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Abstract

Cathepsin L (CTSL) has been proved to help contain leishmaniasis and mycoplasma infec-
tion in mice by supporting cellular immune responses, but the regulatory functions of CTSL
on mucosal immune responses haven’t been tested and remain undefined. Here, we investi-
gated the effects of CTSL on SIgA responses and invariant chain (li) degradations in the co-
cultured swine dendritic cells (DCs) and B cells system in vitro. When the cells system were
transfected with vector CTSL-GFP or incubated with recombinant CTSL (rCTSL) before
they were infected with Mycoplasma hyopneumoniae (M.hp), SIgA significantly increased
and li chain was degraded into smaller intermediates, while SIgA decreased when CTSL
was knockdown or inhibited with E64. To confirm the SIgA responses promoted by CTSL
contribute to the resistance to mycoplasma pneumonia, pigs injected with rCTSL before
they were challenged with M.hp, showed milder clinical symptoms and histopathological
damage of lungs, less mycoplasma burden together with higher secretion of SIgA, percent-
ages of CD4* T cells and level of MHC Il molecules comparing with the group without
rCTSL. Collectively, these results suggested that rCTSL could provide effective protection
for piglets against mycoplasma pneumonia by enhancing M. hp-specific mucosal immune
responses through its role in antigen presentation by processing the invariant chain.

Introduction

Mucosal surfaces of the respiratory tract and gastrointestinal tract are the first line of defense
to prevent the infection of pathogens and clear the evaded microorganism by excreting active
components including secretory immunoglobulin A (SIgA) [1, 2]. Experimental evidence
showed that SIgA response provides effective protection especially for the cases of chronic
mucosal infections and reinfections of many bacteria, virus, parasites and fungi [3-6].
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Mycoplasma, unlike virus or bacteria, leads infection by firmly adhering to respiratory epithe-
lial cells. To clear mycoplasma, mucosal immunity instead of systemic immunity plays a key
role during infection [7]. And SIgA is the first sign of mycoplasma infection which raises the
strategy considerations about the induction of SIgA by vaccination [8, 9].

As akey link in the process of inducing immune response, major histocompatibility com-
plex class IT (MHC II) molecules function to present antigen to CD4" T lymphocytes generat-
ing helper T cell responses, which activate unprimed B cells to secrete IgG and IgA [10]. MHC
II molecules are assembled in the endoplasmic reticulum with the assistance of the chaperone
molecule invariant chain (Ii), and transported to an endocytic compartment where Ii is cleaved
sequentially to discrete intermediates such as p22, p10 and class II-associated leupeptin-
induced peptide (CLIP) fragments [11, 12]. CLIP remains bound to the MHC class II peptide
binding groove until it is exchanged for resident antigenic peptides [13, 14]. Therefore, endo-
somal MHC class II-Ii complexes can only become competent for antigenic peptide loading
after Ii chain processing.

A number of cysteine cathepsins have been proven to play crucial roles in the pathway of Ii
processing by studies with protease inhibitors and knockout mice [15-17]. Cathepsin L
(CTSL) is involved in the late stage of Ii degradation, since Ii intermediates, p12 or small leu-
peptin-induced peptide (SLIP) accumulated due to the deficiency of CTSL [16-19]. CTSL has
also been implicated in regulatory events relating to immunological responses [18, 20, 21],
infectious diseases [22-24], cancer [25, 26], diabetes [27] and other pathological processes
[28-30]. Recent studies revealed that CLIK148, a specific inhibitor of CTSL, enhances the
development of Th2-type immune responses and leads to exacerbation of leishmaniasis in
mice, and CTSL helps contain mycoplasma infection by supporting lymphangiogenesis and
cellular immune responses instead of humoral immune responses [28]. However, it still
remains obscure whether CTSL contributes to the protections from the infection by mucosal
immune responses or not since there are little direct or indirect evidences available for now.

Taking into account that CTSL is involved in MHC II-dependent immune responses, we
hypothesized that CTSL may provide protection against respiratory tract infections of bacterial
pathogens by improving mucosal immunity. To test these predictions, we investigated the pre-
ventive effects of recombinant CTSL (rCTSL) on mycoplasma pneumonia of swine which is
the most approximate model to humans [31, 32], and the effects of rCTSL and native CTSL on
SIgA responses and Ii degradations in the co-cultured dendritic cells (DCs) and B cells model
in vitro. These results revealed that rCTSL enhanced the resistance to mycoplasma pneumonia
for swine, and CTSL promoted SIgA responses and Ii degradation significantly.

