
RESEARCH ARTICLE

Expression characteristics of polymeric

immunoglobulin receptor in Bactrian camel

(Camelus bactrianus) lungs

Wan-hong He, Wang-dong Zhang, Cui-cui Cheng, Jia Lu, Lei Liu, Zhi-hua Chen, Wen-

hui WangID*

College of Veterinary Medicine, Gansu Agricultural University, Lanzhou, Gansu, China

* wwh777@126.com

Abstract

Polymeric immunoglobulin receptor (pIgR), the transmembrane transporter of polymeric

immunoglobulin A and M, has multiple immune functions. To explore the characteristics of

pIgR expression in Bactrian camel lungs, twelve healthy adult (2–7 years old) Bactrian cam-

els were systematically studied. The results showed that pIgR was mainly expressed in the

cytoplasm and membrane of ciliated cells, as well as in the cytoplasm and membrane of

basal cells, serous cells of bronchial glands, club cells and alveolar type 2 cells in Bactrian

camel lungs. Specially, as the bronchial branches extended, the pIgR expression level in cili-

ated cells significantly declined (p<0.05), and the corresponding bronchial luminal areas

obviously decreased (p<0.05). However, pIgR was not expressed in goblet cells, endocrine

cells, alveolar type 1 cells and mucous cells of bronchial glands. The results demonstrated

that ciliated cells continuously distributed throughout the whole bronchial tree mucosa were

the major expression sites of pIgR, and pIgR was also expressed in basal cells, serous cells

of bronchial glands, club cells and alveolar type 2 cells, which would facilitate secretory

immunoglobulin A (SIgA) transmembrane transport by pIgR and form an intact protective

barrier. Moreover, the pIgR expression level in ciliated cells was positively correlated with

the bronchial luminal areas; but negatively correlated with the cleanliness of airflow through

the bronchial cross-sections, showing that the pIgR expression level in the bronchial epithe-

lium was inhomogeneous. Our study provided a foundation for further exploring the regula-

tory functions of immunoglobulins (i.e., SIgA) after transport across the membrane by pIgR

in Bactrian camel lungs.

Introduction

Polymeric immunoglobulin receptor (pIgR), a glycosylated type I transmembrane protein, is

mainly composed of an extracellular region, a transmembrane region and an intracellular

region. Moreover, the extracellular domain of pIgR contains repeated immunoglobulin-like

(Ig-like) domains [1, 2], whose number increases with vertebrate evolution, that is, four in

birds, amphibians and reptiles, and five in mammals. Interestingly, pIgR can be expressed in
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the intestinal tract [3], respiratory tract [4], liver [5], and other organs, but pIgR expression lev-

els are obviously different in the same sites of different animals, in different organs of the same

animals, and in different physiological statuses of the same animals. For example, the pIgR

expression level in the mouse small intestine is higher after weaning than before [6], while in

rats, pIgR expression in small intestine appears only after weaning [7]; the pIgR expression

level is significantly higher in the rodent liver than in the respiratory tract [3]; and in diseases

such as human lung cancer and rectal cancer, pIgR expression levels are decreased, or even

absent [8, 9].

Importantly, pIgR plays a crucial role in mucosal immunity. For example, pIgR can bind

and transport polymeric immunoglobulins (pIgs) across the mucosal epithelium by endo-

cytosis [10, 11], then release these pIgs into the luminal mucus layer to form a protective

barrier. This is the most important pathway for immunoglobulin transmembrane trans-

port. In humans, pIgA and M can be transported simultaneously by pIgR, but in rodents

and birds, only dimer IgA (dIgA, the main type of pIgA) is transported by pIgR [12]. Simi-

lar to this pathway, pIg-antigen complexes can be transported into secretions by pIgR [13,

14]. Moreover, secretory component (SC), a proteolytic fragment of pIgR, is also important

in mucosal immunity. As the main constitutive structure of secretory immunoglobulin A

(SIgA) and M [15, 16], SC can protect these secretory immunoglobulins from proteolytic

degradation [17, 18], and SC in free form can neutralize antigens [19, 20]. Moreover, pIgR

also has an immunomodulatory function in mediating the intracellular neutralization of

dIgA and its antigen [21].

