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Introduction

The end of gestation, ensuing parturition, and the neonatal period represent highly dynamic phases for immunological changes in both mother and offspring. The regulation of innate immune cells at the maternal-fetal interface during late term pregnancy, after birth, and during microbial colonization of the neonatal gut and other mucosal surfaces, is crucial for controlling inflammation and maintaining homeostasis. Innate immune cells and mucosal epithelial cells express antileukoproteinase (SLPI), which has anti-inflammatory and anti-protease activity that can regulate cellular activation.





Methods

Here, we developed and validated new monoclonal antibodies (mAbs) to characterize SLPI for the first time in horses. Peripheral blood and mucosal samples were collected from healthy adults horses and a cohort of mares and their foals directly following parturition to assess this crucial stage.





Results

First, we defined the cell types producing SLPI in peripheral blood by flow cytometry, highlighting the neutrophils and a subset of the CD14+ monocytes as SLPI secreting immune cells. A fluorescent bead-based assay was developed with the new SLPI mAbs and used to establish baseline concentrations for secreted SLPI in serum and secretion samples from mucosal surfaces, including saliva, nasal secretion, colostrum, and milk. This demonstrated constitutive secretion of SLPI in a variety of equine tissues, including high colostrum concentrations. Using immunofluorescence, we identified production of SLPI in mucosal tissue. Finally, longitudinal sampling of clinically healthy mares and foals allowed monitoring of serum SLPI concentrations. In neonates and postpartum mares, SLPI peaked on the day of parturition, with mares returning to the adult normal within a week and foals maintaining significantly higher SLPI secretion until three months of age.





Conclusion

This demonstrated a physiological systemic change in SLPI in both mares and their foals, particularly at the time around birth, likely contributing to the regulation of innate immune responses during this critical period.
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1 Introduction

Antileukoproteinase (SLPI) is a pleiotropic protein produced systemically and at mucosal surfaces, where it acts to maintain homeostasis. In mammals, it can be detected in the upper (URT) and lower respiratory tract (LRT) (1), female genital tract (FRT) (2), digestive tract (3), parotid glands (4), and breast (5). SLPI structurally resembles a ‘boomerang’, with two physically separated domains on each arm, enabling a range of functionality (6). SLPI can act as either a secreted molecule in the extracellular environment or intracellularly within both the cytosol and nucleus. The most explored properties of SLPI are modulation of inflammation, inhibition of serine proteases, and antimicrobial action. This diverse localization and range of roles establish SLPI as an important regulator in a variety of diseases.

SLPI limits host-driven damage to mucosal barriers, both through the downregulation of inflammatory pathways and the inhibition of proteases. The anti-inflammatory action results from suppression of the NFκB pathway via three mechanisms. First, it can inhibit sCD14 interactions with LPS extracellularly, limiting the responsiveness of cells to LPS (7). Second, it can interrupt the NFκB signaling cascade by blocking the degradation of IκB, preventing NFκB translocation into the nucleus (8). Third, within the nucleus, it competes for the p65 binding site of NFκB stopping the transcription factor from acting (9). Additionally, the C-terminal domain of SLPI is responsible for the inhibition of serine proteases (10) and is independent of its ability to suppress NFκB (11). Moreover, SLPI is one of the primary inhibitors of neutrophil elastase (NE) produced at the mucosa and regulates 80-90% of NE within the respiratory tract by reversible binding (1, 12). Aside from NE, it also demonstrates an affinity for other serine proteases found at the mucosal surfaces including chymotrypsin, cathepsin G, and trypsin (13).

In addition to its role in modulating host-driven processes, SLPI also demonstrates antibacterial, antifungal, and antiviral properties. Through the N-terminal domain, mucosal SLPI is capable of directly killing some bacterial species by interruption of the bacterial cell wall or the inhibition of bacterial nucleic acid replication and transcription (12, 14). Several bacteria, including Streptococcus pyogenes, have in turn developed defense mechanisms, such as the production of proteases that degrade SLPI (15). Similarly, antifungal properties are mediated through the N-terminus of SLPI and have been reported to act against Aspergillus fumigatus and Candida albicans (16). Studies in C. albicans also discovered a mechanism of cell membrane interruption, preventing normal fungal growth (17). The antiviral function of SLPI has been most thoroughly explored in human immunodeficiency virus (HIV) and human papillomavirus (HPV). During HIV infection, SLPI can prevent viral entry into host cells by inhibiting HIV interactions with its primary T cell entry receptor CD4 (18). In HPV-infected individuals, SLPI prevents interactions with annexin, which is an entry receptor for the virus (19, 20). Together, SLPI can act on a variety of pathogens by different mechanisms that are independent of its antiprotease and anti-inflammatory roles.

In horses, several transcriptomic studies have demonstrated a conditional upregulation of SLPI expression in the reproductive tract (21–25) and exercise-induced disease (26, 27). In the equine endometrium SLPI mRNA expression varies depending on gestational stages (21), and there is an upregulation of SLPI in endometrial biopsies after experimentally induced endometritis (23–25). SLPI mRNA expression in endometrial biopsies also differed with phases of the estrous cycle with higher SLPI expression in diestrus (23). Uterine lavage proteomic analysis confirmed protein expression only in diestrus (28). Notably, this trend is contrary to findings in humans, with higher SLPI secretion detected during ovulation and estrus (29). Additionally, racehorses with mild to moderate equine asthma (MMEA) (26) and recurrent exertional rhabdomyolysis (RER) (27), had mRNA upregulation of SLPI in the airways and gluteal muscle respectively, compared to healthy controls. Together these reports emphasize the importance of SLPI in equine reproduction and inflammatory conditions. However, the functional roles of SLPI have not yet been characterized in horses because specific antibodies to equine SLPI were not yet available.