Materials and methods
Animals and welfare

Thirty days old crossbred pigs obtained from Swine Breeding Center in Beijing were housed in
groups in a confined university facility under ethologically and hygienically ideal conditions
and acclimatized for two weeks. Animal use and animal trials in this study were approved by
Beijing Municipal Committee of Animal Management and Ethics Committee of China Agri-
cultural University (approval number: CAU20140629-2). All experiments strictly followed the
recommended guidelines by the Ethics Committee of China Agricultural University. Animal
cadavers were disposed of in compliance with the Rules for Working in Experimental Animal
Facilities and Valid Waste Regulations. Pigs were anaesthetized with atropine (0.05 mg/kg),
ketamine (5 mg/kg) and propofol (3 mg/kg), which were provided by Veterinary Hospital of
China Agricultural University before experiments. All efforts were used to reduce the pain and
adverse effect of the animals.
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Preparation and enzyme activity of recombinant protein dx.doi.org/10.
17504/protocols.io.zf7f3rn

The coding sequence of CTSL was amplified by PCR with the primer pairs (CTSL-R:5 -CGC
GTCGACATGGCTCCAAAACTTGATC-3; CTSL-F:5’ ~-CGCGCGGCCGCTCACACGGTGGGAT
AGCTGGC-3) designed according to the sequence (NC_010452.3) as described in S1 Methods.
CTSL sequence was ligated with pET28a vector (Invitrogen, USA) and purified with Ni-NTA
agarose (QIAGEN, Valencia, USA) after expressed. The enzymatic activity of rCTSL was mea-
sured with the substrate benzyloxycarbonyl-phenylalanyl-arginine 4-methyl-7-coumarylamide
(Z-Phe-Arg-MCA) (Enzo Life Sciences, Switzerland). To make recombinant protein activated,
100 ng aliquot of rCTSL was incubated in 150 pl buffer solution (10 mM Tris-HCl and 0.1M
NaH,PO,, pH 5.5) at 37°C for 1 h. Freshly prepared substrates (50 pl) were added to a final
concentration of 10 mM. The fluorescence signal liberated by hydrolysis was detected using a
spectrofluorometer. The enzymatic activity was expressed as the increased fluorescence units/
min during incubation. E64 (Sigma-Aldrich, St. Louis, MO, USA) a cysteine proteinase inhibi-
tor, was used as a control to prove the recombinant protein is a cysteine proteinase.

Western blots

Recombinant CTSL protein was quantified using Pierce BCA Protein Assay Kit (Takara) and
the 20-30 ug sample per lane was subjected to western blot analysis. Briefly, PVDF membranes
were incubated for 2 h with mouse anti-Cathepsin L antibody [33/2] (1:1000 dilution in PBST)
(Abcam, USA) and horseradish peroxidase (HRP)-conjugated goat anti mouse IgG (HRP)
(1:2000 dilution in PBST) (Abcam, USA), detected by EasySee Western Blot Kit (TransGen
Biotech, Beijing, China).

Sandwich ELISA construction

Mouse anti-CTSL monoclonal antibody (mAb) and rabbit anti-CTSL polyclonal antibody
(pAb) were produced by our lab at China Agricultural University. The concentrations of CTSL
were analyzed with sandwich ELISA as described in S2 Methods.

Isolation and culture of DC cells and B cells

For isolation of DCs, peripheral blood mononuclear cells (PBMC) were isolated and cultured
(S3 Methods) firstly. Then, monocytes were enriched by MACS separation. CD11b+ cells were
positively selected with magnetic microbeads accordingly to manufacturer’s instructions (Mil-
tenyi Biotec, Auburn, CA), and cultured in a complete RPMI 1640 medium with 20 ng/ml of
recombinant porcine granulocyte-macrophage colony-stimulating factor (rpGM-CSF, Invitro-
gen, CA, USA) and 10 ng/ml of recombinant porcine interleukin 4 (rpIL-4, Invitrogen, CA,
USA). Half of the culture medium was replaced with fresh medium every two days. At 7 d,
monocytes differentiated to immature monocyte-derived DC (Mo-DC), then become mature
after stimulated with 2 pg/ml of lipopolysaccharide (LPS, Sigma) for 24 h.

For isolation of B cells, pig spleens were disaggregated in RMPI-1640 using a mortar and
pestle and sifted through a cell filter, followed by depletion of RBC with ammonium chloride
solution. CD19+ B cells were separated by MACS with mouse anti-pig CD19 antibody. B cells
were cultured for 5 days in RPMI-1640 medium with 10% FBS and 25 pg/ml of rpIL-4, 50 ug/
ml interferon y (IFN-v, Invitrogen, CA, USA) and 50 pug/ml CD40L (DAKEWE, China). Half
of the medium was replaced by fresh complete medium every two days. At 7 d, B cells were
stimulated for 24 h with 100 ng/ml CpG-ODN 2006 (Invitrogen, CA, USA).
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Flow cytometric analysis