Lung, a place of gas exchange, is continuously exposed to environmental stimuli, however,

pIgR expressed on the lung epithelial cells, as the bridge between innate and adaptive immune

responses at mucosal surfaces [18] constitutes the first line of lung defense. But unfortunately,

few studies have been performed on the pIgR of mammalian respiratory tract, especially in

Bactrian camels. More importantly, although there are some reports show that pIgR can be

expressed in lungs of human [4, 22–25], pig [26], rat [27, 28], mouse [29], and rhesus monkey

[30], which lung cells express pIgR is still under exploration. Therefore, the pIgR expression

characteristics in Bactrian camel lungs were systematically analysed by using immunohisto-

chemical, micro-image analysis and statistical methods in this study. We hope that the results

of this study will provide support for future exploration of the mucosal immune functions of

pIgR in the lower respiratory tract of Bactrian camels.

Materials and methods

Ethics statement

All experimental procedures were approved by the Animal Ethical and Welfare Committee

of the College of Veterinary Medicine of Gansu Agricultural University (Approval No.

GSAU-AEW-2016-0010). The healthy Bactrian camels were provided by the slaughter-

house of Minqin county of Gansu province in China, and the basic diet of camels was pro-

vided every day before slaughter, including water (10 L/day) and roughage (16–22 kg/day)

[31].

Experimental animals and group divisions

Twelve healthy adult Alashan Bactrian camels (2 to 7 years old, 6 males and 6 females) were

divided into two groups: the lung conducting portion group and the lung respiratory portion

group, with 6 camels (3 males and 3 females) in each group. Camels were anesthetized intrave-

nously with sodium pentobarbital (20 mg/kg) and then exsanguinated until death.
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Lung fixation, sampling and microsection

The methods of lung fixation and sampling are described fully in our previous work [32], but

briefly, in every camel lung, the sampling locations of the conducting portion were as follows

1. trachea; 2. cranial segmental bronchus of the right anterior lobe (Acr); 3. lobar bronchus of

the right anterior lobe; 4. caudal segmental bronchus of the right anterior lobe (Aca); 5. right

main bronchus; 6. lobar bronchus of the right posterior lobe; 7. first dorsal segmental bronchus

of the right posterior lobe (D1); 8. first lateral segmental bronchus of the right posterior lobe

(L1); 9. lobar bronchus of the accessory lobe; 10. ventral segmental bronchus of the accessory

lobe (Acv); 11. dorsal segmental bronchus of the accessory lobe (Acd); 12. second dorsal seg-

mental bronchus of the right posterior lobe (D2); 13. second lateral segmental bronchus of the

right posterior lobe (L2); 14. fourth dorsal segmental bronchus of the right posterior lobe (D4);

15. third lateral segmental bronchus of the right posterior lobe (L3); 16. fifth dorsal segmental

bronchus of the right posterior lobe (D5); 17. sixth dorsal segmental bronchus of the right pos-

terior lobe (D6); 18. cranial segmental bronchus of the left anterior lobe (Acr); 19. lobar bron-

chus of the left anterior lobe; 20. caudal segmental bronchus of the left anterior lobe (Aca); 21.

left main bronchus; 22. lobar bronchus of the left posterior lobe; 23. first dorsal segmental

bronchus of the left posterior lobe (D1); 24. first lateral segmental bronchus of the left posterior

lobe (L1); 25. second dorsal segmental bronchus of the left posterior lobe (D2); 26. third dorsal

segmental bronchus of the left posterior lobe (D3); 27. second lateral segmental bronchus of

the left posterior lobe (L2); 28. fourth dorsal segmental bronchus of the left posterior lobe

(D4); 29. third lateral segmental bronchus of the left posterior lobe (L3); 30. fifth dorsal seg-

mental bronchus of the left posterior lobe (D5); and 31. sixth dorsal segmental bronchus of the

left posterior lobe (D6). In addition, the sampling location of the respiratory portions in each

camel lung included 1. four sample blocks in the left cranial lobe; 2. six in the left caudal lobe;

3. four in the right cranial lobe; 4. six in the right caudal lobe and two in the accessory lobe,

which were randomly extracted from each lung. The samples were then made into paraffin

sections (4 μm), which were stained with haematoxylin and eosin (H&E) and streptavidin bio-

tin complex (SABC) for immunohistochemistry (IHC).