In this study, we developed the first monoclonal antibodies (mAbs) to equine SLPI. With these new tools, we characterized leukocyte production of SLPI and quantified systemic and mucosal SLPI normal ranges for the first time in horses. In addition, systemic SLPI concentration was determined in a cohort of healthy mares from parturition through eight months postpartum and their foals until eight months of age.




2 Materials and methods



2.1 Cloning of the equine SLPI gene

Equine lung tissue was homogenized, and RNA was extracted using the RNeasy kit (Qiagen, Germantown MD, USA). RNA was transcribed into cDNA using the SuperScript Vilo VI kit (Thermo Fisher Scientific, Waltham, MA, USA). First, the whole coding region of equine SLPI (GenBank accession number XM_005604653; bases 70-520; forward primer, 5’ TCTCACCATGAAGTCCAGCAG-3’; reverse primer, 5’ TCAGATCAGCGCTTCAATATAGG – 3’) was amplified. Next, equine SLPI was cloned into a mammalian expression vector containing an equine interleukin-4 (IL-4) gene (IL-4/pcDNA3.1) (30) using primers that included restriction enzyme sites for in-frame cloning of the SLPI gene with the 5’ equine IL-4 gene (forward primer with BamH I restriction site, AAGGATCCTGCTAGAAATGCTTCAAAAG; reverse primer with Kpn I restriction site; AAAGGTACCTCAGATCAGCGCTTCAATAT). The same approach was used for equine granulysin (GNLY). RNA was isolated from peripheral blood mononuclear cells (PBMC). The coding region was amplified (GenBank accession number NM_001081929.3; bases 31-480; forward primer, 5’ TGCCCCACCATGACCTCC -3’; reverse primer, 5’ GGCTCAGATGAGACCTGCTT -3’) and then cloned into IL-4/pcDNA3.1 (forward primer with BamH I restriction site, AAGGATCCTGGTTTGAACCCTGAGAGCT; reverse primer with Kpn I restriction site, AAAGGTACCTCAGATGAGACCTGCTTTATGTT). The resulting plasmids were Sanger sequenced (Cornell Institute of Biotechnology) and were homologous to the predicted sequences. In this expression system, the IL-4 gene includes a leader sequence promoting the secretion of recombinant protein from transfected cells and serves as a tag for detection of protein expression and protein purification.




2.2 Expression of recombinant equine SLPI

Recombinant equine IL-4/SLPI fusion protein (rIL-4/SLPI) was expressed in mammalian cells. Chinese hamster ovary (ExpiCHO-S) cells (Thermo Fisher Scientific, Waltham, MA, USA) were transfected with the IL-4/SLPI/pcDNA3.1 vector, following the manufacturer’s instructions. After 6 days, a cell and serum-free ExpiCHO cell supernatant was collected and rIL-4/SLPI was purified over an anti-equine IL-4 HiTrap column (GE Healthcare, Piscataway, NJ, USA) using an AKTA fast protein liquid chromatography (FPLC) instrument (GE Healthcare, Piscataway, NJ, USA) as previously described (30–32). Purified rIL-4/SLPI protein was separated on a 12% reducing SDS polyacrylamide gel (Bio-Rad, Hercules, CA, USA) and stained with Coomassie Brilliant Blue Dye (Sigma-Aldrich, St. Lois MO, USA). The molecular weight of the rIL-4/SLPI protein was confirmed using a PageRuler Prestained Protein Ladder (10-180 kDa; Thermo Fisher Scientific, Waltham, MA, USA) and protein concentration was determined by bicinchoninic acid assay (Pierce BCA, Thermo Fisher Scientific, Waltham, MA, USA). Additionally, the same transfection protocol was utilized for producing rIL-4/SLPI secreting ExpiCHO-S cells for testing of the SLPI mAbs but transfected cells were harvested after 24 hours of incubation. Another IL-4 fusion protein containing equine granulysin (rIL-4/GNLY) was also produced during this step for testing of SLPI mAb specificity. For the latter procedures, the cells were washed once in phosphate buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO), fixed in 2% formaldehyde for 20 minutes at room temperature, and washed twice in PBS. Formaldehyde-fixed transfectants were then resuspended in freezing media (ExpiCHO Expression Media (Thermo Fisher Scientific, Waltham, MA, USA) with 10% DMSO (Sigma-Aldrich, St. Louis, MO, USA)) and stored at -80°C until use.




2.3 Development of mAbs against SLPI

Equine-specific mAbs were developed as previously described (30–35). rIL-4/SLPI with 100μL of GERBU adjuvant (GERBU Biotechnik, Heidelberg, Germany) was used for intraperitoneal immunization of a female Balb/C mouse (Jackson Laboratories, Bar Harbor, ME, USA). The first immunization consisted of 100μg rIL-4/SLPI (day 0) followed by several immunizations with 50ug per day (days 14, 21, 35, 49, 70, 91, 112). Finally, the mouse received injections of 50μg rIL-4/SLPI without adjuvant on three consecutive days (days 133, 134, 135), and was euthanized on day 136. Mouse splenocytes were collected and fused with the murine myeloma cell line, X68Ag8.658 (36), to generate hybridoma cell lines secreting mAbs. The mouse procedures were approved by the Institutional Animal Care and Use Committee at Cornell University (protocol 2007−0079).

