidotimod as an immunotherapeutic agent 
should be used cautiously and the effectiveness for controlling 
allergic asthma needs further evaluation and research.
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