SABC-IHC staining

Primary antibody selection. The structure of pIgR is highly conserved (especially in the

transmembrane region); moreover, bioinformatics analysis of pIgR in our laboratory [33] has

shown that the primary, secondary and tertiary structures of Bactrian camel pIgR are all highly

similar to those of humans. For example, there are five repeated Ig-like domains in the extra-

cellular domain of Bactrian camel pIgR, and the consistency of the amino acid sequence of this

domain with that of humans is 69.78%. Hence, the epitopes of pIgR were similar among Bac-

trian camels and humans. In addition, when the antigenic amino acid sequence of the prepara-

tive rabbit polyclonal antibody against human pIgR (Lot No. HPA006154, Sigma, the United

States) was compared with the protein sequence of Bactrian camel pIgR in DNAMAN, the

similarity of the corresponding regions was 63.89%. According above characteristics, this pri-

mary antibody satisfied the requirements of the sequencing experiment.

Selection of the optimal working concentration of the primary antibody. Within

according to the concentration range (1:50–1:200) required for the application of the rabbit

polyclonal antibody against human pIgR, four concentrations including 1:50, 1:100, 1:150 and

1:200 were tested to compare the colour rendering effect, and the optimal working concentra-

tion was found to be 1:200.

Staining steps. 1. The microsections were deparaffinated and washed; 2. 3% H2O2 was

added for approximately 15 min at room temperature to eliminate endogenous peroxidase
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activity, and the microsections were then washed with distilled water: 2 min × 3 times; 3. 0.1%

trypsin was added for approximately 40 min at 37˚C to repair the antigen, and the microsec-

tions were washed with distilled water: 2 min × 3 times; 4. 5% BSA was added for approxi-

mately 40 min at 37˚C without washing; 5. the primary antibody (1:200 rabbit polyclonal

antibody against human pIgR) was added to the positive group and allowed to stand for

approximately 18 hours at 4˚C to allow the antigen and antibody to react fully; for the negative

group, PBS solution was added instead of the primary antibody and allowed to stand at 4˚C

for approximately 18 hours; then, both were washed with PBS 5 min × 4 times; 6. secondary

antibody (HRP conjugated goat anti-rabbit IgG (from Easy-to-Use Immunohistochemical Kit,

Lot No.07H3OCJ, Boster, Wuhan, Hubei, China) was added, and incubated at 37˚C for 40

min, followed by washing with PBS 5 min × 4 times; 7. SABC was added and allowed to stand

at 37˚C for 30 min, followed by washing with PBS 5 min × 4 times; 8. DAB colour rendering

was performed at room temperature and away from light, the colour rendering effect was

observed under a light microscope, and the excess colour rendering liquid was then washed

away; and 9. the microsections were redyed with a small amount of hematoxylin dyeing solu-

tion, sealed with neutral balsam, and stored at 50˚C.

Light microscopy observation

The expression characteristics of pIgR in every bronchial branch, including the dorsal, ventral,

medial and lateral bronchiole systems, as well as the expression characteristics of pIgR in the

respiratory portion of every lung lobe, were carefully observed using an Olympus DP-71

microscopy system, and 30 sections of each location in each sample were photographed.

Statistical analysis

Bronchial luminal area. In the lung conducting portion group, the luminal diameters of

the trachea and main bronchus were directly measured with a Vernier calliper. Five diameters

were measured in random directions in each lumen (without cartilage ring), and the average

values were obtained. The luminal areas were calculated according to the circular area formula.

However, the luminal areas of the lobar bronchus, segmental bronchus, sub-segmental bron-

chus and small bronchus were measured as follows: 10 sections of each sample were selected

randomly, and stained with H&E. Sequential photomicrographs were taken, the pictures of the

intact bronchial cross-sections were joined together (Adobe Photoshop CC 2017), and the

luminal areas were calculated (Image-Pro Plus 6.0). Finally, using IBM SPSS V.23.0 (SPSS Inc.,

Chicago, USA), the area differences among bronchial branches in different grades, and the

area differences in the different segmental bronchus simultaneously separated from the same

lobar bronchus were analysed by one-way analysis of variance (ANOVA) followed by

Duncan’s multiple range test. A value of p<0.05 was considered to indicate a significant

difference.