An ELISA was used to identify SLPI-specific mAbs in cell-free hybridoma supernatants. ELISA wells were coated with a polyclonal anti-equine IL-4 Ab (R&D Systems, Minneapolis, MN, USA) in carbonate coating buffer (1 M NaHCO3, 1 M Na2CO3, [pH 9.6]) overnight at 4°C. The next day, the coating buffer was removed, and wells were blocked with PBS containing 1% BSA. Between each of the following steps, wells were incubated for 1 hour and then washed five times with PBS-T (PBS supplemented with 0.1% Tween 20 (PBS-T, VWR, Radnor, PA, USA)). Next, wells were incubated with purified rIL-4/SLPI at 0.2μg/ml in PBS-T. Then, hybridoma clone supernatants were added. Finally, the binding of mAbs was detected using a peroxidase-conjugated goat anti-mouse IgG(H+L) antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Positive mAbs were then tested by ELISA against rIL-4/IgG1 (33) to identify IL-4 recognizing mAbs, as previously described (34).

Hybridoma supernatants recognizing SLPI by ELISA were further tested using ExpiCHO transfectants by intracellular staining and flow cytometry. Cells transfected with IL-4/SLPI and IL-4/GNLY were stained in parallel to identify SLPI-specific mAbs. During each step, cells were incubated for 20 minutes, and between steps cells were washed twice with saponin buffer (PBS containing 0.5% saponin, 0.5% BSA, and 0.02% NaN3). First, hybridoma supernatants were diluted 1:1 in saponin buffer and incubated with transfected cells. Next, goat anti-mouse IgG(H+L) F(ab′)2 conjugated to Alexa Fluor 647 (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) in saponin buffer was added. Finally, cells were resuspended in PBS/BSA and were read in a FACSCanto II flow cytometer (BD Biosciences, San Diego, CA, USA). A minimum of 10,000 events per sample were recorded and flow cytometry data was analyzed using FlowJo version 10.8.1 (FlowJo, Ashland, OR, USA).

SLPI-specific mAb clones were transferred and grown up as previously described (37), then the isotypes of each mAb was determined using mouse isotype-specific antibodies (Sigma-Aldrich, St. Louis, MO, USA). Three SLPI mAbs were further characterized, mAb 27-1, 137-1, and 200-3. These mAb clones were adapted to serum-free medium (Hyb-SFM, Thermo Fisher Scientific, Waltham, MA, USA). The mAbs were purified from the supernatants using a HiTrap Protein G HP column (GE Healthcare, Piscataway, NJ, USA) by FPLC as previously described (35). Purified mAbs were then conjugated to Alexa Fluor A488 or A647 (Jackson ImmunoResearch Laboratories, West Grove, PA, USA), or biotin according to manufacturer’s instructions.




2.4 Horses

Different samples were collected from Cornell University’s herd of Icelandic horses. Information on horses used for sample collection is summarized in Table 1. Horses included stallions, geldings, and mares ranging in age from newborn to 14 years. All horses were housed together on grass pastures with free access to run-in sheds, water, and salt blocks and were fed grass hay in the winter. Healthy horses over the age of one year were used for the initial characterization of systemic and mucosal production. Additionally, mare and foal pairs from the same year were used to characterize SLPI secretion. All mares and foals were healthy throughout the study period. All horse procedures were approved by the Institutional Animal Care and Use Committee at Cornell University (protocol #2011−0011). Additionally, they were carried out by the recommendation in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and Guide for Care and Use of Animals in Agricultural Research and Teaching.


Table 1 | Horse groups, sample types and detection ranges of SLPI in healthy horses.






2.5 Peripheral blood collection and processing

Serum and heparinized blood were collected by venipuncture of the jugular vein using a vacutainer system (Becton Dickinson, Franklin Lakes, NJ, USA). The serum was aliquoted and frozen at -20°C. Heparinized blood was allowed to settle at room temperature for 30 minutes to separate erythrocytes from cell-rich plasma and then used to isolate either peripheral blood leukocytes (PBL) or peripheral blood mononuclear cells (PBMC). PBL were isolated from cell-rich plasma by centrifugation at 500 xg for 10 minutes, then washed twice in PBS. PBMC were isolated by density gradient centrifugation (Ficoll-Paque PLUS; GE Healthcare, Piscataway, NJ, USA). Following both isolation procedures, PBL and PBMC were fixed in formaldehyde as described above for ExpiCHO transfectants and stored in PBS/BSA at 4°C until staining and flow cytometric analysis.




2.6 Colostrum collection and processing

Colostrum and milk were collected from both the left and right teat of mares into a sterile specimen cup. Colostrum was collected within 6 hours of birth, and milk 14 days postpartum. Samples were aliquoted by avoiding any debris and stored at -20°C. After thawing, the samples were centrifuged for 3 minutes at 300 xg to separate the fat and aqueous phase. The sample added to the assay was taken from the middle of the aqueous phase excluding the milk fat.




2.7 Nasal secretion collection and processing

Nasopharyngeal swabs were taken using two cotton-tipped applicators (Puritan Medical Products Company, Gullford, ME, USA). Swabs were directly transferred into a tube containing 2mL of sterile PBS. Samples were maintained at 4°C until processing within 2 hours of collection. Samples were vortexed for 15 seconds and spun at 900 xg for 10 minutes. The aqueous phase was collected and transferred into a fresh tube, centrifuged again for 5 minutes at 300 xg to pellet remaining cells, and the protein containing supernatant was collected and frozen at -20°C until further analysis.