Surface markers of DCs and B cells were analyzed by flow cytometry. Procedures of flow
cytometry can be seen in online Supplementary Methods. For DCs, labeling strategies were as
follows:(1) anti-CD1 antibody (FITC) [clone 76-7-4], mouse anti pig CD172a antibody [clone
BL1H7]; (2) anti-CD4 antibody (FITC) [clone 74-12-4], anti-CD8 antibody (Phycoerythrin)
[clone MIL-12]; (3) anti-CD11b antibody (FITC) [clone 2F4/11], anti-porcine MHC Class II
DQ antibody [clone K274.3G8]; (4) anti-CD14 antibody (Phycoerythrin) [clone TUK4], anti-
CD21 antibody (Alexa Fluor647) [clone LT21]; (5) anti-CD163 antibody (Phycoerythrin)
[clone 2A10/11 ]. B cells were labeled with strategy: (1) anti-CD1 antibody (FITC) [clone 76-7-
4], anti-CD20 antibody [clone MEM-97]; (2) anti-CD4 antibody (FITC) [clone 74-12-4], anti-
CD8 antibody (Phycoerythrin) [clone MIL-12]; (3) anti-CD11b antibody (FITC) [clone 2F4/
11], anti-CD79a antibody (PerCP/Cy5.5) [clone HM47]; (4) anti-CD21 Santi-porcine MHC
Class I DQ antibody [clone K274.3G8].

The presence of CD4" T cells and CD8" T cells in PBMC was also analyzed with mouse
monoclonal anti-porcine CD4-FITC [clone 74-12-4] and mouse monoclonal anti-pig CD8-
PE/CyS5 [clone 76-11-2] separately, as described in S4 Methods.

Co-culture of DCs and B cells in vitro

For the co-culture of DCs and B cells, differentiated immature DC cells (iDCs) and B cells
were harvested respectively at 6 d after culture respectively, and counted by staining with 0.4%
Trypan blue (STEMCELL, Canada). About 1.0x10* iDCs and 1.0x10° B cells were seeded in
the same wells of 96-well culture plates, and RPMI-1640 complete medium with 20 ng/ml
rpGM-CSF, 25 pg/ml of rpIL-4, 50 pg/ml IFN-y and 50 ug/ml CD40L were added. After co-
cultured for 48 h, cells were under different treatment. In group 1, cells were infected with M.
hp for 2 h. In group 2, cells were treated with rCTSL protein for 1 h followed by infection with
M.hp for 2 h. In group 3, cells were transfected with eukaryotic plasmid CTSL-GFP for 48 h
followed by infection with M.hp for 2 h. In group 4, cells were treated with E64 for 1 h followed
by infection with M.hp for 2 h. In group 5, cells were transfected with px458-cas9-CTSL vector
for 48 h followed by infection with M.hp for 2 h. At the same time, B cells and DCs were cul-
tured separately as controls. The cell supernatants were collected for the detections of various
cytokines and SIgA, and the pellets were collected for the detections of CTSL and Ii chain.

Cells transfection

The eukaryotic expression vector CTSL-GFP was constructed as described in S5 Methods and
used for transfection. Knockdown vector was conducted with CRISPR-Cas9 plasmid. Accord-
ing to the gene of porcine CTSL (Gene ID: 396926, S1 Methods), sgRNAs were designed by
Biomics Biotechnologies Company. We choose 9r-AGGGCGGTCAGGAAGAGTGA; and
253r-CACCTGCCTGAATTCTTCATTGG as double targets and constructed the plasmid
px458-253r used for the knockdown CTSL by the methods as previously described [33, 34].
Cells transfection was performed as described in manufacturer’s instructions. Briefly, cells
were transfected with 10 pl of Lipofectamine 2000 in 240 pul RMPI 1640 (GIBCO) containing
conditional vectors. Empty vector was used as a transfection control.

Cytokines detection

Cytokines related to the immunological response were measured in cell culture supernatants
using Pig Transforming Growth Factor B1 (TGF-B1) (CSB-E06843p), Pig Interferon IFN-y
(CSB-E06794p), Pig Interleukin 6 (CSB-E06786p) and Pig interleukin 10 (CSB-E06779p)
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ELISA Kkits purchased from CUSABIO (Wuhan, China) according to manufacturer’s
instructions.

Immunoprecipitation assay dx.doi.org/10.17504/protocols.io.zgbf3sn

Cells were harvested and lysed in NP-40 lysis buffer containing 0.5% NP-40, 150 mM NaCl, 50
mM Tris-HCL pH 8.0 for 1h on ice, and centrifuged at 12,000 rpm for 20 min. The cell super-
natants were then precleared with protein A/G sepharose beads and immunoprecipitated with
anti-porcine MHC class II antibody [K274.3G8] and protein A/G sepharose beads overnight at
4°C with gentle rotation. The beads were washed five times with NP-40 lysis buffer and the
proteins bounded to the beads were separated by 10-20% tricine gel and analyzed by silver
stain.