The mean optical density (MOD) of pIgR in the bronchial ciliated epithelial cells. In

the lung respiratory portion group, 5 sections of each sample stained with SABC-IHC were

randomly selected, and 3 microscopic fields of each section were randomly observed. Then,

pIgR (MOD) of the bronchial ciliated cells in each epithelium was calculated (Image-Pro Plus

6.0) as follows: 1. the image was opened, and optical density correction was performed at a

blank position in the image; 2. the measurement parameters (the integrated optical density

(IOD) was selected as the measurement value) were set and saved; 3. the bronchial epithelium

was manually circled with a paint tool as the measurement area; 4. colour (the HIS parameter

was selected) was selected and saved, then the date collector (area (sum) and IOD (sum) were

selected) was set; 5. the area and IOD values of the selected bronchial epithelial were measured,
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the measurement values (there were two sets of data) were read, and the one with the largest

area and the one with the smallest IOD were selected; and 6. the MOD value was calculated

from the IOD/area. Finally, using IBM SPSS V.23.0, the pIgR (MOD) differences among bron-

chial branches in different grades and the pIgR (MOD) differences in the different segmental

bronchi simultaneously separated from the same lobar bronchi, were analysed by ANOVA fol-

lowed by Duncan’s multiple range test. A value of p<0.05 was considered to indicate a signifi-

cant difference.

Results

Histological characteristics of the different bronchial branches in Bactrian

camels

As the number of bronchial branches increased, the bronchial wall gradually thinned, the

thicker cartilage rings gradually transformed into irregular cartilage pieces, and the number of

goblet cells and bronchial glands decreased and nearly disappeared in the bronchioles with

simple ciliated columnar epithelium (Fig 1). Specifically, as the bronchial branches extended,

the relative luminal areas significantly declined (p<0.05); that is, trachea> main

bronchi > lobar bronchi> segmental bronchi > sub-segmental bronchi > small bronchi. In

addition, in the different branches at the same grade from the same lobar bronchi, the areas of

the larger lumens were significantly higher than those of the smaller lumens (S1 File). For

example, Aca> Acr in the left cranial lobe; Aca < Acr in the right cranial lobe; Acv > Acd in

the accessory lobe; both in the left and right caudal lobe, L1 > L2> L3, D1> D2 > D3 (D3

was absent in right lung) > D4> D5 > D6, V1> V2> V3 > V4> V5, M3> M4>

M5> M6.

In trachea (A) and main bronchi (B), there were thicker bronchial wall, abundant bronchial

glands between the epithelial basal lamina and cartilage, and obvious cartilaginous ring; in

Fig 1. Histological characteristics of the different graded bronchi in Bactrian camels.

https://doi.org/10.1371/journal.pone.0264815.g001
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lobar bronchi (C), segmental bronchi (D), sub-segmental bronchi (E) and small bronchi (F),

the bronchial luminal diameter was gradually smaller, the bronchial wall changed thinner, the

bronchial glands number became lesser, and the irregular cartilaginous pieces were thinner,

smaller and lesser. Pictures (A-F) were all stained with haematoxylin and eosin (H&E), and the

original magnifications were all 40×.

pIgR expression characteristics in the conducting portion of Bactrian

camel lungs

pIgR could be expressed in each bronchial branch of the lung conducting portion in Bactrian

camels, including the dorsal, ventral, medial and lateral bronchiole systems. In the larger air-

ways, the trachea and main bronchi, pIgR was highly expressed in the cytoplasm and mem-

brane of ciliated cells, basal cells (Fig 2) and serous cells of bronchial glands (Fig 3). However,

pIgR was not found in the goblet cells, endocrine cells and mucous cells of bronchial glands. In

addition, as the bronchial glands gradually decreased, pIgR was mainly expressed in ciliated

cells (Fig 4).

Histological characteristics of the main bronchi (A) and the main bronchial epithelium (red

frame) in Bactrian camels, stained with haematoxylin and eosin (H&E). Original magnifica-

tion: 100×; pIgR was highly expressed in the main bronchial ciliated epithelial cells (arrows),

and also could be expressed in the basal cells (triangle arrows) (B), stained with pIgR-immuno-

histochemistry (IHC). Original magnification: 1000×; negative control of the main bronchial

epithelium (C), stained with IHC. Original magnification: 1000×; pictures (D-E) were repre-

sentative views of the main bronchial epithelium from pictures (B-C), and the original magni-

fications were all 1000×.