2.8 Saliva collection and processing

Saliva was obtained from the horse’s mouth using a spiral bit (kindly provided by Dr. Sigurbjorg Torsteinsdóttir, University of Iceland, Keldur, Iceland) (38), containing absorbent cotton. Horses were allowed to move freely in their stalls for half an hour without access to forage. Cotton was extracted from the spiral bit using forceps and placed into a conical tube containing an unfiltered P1000 pipette tip (TipOne, USA Scientific, Ocala FL, USA). Tubes were centrifuged at 900 xg for 10 minutes to extract saliva from the cotton. The cotton and pipette tip were removed from the tube. Tubes were centrifuged at 900 xg for an additional 10 minutes to pellet debris, and the aqueous phase was collected and stored at -20°C.




2.9 Flow cytometry and cell characterization

Intracellular staining of fixed PBL and PBMC was performed with SLPI mAb 27-1 conjugated to Alexa Fluor 647 and diluted in saponin buffer. A murine IgG1 antibody was used as an isotype control. Cells were double or triple-stained with Alexa Fluor 488 conjugated and biotinylated mAbs for equine cell surface markers to characterize the SLPI producing cell populations. PBMC were stained with mAbs against SLPI, CD4 (HB61A) (39) and CD8 (CVS8) (40), SLPI, IgG1 (CVS45) (41), and IgM (1-22) (42), or SLPI and CD14 (105) (43). PBL were stained using mAbs against SLPI, CD14, and CD172a (DH59B). Cells were incubated for 20 minutes with antibody mixes, then washed twice with saponin buffer, before an additional 20-minute incubation with Streptavidin-phycoerythrin (SAV-PE; Invitrogen, Carlsbad, CA, USA) to bind to biotinylated antibodies. A total of 100,000 cells per sample were recorded in a FACSCanto II flow cytometer (BD Biosciences, San Diego, CA, USA). Flow cytometry data was analyzed on FlowJo version 10.8.1 (FlowJo, Ashland, OR, USA).




2.10 Fluorescent bead-based assay

For the fluorescent bead-based assay, a total of 100ug SLPI mAb 200-3 was coupled to 5 x106 beads of bead 35 (MicroPlex Microspheres, Luminex, Austin, TX, USA). The assay was performed as previously described for soluble equine proteins (31, 42, 44, 45). Optimal dilutions for sample types were determined (Table 1) and all samples were diluted in PBN (PBS containing 1% BSA and 0.05% Sodium Azide, pH 7.4). All samples and reagents were added in 50uL volumes, and incubation of the assay plates (Merckmillipore, Darmstadt, Germany) was performed at room temperature for 30 minutes on a shaker without direct exposure to light. Beads were washed with PBS-T between each step. First, a dilution of the rIL-4/SLPI standard ranging from 50,000 – 76.2 pg/ml, the diluted samples, or PBN for background control were added to the assay plates. Then, 5x103 mAb coupled beads were added to each well and incubated. Next, beads were incubated with biotinylated SLPI mAb 27-1 for detection, and finally with SAV-PE (Invitrogen, Carlsbad, CA, USA). Beads were resuspended in PBN with shaking for 10 minutes and read on a BioPlex200 instrument (Luminex, Austin, TX, USA) and data was processed by BioPlex Manager 6.1 software and reported as concentration in ng/ml.

Additionally, the above assay was used for specificity testing with a variety of other equine proteins. For this test, a panel of previously developed recombinant equine cytokine and chemokine fusion proteins was tested, which included rIL-4/IL-1β, rIL-4/IgG1, rIL-10/IgG4, rIFN-α/IgG4, rIL-4/TNF-α, rIL-4/CCL2, rIL-4/CCL3, rIL-4/CCL5, rCD14/IgG1 (30, 31, 42, 44, 45).




2.11 Immunofluorescence of tissues

URT tissue was collected from an adult gelding. Samples were transferred to cold PBS for transport, then were washed in 5 mL PBS and frozen at -80°C in Optimal Cutting Temperature compound (Tissue-Tek OCT, Sakura Finetek USA, Inc. Torrance, CA USA) until tissue staining with SLPI mAb 27-1. Slides were cut from OCT blocks using a cryostat, and 8μm sections were adhered to charged glass slides (Globe Scientific Inc., Mahwah, NJ USA). To prepare for staining, slides were fixed in 10% (v/v) formalin solution (VWR, Radnor, PA USA) for 10 minutes at room temperature and then washed twice in deionized (DI) water. Next, slides were blocked using PBS-T with 10% FCS (Atlanta Biologicals, Flowery Branch, GA, USA) for 1 hour. Tissues were stained overnight at 4°C with 10μg/ml mAb 27-1 in PBS-T with 10% FCS. The primary stain solution was removed, and tissues were washed twice with PBS-T. Next, tissues were stained for 1 hour at room temperature with a fluorescent secondary antibody (Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa594; Thermo Fisher Scientific, Waltham, MA, USA). Finally, secondary stain solution was removed, and tissues were washed twice with PBS-T, followed by DI water. Slides were mounted with DAPI (SlowFade Diamond Antifade Mountant with DAPI, Thermo Fisher Scientific, Waltham, MA, USA) and stored in the dark at 4°C until same day visualization on a Leica DM2500 upright microscope with a DFC7000T camera for fluorescence and bright field microscopy (Leica Microsystems, Wetzlar, Germany). SLPI was visualized at 594 nm and DAPI was visualized at 359 nm. Images from both wavelengths were merged using Leica Application Suite X (v1.4.5, Leica Microsystems, Wetzlar, Germany).