Animal experiment

Eighteen piglets confirmed to be M.hp free by antibody detection were randomly divided into
three groups. Control group was six pigs injected intratracheally with 3 ml of phosphate buft-
ered saline (PBS); M.hp group was six pigs challenged with 3ml of PBS containing 5x10” CCU
of M.hp strain; rCTSL+M.hp group was six pigs which first injected via bronchofiberscopy
with 20 pg of rCTSL protein, and then challenged with 3ml of PBS containing 5x10” CCU of
M. hp strain. The three groups of animals were housed separately. Rectal temperatures and
clinical symptoms of each piglet were monitored and scored as previously described [35].
Gross lung lesions were estimated immediately when the pigs were autopsied at 21 day post-
infection (DPI). The scoring system for lung gross lesion was employed as previously described
[36-38]. To detect the burden of live mycoplasma, lung homogenates were serially diluted
with mycoplasma medium and CCU were recorded between 7 to 10 d after culture. Bronchoal-
veolar lavage fluids (BALFs) were performed as previously described [39, 40] with an elec-
tronic fiberoptic bronchoscope (OLYMPUS, X2-5) inserted in the lung lobe.

Microscopic lesion and immunohistochemistry (IHC) examination dx.doi.
org/10.17504/protocols.io.zgwf3xe

Tissues were collected at necropsy, fixed with 4% paraformaldehyde solution at room tempera-
ture for 48 h and then processed by routine histopathological procedures. Each sample was
examined on three sections. One section was stained with hematoxylin and eosin (H&E) for
observing pathological changes, and the H&E stained sections were blindly evaluated by a vet-
erinary pathologist and the distribution and severity of interstitial pneumonia were recorded
as previously described [36, 41].

The other two sections were subjected to detect CTSL and MHC class II respectively by
IHC staining with mouse anti-Cathepsin L antibody [33/2] (1:50 dilution) and anti-porcine
MHC class IT antibody [K274.3G8] (1:100 dilution) respectively. The number of positive cells
in section was executed as previously described [35, 42].

Mycoplasma-specific immunoglobulin detection

Mycoplasma-specific IgG, IgM and SIgA levels in nasal, serum and BALF samples were
detected by pig IgG ELISA Kit (CSB-E06804p), IgM ELISA Kit (CSB-E06805p) and

SIgA ELISA Kit (CSB-E12063p) purchased from CUSABIO BIOTECH CO., LTD. (Wuhan,
China).
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Statistical analysis

The significant differences of the in vivo experiment and animal trials were analyzed using t-
test, two-way ANOVA in the GraphPad Prism (version 5.0) software. Differences were consid-
ered statistically significant at a value of P < 0.05 and extremely significant at a value of
P<0.01 or P<0.001.

Results
The harvest and phenotype of DCs and B cells in vitro

To investigate the exact roles of CTSL on the mucosal immune response to M.hp infection, we
sought to develop a co-culture model of antigen presentation cells (APCs) and B cells. First,
the concentrations of CTSL in DCs and macrophages in various tissues of the pigs were
detected by sandwich ELISA in order to select the ideal type of APCs. There were greater dif-
ferences on the levels of CTSL in DCs in most tissues between the infection group and control
group, indicating stronger responses of CTSL were present in DCs rather than macrophages
(Fig 1A). When cultured in vitro, the morphology of Mo-DCs was small, disaggregated and
rounded at 1 d with clusters formed at 3 d, and partial cells grew in suspension with obvious
dendritic protrusions since day 5 (S1 Fig). The surface markers of DCs were CD11b" CD14"*
CD21" CD1" CD163" for immature cells at 3 d and CD11b* SLA-DR" CD21* CD14"
CD172a" for mature cells at 8 d after stimulated with LPS (Fig 1B). B cells were small and
round (S2 Fig) and the phenotype was CD19* CD20* CD4"°*SLA-DR'*" at 3 d and CD19*
CD20" CD21" SLA-DR" at 8 d after stimulated with CpG-ODN (Fig 1C). Before co-culture,
immature Mo-DCs and B cells were harvested by MACS and purity were 95.26% (Fig 1D) and
95.09% (Fig 1E) respectively.