Histological characteristics of the main bronchi (A) and the main bronchial glands (red

frame) in Bactrian camels, stained with haematoxylin and eosin (H&E). Original magnifica-

tion: 100×; pIgR was highly expressed in the serous cells of the main bronchial glands (arrows)

(B), stained with pIgR-immunohistochemistry (IHC). Original magnification: 1000×; the

Fig 2. pIgR expression characteristics in the main bronchial epithelium of Bactrian camels.

https://doi.org/10.1371/journal.pone.0264815.g002
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negative control of the main bronchial glands (C), stained with IHC. Original magnification:

1000×; pictures (D-E) were representative views of the main bronchial glands from pictures

(B-C), and the original magnifications were all 1000×.

Pictures (A-C) were the negative control of trachea, main bronchi and lobar bronchi,

stained with immunohistochemistry (IHC), and the original magnifications were all 1000×;

pictures (D-F) were the pIgR expression characteristics in the ciliated epithelial cells (arrows)

of trachea, main bronchi and lobar bronchi, stained with pIgR-IHC, and the original magnifi-

cations were all 1000×; pictures (G-I) were representative views of pictures (D-F), stained with

pIgR-IHC, and the original magnifications were all 1000×; Pictures (J-L) were the negative

control of segmental bronchi, sub-segmental bronchi and small bronchi, stained with immu-

nohistochemistry (IHC), and the original magnifications were all 1000×; pictures (M-O) were

the pIgR expression characteristics in the ciliated epithelial cells (arrows) of segmental bronchi,

sub-segmental bronchi and small bronchi, stained with pIgR-IHC, and the original magnifica-

tions were all 1000×; pictures (P-R) were representative views of pictures (M-O), stained with

pIgR-IHC, and the original magnifications were all 1000×.

pIgR expression characteristics in the respiratory portion of Bactrian camel

lungs

In the terminal bronchi and respiratory bronchi, pIgR was still primarily expressed in the cyto-

plasm and membrane of ciliated cells, and was also expressed in the cytoplasm and membrane

of club cells (Figs 5 and 6). Moreover, in the pulmonary alveoli, pIgR was highly expressed in

the cytoplasm and membrane of alveolar type 2 (AT2) cells (Fig 7), but absent in alveolar type

1 (AT1) cells.

Histological characteristics of lung respiratory portion (A) and terminal bronchi (red

frame) in Bactrian camels, stained with haematoxylin and eosin (H&E). Original

Fig 3. pIgR expression characteristics in the main bronchial glands of Bactrian camels.

https://doi.org/10.1371/journal.pone.0264815.g003
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Fig 4. pIgR expression characteristics in the ciliated epithelial cells of different graded bronchi in Bactrian camels.

https://doi.org/10.1371/journal.pone.0264815.g004
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magnification: 100×; pIgR was mainly in the club cells (arrows) of terminal bronchi (B),

stained with pIgR-immunohistochemistry (IHC). Original magnification: 1000×; negative

control of terminal bronchi epithelium (C), stained with IHC. Original magnification: 1000×;

pictures (D-E) were representative views of terminal bronchi epithelium from pictures (B-C),

and the original magnifications were all 1000×.

Fig 5. pIgR expression characteristics in terminal bronchial epithelium of Bactrian camels.

https://doi.org/10.1371/journal.pone.0264815.g005

Fig 6. pIgR expression characteristics of respiratory bronchial epithelium in Bactrian camels.

https://doi.org/10.1371/journal.pone.0264815.g006
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Histological characteristics of lung respiratory portion (A) and respiratory bronchi (red

frame) in Bactrian camels, stained with haematoxylin and eosin (H&E). Original magnifica-

tion: 100×; pIgR was mainly expressed in the club cells (arrows) of respiratory bronchi (B),

stained with pIgR-immunohistochemistry (IHC). Original magnification: 1000×; negative

control of respiratory bronchi epithelium (C), stained with IHC. Original magnification:

1000×; pictures (D-E) were representative views of respiratory bronchi epithelium from pic-

tures (B-C), and the original magnifications were all 1000×.