2.12 Statistical analysis

All statistical analysis was performed using GraphPad Prism software version 8 (GraphPad Software, La Jolla, CA, USA). Data sets were tested by Shapiro-Wilks normality tests, were not normally distributed, and further analyzed using non-Gaussian statistical tests. Mucosal and systemic SLPI concentrations were compared by Kruskal-Wallis tests with Dunn’s multiple comparisons. Secretion in milk vs. colostrum was compared by Wilcoxon matched pairs signed rank test. Mare and foal serum secretion of SLPI was compared by a Mixed-effect model with Giesser-Greenhouse correction and Bonferroni’s multiple comparisons tests. Foal Serum SLPI concentrations on day 2 and mare colostrum SLPI concentrations were calculated by a Spearman’s rank correlation. P-values <0.05 were considered significant. All graphs were made with GraphPad Prism software version 8.





3 Results



3.1 Development of equine SLPI mAbs

To investigate SLPI in horses, mAbs against equine SLPI were developed using hybridoma technology after immunization of mice with purified rIL-4/SLPI. The relative molecular weight of the recombinant fusion protein, excluding glycosylation, was calculated as 30.97 kDa. Its size was determined as approximately 30 kDa by SDS-PAGE, with two closely sized protein bands likely representing different glycosylation forms (Figure 1A). After cell fusion, hybridoma supernatants were tested against rIL-4/SLPI and rIL-4/IgG1 by ELISA. The rIL-4/IgG1 assay was performed to exclude mAbs directed against the IL-4 fusion partner. Three SLPI mAbs were identified, 27-1, 137-1 and 200-3, and characterized in more detail. SLPI positive supernatants were next tested by intracellular staining of IL-4/SLPI and IL-4/GNLY transfected ExpiCHO cells and flow cytometric analysis (Figure 1B). SLPI mAb 27-1 and a mAb for equine IL-4 recognized a similar population of IL-4/SLPI transfected cells. However, the IL-4/GNLY transfectant was only recognized by the IL-4 mAb and not by SLPI mAb 27-1. The other SLPI mAbs, 137-1 and 200-3, had similar staining pattern with these transfectants. Together this demonstrated the detection of recombinant equine SLPI by the three SPLI mAbs.




Figure 1 | Expression of a recombinant equine IL-4/SLPI fusion protein and flow cytometric analysis of transfectants after intracellular staining with mAbs against equine SLPI. (A) Recombinant equine IL-4/SLPI was expressed in mammalian cells and purified from the cell culture supernatant. Purified rIL-4/SLPI protein was separated on an SDS-gel and stained by Coomassie Brilliant Blue (right lane), with a protein size marker shown in the left lane. The protein representing rIL-4/SLPI is marked by an arrow. Equine SLPI mAbs were then developed by immunization of a Balb/C mouse with rIL-4/SLPI. (B) SPLI mAbs were used for intracellular staining of ExpiCHO transfectants expressing IL-4/SPLI or IL-4/GNLY fusion proteins. Cells were analyzed by flow cytometry. A gate was set by forward scatter (FSC) height and area for singlets. IL-4/SLPI or IL-4/GNLY transfectants were stained for intracellular expression with either IL-4 mAb 13G7 (upper panel) or SLPI mAb 27-1 (lower panel).






3.2 Characterization of SLPI-producing leukocytes in peripheral blood

Next, the SLPI mAbs were evaluated by intracellular staining of equine PBL to confirm recognition of native SLPI. PBL were isolated, fixed, and stained intracellularly with SLPI mAbs. Flow cytometric analysis revealed constitutive SLPI expression in equine PBL ex vivo (Figure 2). Based on forward and side scatter characteristics, the majority of SLPI+ cells were large, complex, and located in the neutrophil scatter (Figure 2A). In total 56.1 ± 7.9% of the leukocytes were positive for SLPI production using mAb 27-1 (Figure 2B). Cell surface marker staining further characterized the SLPI+ population: all SLPI+ cells were positive for CD172a, a marker that is expressed on equine neutrophils and on other cell types. Staining with the monocyte marker CD14 separated SLPI+/CD172a+ cells into two populations resulting in a major CD14-/CD172a+ neutrophil (94.8 ± 2.6%) and a smaller CD14+/CD172a+ monocyte population (4.3 ± 2.2%) (Figure 2C).




Figure 2 | Intracellular staining and flow cytometric analysis of equine PBL with SLPI mAb 27-1. PBL were isolated from healthy adult horses (n=6) and analyzed for production of SLPI by flow cytometry. (A) A representative gating strategy for the analysis of SLPI+ cells is shown for one horse. Cells were gated on singlets, then on leukocytes, then on SLPI+ cells, and finally multicolor staining for cell surface markers was used to further define SPLI+ cell types based on CD14 and CD172a expression. (B) The percentages of SLPI+ cells within the total PBL population were measured in six horses. (C) Quantification of CD172a+/CD14- and CD172a+/CD14+ cells within the total SLPI+ population. Individual dots in (B, C) represent single horses and the horizontal bars show the medians.



Additionally, intracellular staining was performed with PBMC to further evaluate mononuclear cell types contributing to SLPI production (Figure 3). A small population of SLPI+ cells (1.7 ± 1.2%) was identified in PBMC (Figures 3A, B). CD4+ and CD8+ T cells and IgM+ and IgG1+ B cells all lacked expression of SLPI (Figure 3C). In agreement with results from PBL, most SLPI expressing cells were CD14+ (Figures 3C, D). Within the total CD14+ population, 22.7 ± 6.7% of cells were SLPI+ (Figure 3E). The other two SLPI mAbs recognized a similar population within PBMC (Table 2). Supplementary Figure S1 shows the comparison of all three SLPI mAbs for intracellular staining of PBMC.