CTSL promotes SIgA response to M.hp infection in DCs+B cells

Mo-DCs and B cells were co-cultured in vitro and infected with M.hp. In the co-cultured cells,
the levels of CTSL conditional knockdown after CTSL transfected with 1.5 or 2 ug CRISPR/
Cas9 plasmid px458-253r and dropped obviously after treated by 5 or 10 ug inhibitor E64 (Fig
2A). The concentrations of SIgA decreased about 50% and 75% accordingly since the level of
CTSL decreased in co-cultured cells (Fig 2B). On the contrary, CTSL increased significantly in
the DCs+B cells treated with 30 pg rCTSL or transfected with 2.0 ug CTSL-GFP (Fig 2C), and
SIgA increased almost 3 fold and 2.5 fold respectively (Fig 2D). In the B cells, all the four kinds
of treatments didn’t have significant impacts on the levels of SIgA (Fig 2B and 2D). The above
data indicated that there is high positive correlation between the changes of CTSL and SIgA in
DCs+B cells infected with M.hp, and CTSL promoted SIgA response as we supposed.

CTSL regulated cytokines secretion in DCs+B cells

TGF-pB and IFN-y had been up-regulated significantly when CTSL accumulated in DCs+B
cells which infected with M.hp. On the contrary, the two cytokines had been down-regulated
by inhibition of CTSL with E64 or knockdown of CTSL (Fig 3A and 3B). These results suggest
that CTSL could induce higher level of TGF-B which functions on promoting B cells switching
from IgM to IgA and IFN-y which plays an important role during M.hp infection. In addition,
the level of TGF-B and IFN-y did not change significantly from each other in the DC cells or B
cells groups (Fig 3A and 3B). However, neither IL-6 nor IL-10 had significant influence along
with CTSL (Fig 3C and 3D).
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Fig 1. Isolation and classification of DCs and B cells in vitro. (A) CTSL was measured in different tissue cells by
sandwich ELISA. Values represented as mean + SEM from three independent experiments (**p<0.01, ***p<0.001).
(B) Phenotype of DCs: on day 3, phenotype was CD11b* CD14" CD4* CD8" SLA-DR" and CD11b* CD21* CD8*
CD4"SLA-DR"#" on day 8. (C) Phenotype of B cells: CD19* CD20* CD4"°" on day 3 and CD19* CD20* CD21"
CD8'% SLA-DR"" on day 8. (D) Percentage of Mo-DC cells: before MACS, there was 12.14% Mo cells in PBMC; after
MACS, the purity was 95.26%. (E) Percentage of B cells: B cells was 14.7% before MACS; after MACS, the purity was
95.09%. Data are representative of three independent experiments.

https://doi.org/10.1371/journal.pone.0215408.9001
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Fig 2. Effect of CTSL on SIgA secretion. (A) Knockdown or inhibit CTSL: CTSL was partially or almost completely knockdown when 1.5 pg
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transinfected with eukaryotic plasmid CTSL-GFP from 0.5 pg to 2.0 ug. (D) Levels of SIgA increased significantly when DCs+B cells were
treated with 30 ug rCTSL or 2.0 ug CTSL-GFP. Data represent means + SEM from three independent experiments (**p<0.01, “**p<0.001).
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Fig 3. Cytokines concentrations were measured in cell culture’s supernatants by ELISA. (A) Concentration of
TGF-p: DCs+B cells pretreated with rCTSL protein or CTSL-GFP eukaryotic plasmid had a significant increase, while
the concentration decreased when treated with inhibitor E64 or px458-253r. B cells alone and DC cells alone had slight
difference among different treatment. (B) Concentration of IFN-y: when CTSL was overexpressed or increased in co-
cultured cells, the concentration increased; by contrast, the concentration decreased when CTSL was inhibited or
knockdown; single cells had a slight change. (C, D) Concentration of IL-6 and IL-10: neither IL-6 nor IL-10 showed
significant differences among the three cell types. Data are representative of three independent experiments (*p<0.05,
**p<0.01, ***p<0.001).

https://doi.org/10.1371/journal.pone.0215408.9003

Cathepsins involved in the processing of Ii chain in vitro

To test the role of CTSL in the processing of the Ii chain in vitro, we analyzed the kinetics of Ii
degradation and the accumulation of Ii intermediates in cell models under different condi-
tions. In DCs+B cells, the degradation intermediates of MHC II-associated Ii chain such as Ii
like LIP (21~22kDa), SLIP (12~14kDa) and even the smallest fragment p10 accumulated in the
group treated with cysteine proteinases inhibitor E64 (Fig 4A). Additionally, when CTSL was
overexpressed with eukaryotic plasmid CTSL-GFP, there were no Ii intermediates, neither LIP
nor SLIP, were found, and the terminal fragments of Ii were not detected either. But recombi-
nant CTSL protein played no effect on Ii degradation in vitro (Fig 4B). Thus, our data sug-
gested that CTSL is involved in the processing of Ii chain by degrading LIP, SLIP and p10
selectively to smaller fragments, and it is the molecular mechanism by which CTSL modulates
SIgA response to M.hp infection.