Histological characteristics of lung respiratory portion (A) and pulmonary alveoli (red

frame) in Bactrian camels, stained with haematoxylin and eosin (H&E). Original magnifica-

tion: 100×; pIgR expressed in the alveolar type 2 (AT2) cells (arrows) (B), stained with pIgR-

immunohistochemistry (IHC). Original magnification: 1000×; negative control of AT2 cells

(C), stained with IHC. Original magnification: 1000×; pictures (D-E) were representative

views of AT2 cells from pictures (B-C), and the original magnifications were all 1000×.

pIgR expression regularity in the ciliated cells of different bronchial

branches in Bactrian camel lungs

The statistical results of pIgR (MOD) showed that as the number of bronchial branches

increased, the pIgR expression level in bronchial ciliated cells was significantly decreased

(p<0.05). For example, trachea> main bronchi > lobar bronchi > segmental bronchi > sub-

segmental bronchi> small bronchi (Fig 8). In addition, in the different segmental bronchi at

the same grade that diverged from the same lobar bronchi, pIgR expression level in ciliated

cells of the larger luminal areas was significantly higher than that in the smaller areas (S2 File).

For instance, in the right lungs, Acr> Aca in the cranial lobe; Acd> Acv in the accessory

lobe; and D2 > D1 >D4 > D5> D6, L2> L1 > L3, M3> M4> M5> M6, and V1 > V2>

V3> V4> V5 in the caudal lobe. In the left lungs, Acr< Aca in the cranial lobe; and

Fig 7. pIgR expression characteristics of pulmonary alveoli epithelium in Bactrian camels.

https://doi.org/10.1371/journal.pone.0264815.g007
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D1> D2 > D3> D4 > D5> D6, L2 > L1 > L3, M3> M4> M5> M6, and V1> V2 >

V3> V4> V5 in the caudal lobe.

From trachea to small bronchi, pIgR expression level in the ciliated epithelial cells signifi-

cantly declined (p<0.05) (A), and the corresponding bronchial luminal areas significantly

decreased (p<0.05) (B), that is, trachea> main bronchi > lobar bronchi > segmental

bronchi > sub-segmental bronchi > small bronchi; the schematic drawing of cross-sections of

trachea, main bronchi, lobar bronchi, segmental bronchi, sub-segmental bronchi and small

bronchi (C).

Discussion

The results showed that in Bactrian camel, the lung mucosal epithelium was mainly consisted

of ciliated cells, goblet cells, basal cells, endocrine cells, club cells, alveolar type 1 (AT1) cells

and alveolar type 2 (AT2) cells, which was similar to in human [34] and other animals [35]

including Dromedary camel [36], yak [37] and cattle [38], except in buffalo (without goblet

cells) [37]. But unfortunately, pIgR as the critical structural part of the SIgA formation, there is

still very little research on the mammalian lungs, only in human [4, 22–25], pig [26], rat [27,

28], mouse [29], and rhesus monkey [30]. While interestingly, in this study, pIgR was mainly

highly expressed in ciliated cells (from trachea to respiratory bronchi), but not in goblet cells

and endocrine cells of Bactrian camel lungs. These expression characteristics in the bronchial

mucosal epithelium of Bactrian camels were similar to those in rats [27, 28], mice [29] and

humans [4, 22–25]. In fact, ciliated cells are the most abundant cell type (approximately 50%-

90%) [39] that constitutes the bronchial mucosal epithelium, and their half-life is up to 18

months [40], and more importantly, ciliated cells are the primary targets for some respiratory

Fig 8. pIgR expression variation regularity in the ciliated epithelial cells of different graded bronchi in Bactrian camels.

https://doi.org/10.1371/journal.pone.0264815.g008
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pathogens, including bacteria, viruses, and fungi, such as Streptococcus pneumoniae, Pseudo-
monas aeruginosa, SARS-CoV, Rhinovirus C and Aspergillus flavus [41–43]. Therefore, ciliated

cells, as the major expression sites of pIgR, were the most critical for the major effector mole-

cule of mucosal immune–SIgA to achieve transmembrane transport in the lung. Besides, in

some reports, basal cells have been found to be negative for pIgR staining [4], but they were

positive in our study. These results might be closely related to the transport direction of SIgA,

because SIgA is transported by pIgR from the mucosal epithelial basal side into the luminal

mucosal secretions, so basal cells, as the major constituent located at the epithelial basement,

could be more convenient for SIgA transmembrane transport.