Figure 3 | Flow cytometric analysis of SLPI producing PBMC. PBMC were isolated from healthy horses (n=6), fixed, stained intracellularly with SLPI mAb 27-1, and analyzed by flow cytometry. (A) A representative gating strategy for SLPI+ cells in one horse is shown. First, a gate was placed on singlets, then on PBMC, and finally on SLPI+ cells. (B) The percentages of SLPI+ cells within the total PBMC population are shown. (C) Multicolor staining for cell surfaces markers was used to define SLPI+ cell types in PBMC. Representative examples from PBMC of one horse stained for SLPI and CD4, CD8, IgM, IgG1, and CD14. (D) The percentages of each cell type within the total SLPI+ population were quantified in three horses. (E) The percentages of SLPI+ cells within the total CD14+ cell population were measured in six horses. (B, D, E) Dots represent individual horses and horizontal lines represent medians.




Table 2 | Applications of three novel mAbs against equine SLPI.



Together this identified equine neutrophils and a subpopulation of monocytes as the main SLPI producing cells in peripheral blood. SLPI production was evaluated without any additional cell stimulation, emphasizing the constitutive production of SLPI by these two cell types in healthy adult horses.




3.3 Development of fluorescent bead-based assay for detection of secreted SLPI

After initial testing of all possible SLPI mAb pairs (Supplementary Figure S2), two mAbs were selected for the SLPI fluorescent bead-based assay: mAb 200-3 was coupled to the beads and mAb 27-1 was used for detection (Table 2). The linear detection range of the assay was 230pg/ml-166ng/ml (Figure 4A). The specificity of the SLPI assay was confirmed by testing a panel of recombinant equine cytokine and chemokine fusion proteins (Table 3). Only rIL-4/SLPI was detected but none of the other cytokines, chemokines, or IgGs that were applied to the assay. Finally, the assay was used to measure SLPI in serum, nasal secretion, saliva, and colostrum samples from healthy horses (Figure 4C). In agreement with the expected basal secretion of SLPI systemically and at mucosal surfaces, SLPI was detected in all sample types at various sample-specific baseline concentrations (Table 1). Overall, serum and saliva SLPI concentrations were similar in healthy adult horses, while increased SLPI was found in nasal secretions and in the colostrum (both p<0.0001).




Figure 4 | A fluorescent bead-based assay was developed with the new mAbs for quantification of SLPI in various samples from horses. This assay was established using rIL-4/SLPI as a standard for SLPI quantification in different samples and secretions from healthy adult horses. For the assay, mAb 200-3 was coupled to the beads and SLPI mAb 27-1 was biotinylated for detection. (A) The rIL-4/SLPI standard was tested in 12 assays to determine reproducibility and range of detection. The average blank value is displayed as a horizontal dotted line. (B) Titration curves of different equine samples including serum (black, n=6), nasal secretions (red, n=6), saliva (teal, n=6), and colostrum (purple, n=4). Each sample was tested undiluted and serial dilution steps of 1:5. (A, B) points represent means and error bars represent standard deviations, (C) SPLI concentrations were measured in horse serum (n=24), saliva (n=16), nasal secretions (n=24), and colostrum (n=8). Individual points represent individual horses and horizontal lines represent medians. ****p<0.0001.




Table 3 | Specificity of the equine SLPI bead-based assay.






3.4 SLPI secreting cells in mucosal tissue

In addition, SLPI secreting cells were identified in mucosal tissue of the URT by immunofluorescence (Table 2) and SLPI expressing cells were visualized (Figure 5). The majority of SLPI production was localized in the submucosa of the nasal tissue, while the epithelial surface showed only minor protein expression. SLPI expression by cells in the nasal submucosa was in agreement with the baseline SLPI concentrations in nasal secretions from healthy horses (Figure 4C, Table 1).




Figure 5 | Immunofluorescence staining of SLPI producing cells. To determine localization of mucosal SLPI secretion, nasal tissue samples were collected from a healthy horse and immediately frozen in OCT. Tissues were fixed and stained for SLPI expression (red) and nuclear regions by DAPI (blue). Images were acquired at 595nm for (A) SLPI mAb 27-1 or (B) secondary only control, 359 nm for DAPI, and merged to form a composite. Displayed are representative images from the mucosa and submucosa (rows), with each channel and a composite image (columns).






3.5 Maternal SLPI and foal serum SLPI concentrations

High concentrations of SLPI in colostrum supported transmission of SLPI from dams to their newborn foals and suggested potential transfer of maternal SLPI into the foal circulation. SLPI was measured in serum from mares and their foals (n=17). Samples were taken starting within the first six hours after birth (day 0) and at several times until 7-8 months postpartum (pp) (Figure 6A). SLPI serum concentrations on day 0 ranged from 482.5 to 21,300 ng/mL in mares (Table 1). Mares had significantly higher serum concentrations on days 0 and 2 pp compared to normal SLPI serum values in adult horses (p<0.0001). Then, serum SLPI decreased and reached the normal adult range by day 6 pp.




Figure 6 | Quantification of SLPI in colostrum and in serum from mares and their foals. SLPI was measured in serum and colostrum samples using the bead-based assay. (A) SLPI concentrations were quantified in the serum of mares (n=17) and foals (n=17) from the day of parturition to post-weaning of the foals. The data represent means and standard errors. The dotted lines indicate the normal serum SLPI concentration min-max range in adult horses. (B) On day 0, some serum samples were taken before the foals suckled (pre-suckle, n=8) while others were taken post-suckle within 6 hours after birth (n=9). Serum SLPI concentrations of individual foals are represented by dots and horizontal lines are medians. (C) SLPI was also quantified in pre- (n=8) and post-suckle (n=9) colostrum and milk (n=17) collected from the dams, with individual dots representing horses and horizontal lines showing medians. (D) Foal (n=8) serum SLPI concentrations on day 2 of age were compared to pre-suckle colostrum SLPI concentrations from their dams. rsp, Spearman rank correlation; ** p<0.01, *** p<0.001, ****p<0.0001, ns p>0.05.