SIgA and CTSL were induced coincidently in pigs by challenge with M.hp

In BALFs of the pigs challenged with M.hp, SIgA rose over 4 fold from 7 d to 14 d and
remained around 15 pg/ml at 21 DPI with a level almost 3 times higher than the control pigs
injected with equal volume of sterilized saline water. However, there were no significant differ-
ences on the levels of IgG and IgM between the infection group and the control group (Fig 5).
In serum, nearly no IgG and IgM were detected and no difference could be seen between the
two groups (S3A Fig). In nasal swabs, the concentrations of SIgA and IgM were low but
increased by M.hp infection, while almost no IgG was detected (S3B Fig). The different
responses of these three immunoglobulins to M.hp infection suggested that mucosal immunity
(SIgA) is the main immune response pattern of the pigs to M.hp infection. CTSL was wide-
spread in the tracheas and lungs of the healthy pigs, but increased markedly in the alveolar sep-
tum, alveoli, tracheas and lungs of the pigs challenged with M.hp (Fig 6A). CTSL were
overexpressed in lung and trachea samples when pigs infected with M.hp (Fig 6B). As deter-
mined by sandwich ELISA, the concentrations of CTSL in lungs and tracheas rose nearly 3
fold at 21 DPI (Fig 6C and 6D), which coincide with the change in SIgA. Therefore, CTSL
expression was correlated with M.hp infection.

Recombinant CTSL provided considerable protections against M.hp
infection

To verify the resistant effect of CTSL on M.hp infection, rCTSL was used to treat the pigs
before they were challenged with M.hp. Piglets in M.hp infection group developed typical
symptoms such as coughing, running nose, wheezing and fever (S4A Fig). Meanwhile the mac-
roscopic lesions of lungs were serious at 21 DPI, and alveolar septa thickened with macrophage
and other inflammatory cells infiltration, and bronchioles/terminal bronchioles hyperplasia
were micropathologically visible and most of the tracheal cilia were lost (Fig 7A). On the con-
trary, piglets treated with rCTSL before challenge showed slight symptoms (S4B Fig). And the
histopathological damage of lungs was mild with slight thicker alveolar septa and fewer cilia
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https://doi.org/10.1371/journal.pone.0215408.g004

lost at 21 DPI (Fig 7B). Moreover, the lung lesion scores were lower than M.hp infection and
reduced almost by half at 21 and 28 DPI (Fig 7C), the titer of live mycoplasma also decreased
to 10>7% and 10*° at 21 and 28 DPI separately after treated with rCTSL (Fig 7D). Normal cilia
arranged in parallel and appeared to be similar in length and diameter, but clumped after
infection and there were mycoplasma-like particles adhering to the ciliated epithelial cells,
though meanwhile the cilia was not damaged in the rCTSL+M.hp group (Fig 7E). These data
suggested that rCTSL could provide effective protections for piglets against pneumonia caused
by M.hp infection.

Recombinant CTSL enhanced the immune responses in pigs

The concentrations of SIgA in BALFs rose over 4 fold at each time point after challenged with
M_.hp, and they almost doubled by treatments with rCTSL in addition to challenge (Fig 8A). As
one key molecular on initiating immune response, MHC II was also detected in alveolar septa
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Fig 5. Levels of mycoplasma specific-Ig measured by complete ELISA in BALF samples at 21 DPI. SIgA was

significantly higher in M.hp infection group than control. Data are representative of three independent experiments
(***p<0.001).

https://doi.org/10.1371/journal.pone.0215408.9005
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Fig 6. Detection of CTSL. (A) Immunohistochemistry of lungs: M.hp infection group showed positive staining for CTSL,
while control group had only weak staining. Positive signals were depicted as a more diffuse area at alveolus. Measure

bar = 50 pm. (B) CTSL detected by western blot: CTSL were higher in M.hp infection group (lane 5~8) than in control (lane
1~ 4). (C, D) Quantitative analysis of CTSL in trachea and lungs: CTSL concentrations in M.hp infection group were higher
than control. Data are representative of three independent experiments (**p<0.01).

https://doi.org/10.1371/journal.pone.0215408.9006
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https://doi.org/10.1371/journal.pone.0215408.g007
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Fig 8. rCTSL enhanced immune responses. (A) SIgA in BALFs: the level of SIgA significantly increased at 14 and 21 DPI when
treated with rCTSL, and higher than M.hp group. Data represent means + SEM from three independent experiments (**p<0.01,
***p<0.001). (B) MHC class IT molecules were detected by IHC in lung samples: there was positive staining in lungs when pigs were
infected with M.hp (arrow); reaction was stronger in rCTSL+M.hp group (arrow). (C) FACS analysis of CD4 and CD8: CD8™T cells
abounded in rCTSL+M.hp group at 21 DPI, CD4" T cells stayed along with infection especially at the late stage.