The statistical results showed that from the trachea to small bronchi of Bactrian camels, the

pIgR expression level in the bronchial ciliated cells significantly declined (p<0.05), and the

bronchial luminal areas obviously decreased (p<0.05). Similarly, in the different segmental

bronchi that simultaneously diverged from the same lobar bronchi, the pIgR expression level

in the ciliated cells of the larger luminal areas was distinctly higher than that in the smaller

areas (p<0.05). This inhomogeneous characteristics of pIgR expression in the bronchial cili-

ated cells of Bactrian camels were similar to the respiratory tract in humans [21] and mice

[44]. Simultaneously, in Bactrian camels, as the number of bronchial branches increased, the

bronchial epithelium changed from pseudostratified to simple epithelium (columnar or

cubic), and the number of ciliated cells gradually decreased, were identical with yak [37] and

least shrew [45], on the contrary, the airflow cleanliness of the corresponding bronchial cross-

sections increased because the bronchial luminal surface gradually cleaned by the nonspecific

physical adhesion and natural immune clearance functions of bronchial epithelial cells [39,

46–48]. Therefore, the regular variations among the pIgR expression levels of the different

bronchial ciliated cells, the different bronchial luminal areas, and the numbers of different

bronchial ciliated cells in Bactrian camels, were all consistent.

Moreover, pIgR was also found in the serous cells of bronchial glands, bronchial club cells,

and AT2 cells in Bactrian camel lungs. These findings are similar to the reports that pIgR is

highly expressed in the serous cells of bronchial glands in rats [27, 28], mice [29], pigs [26] and

humans [4, 22–25], and is also expressed in the non-ciliated cells of the bronchiole epithelium

and some AT2 cells of humans [4, 49]. Unexpectedly, although pIgR can be expressed in

human AT1 cells [49] and mucous cells of the bronchial glands [24], no positive expression

was observed in two of them in this study. According to some reports, the pIgR expression

characteristics in individual cells can be affected by certain cytokines, hormones, dietary fac-

tors and ages [50, 51], but pIgR expression is closely related to the microbial stimulation, espe-

cially in the mucosal epithelium [18]. For example, monocolonization of germ-free mice with

the commensal bacterium Bacteroides thetaiotaomicron resulted in increased pIgR expression

in intestinal epithelial cells [52], pIgR expression in the intestinal epithelium can be regulated

by the symbiotic bacteria of this intestinal segment [53], and pIgR expression in the colon epi-

thelium can be upregulated by the microbial product butyrate [54]. Besides, pIgR expression

can also be regulated by the signaling pathways, including TLR4 [55, 56], Notch [8], JAK-

STAT [18], NF-κB [57] and other factors. This study provided a basis for further exploring the

patterns of pIgR expression in the respiratory tract of Bactrian camels.

Above all, pIgR expression characteristics in Bactrian camel lungs clearly reflected the fact

that pIgR is selectively expressed in mucosal and glandular epithelial cells [58, 59]. Impor-

tantly, in Bactrian camel lungs, pIgR could be simultaneously expressed in ciliated cells, basal

cells, club cells, AT2 cells and serous cells of bronchial glands. These types of cells, could guar-

antee the continuous and efficient transport of immunoglobulins (i.e., pIgA) across the mem-

brane, resulting in the timely formation of the immune defense barrier.
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Conclusions

In this study, the characteristics of pIgR expression in the conducting and respiratory portions

of Bactrian camel lungs were observed and analysed through immunohistochemistry, micro-

image analysis and statistical methods. The results demonstrated that the bronchial ciliated

cells continuously distributed throughout the whole bronchial tree mucosa were the major

expression sites of pIgR, but pIgR could also be expressed in basal cells, serous cells of bron-

chial glands, club cells and alveolar type 2 cells, which would facilitate secretory immunoglobu-

lin A (SIgA) transmembrane transport by pIgR and form an intact protective barrier.

Moreover, the pIgR expression level in ciliated cells was positively correlated with the bron-

chial luminal areas, but negatively correlated with the airflow cleanliness through the bronchial

cross-sections, which signified that the pIgR expression level in the bronchial epithelium was

inhomogeneous. Our study provided a foundation for further exploring the regulatory behav-

iour of immunoglobulins (i.e., SIgA) after transport across the membrane by pIgR in Bactrian

camel lungs.
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