Foal serum SLPI concentrations on day 0 were between 383.0 to 9,509.2 ng/mL and were similar on day 2. Then, SLPI in foal serum decreased but was still significantly higher than concentrations of their dams on days 6 (p<0.0001), 14 (p<0.0001), 30 (p<0.0001), 60 (p=0.0059), and 90 (p=0.0007) of age. After 4.5 months of age, foal SLPI had declined to the normal adult range. In addition, serum SLPI concentrations were evaluated in neonates that had not yet suckled colostrum (pre-suckle, n=8) and those that had already suckled some colostrum (post-suckle, n=9). The post-suckle samples were all taken within the first 6 hours after birth (Figure 6B). SLPI serum concentrations were high before neonates suckled colostrum and comparable between pre- and post-suckling samples.

SLPI concentrations were also measured in the colostrum and milk of the mares. Eight colostrum samples were collected before the foal first suckled (pre-suckle colostrum), while nine samples were collected afterward (post-suckle colostrum) but within the first 6 hours pp. SLPI concentrations were significantly higher (p=0.0007) in pre-suckle colostrum compared to milk on day 14 pp (Figure 6C). The correlation of SLPI concentrations in pre-suckle colostrum and foal serum taken on day 2 of age was moderate (Figure 6D, rsp=0.5238). Together the data from healthy mares and foals implied that SLPI plays essential roles in mares at the time of foaling and in the early life of foals. The moderate correlation between colostrum and foal serum SLPI may suggest that maternal SLPI can be transferred to the foal’s circulation, but neonatal foals also had high SLPI serum concentrations before colostrum intake supporting an elevated endogenous SLPI production by young foals.  





4 Discussion

SLPI is involved in innate immune responses with a broad repertoire of mechanisms to reduce or prevent host- and pathogen-derived damage and maintain homeostasis. It is constitutively secreted systemically and at mucosal surfaces, where it acts as a negative regulator of inflammation (7–9), an inhibitor of serine protease activity (1, 12, 13), and a first-line defender in reproductive and respiratory viral (18–20), bacterial (12–14), and fungal infections (17). A previously described equine neutrophil antimicrobial protein, eNAP-2, has similar antimicrobial and antiprotease activity as human SLPI (46, 47). Past publications by Marth et al. have implied equine SLPI is synonymous with eNAP-2, however, they are two separate and distinct equine proteins, with amino acid homology limited to a common whey acidic protein (WAP) domain (14). Thus, previous assessments of equine SLPI have been limited to RNA expression, which have demonstrated changes in SLPI expression in the reproductive tract throughout the estrous cycle and during inflammatory diseases (21–25). In this study, we characterized SLPI in serum, different mucosal secretions, peripheral blood cells and URT mucosa tissue of healthy horses.

We first developed novel mAbs for the detection and quantification of equine SLPI. In humans a commercially available ELISA (Quantikine Immunoassasys, R&D Systems; Wiesbaden-Nordenstadt, Germany) identified median normal SLPI serum values in middle aged adults as 32ng/mL. Using this assay for several clinical studies in human patients focusing on cancer, viral infection, and surgical recovery, the healthy control patients had median SLPI serum concentrations of 32ng/mL (38 women, range 25–43ng/mL) (48), 39.7 ng/mL (17 women, range 33.9-52.8ng/mL) (49), 39.5ng/mL (12 men, range 28.1-46.9ng/mL) (49), and 40.1ng/mL (226 pre-cardiac surgery, 31.6-48.5 ng/mL) (50). Here, we measured SLPI in healthy adult horses which had a median serum SLPI concentrations of 10ng/mL. In the peripheral blood of healthy horses, neutrophils were identified via flow cytometry as the major continuous producers of equine SLPI. In addition, a sub-population of equine monocytes expressed SLPI. Recent characterization of equine PBMC by single cell RNAseq supported the presence of classical, intermediate, and non-classical monocyte subsets in horses, and SLPI was expressed in the three clusters identified as classical monocytes but was not expressed in any other cell type described (51). In line with what we found in horses, neutrophil and monocyte production of SLPI has previously been described in humans (52, 53). Additionally, previous work in human and murine cells supported the rapid uptake of exogenous SLPI into immune cells during inflammatory conditions, including B cells and monocytes (8, 9, 54). It is currently unknown whether SLPI uptake is receptor-dependent or -independent. However, it was suggested that SLPI might enter through interactions with cell surface receptors, such as annexin and scramblase, which also contribute to its anti-viral properties (18–20, 55). Further exploration would be needed to determine interactions of exogenous SLPI with immune cells in horses. In addition to immune cells, SLPI production was detected in submucosal cells of the URT from a healthy horse. This suggests that different cell types can produce SLPI and contribute to the baseline that was observed in serum and different samples from healthy horses. In particular, the submucosal region may act as the predominant source of mucosal SLPI under normal conditions. Previous work in humans also supports submucosal expression of SLPI in the URT (56), and studies of the LRT demonstrated submucosal gland expression of SLPI mRNA as nearly 30-fold higher than surface epithelium, providing an explanation for increased SLPI secretion in this region (57).