https://doi.org/10.1371/journal.pone.0215408.9008

of pigs and increased obviously after challenged with M.hp comparing to the control group,
with relatively higher rise achieved by rCTSL (Fig 8B). Accordingly, the population of CD4* T
lymphocytes widespread in pigs at 21 and 28 DPI with M.hp, and relatively higher percentages
of CD4" T cells were obtained by rCTSL treatment before challenge. There were no CD8" T
lymphocytes observed at 21 and 28 DPI in the infection group, whereas CD8" T lymphocytes
were existed in the group treated with rCTSL at 21 DPI (Fig 8C). These data suggested that
rCTSL enhanced the mucosal immune response to M.hp infection at least by up-regulating
MHCI], which activated CD4" T cells potentially by binding and presenting antigens.

Discussion

It has been proved that the antigen-specific SIgA induced by pathogens or vaccines, constitutes
a first-line defense and confers to effective protections against mucosal infectious diseases, pri-
marily by immune exclusion of viral or bacterial pathogens or neutralizing microbial toxins
and pathogens [43-45]. In this study, the levels of SIgA in pig BALFs increased significantly at
21 DPI (Fig 5) while almost no IgG and IgM were detected in sera (S3A Fig), indicating muco-
sal immune was the main immune responses to Mycoplasma infections as reported previously
[46, 47]. In airways, antigen-specific SIgA is released by epithelial cells after the association of
secretory component (SC) with polymeric IgA, which is produced by IgA-secreting plasma
cells differentiated from IgA+ effector B cells. The latter originates from the B cells undergone
IgA class-switch recombination (CSR) in response to CD40 ligand (CD40L) and transforming
growth factor-B1 (TGFp1) from activated T cells. Interleukin-5 (IL-5), IL-6 and IL-10, as well
as B-cell-activating factor (BAFF) and a proliferation-inducing ligand (APRIL) from DCs are
required for the expression of IgA, and the differentiation could be enhanced by APRIL
secreted by epithelial cells and DCs [48]. In vitro studies with human and mouse cells have
shown that the interaction between B cells and DCs is required to achieve a successful IgA
class switch, DCs play a critical role in B cell development and B lymphocytes have an impor-
tant regulatory effect on the Ag-presenting function of DCs in vitro and in vivo [10, 49, 50].
CTSL is widespread in macrophages derived from different tissues with cathepsin S proteins in
their active forms, but its immune related effect in macrophages was not as striking as in DCs
and B cells. In this study, stronger responses of CTSL were present in DCs rather than macro-
phages after challenged with M.hp, implying DCs+B cells coculturing is a preferred model to
study the correlation between CTSL and IgA responses of pigs in vitro when transgenic pigs
are unavailable. In this report, SIgA response was induced obviously in the cocultured B cells-
DCs after infected with M.hp, and SIgA levels varied in consistent with the changes of CTSL
activity by knockdown with CRISPR/Cas9 plasmid, overexpression with CTSL-GFP or inhib-
ited with E64, although E64 could react with some other cysteine proteases such as Cat B, Cat
H and Cat S (Fig 2B and 2D). These results revealed that CTSL play a major part in promoting
the SIgA response of cocultured DCs +B cells to M.hp infection.

CTSL is particularly interesting, as it is widely distributed in a variety of tissues and plays
critical roles in a variety of biological processes, especially in immune responses and antigen
processing [12, 51, 52]. Among endopeptidase cysteine proteases, cathepsin B, F, H, K, L, S
and W belong to cathepsin L-like family because of their sequence alignment and traditional
functional classification. Phylogeny construction demonstrates that CTSL, Cat S, and Cat K
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evolved from a common ancestral gene and located in same gene clades. However, the identity
between CTSL and Cat S, Cat K was only 56.4% and 58.7% respectively in Sus scrofa. Sequence
alignments show that mouse CTSL, human CTSL, and human Cat V have about 75% amino
acid identities, while CTSL of Sus scrofa shared higher homologous identity 84.2% with
human and 78.2% with mouse. These alignment data suggest that pig is an ideal animal model
to study the roles of CTSL in immune responses to mycoplasma infection instead of mice. In
this study, CTSL was found widespread in tracheas and lungs, and raised nearly 3 fold at 21
DPI (Fig 6). In the BALFs of the infected pigs, elevated SIgA was detected early at 7 DPI, and
almost 2 or 3 fold higher than the control pigs at 14 and 21 DPI (Fig 8A), demonstrating that
there was obvious and positive correlation between CTSL levels and SIgA responses.