In mares, we observed elevated concentrations of serum SLPI after normal parturition, suggesting a function of SLPI in the changing maternal-fetal immune interface as mares reach the end of gestation. In humans, SLPI in cervical fluids increased throughout pregnancy reaching a peak postpartum (2, 58). Similarly, in vaginal secretions, higher SLPI concentrations were found during pregnancy compared to non-pregnant women (59). However, all previous work has focused on localized changes in SLPI production, and to our knowledge this current data set is the first longitudinal report of SLPI serum concentration changes after parturition. The increase in SLPI around birth could be explained by the occurrence of neutrophilia, which is characteristic of late term gestation and parturition in humans (60–62) and horses (63–66). With an increasing number of neutrophils, a higher concentration of SLPI can be expected, especially in the context of cellular activation and inflammation when neutrophils localize to the reproductive tract in women and help to promote labor (67). Neutrophils have been detected in postpartum equine endometrial samples with decreasing frequency over time (68), suggesting a similar neutrophil localization during parturition. As such, SLPI has been suggested as a marker for pre-term labor in women (58, 69), but it is unknown whether this change in SLPI production and thus the inflammatory environment of the reproductive tract, is associated with pre-term delivery or just a characteristic of delivery itself. In the early days postpartum, SLPI may play an important role in preventing neutrophil derived damage due to the increased numbers present in the mare’s uterus after birth and promote the return to homeostasis following increased intrauterine inflammation associated with parturition. The detailed functions and mechanisms of SLPI around parturition have yet to be explored in future studies.

The mammary gland is a non-classical component of the mucosal immune system promoting passive transfer of immune components from the dam to her foal. In this study, we identified equine colostrum as a significant source of SLPI with concentrations up to 170 times higher than in serum. SLPI has also been detected in the colostrum and breast milk of humans, decreasing with time postpartum (70). Maternal SLPI is likely undergoing proteolytic degradation in the neonatal stomach and duodenum, which has been described in humans following oral SLPI treatments (71, 72). Nevertheless, colostrum- and milk-derived SLPI likely have important anti-microbial effects in the oral mucosa, as previously suggested in infants of HIV+ mothers (5, 70, 73). In horses, maternal transfer of immunoglobulins is crucial for neonatal health. Passive transfer of maternal antibodies can be detected in the neonatal foal’s circulation within a few hours after colostrum intake, and colostrum and neonatal foal serum antibody concentrations highly correlate after successful maternal transfer (74–76). For SLPI, the correlation between colostrum and foal serum concentrations was only moderate. We also showed that healthy equine neonates already had high serum SLPI concentrations before they suckled colostrum, and that SLPI had not further increased after completed colostrum intake by 2 days of age. This strongly suggested that maternal SLPI may have important functions at the intestinal mucosa but is not, or only in minor amounts, transferred to the neonatal circulation. The moderate correlation between SLPI in colostrum and neonatal serum could therefore be solely a result of the ability of foals to produce their own SLPI.

Nevertheless, high amounts of endogenous SLPI in the circulation of healthy foals before suckling colostrum and until several months after birth confirmed a vital role for SLPI and a need for its prolonged production during neonatal and young foal development. One potential physiological factor driving elevated SLPI production in neonatal and young foals is early life colonization by environmental microbes, which is crucial for long-term health but also requires immune tolerance rather than strong responsiveness (77). As a mucosal homeostatic regulator, SLPI could be essential for maintaining this balance in young foals. For example, increased SLPI production by dendritic cells in murine mucosal lymph nodes decreased responses to LPS through reduced cellular activation (78). Human infant-derived buccal epithelial cells developed hyporesponsive to bacteria as they upregulated SLPI (79), suggesting SLPI plays a part in promoting tolerance to microbial colonization. Along these lines, dysregulation of SLPI has been associated with clinical conditions that impact mucosal surfaces of human neonates and infants. In premature human neonates requiring manual respiration, the proportion of SLPI to its neutrophil-derived proteases was indicative of the development of bronchopulmonary dysplasia (BDP): neonates who developed BDP had a lower SLPI inhibitory capacity (80, 81) or a lower ratio of SLPI to its protease targets (82). In inflammatory conditions, such as irritable bowel disease (IBD), infants upregulated SLPI (83). In mouse models of colitis, the same upregulation of SLPI occurred, promoting recovery from disease through inhibition of neutrophil elastase (84, 85). Together, this indicated that mucosal inflammation improves when SLPI and protease activation are balanced at mucosal surfaces in neonates and young individuals. Our data strongly suggested that equine neonates and foals have a similar need for SLPI in regulating inflammation, maintaining homeostasis, and ultimately supporting foal health during the intense phase of exposure to multiple new environmental and antigenic triggers after birth.




5 Conclusion

New mAbs recognizing equine SLPI enabled, for the first time, the characterization of this protein in horses. This demonstrated baseline concentrations of SLPI both systemically and at mucosal surfaces in healthy adult horses, and identified neutrophils, CD14+ monocytes, and submucosal cells as the cell types contributing to this constitutive production. Further, we evaluated SLPI production in mares after parturition and their foals during neonatal and early life. This demonstrated a significantly heightened maternal SLPI concentration postpartum, both in serum and in the mammary gland. Similarly, foals had high concentrations of SLPI directly following birth, but unlike mares, foal serum values remained significantly elevated compared to adults for the first three months of life. Together this article provides a characterization of the cellular origin of SLPI in horses, baseline SLPI concentrations in various samples, and identifies increased SLPI concentrations after parturition and in early foal life.
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