To investigate the mechanism of the action of CTSL in inducing SIgA responses, the degra-
dation of Ii chain were determined in DCs+B cells coculturing model after different treat-
ments. We found accumulations of LIP, SLIP and p10 in CTSL-deficient DCs+B cells (Fig 4),
suggesting that CTSL was involved in the processing of Ii chain by degrading LIP, SLIP and
p10 selectively to smaller fragments, by which CTSL modulates SIgA response to M.hp infec-
tion. Similar effects on Ii chain degradation was found on mice CTSL in cortical thymic epithe-
lium which are responsible for positive selection of CD4" cells and mice Cat S in B cells and
DCs as reported before, suggesting CTSL and Cat S play an indispensable role in MHC class
II-mediated antigen presentation by degrading Ii intermediates and rendering peptide loading,
whereas other cysteine cathepsins appear to be redundant [53-55] [16, 17, 19]. However,
CTSL and Cat V/L2 were shown not to participate in Ii-p10 processing in human epithelial
cell line HeLa-CIITA and MelJuSo systems expressing Ii chain and HLA-DR, and Cat S is the
only cysteine protease able to efficiently process the human p10 fragment in vivo [56]. Mean-
while, the use of E64 resulted in critical inhibition in Ii degradation with more accumulation
of LIP and SLIP fragments, since E64 could inhibit many cysteine proteases besides CTSL,
such as Cat B, H, S, which may mediate the late stages of Ii degradation as well. Surprisingly,
no accumulation of LIP and SLIP was found but MHC class II peptide loading was enhanced
when CTSL was overexpressed or recombinant CTSL was added. We also did not find the ter-
minal key residue CLIP (~3 kDa) because CLIP had been liberated from the peptide-binding
groove by SLA-DM during detection. Although a precise picture of mouse Ii chain degrada-
tion has emerged from these observations, little information is available on pig and human Ii
chain. The existence of a close homologue of CTSL, the pig Cat V is also sufficiently intriguing
to investigate the conditions of pig and human Ii chain degradation.

CTSL is able to broadly affect the immune system by various mechanisms in addition to
degrading Ii Chain. It has been found that a mutation in the CTSL gene influences the levels of
ECM components in lymphoid organs, the thymic output, and the number of T cells in the
periphery. Deficiency of CTSL contributed to blunted cellular immune responses of mice
infected with M. pulmonitis or orthomyxovirus influenza A infection [23], which is also con-
firmed by inhibition of CTSL with downregulated Th1 response and/or upregulated Th2
response in both BALB/c and DBA/2 mice after infection [57] [28]. Besides, CTSL facilitated
apoptosis in macrophages and neutrophils and TLR9-mediated signaling although their exact
effects on immunity remain undefined [58, 59]. The results of the experiments presented
showed that CTSL activity is increased in alveolar septum, alveoli, tracheas and lungs in associ-
ation with the inflammatory response after infection, as has been found in mice infected with
Pseudomonas aeruginosa [60]. At the same time, the population of CD4" T cell increased and
this differentiation tendency of T lymphocytes was speeded up together with increased MHC
I in alveolar septa by injecting rCTSL (Fig 8B and 8C).

Consistent with its effect on immune responses to M.hp infection, rCTSL provided consid-
erable defense against infection as manifested by reduced lung lesion scores and bacteria
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burden (Fig 7C and 7D). It has been confirmed that CTSL helps contain pathogenic infections
as reflected with higher mortality and lung burdens of Mycoplasma pulmonitis or orthomyxovi-
rus influenza A in CTSL”" mice and exacerbated leishmaniasis in mice treated with specific
inhibitor of CTSL, while the dissemination and colonization of Edwardsiella tarda was sup-
pressed in Japanese flounder with overexpressed CTSL [18, 28, 61]. However, unlike its effect on
the above pathogens including influenza virus, CTSL seem to augment Ebola, Hendra, and
severe acute respiratory syndrome viruses to enter cells, thereby advancing these infections by
cleaving viral proteins [23, 62, 63]. Interestingly, Mycobacterium tuberculosis induced a general
down-regulation of cathepsin expression in infected cells, and inhibited IFN y-mediated mature
and increase of CTSL, which favored bacterial survival within human primary macrophage [64].

Conclusion

In conclusion, CTSL plays crucial roles in innate and adaptive immune response and may
bring about different and even opposite effects on the infections depending on the pathogens.
Our results suggested that CTSL provide obvious protection against M.hp for pigs through
promoting mucosal immune with definite actions on facilitating MHC class II peptide presen-
tation and CD4"T lymphocyte differentiation, although further studies should be undertaken
to clarify the exact mechanisms considering the complexity of mucosal immune system and
CTSL involved in many pathologic process.
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